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Abstracts 

 
Plants produce a rich variety of natural products to face environmental constraints. Enzymes of 

the cytochrome P450 CYP98 family are key actors in the production of phenolic bioactive 

compounds. They hydroxylate phenolic esters for lignin biosynthesis in angiosperms, but also 

produce various other bioactive phenolics. We characterized CYP98s from a moss, a lycopod, a 

fern, a conifer, a basal angiosperm, a monocot and from two eudicots. We found that substrate 

preference of the enzymes has changed during evolution of land plants with typical lignin-

related activities only appearing in angiosperms, suggesting that ferns, similar to lycopods, 

produce lignin through an alternative route. A moss CYP98 knock-out mutant revealed 

coumaroyl-threonate as CYP98 substrate in vivo and showed a severe phenotype. Multiple 

CYP98s per species exist only in the angiosperms, where we generally found one isoform 

presumably involved in the biosynthesis of monolignols, and additional isoforms, resulting from 

independent duplications, with a broad range of functions in vitro.   

 

Les plantes produisent une grande variété de produits naturels pour faire face aux conditions 

environnementales. Les enzymes de la famille CYP98 des cytochromes P450 sont des enzymes 

clés dans la production des composés dérivés de la voie des phénylpropanoïdes. Ces enzymes 

sont impliquées dans l'hydroxylation des esters phénoliques pour la biosynthèse des 

monolignols chez les angiospermes, mais elles sont également impliquées dans la production 

de divers autres composés phénoliques solubles. Nous avons caractérisé des CYP98 

représentatifs des mousses, Lycopodes, fougères, Gymnospermes, Angiospermes basales, 

Monocotylédones et Eudicotylédones et démontré que leur préférence de substrat a changé au 

cours de l'évolution. Un mutant knock-out de CYP98 de mousse a révélé un phénotype sévère 

et que le p-coumaroyl-thréonate est substrat de l’enzyme in vivo. Une duplication des CYP98s 

ne peut être observée que dans le génome des Angiospermes, qui présentent généralement 

une isoforme potentiellement impliquée dans la biosynthèse de la lignine et autres isoformes, 

résultant de duplications indépendantes, dont le spectre de substrats est plus large in vitro. 
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General introduction 

1 

 

1. General introduction 

Part of this chapters is adapted from (Alber and Ehlting, 2012).  

1.1. Land plant evolution, plant secondary metabolism and molecular evolution 

Plants dominate almost all terrestrial environments. Being the most abundant primary 

producers they nourish nearly all life on earth’s surface. Land plants evolved an incredible 

ecological, structural and chemical diversity with several hundreds of thousands of species. Yet 

they all share a common ancestor with green, red, and glaucophyte algae forming the Plantae 

or Archaeplastida (Adl et al., 2005). With the exception of few parasitic plant lines, 

photosynthesis is a common feature of all plants (Reyes-Prieto et al., 2007).  

1.1.1. Evolutionary systematics of green plants (Viridiplantae). 

Land plants (embryophytes) evolved from freshwater green algae (Kranz et al., 1995) and 

together they form the green plant lineage (Viridiplantae)(Figure 1.1). Based on gene sequence 

comparison and comparative morphology, extant land plants can be classified into four major 

groups: bryophytes, lycophytes, fern group and seed plants (Bremer et al., 1987; Kranz et al., 

1995). The bryophytes embrace mosses, hornworts and liverworts, with the latter being 

considered as basal, and mosses forming a sister group to the tracheophytes (vascular plants), 

which include the lycophytes and euphyllophytes (Bremer et al., 1987; Mishler et al., 1994; 

Rensing et al., 2008). Lycophytes include the clubmosses, spikemosses and quillworts. In 

contrast, euphyllophytes have expanded to a huge diversity and include the majority of extant 

land plants, comprising the Polypodiopsida (fern group) and the spermatophytes (seed plants). 

The fern group (Polypodiopsida) include the Equisetidae (horsetails), Psilotidae (grape ferns, 

whisk ferns), Polypodiidae (ferns) and Marattiidae (Rothfels et al., 2015). The seed plants 

include all gymnosperms, such as conifers, and the largest extant group of land plants, the 

angiosperms (flowering plants).  
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Figure 1.1 Cladogram showing plant evolution.  

Time is indicated in million years ago (mya) at branching points. Dating is dependent on the method of 

investigation and sometimes not fully elucidated to date (“?”) (Chaw et al., 2004; Palmer et al., 2004; 

Bowman et al., 2007; Delaux et al., 2012; Christin et al., 2013; Delwiche and Cooper, 2015; Field et al., 

2015). Classes are indicated right to the cladogram, names and some acquired functions are displayed 

on the left. 

 

1.1.2. Natural product metabolism is an adaptation to life on land 

With their transition to land, plants encountered various new stresses. They had to cope with 

damaging UV-light, desiccation, rapid, wide and extreme temperature fluctuations, and the loss 

of structural support (Raven, 1984). One central adaption was likely the evolution of diverse 
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new specialized metabolite-based protection mechanisms, which were acquired and 

established early during land plant evolution (Sarkar et al., 2009; Delaux et al., 2012). Among 

them, and possibly most critical, was the development and expansion of phenylpropanoid 

metabolism (Douglas, 1996; Weng and Chapple, 2010).  

Plants are sessile organisms, which adapt their metabolism to face environmental constraints. 

Instead of avoidance through motility, they construct physical barriers and produce specialized 

compounds to cope with hostile environments. These specialized compounds, also called plant 

natural products, have pivotal functions in plant development and chemical ecology (Dixon, 

2001; Hartmann, 2007). Plant natural products fulfil distinct roles under a given set of 

conditions. Contrary to primary metabolites, their roles do not include vital involvement in 

development and growth. One major group of natural products are the phenylpropanoids 

which include lignin, flavonoids, and countless other soluble phenolic derivatives (Vogt, 2010). 

Lignin is a compound of importance as it provides structural support to allow for long distance 

water transport and erect growth of vascular plants (Weng and Chapple, 2010). Other 

specialised compounds are involved in interactions with other organisms or the abiotic 

environment. For example, some are defence-related compounds with antimicrobial 

properties, others are feeding deterrents, or they act as UV absorbing sunscreens, while other 

provide protection against abiotic stress (Dixon et al., 2002; Wink, 2003; Bartwal et al., 2013; 

Baetz and Martinoia, 2014). We as humans benefit from the bioactivity of several classes of 

these compounds and use many of them as pharmaceuticals (or their precursors), pesticides, 

cosmetic ingredients and as aromas, scents, or dyes (Wallace, 2004; Korkina, 2007; El-Seedi et 

al., 2012; Buchanan et al., 2015). Across the plant lineage, 200,000 natural products are thought 

to exist (Vogt, 2010) and at least 36,000 structures have been identified (Wink, 2003), of these 

6,000 are phenylpropanoids, including coumarins, lignans and flavonoids. The immense 

diversity of plant natural products and their adaptive roles in chemical ecology and plant 

development makes them prime candidates to study basic molecular evolutionary models. 

Numerous molecular evolutionary models have been proposed, as outlined in more detail in 

the following paragraph. It is noteworthy that very few strong supportive examples have been 

identified. This is likely because most adaptive traits analysed in organismal evolution are 
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complex and caused by multiple genes, which makes it very difficult to connect the evolution of 

organismal traits with molecular evolutionary events of individual genes or gene families. 

Studying plant natural products provides an exception to this rule because a link between an 

adaptive trait, for example the ability to produce a particular natural product involved in 

defence, and a single enzyme responsible for this trait, may be made directly in some cases.  

1.1.3. Molecular evolutionary models 

The emergence, expansion, and diversification of plant natural products are driven by 

molecular evolutionary events affecting genes encoding metabolic enzymes and their 

regulators. Gene duplication and subsequent mechanisms such as neofunctionalization and 

metabolic diversification play important roles (Pichersky and Lewinsohn, 2011; Weng et al., 

2012; Chen et al., 2013; Chae et al., 2014). 

Gene ancestry in the context of species evolution can be reconstructed using molecular 

phylogenetic analyses. For this, sequences from presumably homologous loci are aligned to 

reconstruct evolutionary relationships (Nei and Kumar, 2000). The resulting phylogenetic trees 

can give evidence about gene duplications in the species’ phylogenetic history. Genes that have 

presumably undergone multiple duplications and gene losses need careful consideration when 

interpreting phylogenetic analysis. While a species tree represents a pattern of lineages and 

their relationship over time, a gene tree is a model, summarizing how genes evolved through 

substitution, duplication, conversion and gene loss (Dittmar and Liberles, 2011). Genes 

encoding enzymes in natural product metabolism are good candidates to test evolutionary 

models. Due to their crucial role in survival and reproductive fitness of plants they have 

undergone strong, and various natural selection periods during their evolution (Weng, 2014).  

Gene duplications arise through various mechanisms such as whole genome duplication, 

chromosomal rearrangements, unequal crossing over, transposition, or retroposition.  

All types of gene duplications allow for divergence and modifications of duplicates. Whole 

genome duplications (WGDs) even allow for changes in complex gene networks. Gene 

duplications are an important evolutionary force and occurred comparably frequently in plants, 

particularly in ferns and angiosperms (Soltis et al., 2009; Dodsworth et al., 2015; Wolf et al., 

2015) but also in gymnosperms (Li et al., 2015b). Following a WGD, structural chromosomal 
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rearrangements and gene losses occur rapidly. This diploidization process makes it difficult to 

determine the number and timing of WGDs. Angiosperm genomes today vary widely in size and 

chromosome distribution. Variation occurs even between close relatives, due to WGDs and 

subsequent events (Bowers et al., 2003; Tang et al., 2008). An example of a recent WGD within 

the angiosperms is the salicoid-specific WGD which happened 65 mya (Tuskan et al., 2006). 

Gene duplications in Populus trichocarpa arose from this single genome-wide event, concerning 

about 92% of the whole P .trichocarpa genome (Tuskan et al., 2006).  

Gene duplicates will only be maintained if together they confer an adaptive advantage over 

having just one copy. Most gene duplicates therefore acquire deleterious mutations and they 

become pseudogenes rapidly, which are not retained in a population (Näsvall et al., 2012). 

Events following any gene duplication can also lead to functional variation between two 

duplicated genes. The accumulation of mutations can lead to the gain of a new function, 

ancestral functions can be separated and optimized, or changes in gene dosage may occur 

(Conant and Wolfe, 2008). If gene duplicates have been maintained in extant genomes, an 

adaptive advantage for having both or even multiple copies must be assumed. Diverse 

theoretical models exist, which describe events following gene duplications, but might not be 

exhaustive. Events happening in reality are often far more complex. The major models 

describing these retention mechanisms will be briefly addressed and are summarized in Figure 

1.2. 

Neofunctionalization 

In the neofunctionalization model, two functionally redundant duplicates exist initially. 

Purifying pressure against mutations that change the original function acts on one duplicate, to 

conserve the original function. Functional redundancy causes relaxed selection pressure on the 

other duplicate, allowing for the random gain of a new function. Mutations are selected that 

gain and then optimize a novel function. If the novel gene function is beneficial, retention in 

population can occur (Conant and Wolfe, 2008). An example of neofunctionalization after gene 

duplication is the study of CYP98A8 and CYP98A9 of Arabidopsis thaliana, where duplicates of 

an enzyme involved in lignin biosynthesis evolved rapidly under relaxed selection to become 

involved in the biosynthesis of pollen coat constituents (Matsuno, et al., 2009).  
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Subfunctionalization 

In the subfunctionalization model the ancestor is multifunctional. Functions are distributed 

onto the two copies after duplication (Conant and Wolfe, 2008). Two often described models of 

subfunctionalization are the “Duplication, Degeneration, Complementation (DDC)” model and 

the “Escape from adaptive conflict (EAC)” model. DDC describes a model in which mutations 

can occur neutrally in the gene duplicates, as long as the ancestral functions can be maintained 

by both duplicates together (Force et al., 1999). In the EAC model the ancestral gene is 

multifunctional and mutations are not neutral. Optimization of one function by mutation may 

be at the expense of the other function, and vice versa, leading to both functions being sub-

optimal. Duplication is a possible way out of this adaptive conflict. Separate optimizations 

under positive selection of either function can take place after duplication (Hughes, 1994). 

Dosage effects 

In this model, the ancestral gene has a second, minor, function. Duplication(s) occur(s) and the 

duplicates provide an increase of this minor function through gene dosage effects. Duplicates 

can overcome low efficiency problems of a novel function.   

One model of dosage effects is the “Innovation, Amplification, Divergence (IAD)” model. 

Duplications bring a novel, but weak function to a level where it may become adaptive. 

Beneficial mutations can then accumulate in the duplicates to improve the new function while 

the ancient function of the gene can be retained on another copy (Näsvall et al., 2012) 
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Figure 1.2 Molecular evolutionary models 

Four theoretical molecular evolutionary models are shown. For each model, the gene and its function 

are shown before duplication in the top row. In the middle, the genes and functions are shown after 

gene duplication. The bottom row shows the fate of the genes and their functions over time.  

Abbreviations: DDC Duplication, Degeneration, Complementation; EAC Escape from Adaptive Conflict; 

IAD Innovation, Amplification, Divergence. 

 

1.2. Cytochromes P450 

1.2.1. Definition and function 

The focus here is on the functional diversity and molecular evolution of a particular enzyme 

family, the cytochrome P450 family CYP98, which is involved in the phenylpropanoid pathway. 

Cytochromes P450 are particularly useful for evolutionary and biochemical studies because 

they frequently catalyse rate limiting steps and define flow into the immensely diverse 

specialised compound pathways. Especially in plants, they compose a huge family in which 

diverse selection pressures are expected to act. 

Cytochromes P450 (P450s) are heme containing enzymes that are found in all organisms, from 

bacteria to humans (Nelson, 1999). The classical P450 catalytic cycle is described in Figure 1.3. 

P450 stands for Pigment absorbing at 450 nm, the absorption maximum of a difference UV-Vis 
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spectrum between CO associated, reduced enzyme and reduced enzyme (Figure 1.4). P450 

enzymes are classified as monooxygenases. The catalysed reactions are usually based on the 

activation of molecular oxygen with the insertion of one of its atoms into the substrate and the 

reduction of the other one to form water (Mansuy, 1998; Werck-Reichhart and Feyereisen, 

2000). The typical reaction catalysed can be summarized as: 

 RH + O2 + NADPH + H+   ROH + H2O + NADP+  (Figure 1.3).  

 

 

Figure 1.3 The catalytic cycle of cytochromes P450 (Ener et al., 2010)  

1) P450 in low-spin resting state, with bound H2O molecule. 2) Substrate is bound and the H2O molecule 

released. 3) Substrate binding causes change from low to high spin. The iron is reduced. 4) An oxygen 

molecule binds to the active site of the P450. 5) The iron is further reduced and the distal oxygen 

protonated. The O-O bond is cleaved, leading to a ferric hydroxoperoxo complex. One H2O molecule is 

released and a highly reactive ferryl-oxo complex is formed. 6) The ferryl-oxo complex abstracts 

hydrogen from the substrate.  7) The substrate radical and the heme-bound hydroxyl combine. The 

hydroxylated product dissociates. Water binds to the heme and the P450 is in the resting state again. 
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P450s described in plants are membrane anchored and need to be coupled to an electron-

donating protein to be active. They catalyse a wide variety of redox reactions in plant 

metabolism and are encoded by a superfamily typically encompassing more than two hundred 

members in higher plants (Mizutani and Ohta, 2010; Bak et al., 2011). P450 mediated reactions 

are essentially irreversible and are located at important branch points in many metabolic 

networks. Thus, they are the major “gatekeepers” that irreversibly channel carbon into distinct 

sub-branches of metabolic networks.  

 

Figure 1.4 Differential spectrum of CYP98A34 from Physcomitrella patens. 

Enzyme expressed in yeast microsomes is reduced by sodium dithionite and the sample split to two 

spectrophotometer cuvettes. One sample is associated with CO and the differential spectrum between 

the two samples read. A peak at 450 nm absorbance shows functional enzyme. The amount of 

functional enzyme can be calculated from the spectrum. 

 

1.2.2. Nomenclature and classification 

Systematic nomenclature of P450s is based on protein sequence identity and phylogeny 

(Nelson et al., 1996). Members of the same family usually share at least 40% amino acid 

identity, and subfamilies share at least 55% amino acid identity. P450 attribution to a 

family/subfamily is dictated by phylogenetic analysis. Within a (sub) family, individual genes are 

numbered in order of identification and submission to a nomenclature committee, regardless 

of the species they originate from (Figure 1.5). Plant P450 family numbers range from CYP71 to 
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CYP99 and from CYP710 to CYP772 (D.Nelson, Cytochrome P450 Nomenclature Files, 

http://drnelson.uthsc.edu/Nomenclature.html). 

 

Figure 1.5 Cytochromes P450 nomenclature 

1.2.3. Protein structure 

P450 enzymes possess highly conserved domains. Membrane anchor and globular part of the 

protein are linked by a proline-rich hinge. A heme-binding cysteine is absolutely conserved and 

surrounded by a conserved region (Figure 1.6). The I-helix is involved in oxygen binding and 

activation. An amino acid triade (ERR), formed by glutamate and arginine of the K-helix and the 

arginine of a highly conserved PERF motif, locks the heme into position and ensures 

stabilization of the core structure (Hasemann et al., 1995; Werck-Reichhart and Feyereisen, 

2000).  

 

Figure 1.6 Common P450 structures.  

Minimized Alignment of CYP98 protein sequences covered in this thesis. Conserved regions are shaded 

in green/blue. The cluster of prolines links the membrane anchor and globular part of the protein. The 

site of oxygen binding and activation is part of the I-helix. The ERR triad locks the heme into position and 

contributes to the stabilization of the core structure. The heme binding cysteine is absolutely conserved. 

It is located in a conserved region. 
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1.2.4. P450 Functional diversity in plants 

A search of the term “Cytochrome P450” on the web interface of the National Center for 

Biotechnology (www.ncbi.nlm.nih.gov) results in more than 95,000 protein sequences (non- 

redundant sequences of RefSeq) thereof more than 16,000 plant P450s. The “P450 statistics, 

April 6, 2016” on the cytochrome P450 webpage state 13,978 plant P450s, among a total of 

35,166 P450s (http://drnelson.uthsc.edu/P450.statsfile.html). About 1% of all genes of 

sequenced model plants such as A. thaliana, P. trichocarpa and Oryza sativa consist of P450s 

(Nelson, 2006). P450s in plants are involved in the biosynthesis and/or catabolism of various 

compounds such as structural polymers (lignin, cutin, sporopollenin, suberin), hormones and 

signalling molecules, lipids, UV protectants, antioxidants, pigments, odorants, flavours, defence 

compounds, phytoalexins and feeding deterrents (Schuler and Werck-Reichhart, 2003; Powles 

and Yu, 2010; Bak et al., 2011). They also play important roles in response to exposure to 

herbicides or pollutants (Werck-Reichhart et al., 2000; Schuler and Werck-Reichhart, 2003). 

The expansion of the P450 gene family in plants can be largely attributed to the expansion of 

specialised compounds in plants. P450s occupy central positions in all secondary metabolic 

pathways. The focal P450 family of this thesis, CYP98, participates in the biosynthesis of 

phenylpropanoid derived secondary metabolites. This pathway and the CYP98 family will 

therefore be introduced in more detail in the following paragraph. 

 

1.3. The phenylpropanoid pathway 

Phenylpropanoids form a diverse class of plant natural products that, as the name implies, 

contain at their core an aromatic C6 phenyl group and a C3 propenoid sidegroup (Figure 1.7). 

They share a common origin from the aromatic amino acid phenylalanine (Phe) and the 

phenylpropanoid pathway begins with the deamination of Phe by the enzyme phenylalanine 

ammonia lyase (PAL) to form cinnamic acid, the precursor of all phenylpropanoids.  
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Figure 1.7 Structure of cinnamate, precursor of all phenylpropanoids 

 

Subsequent hydroxylations and decorations of the aromatic ring and/or of the propenoid 

sidegroup form the tremendously diverse phenylpropanoid-based metabolites (Figure 1.8) 

(Alber and Ehlting, 2012). Simple phenylpropanoids may have evolved in plants originally to 

offer UV protection, as their absorbance maximum lies within the UV range. Some of these then 

offered additional bioactive functions, such as antimicrobial activity or astringency, that bore 

multiple benefits for the plant (Lowry et al., 1980). After the conquest of land and even with the 

first protective mechanisms established, plants were still physically small as they were lacking 

mechanisms of mechanical reinforcement (Bateman and Crane, 1998). Tracheophytes (vascular 

plants) acquired lignin in their cell walls and gained physical rigidity for erect growth and long 

distance water transport, which allowed a larger body size (Weng and Chapple, 2010).  

 

The quantity and diversity of phenylpropanoids range dramatically between species. Some are 

present in most plants, while other may be found only in specific taxa (Clifford, 2000; Dixon, 

2001; Petersen and Simmonds, 2003; Petersen et al., 2009). While the core phenylpropanoid 

pathway and the biosynthesis of monolignols are well characterized, knowledge about the 

biosynthesis of the majority of soluble compound classes is still fragmentary. Knowing the 

genes encoding their biosynthetic enzymes is a prerequisite for testing their roles in chemical 

ecology. Reverse genetic approaches for these enzymes help to identify their role in chemical 

ecology. Information about the genes also helps to elucidate the molecular evolutionary 

mechanisms that shaped their current diversity.  
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Figure 1.8 Diversification of phenylpropanoids  

The structure of phenylalanine is shown at the entry point to the phenylpropanoid pathway. The 

intermediates cinnamate and coumarate are shown, leading to the major branching molecule of the 

pathway, p-coumaroyl Coenzyme A (CoA). Major phenylpropanoid pathway derived specialised 

metabolites and their presumed biological functions are shown in the colored circles.  

 

1.3.1. Hydroxycinnamic conjugates 

Among the phenylpropanoids, hydroxycinnamic conjugates (HCCs) are the focus here and 

include for example caffeate or ferulate conjugated with a huge variety of alcohols or amines. 

Many of these conjugates have antioxidant, antiviral, antibacterial and anti-inflammatory 

activities, which may imply primary roles in abiotic stress, pathogen and herbivore defence, but 
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little functional data exists about their actual ecological function (Petersen and Simmonds, 

2003; Gülçin, 2006; Chao et al., 2009). Hydroxycinnamic conjugates are important for plants in 

acclimation to cold (Solecka and Kacperska, 2003). Caffeoyl-quinate, or chlorogenic acid (CGA) 

is known to be involved in defence against herbivores (Barbehenn et al., 2010). A large variety 

of hydroxycinnamoyl esters are known across the plant kingdom. For example, the genus 

Populus, which includes poplars, aspens, and cottonwoods, accumulates a rich diversity of HCCs 

that differ in their composition and abundance between different species and even within a 

single species. These HCCs include for example caffeate or ferulate esterified with i) quinate or 

shikimate ii) aromatic alcohols such as benzyl alcohol derivatives, phenylethanol, or 

monolignols, and iii) alkanols or alkenols including prenyl-alcohol and geraniol, and/or iv) 

glycerol derivatives (Figure 1.9) (Greenaway et al., 1988; Greenaway and Whatley, 1990a; 

English et al., 1991; Greenaway et al., 1991a; Greenaway et al., 1991b; English et al., 1992; 

Isidorov and Vinogorova, 2003; Dudonné and Poupard, 2011). 

 

Beyond esters, also phenolamides or hydroxycinnamic acid amides occur in plants in a rich 

variety and constitute a considerable proportion of plant natural products (Martin-Tanguy, 

1985; Bassard et al., 2010; Macoy et al., 2015a). Cinnamic acid, coumaric acid, caffeic acid, 

ferulic acid and sinapic acid can be conjugated with arylamines such as tyramine, tryptamine, 

octopamine and anthranilate, or polyamines such as spermidine and putrescine to form these 

phenolamides. Phenolamide deposition in the cell wall near pathogen infected or wound-

healing regions is thought to have strengthening functions, decreasing the digestibility of the 

cell wall and creating a barrier for pathogens. For example, they are involved in defence against 

fungal penetration, building papillae deposited at the inner side of the cell wall. This arrests 

fungal penetration into host plant tissues. In addition, inhibitory effects on virus multiplication 

could be shown (Facchini et al., 2002; Edreva et al., 2007). The level of phenolamides increases 

rapidly in plants upon insect attack. This increase is due to the reconfiguration of the expression 

of genes involved in the production of phenolamides. It has been shown in Nicotiana attenuata 

that this induced defence reaction is mediated by a multi-hormonal signalling network 

(Gaquerel et al., 2014). 
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Figure 1.9 Examples of known hydroxycinnamoyl conjugates of Populus species.  

Shown are i: caffeate esterified with shikimate or quinate. ii: Caffeate esterified with aromatic alcohols. 

iii: Caffeate esterified with alkenols. iv: Caffeate esterified with glycerol derivatives. 
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Avenanthramides, phenolamides containing hydroxy-anthranilates, were shown to be 

phytoalexins in oat (Avena sativa), involved in defence mechanisms of oat leaves against crown 

rust fungus (Puccinia coronata) (Mayama et al., 1981; Mayama et al., 1982). Elicitor treatment 

in oat leaves transcriptionally activates genes of the phenylpropanoid pathway and leads to an 

accumulation of phenylpropanoid enzymes potentially involved in their biosynthesis (including 

PAL and hydroxycinnamoyl-CoA:hydroxyanthranilate N-hydroxycinnamoyltransferase). It was 

therefore concluded that avenanthramides are made from phenylalanine and anthranilate, a 

precursor of tryptophan (Ishihara et al., 1999a; Ishihara et al., 1999b).  

1.3.2. Lignin 

Besides the multitude of functional and structural diversity of soluble HCCs, it is also clear that 

one hydroxycinnamoyl-ester, hydroxycinnamoyl-shikimate, functions as an intermediate in 

lignin biosynthesis, at least in angiosperms (Schoch et al., 2001; Humphreys and Chapple, 2002). 

Lignin monomers, or monolignols, are synthesized through the phenylpropanoid pathway. 

Lignin is quantitatively the most important final product of the pathway. The term lignin - 

introduced by de Candolle in 1819 - is derived from the Latin word lignum, meaning wood. 

Lignin is the second most abundant biopolymer on earth constituting 30% of non-fossil organic 

carbon (Boerjan et al., 2003). It is an aromatic heteropolymer that is incorporated into cell walls 

during secondary thickening, for example during wood formation. Integration of this 

hydrophobic polymer into the cellulose network causes the mechanical strength and 

hydrophobicity of secondary cell walls that allows long distance water transport and enables 

the erect growth of land plants (Sarkanen and Ludwig, 1971; Chabannes and Ruel, 2001; Jones 

et al., 2001). Thus, the ability of lignin biosynthesis contributed largely to the takeover of land 

by vascular plants. However, the origin of lignin or at least of phenylpropanoid biosynthesis 

predates vascular plant evolution. Lignin-like aromatic polymers have been identified in some 

green and even red algae. The red alga Calliarthron cheilosporioides makes H G and S lignin 

(Martone et al., 2009) (Figure 1.10). Homologs of genes needed to make p-coumaryl alcohol 

(Figure 1.10) units are already present in marine photosynthetic algea (Labeeuw et al., 2015). 
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In contrast, bryophytes do not produce lignin, but orthologs of most characterized monolignol 

biosynthetic genes are present in the bryophyte P. patens. (Gunnison and Alexander, 1975; 

Delwiche et al., 1989; Martone et al., 2009; Xu et al., 2009).  

The complex racemic aromatic heteropolymers found in lignin are mainly derived from three 

hydroxycinnamyl alcohol monomers differing in their degree of methoxylation: p-coumaryl, 

coniferyl and sinapyl alcohols (Figure 1.10). 

 

Figure 1.10 Hydroxycinnamyl alcohol monomers, which are the three major lignin building blocks. 

 

Incorporated into the lignin polymer these monolignols produce p-hydroxyphenyl (H), guaiacyl 

(G) and syringyl (S) phenylpropane units respectively (Boerjan et al., 2003) (Figure 1.10;Figure 

1.11). In general, the lignin found in ferns and gymnosperms consists mainly of G units, with a 

small proportion of H units, whereas the lignin of angiosperms mainly consists of G and S units, 

with only traces of H units. Lignins from grasses (monocots) incorporate G and S units at 

comparable levels, but they contain more H units than eudicots (Baucher and Monties, 1998). 

Species that possess only H lignin units were not described to date. Brown and green algae 

possess homologs of the 4CL, CCR and CAD genes, necessary to synthesize p-coumaryl alcohol 

(Labeeuw et al., 2015). However, they do not possess homologs of important phenylpropanoid 

entry point genes such as PAL and C4H. The biosynthesis of G and subsequently S lignin units 

requires hydroxylation at the third position and subsequently the fifth position of the phenolic 

ring. These 3’ and 5’ hydroxylations are important for the cross-linked structure and properties 

of the lignin polymer and are present in essentially all lignins analyzed.   
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Figure 1.11 The phenylpropanoid grid.  

Adapted from (Alber and Ehlting, 2012). The basic structure of phenylpropanoids is shown on top. Head 

group modifications are shown top to bottom, and aromatic ring modifications are shown left to right. 

The individual residues (R1–R3 in the general structure) are shown at each level. Reactions that have 

been characterized to occur with kinetic properties rendering a physiological function likely are drawn in 

black (or dark grey if they occur only in the lycopod Selaginella moellendorffii [Sm]). Those occurring 

with low efficiency are shown in light grey. The currently accepted path through the grid to H-, G-, and S-

lignin is highlighted by bold arrows. The enzymes catalysing each step are abbreviated as PAL 

phenylalanine ammonia lyase; C4H cinnamate 4-hydroxylase; CCR cinnamoyl-CoA reductase; 4CL 4-

coumarate:CoA ligase; C3’H 4-coumaroylshikimate/quinate 3’-hydroxylase; CSE Caffeoyl-shikimate-

esterase; HCT hydroxycinnamoyl-CoA: shikimate/quinate hydroxycinnamoyltransferase; CAD cinnamyl 

alcohol dehydrogenase; COMT caffeic acid O-methyltransferase; CCOMT caffeoyl-CoA O-

methyltransferase; F5H coniferaldehyde / coniferyl alcohol 5-hydroxylase; ALDH aldehyde 

dehydrogenase. 
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Up to 20% of all fixed carbon might be channelled into this pathway and especially in woody 

tissues flux through the phenylpropanoid pathway into lignin is large. Lignin is the primary 

carbon sink derived from the shikimate pathway that produces the aromatic amino acids 

including Phe. However, as described above, Phe itself and the vast array of other metabolites 

derived from it also serve vital biological functions, e.g. as protein building blocks, defence 

compounds or signalling molecules (Tzin and Galili, 2010). Thus, flux through the pathway must 

be regulated tightly to ensure production of large amounts of precursors for lignin biosynthesis 

when and where needed, but also to ensure sufficient availability of precursors for less 

abundant products. Regulation of the pathway clearly occurs at the transcriptional level, as 

evidenced by the temporal and spatial variation of gene expression during development and in 

response to environmental cues. Most genes encoding phenylpropanoid enzymes are highly co-

expressed in tissues and organs undergoing lignification, and many are induced by biotic and 

abiotic stresses. Most lignin biosynthetic genes share a common expression pattern when 

compared across hundreds of developmental samples (Ehlting et al., 2008) suggesting 

transcriptional co-regulation by the same regulatory cascade. CYP98 in addition provides the 

opportunity of a direct biochemical regulation. It has been proposed that shikimate has been 

selected for as a cofactor, because this allowed metabolic regulation of the rate limiting step 

into G and S lignin by the upstream shikimate pathway, which provides the aromatic amino 

acids including phenylalanine (Figure 1.12). If the shikimate pathway slows down, the shikimate 

levels are reduced. Reduced shikimate levels cease driving the major flux into lignin. This allows 

to maintain sufficiently high phenylalanine levels for other essential functions, such as protein 

biosynthesis (Schoch et al., 2006; Alber and Ehlting, 2012). 

1.4. CYP98 

Several cytochromes P450 (CYP) hydroxylases are involved in the phenylpropanoid pathway 

and are considered to catalyse the rate-limiting steps defining flow into the core pathway and 

into the respective branch pathways (Anterola and Lewis, 2002). As the gatekeeper to the 

phenylpropanoid pathway, cinnamate 4-hydroxylase (C4H) constitutes the CYP73 family and 

catalyses the para- or 4-hydroxylation of cinnamic acid. The 4-coumaroylshikimate/quinate 3’-

hydroxylase (C3’H) belongs to the CYP98 family and catalyses the 3-hydroxylation of the 
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phenolic ring (shikimate has a ring system as well, so that carbon numbering starts from the 

most substituted carbon, the carboxylate of shikimate and the aromatic phenylpropanoid ring 

becomes annotated as the prime-ring). Further downstream in the monolignol pathway 

coniferaldehyde / coniferyl alcohol 5-hydroxylase (generally referred to as F5H for ferulate 5-

hydroxylase) constitutes the CYP84 family of cytochrome P450s (Figure 1.12) (Humphreys and 

Chapple, 2002; Ehlting et al., 2006).  

 

Figure 1.12 Connection between the shikimate and phenylpropanoid pathway 

Shown is an outline of the shikimate pathway (pale green box) and the phenylpropanoids pathway. Only 

branch-point metabolites are given. Trp: Tryptophan; Tyr: Tyrosine; Phe: Phenylalanine; 

coumaroyl/caffeoyl-R: coumaroyl/caffeoyl-conjugates; HCT: hydroxycinnamoyl CoA:shikimate/quinate 

hydroxycinnamoyltransferase; C4H: cinnamate 4-hydroxylase; C3’H: p-coumaroylester 3’-hydroxylase; 

F5H: coniferaldehyde / coniferyl alcohol 5-hydroxylase (Alber and Ehlting, 2012). 

 

As described above, my thesis focuses on the CYP98 family, involved in meta- or 3-

hydroxylation of phenylpropanoid precursors. This hydroxylation step is necessary for the 

biosynthesis of G and S units of lignin, but also for the generation of UV-absorbing compounds 

such as sinapoyl malate, and for the formation of many other bioactive compounds, for 

example chlorogenic acid, rosmarinic acid or some coumarins (Vogt, 2010).  
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1.4.1. A surprising twist in the lignin pathway  

Originally, it was believed that the 3-hydroxylation of the aromatic ring occurs on free 4-

coumarate, or on the level of the corresponding CoA-thioesters yielding caffeate or caffeoyl-

CoA, respectively. Multiple classes of enzymes were proposed to catalyse the reaction, but 

none had been characterized (for review, see (Ehlting et al., 2006). Among them, P450 enzymes 

have been suggested to catalyse the 3-hydroxylation of quinate and shikimate esters of 4-

coumarate yielding chlorogenic acid and caffeoyl-shikimate, respectively (Heller and Kühnl, 

1985; Kühnl et al., 1987). But only in the early 2000s these enzymes were characterized at the 

molecular level, and an involvement in lignin monomer biosynthesis became apparent: the 

CYP98A3 gene from A. thaliana was identified independently by functional genomics and 

classical genetic approaches and shown to encode the 3-hydroxylase of the phenylpropanoid 

pathway. Schoch et al. (2001) and Nair et al. (2002) employed a candidate gene approach based 

on sequence and expression similarity to C4H, while Franke et al. (2002) identified A. thaliana 

CYP98A3 via map-based cloning of the reduced epidermal fluorescence 8 (ref8) mutant, which 

was selected for the lack of fluorescence caused by sinapate ester in wild-type A. thaliana 

leaves. The A. thaliana CYP98A3 gene was shown to be expressed predominantly in lignifying 

tissues, similar to other phenylpropanoid genes. Recombinant protein expressed in yeast 

showed that the shikimate and quinate esters of 4-coumarate are the primary substrates for 

the 3-hydroxylation of the phenolic moiety. In contrast, 4-coumarate, 4-coumaroyl-CoA, or the 

corresponding aldehyde and alcohol were poorly or not converted (Schoch et al., 2001; Franke 

et al., 2002; Nair et al., 2002). The Arabidopsis CYP98A3 converts the shikimate ester most 

efficiently, but the quinate ester of 4-coumarate is also converted with high activity. This 

defined CYP98A3 as 4-coumaroyl-shikimate/quinate-3'-hydroxylase (C3'H). Thus, C3'H can also 

catalyse the final step of the biosynthesis of chlorogenic acid (caffeoyl-quinate) (Schoch et al., 

2001). However, functional proof that C3’H is also the central 3-hydroxylase of the 

phenylpropanoid pathway came from a phenotypic analysis of A. thaliana cyp98a3 mutants 

(Franke and Hemm, 2002; Abdulrazzak et al., 2006) (Figure 1.13). 



22 
 

 

Figure 1.13 8 week old A. thaliana cyp98a3 knock-out mutant plant. 

 

In the ref8 mutant, soluble sinapoyl malate and sinapoyl choline levels are drastically reduced in 

leaves and seeds, respectively. Total lignin content is reduced to 20-40% of the wild type level, 

and both G and S units were found only in trace amounts (Franke and Hemm, 2002). Instead, 

the mutant accumulates almost exclusively 4-coumarate-derived H units, which are found only 

in minute amounts in wild-type A. thaliana lignin. Regular H lignin biosynthesis is taking place 

early in inflorescence stem development of the ref8 mutant, while only small amounts of H 

monolignols are incorporated into walls that would normally produce S or G lignins later on 

(Patten et al., 2010). The inability of the ref8 mutant to produce G and S lignin thus strongly 

suggested that the 3-hydroxylation of the monolignol pathway occurs at the level of the 

shikimate ester of 4-coumarate in A. thaliana rather than on the free acid or CoA-ester.  

This hypothesis was further supported by the characterization of a transferase belonging to the 

BAHD superfamily in tobacco that was shown to catalyse the synthesis of 4-coumaroyl-

shikimate (and -quinate) from 4-coumaroyl-CoA (Hoffmann et al., 2003). The same enzyme also 

efficiently catalysed the inter-conversion between caffeoyl-shikimate and caffeoyl-CoA, and 

was thus named hydroxycinnamoyl-CoA:shikimate/quinate hydroxycinnamoyltransferase (HCT). 

HCT down-regulation also causes reduction of G and S lignin in several plant species and leads 

to a lignin mainly composed of H units (Besseau et al., 2007; Shadle et al., 2007; Pu et al., 2009). 
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Together, the discovery of HCT and C3’H immediately suggested that caffeoyl-CoA is 

synthesized from 4-coumaroyl-CoA via coumaroyl-shikimate and caffeoyl-shikimate. From there 

it has been suggested that HCT also mediates the reaction to free caffeate. Recently caffeoyl 

shikimate esterase (CSE) has been described in A. thaliana (Vanholme et al., 2013). CSE 

mediates the reaction from caffeoyl-shikimate to caffeate and shikimate in A. thaliana (Figure 

1.11). Caffeoyl-CoA can subsequently be formed from caffeic acid and CoA via 4CL. Knocking 

out CSE in A. thaliana shows a reduction of total lignin in the mutants and an increase in H 

lignin units (Vanholme et al., 2013). CSE loss of function mutants in Medicago truncatula show a 

strong lignin phenotype as well, with mutants reduced in total lignin, enriched in H lignin units 

and severe dwarfing (Ha et al., 2016). While strong phenotypes of cse mutants in A. thaliana 

and M. truncatula confirm the role of CSE in lignin biosynthesis, no orthologs of CSE can be 

found in Brachypodium distachyon or Zea mays. It may thus be possible that a CSE mediated 

reaction is not involved in lignin biosynthesis in all plant species (Ha et al., 2016).      

An involvement of C3’H in the formation of both G and S lignin units has since been confirmed 

in other species by reverse genetic approaches. Down-regulation of C3'H in alfalfa (Medicago 

sativa) and hybrid poplar (Populus grandidentata x alba) resulted in strong reduction in total 

lignin and a drastic increase in H lignin units (Reddy and Chen, 2005; Coleman et al., 2008b). In 

alfalfa, both G and S lignin units were strongly reduced and differences in lignin unit coupling 

were apparent (Ralph et al., 2006). This is accompanied by reduced recalcitrance to 

saccharification and in consequence, positively impacts bioconversion of lignocellulosic material 

to ethanol (Chen and Dixon, 2007). In poplar, C3’H down-regulation leads to reduced total 

lignin, but an increase in H lignin units is mirrored by a decrease in G lignin units only, while S 

lignin units remain largely unchanged (Coleman et al., 2008b). Again, cell-type specific variation 

in down-regulation efficiency or species-specific control of fluxes into the distinct sub-branches 

may explain these apparent differences.  

Neither the alfalfa nor the hybrid poplar C3’H targeted for down-regulation have been 

characterized biochemically, but close orthologs of both have been characterized. CYP98A44 

from red clover (Trifolium pratense), which shares 96% sequence identity with the M. 

truncatula C3’H, is able to hydroxylate 4-coumaroyl-shikimate (Sullivan and Zarnowski, 2010). 
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More detailed analyses have been performed with the C3’H from black cottonwood (P. 

trichocarpa): PtC3’H expressed in yeast hydroxylates 4-coumaroyl-shikimate, but not the free 

acid (4-coumarate). When PtC3’H was co-expressed with C4H in yeast, a drastic increase in 

catalytic activity and efficiency with 4-coumaroyl-shikimate was observed. In this case also a 

low activity with free 4-coumarate becomes detectable (Chen et al., 2011). Most other 

biochemically characterized CYP98 family members display a clear preference for 4-coumaroyl-

shikimate as a substrate (see below for details). Together with the A. thaliana results described 

above and the effects of down-regulation on lignin composition in alfalfa and poplar, this 

supports the hypothesis that 4-coumaroyl-shikimate is the major intermediate and substrate of 

the 3-hydroxylation step towards G- and S-lignin. 

1.4.2. More than ‘just’ lignin  

CYP98 family members characterized biochemically to date catalyse the 3-hydroxylation of 

phenylpropanoid moieties. While the first P450 of the phenylpropanoid pathway, C4H, is highly 

specific for cinnamic acid, the CYP98 3-hydroxylases have less stringent substrate specificity and 

can accept multiple 4-coumaroyl-conjugates. The products, caffeoyl-conjugates and derivatives 

thereof, such as feruloyl- or sinapoyl-conjugates, are typical specialized plant natural products 

that come in hundreds of varieties and frequently accumulate in a lineage- or even species-

specific manner (Figure 1.14). Chlorogenic acid, i.e. caffeoyl-quinate, and rosmarinic acid, i.e. 

caffeoyl-3,4-dihydroxyphenyllactate, are just two common examples (Figure 1.14) (Petersen et 

al., 2009). 

Most CYP98 enzymes characterized to date have a substrate preference for 4-coumaroyl-

shikimate, but can also metabolize the quinate ester to appreciable levels, thus producing 

chlorogenic acid. This holds true for the A. thaliana CYP98A3 (albeit A. thaliana is not known to 

accumulate chlorogenic acid in vivo), and also for CYP98s from wheat (Triticum aestivum), globe 

artichoke (Cynara cardunculus), sweet basil (Ocimum basilicum), and coffee (Coffea canephora) 

(Gang et al., 2002; Mahesh et al., 2007; Morant et al., 2007; Moglia et al., 2009). Both coffee 

isoforms, CYP98A35 and CYP98A36, converted p-coumaroyl shikimate at similar rates, but only 

CYP98A35 hydroxylates the chlorogenic acid precursor, p-coumaroyl quinate, with the same 

efficiency as the shikimate ester, indicating functional divergence within the gene family 
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(Mahesh et al., 2007). The sweet basil enzyme CYP98A13 was shown able to hydroxylate the 

phenolic moiety of 4-coumaroyl-4’-hydroxyphenyllactic acid, the rosmarinic acid precursor, 

albeit at a very low rate (Gang et al., 2002). Likewise, CYP98A6 from a different rosmarinic acid 

producing plant, Lithospermum erythrorhizon, catalyses the 3-hydroxylation of p-coumaroyl-4’-

hydroxyphenyllactic acid, and was therefore implicated in rosmarinic acid biosynthesis 

(Matsuno et al., 2002), but other substrates were not tested.  

 

 

Figure 1.14 Structures of hydroxycinnamic conjugates described in the text.  

The position of the CYP98 mediated hydroxylation is shown in blue.  

 

Coleus, Plectranthus scutellarioides, also accumulates large amounts of rosmarinic acid and the 

corresponding CYP98A14 from this species was shown to catalyse the hydroxylations of 

rosmarinic acid precursors, forming rosmarinic acid. This was the first example of a CYP98 that 

has no apparent activity with 4-coumaroyl-shikimate or -quinate (Eberle et al., 2009). Likewise, 

the two CYP98A3 paralogs present in A. thaliana, CYP98A8 and CYP98A9, lack appreciable 4-

coumaroyl-shikimate/quinate 3’-hydroxylase activity. They were shown to have evolved 
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recently through retroposition from C3’H and have gained a novel function, that is 

hydroxycinnamoyl-spermidine 3 and 5 ring-hydroxylations to form components of pollen coat 

and pollen wall (Matsuno, et al., 2009; Xu et al., 2014). In this case the substrate is an amide 

rather than an ester, highlighting that CYP98s can also be involved in hydroxycinnamoyl-N-

conjugate metabolism. Likewise the wheat enzymes, CYP98A11 and CYP98A12, were capable of 

meta-hydroxylating an N-conjugate, namely 4-coumaroyltyramine and may thus be involved in 

the biosynthesis of feruloyltyramine (Morant et al., 2007), which is a common constituent of 

the cell wall and accumulates in response to wounding or pathogen penetration. However, in 

this case, the activity with the N-conjugate is much lower compared with the hydroxylation of 

the shikimate ester (Morant et al., 2007) shedding a doubt on an in vivo role of CYP98s in 

feruloyltyramine biosynthesis. Taken together, it is likely that species and isoform specific 

differences in substrate specificities of CYP98 enzymes are contributing to the wide array of 

hydroxycinnamoyl conjugates found in plants. Combined with substrate differences of HCT 

isoforms, which can act on either the substrates or the products of the 3-hydroxylase, it 

appears plausible that even a limited number of isoforms can create a large array of conjugates. 

1.4.3. Are there alternative pathways to monolignols?  

While there is now convincing evidence that the aromatic 3-hydroxylation in the lignin pathway 

occurs primarily on the shikimate-ester level of 4-coumarate in angiosperms, it is still a matter 

of debate if this is the sole pathway leading to coniferyl and sinapyl monolignols. 3-

hydroxylation activity with free 4-coumarate has been described in crude extracts from several 

plants, for the A. thaliana CYP98A3 at very small levels, and in the case of poplar the 

recombinant C3’H was also capable to convert the free acid albeit only when co-expressed with 

C4H and only to minute levels (Franke et al., 2002; Chen et al., 2011). Furthermore, 4CL 

enzymes, which activate the free acids to the corresponding CoA-esters, have a fairly broad 

substrate range and generally can activate not only 4-coumarate, but also caffeate and ferulate 

with high efficiency (e.g. (Allina, 1998; Hu et al., 1998; Ehlting et al., 1999)) and 4CL isoforms 

have been characterized that specifically activate sinapate to the CoA ester (Lindermayr and 

Möllers, 2002; Hamada et al., 2004; Hamberger and Hahlbrock, 2004). Taken together, these 

observations suggest a role of the free acid in phenylpropanoid metabolism. More direct 
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evidence for an alternative pathway comes from the analysis of the A. thaliana cyp98a3 T-DNA 

knock-out mutant: although shoot lignin is almost completely devoid of S and G lignins 

(confirming the ref8 results described above), these plants still produce detectable levels of 

soluble sinapoyl-conjugates and display an aberrant lignification phenotype in roots with 

substantial amounts of G and S units (Abdulrazzak et al., 2006). The same plants also produce 

sinapoylated flavonoids. Thus, a CYP98A3-independent pathway exists in A. thaliana, but this 

alternative pathway cannot complement a defect in the “normal” developmental lignin 

pathway. One possibility is that meta-hydroxylated phenylpropanoids are released from the 

spermidine-conjugates produced via CYP98A8/A9 in A. thaliana (Matsuno, et al., 2009). These 

genes are expressed primarily in anthers during normal development, but are slightly induced 

by environmental stresses. CYP98A9 is expressed in seeds and root tips. It thus seems possible 

that hydroxycinnamoyl-conjugates not normally produced as lignin intermediates can be 

recruited in specific tissues or “at times of despair”. 

An alternative pathway towards G and S lignin units has been described in Selaginella 

moellendorffii. S. moellendorffii can bypass the hydroxylation step of CYP98 on phenolic esters, 

described for angiosperms, hydroxylating the positions 3- and 5- of the phenolic ring by the 

same enzyme, SmF5H (DN837863). SmF5H can 3-hydroxylate p-coumaraldehyde and p-

coumaryl alcohol, forming caffealdehyde and caffeyl alcohol, respectively. Reaction steps 

between aldehyde and alcohol are mediated by (hydroxy)cinnamyl alcohol dehydrogenase 

(CAD) and methoxylations are mediated by caffeic acid O-methyl transferase (COMT). 

Subsequently the enzyme can 5-hydroxylate coniferaldehyde to 5-OH-coniferaldehyde and 

coniferyl-alcohol to sinapyl-alcohol. The reaction steps mediated by SmF5H are shown in 

(Figure 1.11). When SmF5H is expressed in a cyp98a3 knock-out or F5H-deficient A. thaliana 

mutant, it partially rescues the cyp98a3 phenotype, and rescues the F5H deficient phenotype 

(Weng et al., 2010a). SmF5H evolved independently of described F5H enzymes in the 

angiosperms. Nothing is known to date about the enzymes involved in 3-hydroxylation in 

gymnosperms or monilophytes. 
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1.4.4. CYP98 family member distribution 

While CYP98 members are absent in green algal genomes, a single CYP98 gene is present in the 

bryophyte P. patens and in the lycophyte S. moellendorffii (a basal tracheophyte). Bryophytes 

are able to synthesize flavonoids and lignans, but lack true lignin (Basile et al., 1999; Umezawa, 

2003). Eight out of ten genes considered to encode core lignin pathway enzymes, can be found 

in P. patens (Xu et al., 2009). While P. patens does not produce lignin, S. moellendorffii can do 

so by bypassing the C3’H/CYP98 step (Weng et al., 2008a). Thus, in both bryophytes and 

lycopods the single copy CYP98 member is not involved in lignin biosynthesis. Conversely, in 

angiosperms, several species have multiple CYP98 copies (typically not more than three to four) 

and initial phylogenetic reconstruction suggests that independent duplications may have 

occurred early in the monocot and eudicot lineages (Ehlting et al., 2006). This leads to the 

hypothesis that in angiosperms one CYP98 copy is involved in lignin biosynthesis, while 

additional copies exist that may be involved in soluble HCC biosynthesis. 

 

1.5. Hypotheses and objectives 

The gene family distribution and functional properties of characterized CYP98s suggests that 

the CYP98 family was gained by plants during their conquest of land and that the ancestral 

function of CYP98 family members was to produce soluble, protective HCCs. Eventually, CYP98 

was recruited to produce an intermediate in lignin biosynthesis in seed plants, while other 

copies continued to or were newly recruited to produce diverse bioactive compounds. This 

forms the starting hypotheses of this thesis.  

In chapter 2, I will describe a phylogenetic reconstruction of the CYP98 gene family across the 

plant lineage to test whether gene duplications occurred prior to the separation of the major 

land plant lineages or if duplications happened only within lineages. This will be combined with 

biochemical and functional characterization of CYP98s from representatives of each lineage. 

Combining the functional data with the phylogenetic reconstruction will allow inferring 

ancestral functions of CYP98s and may guide timing the recruitment of CYP98 for lignin 

biosynthesis. 
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Following this, the focus of Chapter 3 will be on the fate of gene duplicates within the 

angiosperms. As mentioned above, one documented example of species-specific evolution of 

CYP98 functional diversity is found in A. thaliana, where gene duplicates generated through 

retroposition acquired novel functions under relaxed selection to become 3- and 5-

hydroxylases of coumaroyl-spermidine involved in pollen wall biogenesis (Matsuno, et al., 

2009). In this case, a fairly recent gene duplication event (in a common ancestor of 

Brassicaceae) occurred, and one of the duplicates was newly recruited for further conjugate 

hydroxylation. This leaves the possibility that, also in other angiosperms, independent gene 

duplications occurred to produce lineage-specific spectra of hydroxycinnamoyl conjugates. To 

this end, phylogenetic analyses will be performed to judge the number and timing of gene 

duplications within the angiosperms. Selecting two species with independently duplicated gene 

families, namely the basal angiosperm Amborella trichopoda and the eudicot P. trichocarpa, 

detailed functional characterizations will determine the fates of duplicates in terms of their 

relationship to lignin and soluble phenolic biosynthesis. This will test the hypothesis that gene 

duplication and recruitment to novel pathways is common in angiosperms and happened 

independently not only in the Brassicaceae, but in other lineages as well. 
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2. The evolution of CYP98s within land plants 

2.1. Summary 

When plants moved onto land about 480 million years ago, multiple protection mechanisms 

were needed to face novel environmental challenges. Plants adapted their metabolism and 

plant natural products became important for survival. One pathway giving rise to such 

compounds is the phenylpropanoid pathway. Here we describe the role of a cytochrome P450 

enzyme family, CYP98, which is involved in the phenylpropanoid metabolism of land plants. 

CYP98s have been described in angiosperms to be involved in the biosynthesis of monolignols 

in the lignin biosynthetic pathway. They have further been described to be involved in the 

formation of natural products such as chlorogenic acid and rosmarinic acid. To reveal the 

evolution of the CYP98 family we investigated CYP98s from the moss Physcomitrella patens, the 

lycopod Selaginella moellendorffii, the fern Pteris vittata, the gymnosperm Pinus taeda, and 

from two angiosperms, namely the monocot Brachypodium distachyon and the eudicot 

Arabidopsis thaliana. 

Phylogenetic reconstructions suggest that a single copy CYP98 founded each major land plant 

lineage and that gene duplications appear to have occurred only in angiosperms. Based on in 

vitro assays, the CYP98s from the angiosperms tested prefer p-coumaroyl-shikimate as their 

substrate, while CYP98s from non-seed plants have distinct substrate preferences. P. patens, S. 

moellendorffii and P. vittata CYP98s show preference for p-coumaroyl-anthranilate and 

produce only trace amounts of caffeoyl-shikimate in vitro or are even unable to produce 

caffeoyl-shikimate in vitro. An involvement of CYP98 in lignin biosynthesis of ferns is proposed. 

Metabolic profiling of a P. patens cyp98a34 knock-out mutant revealed p-coumaroyl-threonate 

as the CYP98A34 substrate in vivo. The P. patens knock-out mutant showed a severe 

developmental phenotype. The P. patens CYP98A34 was unable to complement the A. thaliana 

cyp98a3 loss of function phenotype. The gymnosperm CYP98A19 from P. taeda has a 

comparably broad substrate range. It overlaps with those observed for angiosperms and non-

seed plants. This possibly represents a transitional stage between the biochemically and 

physiologically distinct functions of CYP98s in angiosperms and non-seed plants. 
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2.2. Introduction  

Land plants evolved from freshwater green algae (Kranz et al., 1995) about 480 million years 

ago (Sanderson, 2003; Kenrick et al., 2012). Diverse new secondary metabolite-based 

protection mechanisms were acquired and established throughout evolution of early land 

plants to overcome new or enhanced stresses such as damaging UV-light, desiccation, rapid 

wide and extreme temperature fluctuations and the loss of structural support (Raven, 1984; 

Proctor, 2014). Coevolution of pests and pathogens made additional protection mechanisms 

necessary. Land plants are sessile organisms. They diversified and expanded their metabolism 

to adapt to the changing environment. The development of the phenylpropanoid metabolism 

was likely among the most critical processes during this time (Douglas, 1996; Weng and 

Chapple, 2010; Bhardwaj et al., 2014). Phenylpropanoids in plants today range widely between 

species both in their quantity and chemical diversity. While some phenylpropanoids can be 

found in almost all plants, some are taxon specific (Clifford, 2000; Dixon, 2001; Petersen and 

Simmonds, 2003; Petersen et al., 2009). Phenylpropanoids range from relatively simple 

hydroxycinnamic acid conjugates (HCCs) to complex polyphenols. Common to all 

phenylpropanoids is a six carbon aromatic ring which is bound to a three carbon skeleton. HCCs 

include for example caffeic or ferulic acid esterified to alcohols or amines. The characterization 

of these conjugates as anti-herbivory, antiviral, antibacterial, anti-inflammatory and antioxidant 

compounds implies a role in plant defence (Petersen and Simmonds, 2003; Gülçin, 2006; Chao 

et al., 2009; Barbehenn et al., 2010; Bassard et al., 2010; Macoy et al., 2015b; Corral-Lugo et al., 

2016). For example caffeoyl-quinate, chlorogenic acid (CGA), is an anti nutrient for insects 

(Barbehenn et al., 2010). Due to its anti-inflammatory and antioxidant activities CGA is also 

subject to research in the medical field. It can reduce liver inflammation and fibrosis (Shi et al., 

2013) and is used as a weight-control agent (Buchanan and Beckett, 2013).  

It is known that one hydroxycinnamoyl ester, p-hydroxycinnamoyl-shikimate, functions as an 

intermediate in lignin biosynthesis in angiosperms (Schoch et al., 2001). Lignin is a complex 

polymer of covalently linked phenylpropanoids called monolignols and a major constituent of 

many secondary cell walls. It is found in the walls of vessels in xylem, and fiber cells of woody 

tissues (Boerjan et al., 2003). The content and composition of lignin varies between species, 
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different tissues and also the different layers of the plant cell wall (Campbell and Sederoff, 

1996). As main units, p-coumaryl, coniferyl and sinapyl alcohols are incorporated into the lignin 

polymer where these monolignols produce p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) 

lignin units respectively (Boerjan et al., 2003). The biosynthesis of G and S monolignols as well 

as soluble HCCs involves hydroxylation of the phenolic ring. Cytochromes P450 (CYPs) are 

capable of fulfilling this task. CYPs are monooxygenases found in all organisms, from bacteria to 

humans (Nelson, 1999). Characterized CYPs in plants are membrane anchored and need to be 

coupled to an electron-donating protein to be active. Hydroxylation at the 3’-position of the 

aromatic ring of phenylpropanoid precursors is an important step for the biosynthesis of 

metabolites (Mizutani and Ohta, 2010; Vogt, 2010). This hydroxylation step is catalysed by 4-

coumaroylshikimate 3’-hydroxylase (C3’H, CYP98). Diverse hydroxycinnamoyl esters or amides, 

for example 4-coumaroyltyramine and tri-coumaroyl-spermidine, can be substrates for 

enzymes belonging to the CYP98 family (Morant et al., 2007; Matsuno, et al., 2009).  

Loss of function of this 3’-hydroxylation step leads to drastic inhibition of plant development, as 

shown in the Arabidopsis thaliana cyp98a3 mutant. Plants have a stem lignin mainly composed 

of H units and show severely dwarfed phenotypes with rosette diameters not exceeding 1.5 cm 

(Franke et al., 2002; Abdulrazzak et al., 2006). A. thaliana has three CYP98 family members. 

Unlike CYP98A3, CYP98A8 and CYP98A9 do not show appreciable p-coumaroyl-shikimate 

hydroxylase activity in vitro. A. thaliana knock-out plants of CYP98A8 and CYP98A9 do not show 

the dwarf phenotype of the cyp98a3 mutant. CYP98A8 and CYP98A9 were shown to have 

evolved recently through retroposition from CYP98A3 and have gained a novel function, that is 

hydroxycinnamoyl-spermidine 3- and 5- hydroxylations involved in pollen development 

(Matsuno, et al., 2009). Characterized CYP98 families of other angiosperm species also show 

functional divergence within the family. This will be discussed in detail in Chapter 3. These 

findings point towards a functional divergence within the gene family in general. It appears that 

CYP98s related to lignin biosynthesis are specific for p-coumaroyl-shikimate, while other CYP98s 

with different substrate preferences are involved in the biosynthesis of soluble 

hydroxycinnamic conjugates in angiosperms.   
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While CYP98 members are absent in green algal genomes (Nelson, 2006; Xu et al., 2009), a 

single CYP98 gene is present in the bryophyte Physcomitrella patens. P. patens is a model moss, 

with a fully sequenced and annotated genome (www.cosmoss.org). It has a dominant haploid 

life form, with gametophores consisting of leaf-like phyllids, only a single cell layer thick. 

Reverse genetics studies in P. patens are facilitated by high rates of homologous recombination, 

which can be used for the creation of knock-out plants (Hohe et al., 2004). Comparing functions 

of a gene family in bryophytes, which separated from vascular plants about 430 million years 

ago, to functions of the same gene family in separately evolving plant lineages, can provide 

insight into likely ancestral gene functions. Albeit it might be challenging to elucidate events 

which happened long ago, this can provide interesting insight on a genetic and functional level 

in the molecular evolutionary mechanisms that shape divergence of gene family members. 

Bryophytes are reported to be able to synthesize soluble phenylpropanoids such as flavonoids 

and lignans, but lack true lignin (Basile et al., 1999; Umezawa, 2003). Nevertheless, eight out of 

ten genes considered to be core monolignol biosynthesis genes can be found in the P. patens 

genome (Xu et al., 2009), among them one CYP98. A single CYP98 exists in the lycopod 

Selaginella moellendorffii (a basal tracheophyte) (Goodstein et al., 2012). While P. patens does 

not produce lignin, S. moellendorffii can do so by bypassing the C3’H/CYP98 step (Weng et al., 

2008a). S. moellendorffii instead employs a distinct P450, CYP788A1, which catalyses both the 

aromatic 3- and 5-hydroxylation on the level of the free aldehyde or alcohol (Weng et al, 2010). 

Thus, in neither the bryophytes or lycopods is the single CYP98 involved in lignin biosynthesis. 

No CYP98 has been biochemically characterized in the fern group (monilophytes) or in the 

gymnosperms to date. Both groups are known to produce extensive amounts of lignin. The 

biosynthesis of lignin in ferns is largely uncharacterized, but several ferns have been 

investigated for their lignin presence and composition, and mainly G units have been found, but 

also traces of H units and relevant amounts of S lignin in some species (Espiñeira et al., 2011). G 

units are also the main component of gymnosperm lignin, with small proportions of H units 

(Baucher and Monties, 1998).  

In summary, CYP98 members in angiosperms are necessary for the biosynthesis of soluble 

hydroxycinnamic conjugates and the biosynthesis of monolignols. Lignin related CYP98s appear 
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to be specific in their choice of substrate and prefer p-coumaroyl-shikimate. Lignin composed of 

all three major building blocks, H, G and S subunits, has been found in ferns, gymnosperms and 

lycopods. An involvement of CYP98s in lignin biosynthesis in ferns, gymnosperms and lycopods 

remains unclear. Lycopods and bryophytes possess CYP98 genes, but do not use these genes for 

lignin biosynthesis.    

Here, we reconstruct the evolutionary history of the CYP98 family across the land plants and 

biochemically characterize CYP98 family members from representative species of each major 

land plant lineage. We further characterize the CYP98 from the bryophyte P. patens through 

reverse genetic approaches. We aim to reconstruct the functional evolutionary changes of 

enzymes belonging to the CYP98 family, to gain insight about the functional diversity of CYP98 

and the recruitment of CYP98 for lignin biosynthesis 

2.3. Material and methods 

2.3.1. Phylogenetic analysis 

Amino acid sequences of all characterized CYP98s and of CYP98s from bryophytes, lycopods, 

ferns gymnosperms and angiosperms were used in the phylogenetic analysis (List of species see 

supplemental Table 2.1). Sequences were retrieved from ncbi (https://www.ncbi.nlm.nih.gov/), 

Phytozome v. 11 (https://phytozome.jgi.doe.gov/pz/portal.html) and oneKP 

(https://sites.google.com/a/ualberta.ca/onekp/). The phylogenetic tree was based on an amino 

acid sequence alignment generated with DIALIGN (Morgenstern, 1999). Positions with DIALIGN 

similarities greater than one were kept in the alignment. The Maximum Likelihood phylogenetic 

tree was reconstructed using PhyML (Guindon and Gascuel, 2003). The chosen amino acid 

substitution model was LG (Le and Gascuel, 2008). Statistical branch support was obtained by 

bootstrapping 100 replicates. 

2.3.2. Heterologous enzyme expression in Saccharomyces cerevisiae 

The complete open reading frame of CYP98A4 from B. distachyon was cloned from cDNA using 

appropriate primers. Open reading frames for P. patens, S. moellendorffii, P. vittata and P. 

taeda were chemically synthesized as yeast-codon optimized genes by GenScript, New Jersey, 
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USA. Genes were cloned into yeast expression vector pYeDP60USER by USER™ cloning (Nour-

Eldin and Hansen, 2006; Nour-Eldin et al., 2010). For primer sequences see supplemental Table 

2.2. The A. thaliana CYP98A3 had been cloned into pYeDP60 by (Schoch et al., 2001). S. 

cerevisiae strain WAT11 was transformed by heat shock using salmon sperm DNA as a carrier 

(Gietz and Jean, 1992) or by electroporation (400 Ohm/250 µF/0,45 kV). The growth method for 

yeast cultures and the preparation of microsomal fractions, containing the recombinant 

enzyme, have been described in (Gavira et al., 2013). P450 quality control and quantification 

was performed by differential spectrophotometry as described in (Gavira et al., 2013) using the 

absorption coefficient at 450 nm: ε=91 mM−1 cm−1 (Omura and Sato, 1964). 

2.3.3. CYP98 enzyme incubations with a library of potential substrates 

Microsomal fractions of yeast transformed with CYP98 were used in incubations with various 

substrates. 10 pmol of P450 were added to a reaction volume of 400µl. Reactions were 

performed in 50mM potassium phosphate buffer (pH7.4), containing 100µM substrate and 

500µM NADPH. For kinetic properties of the reductase ATR1, refer to (Urban et al., 1997) 

Reactions were started by addition of NADPH and incubated at 28°C for 30 min. Reactions were 

stopped by addition of 1/10 (v/v) 50% acetic acid and 4/10 (v/v) methanol. After centrifugation 

(10min; 15000g; 4°C) the supernatant was used for analysis on HPLC/DAD. Three independent 

incubations were performed for each enzyme/substrate combination. Substrate conversion was 

monitored. For this, the substrate peak area of the chromatogram was integrated using the 

Empower (Waters) software. The percentage of conversion was calculated from the peak areas 

of substrate after incubation, compared to the initial amount of substrate.   

2.3.4. Expression of P. patens HCT (Phpat.002G119200) 

The complete open reading frame of Phpat.002G119200 was cloned from cDNA using 

appropriate primers (Table 2.2). The gene was cloned into the Gateway™ entry vector 

pDONR207 (Invitrogen) first and then recombined into the pHGGWA expression vector. 

Recombinant protein was produced by the protein platform of the IBMP CNRS Strasbourg. 

Competent E. coli Rosetta2pLysS (Novagen) were transformed with the vector by heat shock 

transformation and selected on LB agar plates containing 100 µg/mL carbenicillin and 34 µg/mL 
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chloramphenicol. A preculture of cells was transferred to ZYP-5052 auto induction medium 

(Amresco) containing carbenicillin and chloramphenicol. After growth over night cells were 

harvested by centrifugation and cell pellets eluted in buffer containing 50mM Tris (pH8), 

300mM NaCl, 5% glycerol. Before sonication, 0.2% Triton X100 and 1mM AEBSF were added 

and cells sonicated for 6 minutes (2 seconds sonification, 2 seconds break). After centrifugation 

for 20 minutes at 4°C 16,000g, the supernatant was filtered (0.22µm) and 25mM imidazole 

were added. The enzyme was eluted by IMAC on an AKTA Purifier 10, using a HisTrap column 

(IH1007). 

2.3.5. HCT incubations  

P. patens HCT (50 pmol) was incubated in 50mM potassium phosphate buffer at pH 6.6 with L-

threonic acid (4mM) and p-coumaroyl-CoA (0.25mM) for one hour at 30°C. The reaction was 

stopped by addition of 1/10 (v/v) 50% acetic acid and 4/10 (v/v) methanol. 

In a coupled reaction, first the P. patens HCT was incubated in 50 mM potassium phosphate 

buffer at pH 7.4 with L-threonic acid (4mM) and p-coumaroyl-CoA (0.25mM) for one hour at 

30°C, and subsequently the P. patens CYP98A34 (10pmol/400µl) and NADPH (500µM) were 

added. After 30 min incubation at 28°C the reactions were stopped by addition of 1/10 (v/v) 

50% acetic acid and 4/10 (v/v) methanol. After centrifugation (10min; 15000g; 4°C) the 

supernatant was used for analysis on UPLC-MS/MS. 

2.3.6. Analysis on HPLC/DAD 

Reverse phase HPLC with photo-diode array detection (Alliance 2695, Waters, Photodiode 

2996, Waters, Software Empower) was performed using a NOVA-PAK C18 4.6 x 250 mm column 

(at 37°C). 50 µl of sample were injected. Solvents were composed of water with 0.2% formic 

acid (A) and acetonitrile with 0.2% formic acid (B). The gradient used was 5% to 100% B within 

16 minutes, following curve 7, followed by 1 min of 100% B, with a flow of 1ml per minute.   
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2.3.7. Analysis on UPLC-MS/MS 

Analyses on UPLC-MS/MS (Acquity UPLC; Quattro Premier XETM tandem-mass spectrometer, 

electrospray ionization source; Waters corp.) were performed by the metabolic platform of the 

IBMP CNRS, Strasbourg or by H. Renault.  

Ten microliters of extract were injected onto a UPLC BEH C18 column (100 x 2.1 mm, 1.7 μm; 

Waters) outfitted with a pre-column and operated at 35°C. Metabolites chromatography was 

performed at a 0.35 mL/min flow rate with a mixture of 0.1% formic acid in water (solvent A) 

and 0.1% formic acid in acetonitrile (solvent B) according to the following program: initial, 98% 

A; 11.25 min, 0% A, curve 8; 12.75 min, 0% A, curve 6; 13.50 min, 98% A, curve 6; 15 min, 98% 

A. Nitrogen was used as the drying and nebulizing in-source gas. The nebulizer gas flow was set 

to 50 L/h, and the desolvation gas flow was set to 900 L/h. The interface temperature was set 

to 400°C, and the source temperature to 135°C. Capillary voltage was set to 3.4 kV. Data 

acquisition and analysis were performed with the MassLynx v4.1 software (Waters corp.). 

Metabolites were ionized in positive mode and detected using dedicated multiple reaction 

monitoring (MRM) methods. The QuanLynx module of MassLynx was executed to integrate 

peaks and to report corresponding areas. Peak areas were normalized to plant dry weight and 

internal standard level (morin), leading to relative levels.  

 

2.3.8. Standards for incubations 

Substrate and reference phenolic conjugates except p-coumaroyl-shikimate were provided by 

the group of M. Schmitt (CNRS, UMR 7200, Illkirch).  

p-Coumaroyl-shikimate was produced enzymatically from p-coumarate, as described in (Morant 

et al., 2007). In brief, the tobacco HCT (Hoffmann et al., 2003) was expressed in the bacterial 

strain BL21-G612. Cells were mechanically lysed for enzyme extraction. Enzymes were 

extracted using GSH agarose beads (Sigma, ref G-4510) and lysis buffer (1% Triton X, 1mM EDTA 

pH8, 0.1% ß RSH, protease inhibitor in PBS). Enzyme was stored in 0.1M K phosphate buffer 

pH6.6 containing thrombin (1U thrombin/µl. Sigma ref T-7513).  
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The 4CL1 from A. thaliana was expressed in the bacterial strain BL21-G612. For extraction, lysis 

buffer (Na phosphate 20 mM / NaCl 500 mM / imidazole 20 mM, pH 7.4) was added to the cells 

and cells ground mechanically in liquid nitrogen. Enzyme was purified on His GraviTrap column 

following the manufacturer’s instructions (Amersham Biosciences, ref 11-0033-99). 

Subsequently a buffer exchange was performed on a Sephadex G25 column K phosphate buffer 

with DTT and glycerol to a final concentration of 10% (v/v) was added for storage. SDS-PAGE 

gels of enzyme purification steps are presented in Figure 2.15 and Figure 2.16 in the 

supplement. 

For the preparation of p-coumaroyl-CoA, 4CL1 (0.02mg/ml final) was incubated in K phosphate 

buffer (50mM) at pH 7 with p-coumaric acid (0.2mM), MgCl2 (2.5 mM), DTT (1 mM), ATP (2.5 

mM), and CoA-SH (0.2 mM) for 30 minutes at 25°C.  

For the preparation of p-coumaroyl-shikimate, HCT (0.02mg/ml final) was incubated with 

unpurified p-coumaroyl-CoA (0.21mM) from previous reaction and shikimic acid (4mM) in K 

phosphate buffer pH 6.6 (50mM) at 30°C for one hour. Reaction was stopped by addition of HCl 

(1v/20) and extracted by ethyl acetate two times.  

 

2.3.9. Plant material and growth conditions 

A. thaliana plants were grown under 16h/8h day/night cycle, with a light intensity of 

50µmol/m-2/s-1. The humidity was 70% and the day/night temperature cycle 21°C/18°C.  

P. patens (Hedw., Bruch & Schimp., strain Gransden) was grown to gametophores on KNOP (pH 

5.8) (Reski and Abel, 1985) plates containing 1.2% (w/v) agar. KNOP medium contained 250 

mg/l KH2PO4, 250 mg/l KCl, 250 mg/l MgSO4 x 7H2O, 1 mg/l Ca(NO3)2 x 4 H2O, 12.5 mg/l FeSO4 x 

7 H2O. 10 ml microelement solution was added per 1l KNOP medium. Microelement solution 

contained 309 mg/l H3BO3, 845 mg/l MnSO4 x 1 H2O, 431 mg/l ZnSO4 x 7 H2O, 41.5 mg/l KI, 12.1 

mg/l Na2MoO4 x 2 H2O, 1.25 mg/l CoSO4 x 5 H2O, 1.46 mg Co(NO3)2 x 6 H2O. Liquid cultures 

were grown in KNOP medium (pH 5.8) supplemented with microelements as described above, 

in Erlenmeyer flasks under shaking (Reski and Abel, 1985). The moss was kept at protonema 

stage by disruption (90 sec at 18,000 rpm) using an Ultra-Turrax (IKA) device every 2 weeks. 

Plants were grown in a cycle of 16h light (70 µmol/m2s) and 8h dark at 23°C. 
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2.3.10.     P. patens CYP98A34 knock-out generation by homologous recombination 

To generate the PpCYP98 knock-out mutants, two 750 bp genomic regions were PCR amplified 

from P. patens genomic DNA and assembled with the nptII selection cassette into a PCR-

linearized pGEM-T vector (Promega) via GIBSON™ cloning (NEB). The PpCYP98 disruption 

construct was excised from the vector backbone by BamHI digestion, using restriction sites 

introduced during PCR. 25 μg of linearized construct were used for PEG-mediated transfection 

of P. patens protoplast. Transformants were selected on Knop plates supplemented with 25 

mg/L geneticin (G418).  

Following the selection process, a previously established direct-PCR protocol (Schween et al., 

2002) was implemented to identify transformants with proper genomic integration of the DNA 

construct. Both 5’ and 3’ integrations were verified using appropriate PCR strategy and primers 

(Table 2.2).  

PpCYP98 knock-out lines identified by direct-PCR were further validated at the molecular level 

by conventional RT-PCR. To this end, total RNA was isolated from ~8 mg of lyophilized 3-day-old 

protonema material using TriReagent (Sigma-Aldrich). Twenty micrograms of RNA were treated 

with 5U of RQ1 DNaseI (Promega) and subsequently purified with the Nucleospin RNA clean-up 

XS kit (Macherey-Nagel). One microgram of DNaseI-treated RNA was reversetranscribed with 

oligo(dT)23V and the SuperScriptIII™ enzyme (Thermo Scientific) in 20 μl reaction. PpCYP98 

transcripts were amplified from one microliter of cDNA using the Phire II polymerase (Thermo 

Scientific) in 20 μl reaction. The constitutively expressed L21 gene (Pp1s107_181V6.1), 

encoding a 60S ribosomal protein, was used as reference gene. The number of PpCYP98 knock-

out lines was narrowed down after transcript analysis; remaining lines were subjected to 

transgene copy analysis by qPCR as described before (Horst et al., 2016). Genomic DNA was 

isolated using a protocol adapted from Edwards et al., 1991. Briefly, nucleic acids were 

extracted from 5 mg of 3-day-old lyophilized protonema material with 500 μl of lysis buffer 

(200 mM Tris HCl pH 8.0, 250 mM NaCl, 25 mM EDTA, 0.5% SDS) and thorough agitation. 

Nucleic acids were purified by addition of a 500 μl of a phenol:chloroform (1:1) solution (pH 

8.0) followed by a precipitation with sodium acetate and isopropanol. DNA pellets were washed 
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with 75% ethanol before solubilization in a 5 mM Tris pH 8.5 solution. Samples were further 

treated with a RNase A/T1 mix (Thermo Scientific) to remove RNA. DNA was re-purified with a 

phenol:chloroform step as described above. Typical yields were ~0.5 μg DNA/mg dry plant 

material. Quantitative PCR reactions were run on a LightCycler 480 II device (Roche) in 10 μl 

comprising in 1 ng genomic DNA reaction, 250 nM of each primer and 1X LightCycler® 480 SYBR 

Green I Master mix (Roche). Reactions were performed in triplicate and crossing points (Cp) 

were determined using the manufacturer software. Both the 5’- and 3’-homologous regions 

were targeted using specific primers. The single copy gene PpCLF (Pp1s100_146V6.1) was 

amplified using two primer pairs and served as an internal standard for input amount 

normalization. Transgene copy number was determined by comparing relative values of the 

tested genomic segment in transgenic lines with those of the wild type. Three PpCYP98 knock-

out lines with a single transgene copy were kept for subsequent phenotypic and metabolic 

analyses. 

2.3.11. A. thaliana Tn4 mutant complementation assay 

The A. thaliana T-DNA insertion mutant knock-out for CYP98A3 (Abdulrazzak et al., 2006) was 

used in a mutant complementation assay with the P. patens CYP98A34 gene. As homozygous T-

DNA lines of cyp98a3 show dwarf morphology and are male sterile, heterozygous plants were 

used for transformation with CYP98A34 under the promoter of the A. thaliana C4H gene (Bell-

Lelong and Cusumano, 1997). The use of this promotor ensured enhanced expression in 

lignified tissues. The open reading frame of CYP98A34 was cloned into the pDONR207 

Gateway™ entry vector (Invitrogen). Recombination with the Gateway™ destination vector 

pCC0996 resulted in the expression construct. pCC0996 contains the C4H promoter sequence of 

A. thaliana (Weng et al., 2010b). Agrobacterium tumefaciens strain GV3101 was transformed 

with the expression construct and A. thaliana plants transformed by floral dip as described 

(Clough and Bent, 1998). Seed of control plants with pCC0996:CYP98A3 expression constructs 

were a courtesy of Z. Liu (John Innes Centre, Norwich, UK).  



The evolution of CYP98s within land plants 

41 

 

2.3.12. RT-PCR of A. thaliana Tn4 mutant complementation 

A. thaliana RNA was extracted using the Macherey Nagel NucleoSpin™
  RNA Plant kit, following 

the manufacturer’s instructions. cDNA was synthesized from 1.5 µg total RNA of each sample, 

using SuperScriptIII™ and oligo(dT)23 primer, following the manufacturer’s instructions. Primers 

used for RT-PCR see supplement, Table 2.2. 

2.3.13. P. patens plant extract analysis 

P. patens plant material was collected from 2 month-old gametophores growing on KNOP (pH 

5.8) (Reski and Abel, 1985) plates supplemented with microelements, or from plants at the 

protonema stage growing in liquid culture, 4 days after tissue disruption and exchange of 

growth medium. Plant tissue was harvested, flash frozen in liquid nitrogen and lyophilized. 

Lyophilized material was ground to fine powder using a tissue lyzer (Qiagen). Five mg of plant 

dry material were extracted using methanol, chloroform and water (2:1:2) in subsequent 

extraction steps.  

2.3.14. p-Coumaroyl-threonate isomerization 

p-Coumaroyl-2-threonate was incubated in 0.1M K phosphate buffer (pH 7.4, optimized for 

subsequent P450 incubations) for 60 minutes at 90°C in the dark. Conversion of p-coumaroyl-2-

threonate to p-coumaroyl-4-threonate was verified by HPLC/DAD. The isomers showed clearly 

distinguishable elution times. No p-coumaroyl-3-threonate was detectable in any of these 

reactions, although it is expected to be an intermediate.  

2.4. Results and discussion  

2.4.1. Genome mining and phylogenetic analysis 

Extensive sequence similarity searches using the A. thaliana CYP98A3 protein sequence as bait 

were performed against available bryophyte, lycophyte, fern and gymnosperm genome and 

transcriptome databases. This identified a single CYP98 member in all species belonging to 

these groups. In total, sequence data from currently 58 genomes available on “Phytozome v11” 

(Goodstein et al., 2012) and transcriptomes of the 1000 plants transcriptomes project (1kp, 
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www.onekp.com) were analysed. Multiple CYP98 isoforms were found only in the angiosperms, 

both in monocots and eudicots. Gene family size in angiosperms ranged from one (examples 

are B. distachyon, Carica papaya) to 12 (Malus x domestica) members with a median of two 

gene family members across 43 angiosperm genomes analysed. A BLAST search (Altschul et al., 

1990) against genomes of the green algae Chlamydomonas reinhardtii, Volvox carteri, 

Coccomyxa subellipsoidea, Micromonas pusilla and Ostreococcus lucimarinus did not result in 

the identification of any CYP98 members, neither did searches against any NCBI sequence 

database when excluding land plants (embryophytes). CYP98 families of representative species 

from each major land plant lineage (bryophytes, lycopods, ferns, gymnosperms, and 

angiosperms) were chosen for phylogenetic reconstruction. Species were selected to have 

similar representation in each major lineage and to cover the major orders in each group where 

data was available. CYP98A34 of the moss model P. patens and CYP98 members from additional 

mosses, as well as from hornworts were included. Available lycopod CYP98s have been 

included, among these the CYP98A38 of S. moellendorffii. Following the classification of extant 

ferns by Smith et al. (Smith et al., 2006b) CYP98s of the four classes Polypodiopsida, 

Marattiopsida, Equisetopsida and Psilotopsida were identified for the analysis. The CYP98 of P. 

taeda, CYP98A19, which has been previously described (Anterola, 2002), was included in the 

analysis, as well as other CYP98s of conifers, cycads, gnetales and ginkgo. Angiosperm monocot 

and eudicot CYP98s have been added to the analysis including all biochemically characterized 

CYP98s. Both CYP98s connected to lignin biosynthesis as well as CYP98s connected to the 

biosynthesis of soluble HCCs are contained within the angiosperm clade. The tree topology 

follows the expected land plant phylogeny and all major lineages form monophyletic clades 

with strong bootstrap support (Figure 2.1). 

Focussing on CYP98s from vascular plants (i.e. lycopods, ferns, gymnosperms, and 

angiosperms), there is no evidence for a separation into two subclades prior to separation of 

the lineages, one related to lignin biosynthesis, the other(s) to soluble HCC biosynthesis, as may 

have been expected given that a central uniting feature of all these lineages is lignin 

biosynthesis. 
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Figure 2.1 Phylogenetic reconstruction of CYP98s of land plants.  

Radial phylogenetic tree. Amino acid sequences of bryophytes, lycophytes, ferns, gymnosperms and 

angiosperms were included (For a list of species see supplemental table Table 2.1) Only bootstrap 

support for the branching points of the major land plant lineages is shown in the radial phylogenetic 

tree. The phylogenetic tree was based on an amino acid sequence alignment generated with DIALIGN 

(Morgenstern, 1999). The Maximum Likelihood phylogenetic tree was reconstructed using PhyML 

(Guindon and Gascuel, 2003). Statistical branch support was obtained by bootstrapping 100 replicates. 

All characterized CYP98s belong to the angiosperm clade and were indicated by stars. CYP98 family 

members characterized here were indicated by green arrows.  

 

Instead, gene duplications are lineage specific and occurred or were maintained only in the 

angiosperms. In consequence, all genes from a given lineage arose from a single common 

ancestor. Phylogenetic reconstruction of the CYP98 family is often challenging. Good statistical 

support and high resolution of subfamilies was obtained for bryophytes to gymnosperms, i.e. 
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lineages without duplicates. In contrast, within the angiosperms, statistical bootstrap support 

was generally poor and relationships within the group were inconsistent and frequently yielded 

poor bootstrap support. This points to an intense history of gene duplication and gene loss 

within the angiosperms, difficult to reconstruct. Nevertheless, it is clear that both lignin and 

soluble HCC related CYP98s are contained within the monophyletic angiosperm clade, 

suggesting that functional diversification within the angiosperms only occurred after their split 

from the gymnosperms. A detailed characterization of these gene duplication events within the 

angiosperms will be the focus of Chapter 3 of this thesis.  

Assuming a recruitment of CYP98 for lignin only after the lycopod/euphyllophyte split (because 

lycopods utilize a CYP98-independent pathway), it remains unclear when, and how frequently 

that happened. Formulating alternative hypotheses (Figure 2.2), it is possible that one 

recruitment of CYP98 for lignin biosynthesis happened early in the euphyllophytes (ferns, 

gymnosperms, and angiosperms), and in consequence, the function of the single ancestral 

euphyllophyte CYP98 included lignin biosynthesis. As described above, all described CYP98s 

related to lignin biosynthesis prefer coumaroyl-shikimate as their substrate. In this scenario, a 

lignin related function is ancestral and the single-copy fern and gymnosperm CYP98s would also 

be expected to favour coumaroyl-shikimate (hypothesis 1). It is equally possible that CYP98 

isoforms exist in ferns and also in gymnosperms that are rather versatile in function in order to 

fulfil both lignin and soluble phenolics related functions, and that subfunctionalization 

happened only within the angiosperms (hypothesis 2). An alternative third hypothesis would be 

the recruitment of CYP98 for the biosynthesis of lignin only in seed plants, or even only in 

angiosperms. Alternative pathways to monolignol biosynthesis might exist in ferns and maybe 

even in gymnosperms, as described for lycopods (hypothesis 3). Using coumaroyl-shikimate as a 

proxy for an involvement in lignin biosynthesis, we would then expect distinct substrate 

utilization profiles for non-lignin related CYP98s. A fourth scenario includes independent 

recruitments of CYP98s for lignin in each lineage of plants, although this hypothesis would be 

less parsimonious compared to a single ancestral recruitment (hypothesis 4).  
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Figure 2.2 Four different hypotheses of the recruitment of CYP98 for lignin biosynthesis.  

The groups of green algae and land plants are given in the cladogram on the left. Four different 

hypotheses are drawn on the right.  

 

Towards testing these alternative hypotheses, we next characterized the substrate utilization 

profiles of CYP98s from representatives of each lineage. 

2.4.2. Enzymatic diversity of CYP98s across the plant lineage  

Representative plants of each major lineage have been chosen for enzymatic screening of their 

CYP98 family members. Species were selected with the following rationale: The moss model 

plant P. patens was the first bryophyte genome to be sequenced and provides extensive 

genome annotation. CYP98A34 is the only P. patens CYP98 family member. The only lycopod 

with a complete genome available, S. moellendorffii, has been subject to research in the 

context of lignin content and composition, but its single CYP98A38 has not been characterized 

biochemically to date. P. vittata, a species of leptosporangiate ferns, has transcriptome data 

available from the 1000 plant transcriptomes project. Generally, ferns were given little 
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appreciation, but P. vittata is under research related to phytoremediation, because it is a hyper 

accumulator of arsenic and capable of taking up antibiotics from water (Danh et al., 2014; Li et 

al., 2015a). Lignin analysis of P. vittata showed a lignin consisting of G units only, similar to 

gymnosperms (Weng et al., 2008b). Its single CYP98 member, designated PvCYP98, was 

included here. CYP98A19 of P. taeda has been cloned and its expression investigated in a P. 

taeda cell suspension culture experiment (Anterola, 2002). Upregulation of enzymes involved in 

lignin biosynthesis except for CYP98A19 and cinnamate 4-hydroxylase was detected when the 

cells were transferred to a medium containing sucrose and potassium-iodide. CYP98A19 has not 

been biochemically characterized to date. It was thus included in the functional enzyme 

screening of this work. The grass B. distachyon is an angiosperm monocot model plant and the 

focus of research in the field of grass cell walls and its use as a biofuel crop (Coomey and Hazen, 

2015). We selected B. distachyon also because its genome only contains a single CYP98, 

CYP98A4. It can therefore be assumed to be involved also in lignin biosynthesis in this monocot. 

The eudicot angiosperms representative CYP98A3 of A. thaliana has been subject to research in 

the past and was the CYP98 member which revealed the involvement of CYP98s in monolignol 

biosynthesis (Schoch et al., 2001; Franke et al., 2002; Nair et al., 2002). It has been included in 

the enzymatic screen to provide reference to a member with known function, but also to 

evaluate substrate specificity/promiscuity of this reference CYP98.       

The respective cDNA sequences were cloned after reverse transcriptase polymerase chain 

reaction (RT-PCR) from total RNA were plant material was available or were chemically 

synthesized commercially as yeast expression codon optimized DNA if plant material was not 

available. Enzymes were cloned into a yeast expression vector and transformed into S. 

cerevisiae strain WAT11, which contains the A. thaliana cytochrome P450 reductase ATR1 in its 

genome, for heterologous protein production. Yeast microsomes containing membrane 

anchored enzymes were prepared for enzymatic tests. Measured on a spectrophotometer, 

intact CYPs’ Soret absorption band shift to a maximal absorption at 450 nm when the enzymes 

are reduced and complexed with CO. The amount of functional CYP enzyme can thus be 

determined in a differential spectrum of reduced CYP and CYP that is reduced and complexed 
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with CO (Figure 2.3). The CO spectra that were obtained for the species characterized here 

indicated the presence of intact CYP98 enzyme for all species. 

 

 

 

Figure 2.3 Differential CO spectra of CYP98 included in the biochemical analysis.  

Microsomes for the CYP98 expressing yeast were isolated by differential centrifugation. An absorbance 

peak at 450 nm in CO bound reduced/reduced differential spectra is indicative of the expression of 

functional enzyme and allows its quantification.  

 

Yeast microsomes were incubated with a variety of substrates (Figure 2.4). Most of these 

substrates are not commercially available and were provided by the group of M. Schmitt, 

Laboratoire d’Innovation Thérapeutique, UMR 7200, Illkirch France. The range of substrates 

comprised known substrates of CYP98s, such as p-coumaroyl-shikimate (enzymatically 

synthesized) and p-coumaroyl-quinate (chemically synthesized). Free coumaric acid was 

included in the experiment to test for CYP98-mediated hydroxylation on the free acid. Several 

phenolamides were included because they are known to be utilized by some CYP98s, for 
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example Triticum aestivum CYP98A11 and CYP98A12 can hydroxylate p-coumaroyl-tyramine 

(Morant et al., 2007). Furthermore, several coumaric esters, potential precursors of caffeic 

esters that exist in nature, have been chemically synthesized for the experiment, for example 

prenyl-, isoprenyl- and benzyl-coumarate (Rubiolo et al., 2013). To assess the potential 

substrate range, some artificial substrates were tested as well.  

Product formation was analysed via liquid chromatography for all reactions. An example is 

shown in Figure 2.5. Peak areas of substrates incubated with CYP98 containing microsomes, but 

without NADPH, were determined as control. Substrate peak area reduction after incubation 

with CYP98-containing microsomes and NADPH, relative to control, yielded relative 

metabolization of a given substrate in this end-point screening experiment (Figure 2.6).  

 

As general observation, we found that the end point screening data revealed different 

substrate preferences for CYP98s of angiosperms and of bryophytes, lycopods and ferns (Figure 

2.6, Figure 2.7). CYP98s utilized naturally occurring, but also synthetic substrates. Phenolic 

esters and phenolamides both were substrates of the CYP98s tested. Free p-coumaric acid was 

not converted by any of the CYP98s tested. Cinnamoyl esters and amides were not substrates 

of CYP98s. While p-coumaroyl-shikimate and p-coumaroyl-quinate were the preferred 

substrates of the angiosperm CYP98s, they were not or only to small extent converted by the 

enzymes from bryophyte, lycopod and fern. The substrate range of the P. taeda CYP98A19 

(gymnosperm) was intermediate between the two groups. CYP98A19 of P. taeda utilized many 

different substrates. CYP98s of bryophyte and lycopod showed substrate preference for p-

coumaroyl-anthranilate. A hierarchical clustering analysis of the data showed that CYP98s of 

the bryophyte, lycopod, fern, and the gymnosperm and angiosperms cluster together, 

respectively (Figure 2.7). Based on the substrate conversion profiles of each CYP98, pairwaise 

Pearson Correlation factors were calculated. In an average linkeage clustering the substrates 

with the highest Pearson Correlation factor were arranged close to each other, as indicated in 

the dendrogram. The CYP98s with the most similar substrate utilization profile, thus the highest 

Pearson Correlation factor between them, were as well arranged close to each other and 

distances are indicated as dendrogram. 
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Figure 2.4 Chemical structures of substrates tested in the CYP98 end-point substrate screening.  
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Figure 2.5 Incubation of P. taeda CYP98A19 with benzyl-p-coumarate (10) and analysis on 

HPLC/DAD.  

In the end point screening assay, 10 pmol of P450 enzyme were incubated with 100µM of substrate 

(expected to be saturating) and 500µM NADPH. Reactions were run for 30 minutes under agitation, at 

28°C, in the dark. 

A: Chromatogram of the substrate benzyl-p-coumarate (10) and its corresponding UV spectrum when 

analysed on HPLC/DAD. B: Chemical structure of benzyl-p-coumarate (10). C: Control incubation of 

microsomes prepared from yeast transformed with the empty pYeDP60 transformation vector, with 

substrate and NADPH. The substrate peak on the chromatograms is framed by the dotted box. D: 

Incubation of CYP98A19 with benzyl-p-coumarate, with NADPH. E: Negative control of incubation of 

CYP98A19 with benzyl-p-coumarate: Incubation without NADPH. 
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Figure 2.6 Substrate conversion rates obtained in end-point enzyme incubations.  

Numbers of substrates correspond to Figure 2.4. Substrate structures and trivial names (if existing) are 

given on the right. No apparent conversion is indicated by na (no activity). Combinations that were not 

tested are indicated by nd (not determined). In the end point screening assay, 10 pmol of P450 enzyme 

were incubated with 100µM of substrate (expected to be saturating)and 500µM NADPH for 30 minutes 

under agitation at 28°C in the dark. 
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Figure 2.7 Hierarchical clustering of substrates and P450s tested in the substrate screening.  

Average linkage clustering by Pearson Correlation.The corresponding substrate conversion rates from 

the end point screening assay are presented in detail in Figure 2.6. The end point screening was 

performed using 10 pmol P450 enzyme, incubated with 100 µM of substrate (expected to be saturating) 

and 500µM NADPH for 30 minutes under agitation, at 28°C, in the dark. 

 

For CYP98A3 from A. thaliana, conversion of p-coumaroyl-shikimate (2; Numbers of substrates 

correspond to Figure 2.4) and coumaroyl-quinate (3) in our incubation over 30 minutes was 

close to complete. Free p-coumaric acid (1) was not converted to caffeic acid in vitro. A. 

thaliana CYP98A3 was able to convert prenyl- (7) and isoprenyl-p-coumarate (8) to about 20% 

of the initial amount of substrate. Conversion of benzyl-p-coumarate (10) was close to 50% and 

the phenolamides p-coumaroyl-anthranilate (16) and tri-coumaroyl-spermidine (28) were 



The evolution of CYP98s within land plants 

57 

 

converted to about 8% and 10% respectively. None of the remaining natural compounds were 

utilized to appreciable levels by A. thaliana CYP98A3.These results are consistent with previous 

biochemical characterizations of A. thaliana CYP98A3, which showed that CYP98A3 utilizes the 

shikimate ester (2) with high efficiency and the quinate ester (3) fairly well (Schoch et al., 2001). 

We extended the list of A. thaliana CYP98A3 substrates here but note that p-coumaroyl-

shikimate and p-coumaroyl-quinate remain the best substrates for this lignin-related CYP98. 

Mutants of A. thaliana CYP98A3 show a severe developmental phenotype, with a stem lignin 

that is almost devoid of G and S lignin (Franke et al., 2002; Abdulrazzak et al., 2006). The single 

CYP98A4 of the monocot B. distachyon was expected to be involved in lignin biosynthesis, as no 

other CYP98 family member exists in this species. Consistent with this expectation, enzymatic 

reactions showed a clear preference for p-coumaroyl-shikimate (2) and p-coumaroyl-quinate (3) 

as substrates in vitro with a conversion of more than 75% (Figure 2.6). Lower levels of substrate 

conversion were apparent with all other substrates tested: about 20% of benzyl-p-coumarate 

(10), prenyl-p-coumarate (7) and isoprenyl-p-coumarate (8) were converted and 37% and 14% 

of the phenolamides di-coumaroyl-putrescine (25) and tri-coumaroyl-spermidine (28), 

respectively. The conversion of other phenolamides such as p-coumaroyl-tyramine (18) and 

coumaroyl-octopamine (17) was less than 10%. Compared to other CYP98s tested, B. 

distachyon CYP98A4 showed unusually high activity with a synthetic compound (20), which was 

converted to about 50%. Overall, the two angiosperm CYP98s showed very similar substrate 

utilization profiles as determined by hierarchical cluster analysis (Figure 2.7). 

 

Conifers typically do not to produce S-Lignin, but do produce a G-rich lignin and therefore also 

require 3-hydroxylation at the phenolic ring (Wagner et al., 2015). Most steps of the monolignol 

pathway have been characterized on the gene level in conifers (Wadenbäck et al., 2008; 

Wagner et al., 2009; Wagner et al., 2015). An involvement of CYP98 in phenolic 3-hydroxylation 

has been generally assumed, but has not experimentally been tested yet. In our enzymatic in 

vitro screen we investigated the single-copy CYP98A19 of P. taeda (Anterola, 2002). The conifer 

CYP98 converted p-coumaroyl-shikimate (2) to about 82%. p-Coumaroyl-quinate (3) was 

utilized less, to a level of about 37%. A variety of the substrates tested showed high conversion 
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rates when incubated with P. taeda CYP98A19: 40 – 60% of prenyl-p-coumarate (7), isoprenyl-

p-coumarate (8), benzyl-p-coumarate (10), geranyl-p-coumarate (9), p-coumaroyl-anthranilate 

(16) and di-p-coumaroyl-putrescine (25) were converted. Compared to the angiosperm CYP98s 

tested, the conifer CYP98 showed a broader range of substrates accepted and also higher 

conversion rates of many of these substrates. These findings suggest that the single copy gene 

in conifers has broader functions. It may hydroxylate p-coumaroyl-shikimate (2) in the context 

of lignin biosynthesis, but has a broader substrate range, possibly to accommodate biosynthesis 

of soluble HCCs. Little is known about HCCs in conifers, but some species are known to 

accumulate chlorogenic acid or caffeoyl-shikimate (Radwan, 1975; Herrmann, 1978).  

Comparing the in vitro enzymatic data of angiosperms and the conifer, the ancestor of both 

could have been an enzyme with p-coumaroyl-shikimate specificity. This would have been 

followed by substrate broadening of the enzyme in conifers (as exemplified in pine). Another 

possibility is that the ancestor of both had a broad substrate range realizing both lignin and 

soluble HCC synthesis and that consequently a specialization towards p-coumaroyl-shikimate, 

related to lignin biosynthesis, occurred after gene duplication in angiosperms only. It would be 

equally possible that the pine CYP98A19 is not involved in the biosynthesis of monolignols at all. 

However we cannot exclude the possibility that there might be additional CYP98s in conifer 

genomes not covered by the available transcriptome and genome data sets. 

 

In an attempt towards distinguishing these possibilities we next investigated the enzymatic 

substrate utilization range of a fern CYP98, PvCYP98 of P. vittata. PvCYP98 utilized the 

phenolamides p-coumaroyl-anthranilate (16) with about 32% substrate conversion and tri-p-

coumaroyl-spermidine (28) with about 36% of substrate conversion. The enzyme showed 

appreciable activity with some additional esters, but was devoid of any detectable activity with 

p-coumaroyl-shikimate (2) or p-coumaroyl-quinate (3) (Figure 2.6). This strikingly different 

substrate utilization profile of the single-copy PvCYP98 from P. vittata compared to those from 

B. distachyon and A. thaliana CYP98s strongly indicates that CYP98-mediated p-caffeoyl-

shikimate biosynthesis is not part of the monolignol biosynthetic pathway in ferns, or at least 

not in P. vittata. Another ester or amide could be the intermediate in the monolignol 
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biosynthetic pathway if this step is CYP98-mediated. It is also possible that another distinct 

enzyme is responsible for the 3’-hydroxylation in the monolignol biosynthetic pathway of P. 

vittata. This holds true for the lycopod S. moellendorffii, which has been shown to possess a 

distinct enzyme, SmCYP788A1. Using an alternative route and not the canonical lignin 

biosynthesis path to perform 3’- and 5’-hydroxylation of the phenolic ring, S. moellendorffii is 

capable of making monolignols for S- and G-lignin (Weng et al., 2008b). A BLAST search with 

CYP788A1 as bait against fern transcriptome data revealed sequences with 38% amino acid 

identity in P. vittata. Reciprocal BLAST searches recovered back CYP788A1 (Phytozome ID 

166299) from S. moellendorffii, but the most similar CYP from A. thaliana is a flavonoid 3’-

monooxygenase (CYP75B1; AT5G07990) with a similarly low sequence identity of 38%, 

indicating that the fern sequence defines yet another CYP family. P. vittata does not produce S 

lignin (Weng et al., 2008b). It likely has another enzyme involved in lignin biosynthesis or uses 

another substrate that is converted by PvCYP98 leading to caffeoyl-units.  

 

CYP98A38, the CYP98 of S. moellendorffii, was characterized next. In general, although 

CYP98A38 expressed well in yeast, indicating functional P450 enzyme, the highest rate of 

substrate conversion obtained was only 28%. Similar to the fern PvCYP98, CYP98A38 from S. 

moellendorffii showed almost no conversion of p-coumaroyl-shikimate (2) or p-coumaroyl-

quinate (3) in vitro. The hydroxylation of isoprenyl-p-coumarate (8) yielded about 11% of 

substrate conversion. Other phenolic esters showed either no conversion or less than 10%. The 

best substrate utilized in vitro was p-coumaroyl-anthranilate (16), with about 28% of substrate 

conversion. Thus, the substrate utilization profile of the lycopod CYP98A38 is more similar to 

the fern CYP98 than to the angiosperm homologs. Especially the near absence of activity with p-

coumaroyl-shikimate (2) in both lineages is consistent with a CYP98 independent pathway 

towards monolignols in both lineages. It is noteworthy that none of the substrates tested 

yielded conversion rates comparable to that of p-coumaroyl-shikimate (2) conversion by 

angiosperm CYP98s and thus we cannot exclude the possibility that a yet unidentified substrate 

is primarily utilized in vivo by fern and lycopod CYP98s. Based on these results, it is not 

parsimonious and thus not likely that hydroxylation of p-coumaroyl-shikimate has been the 
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ancestral function of CYP98s in vascular plants. A preference for p-coumaroyl-shikimate as 

substrate only starts to emerge within the gymnosperms and it is only in the angiosperms that 

p-coumaroyl-shikimate becomes the predominant substrate for CYP98 isoforms related to 

lignin biosynthesis.  

 

The next step was to investigate the CYP98 of a non-vascular plant, the moss P. patens. 

CYP98A34 was capable of converting several substrates to appreciable amounts, but the by far 

best utilized substrate was again p-coumaroyl-anthranilate (16), with 84% of substrate 

conversion (Figure 2.6). The substrate preference of the moss, lycopod and fern CYP98s are 

similar based on hierarchical clustering (Figure 2.7), with p-coumaroyl-anthranilate (16) being 

the best of all tested substrates for the moss and lycopod CYP98s, and the second best for the 

fern CYP98 in vitro (highest activity with the fern CYP98 was measured with tri-p-coumaroyl-

spermidine (28) with about 37% conversion, p-coumaroyl-anthranilate (16) with 33% 

conversion). Caffeoyl-anthranilates have been described in plants, for example as phytoalexins 

in oats (Ishihara et al., 1999a; Okazaki et al., 2004; Ahuja et al., 2012). Synthetically produced N-

(3′4′- dimethoxycinnamoyl)-anthranilic acid, known as Tranilast™, is used as an antihistamine 

drug. Tranilast™ further shows anti-inflammatory and antiproliferative characteristics (Isaji et 

al., 1998; Rogosnitzky et al., 2012). Due to its beneficial molecule properties for humans, a 

metabolic engineering approach towards the production of hydroxycinnamoyl-anthranilates in 

E. coli has been made (Eudes et al., 2013). Coumaroyl-anthranilate is an attractive candidate for 

an ancestral CYP98 substrate, as anthranilate is an intermediate in tryptophan biosynthesis in 

primary metabolism and it is thus likely that p-coumaroyl-anthranilate was present in ancestral 

species. Like most phenolics, p-coumaroyl-anthranilate absorbs light in the UV range and a 

function in UV protection of early land plants is thus plausible.   

Nevertheless these data have to be interpreted carefully, as the substrates investigated here 

obviously do not cover the complete breadth of possible substrates and likely not even all 

natural occurring substrate classes. The results are based solely on in vitro endpoint activity 

measurements, excluding the possibility to properly compare kinetic properties. The A. thaliana 

CYP98A3, for example, was capable of hydroxylating p-coumaroyl-quinate (3) to an equally high 
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extent as p-coumaroyl-shikimate (2) by the end-point in our in vitro assay, even though it has a 

lower catalytic efficiency with p-coumaroyl-quinate compared to p-coumaroyl-shikimate based 

on Kcat/KM measurement (Schoch et al., 2001) and A. thaliana is not known to produce 

chlorogenic acid in vivo.   

2.4.3. In vivo characterization of CYP98 in the bryophyte P. patens 

To probe deeper into the biological role of non-seed plant CYP98s, a reverse genetic approach 

was employed. This approach was aimed on the generation and analysis of a P. patens 

CYP98A34 knock-out mutant. We focussed on P. patens because this was the only non-seed 

plant where such an approach was experimentally feasible. The lifecycle of P. patens alternates 

between two generations: the haploid gametophyte and the diploid sporophyte. Spores give 

rise to protonema, which is a filamentous structure with fast tip growth. Protonema can grow 

side-branches and buds. The protonema buds can subsequently develop into gametophores. P. 

patens gametophores show leaf-like structures, called phyllids. 

A CYP98A34 knock-out mutant of P. patens was generated by G. Wiedemann and H. Renault, 

taking advantage of the plant’s natural high rate of homologous recombination. The selection 

cassette was inserted towards the 5’ end of the gene, ensuring the functional P450 domains are 

deleted (Figure 2.8A). The putative ko-lines that were identified by screening according to 

antibiotic resistance were further verified by genotyping to validate the presence of the insert 

(Figure 2.8B). Three identified lines were further validated by RT-PCR to ensure the absence of 

the CYP98A34 transcript (Figure 2.8C). To validate the single integration of the nptII cassette, 

copy numbers of both the 3’ and 5’ fragments used for homologous recombination were 

compared to wild type CYP98A34 using quantitative PCR (Figure 2.8D).  
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Figure 2.8 CYP98A34 knock-out construct and moss mutant validation.  

Generated by H. Renault. A: Homologous recombination-mediated strategy for PpCYP98 gene 

disruption: a PpCYP98 genomic fragment encompassing the critical heme-binding site was excised with 

simultaneous insertion of the nptII selection cassette conferring resistance to geneticin (G418). B: PCR 

validation of the correct integration of the construct in the PpCYP98 genomic locus of the G418-selected 

lines. C: RT-PCR analysis of selected PpCYP98 knock-out mutants confirming the absence of PpCYP98 

transcripts. D: qPCR-based evaluation of transgene copy number indicating a single integration event in 

the three selected mutant lines. Primer hybridization sites are indicated in (A). WT, wild type. 

 

Compared to wildtype plants, knock-out mutants showed a severe developmental phenotype 

(Figure 2.9). Growth of the gametophore stage was impaired. Instead of gametophores with 

phyllids, knock-out mutant plants developed a more compact structure: phyllids initiate, but do 

not expand. As a result, pin-like stems developed, surrounded by “scale”-like phyllids, 

resembling a fused organ phenotype. Knock-out mutant plants at the protonema stage grown 

in liquid medium were compared to wild type and no obvious phenotypic difference was 

apparent. 
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Figure 2.9 P. patens cyp98a34 mutant phenotype.  

Generated by H. Renault. A: 8 week old wild type gametophores. B: 8 week old cyp98a34 knock-out 

mutant showing severe phenotype. Pin-like stems are surrounded by “scale”-like phyllids. C: Close up of 

the knock-out mutant phenotype, resembling known fused organ phenotypes. 

 

An analysis of plant metabolite extracts of gametophores, grown on solid medium and of plants 

at the protonema stage, grown in liquid culture, showed distinct metabolic differences between 

wildtype and cyp98a34 plants. Several peaks differed in peak area when comparing knock-out 

with wild type plant methanol extracts. p-Coumaroyl- or caffeoyl-anthranilate, the best 

substrate/product for CYP98A34 tested in vitro, was not among these peaks and was not 

detectable in extracts of either mutant or wild-type plants based on comparison with the 

authentic standards.  

Instead, quantitatively the most important difference of mutant and wild type plant extracts 

was a near absence of two compound peaks in the knock-out plants which are highly abundant 

in wild type plant extracts (Figure 2.10a).  
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Figure 2.10 HPLC/DAD chromatogram of wild type P. patens gametophore extracts and cyp98a34 

knock-out gametophore extracts. 

UPLC analysis by H. Renault. a: UV chromatogram showing the absence of major peaks in the PpCYP98 

mutant gametophore crude extract. IS, internal standard (morin). b: Names and structures of molecules 

at the indicated retention times (RT). c: PpCYP98-dependent conversion of p-coumaroyl-2-threonate 

(pC2T) and p-coumaroyl-4-threonate (pC4T) esters into corresponding caffeoyl threonate esters (C2T 

and C4T). Control reactions without NADPH were concurrently analyzed. Molecules were detected using 

dedicated multiple reaction monitoring (MRM) methods.  

 

A UPLC-MS/MS analysis was subsequently performed by H. Renault, to determine the masses 

of the compounds of interest. Based on the mass spectrum and in comparison to published 

literature the peaks were tentatively identified as caffeoyl-threonic acid (Hahn and Nahrstedt, 

1993; Richter et al., 2012; Kuczkowiak et al., 2014). Little is known about the function of 

caffeoyl-threonic acid in plants. It has been detected in a variety of plants such as Fagus 

sylvatica, P. patens, Saniculiphyllum guangxiense, Miscanthus sacchariflorus, Miscanthus 

giganteus and Cornus controversa (Lee et al., 1995; Richter et al., 2012; Parveen et al., 2013; 

Cadahía et al., 2014; Geng et al., 2014). Caffeoyl-threonic acid has been identified as substrate 
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of a polyphenol oxidase in orchard grass (Dactylis glomerata) (Parveen et al., 2008). Polyphenol 

oxidases (PPOs) are thought to be involved in plant defence (Constabel and Barbehenn, 2008). 

Thirteen PPOs have been identified in the P. patens genome (Tran et al., 2012).  

The absence of caffeoyl-threonic acid in cyp98a34 mutants immediately suggested p-

coumaroyl-threonic acid as potential in vivo substrate for CYP98A34. Thus, p-coumaroyl-

threonate was chemically synthesized (M. Schmitt and coll., UMR CNRS 7200) and used as a 

substrate for in vitro tests with recombinant yeast-expressed CYP98A34. CYP98A34 was able to 

hydroxylate p-coumaroyl-threonate, when analysed using dedicated MRM analysis. However, 

under standard photometric enzyme conditions, conversion was close to the background and 

only detectable when increased amounts of enzyme were used.  

Because the comparison of P. patens cyp98a34 mutant plant extract to wild type plant extract 

showed two peaks with the same mass in UPLC-MS/MS (Figure 2.10a), the possibility of p-

coumaroyl- and caffeoyl-threonate isomers in the plant extracts (Figure 2.10b+c; Figure 2.11) 

was investigated. 

 

Figure 2.11 p-Coumaroyl-threonate and corresponding caffeoyl-threonate isomers.  

The chemical structures of p-coumaroyl-2-threonate and p-coumaroyl-4-threonate are shown on the 

left. The corresponding caffeoyl-2-threonate and caffeoyl-4-threonate structures are shown on the right. 
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Figure 2.12 Isomerization of p-coumaroyl-2-threonate to obtain p-coumaroyl-4-threonate.  

A: Coumaroyl-2-threonate and coumaroyl-4-threonate peaks after isomerization, analysed by 

HPLC/DAD. UV Spectra of the three peaks are shown above the chromatograms. B: The obtained 

isomers were incubated with yeast-expressed P. patens CYP98A34. Peaks 3, 4, 6, 7 are p-coumaroyl-

threonate isomers (substrates), peaks 1, 2, 5 are caffeoyl-threonate isomers (products). C: A comparison 

with the products of incubation with a P. patens plant extract. 

 

For this purpose, the p-coumaroyl-2-threonate substrate was isomerized and analysed on 

HPLC/DAD (Figure 2.12).  
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The subsequent NMR analysis verified the p-coumaroyl-4-threonate isomer. Further 

incubations with CYP98A34 and p-coumaroyl-4-threonate were performed in vitro, but did not 

result in higher levels of substrate hydroxylation compared to p-coumaroyl-2-threonate, in the 

end point experiment with fixed amounts of P450 enzyme. An incubation of the substrates with 

an increased enzyme concentration led to detectable peaks of caffeoyl-threonate isomers on 

HPLC/DAD (Figure 2.12B).  

 

To validate the results and to determine which isomer(s) is (are) produced in vivo, we cloned 

and heterologously expressed the P. patens HCT homolog in E. coli. A single putative HCT is 

present in the P. patens genome, presumably synthesizing the precursor of the CYP98 mediated 

reaction. The His6-tagged HCT protein was purified via Ni-affinity chromatography (protein 

production carried-out by the dedicated IBMP platform), and the native protein was incubated 

with p-coumaroyl-CoA and L-threonic acid. The 2-and 4-isomers of p-coumaroyl-threonate were 

formed in vitro (Figure 2.13; Figure 2.18) with the 4-isomer as main product. We next 

performed coupled enzymatic activity tests of purified P. patens HCT and yeast microsomes 

containing CYP98A34, incubated with p-coumaroyl-CoA and L-threonic acid as substrates. In 

these coupled enzymatic activity tests we obtained both the caffeoyl-2-threonate and caffeoyl-

4-threonate isomers, in the same proportions as the HCT products (Figure 2.13). Together, this 

suggests that multiple p-coumaroyl-threonate isomers can be produced by the P. patens HCT 

and utilized by CYP98A34 and that the 4-isomer is preferentially formed in vitro. The 

hydroxylation of both isomers is still slower than the conversion of p-coumaroyl-anthranilate, 

but an incubation of p-coumaroyl-CoA and anthranilinic acid with the purified P. patens HCT did 

not result in the formation of p-coumaroyl-anthranilate. 
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Figure 2.13 P. patens HCT and CYP98A34 incubations. 

Incubations A. Alber, UPLC-MS/MS analysis and data analysis H. Renault.  

An incubation of the P. patens HCT and CYP98A34 in a coupled reaction. Enzymes are incubated with p-

coumaroyl-CoA and L-threonate. A: MRM targeted to detection of coumaroyl-threonate. B: MRM 

targeted to detection of caffeoyl-threonate. Lower panels: In the presence of both HCT and CYP98 

coumaroyl-threonate and caffeoyl-threonate isomers are produced. Middle panels: HCT alone produces 

coumaroyl-threonate isomers but not caffeoyl-threonate. Upper panels: Incubation of CYP98 alone with 

coumaroyl-CoA and L-threonate does not lead to coumaroyl-threonate nor caffeoyl-threonate 

production. Peak labels correspond to Figure 2.12: p-coumaroyl-2-threonate (4) and p-coumaroyl-4-

threonate (6). Caffeoyl-2-threonate (2) and caffeoyl-4-threonate (5).  
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Loss of CYP98A34 function in P. patens causes both a severe phyllid developmental phenotype 

and a lack of caffeoyl-threonate accumulation. However, it remains unclear if the lack of 

caffeoyl-threonate and the severe developmental phenotype of the cyp98a34 mutant are 

directly causally related. Although caffeoyl-threonate accumulates to high levels in wild-type 

gametophores, it could also be an intermediate for other products in P. patens. The lack of 

these products may in turn be the cause of the developmental aberrations observed. 

Alternatively, diverted flow into alternative pathways branching upstream of CYP98 may lead to 

over-production of the causal agent. 

The organ fusion phenotype observed on the gametophore is reminiscent of the phenotype of 

mutants of cutin biosynthesis (Buda et al., 2013). The composition of the cutin of P. patens was 

recently determined and is characterized by the presence of significant amounts of 

hydroxycinnamic units, including caffeate (Buda et al., 2013). To determine if an altered cutin 

composition is responsible for the cyp98a34 knock-out mutant phenotype, an analysis of the 

cutin of the plant would need to be performed. Analogous to the situation in angiosperms, and 

consistent with the absence of activity with free coumaric acid observed for CYP98A34, free 

caffeic acid may be released from caffeoyl-threonate for integration into cutin. The action of a 

caffeoyl-shikimate-esterase (CSE; AT1G52760) has recently been described in A. thaliana 

(Vanholme et al., 2013). Using the A. thaliana CSE sequence as bait in a BLAST search against 

the P. patens genome, a gene similar to CSE was found (Pp3c19_14430; ~51% amino acid 

sequence identity to AT1G52760). Another possibility in this scenario would be the 

hydroxylation of coumaroyl-threonate, followed by transesterification directly or via caffeoyl-

CoA to hydroxylated fatty acids during cutin biosynthesis (Rautengarten et al., 2012). 

Alternatively, blocking CYP98 may cause an increased flux into other pathways branching off 

the phenylpropanoid pathway, prior to coumaroyl-esters. This increased flux in other pathways 

may result in the accumulation of compounds, which eventually cause the developmental 

phenotype of the knock-out mutant. One possible pathway the flux could be redirected to is 

the flavonoid pathway. P. patens is known to possess a rich repertoire of flavonoids (Jiang et al., 

2006). This could be analogous to the situation described in A. thaliana, where an over-

accumulation of flavonoids in the cyp98a3 knock-out plant has been suggested to cause the 
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dwarf phenotype. However in A. thaliana it was also recently shown that the dwarf phenotype 

of the knock-out mutant can be uncoupled from the flavonoid over-accumulation phenotype (Li 

et al., 2010). Interestingly, also the lack of G- and S- lignin in ref8 mutants can be uncoupled 

from the dwarf phenotype of the plants (Bonawitz et al., 2014), indicating that lignin 

composition is not causing the dwarf phenotype (although the rescued mutant produces higher 

amounts of H-lignin).  

While in vivo data showed a lack of p-caffeoyl-threonate as the major metabolic cyp98a34 

phenotype, in vitro data suggests that metabolization of p-coumaroyl-threonate to produce 

caffeoyl-threonate is not optimal. It remains consequently possible that another compound, 

not detected by our analyses, may be the substrate of CYP98A34 in vivo. As a promiscuous 

enzyme, CYP98A34 might use this substrate and produce a transient product, precursor for 

caffeoyl-threonate, only in particular cells or tissues. A lack of this additional or locally 

restricted compound may be causing the developmental phenotype of the knock-out mutant.  

 

The high amount of caffeoyl-threonate found in the wild type P. patens plant extracts could 

come from storage of caffeoyl-threonate. Hydroxycinnamic esters, such as chlorogenic acid, are 

usually stored in the central vacuole of plant cells (Hutzler, 1998). Storage could provide a 

reservoir of carbon, which could easily be accessed at times of stress. As described for 

flavonoids, caffeoyl-threonate storage could help the plant in scavenging H2O2, in a reaction 

involving hydroxycinnamic esters and a peroxidase (Yamasaki et al., 1997).    

 

Further work is required to pinpoint the biological function of CYP98 in bryophytes. Both the in 

vitro and the in vivo data indicate that its role is not the biosynthesis of caffeoyl-shikimate as it 

is the case for lignin-related CYP98s in angiosperms. To further elaborate on the distinct 

biochemical and thereby implied broader biological roles of CYP98s in angiosperms and non-

vascular plants, we next tested whether the P. patens CYP98A34 is capable of complementing 

the strong developmental phenotype caused by the lack of CYP98A3 in the angiosperm A. 

thaliana. 
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2.4.4. CYP98A34 cannot complement the cyp98a3 T-DNA knock-out mutant 

In vitro enzymatic tests showed a low, but appreciable hydroxylation of p-coumaroyl-shikimate 

by CYP98A34 of P. patens (Figure 2.6). The severely dwarfed cyp98a3 T-DNA insertion mutant 

of A. thaliana (Abdulrazzak et al., 2006) was used for a complementation assay. Heterozygous 

A. thaliana plants of this mutant were transformed with CYP98A34 of P. patens driven by the 

promoter of the A. thaliana cinnamate-4-hydroxylase gene (C4H). Putative transgenic plants 

containing both the P. patens expression construct and the cyp98a3 T-DNA were first identified 

through kanamycin and BASTA resistance conferred by the cyp98a3 T-DNA and the CYP98A34 

overexpression constructs, respectively. Homozygosity of the T-DNA insertion was validated by 

PCR. The presence and transcription of the P. patens CYP98A34 were validated using RT-PCR. 

After screening and genotyping our results showed that CYP98A34 did not rescue the severe 

phenotype of the cyp98a3 knock-out mutant. Homozygous cyp98a3 plants, expressing the P. 

patens transgene, showed the same dwarf phenotype as non-complemented cyp98a3 knock-

out plants (Figure 2.14). In contrast, using the same promoter to drive the wild-type A. thaliana 

CYP98A3 did complement the cyp98a3 loss of function phenotype. While the CYP98A34 

transgene is transcribed (Figure 2.14D), future experiments need to be performed to 

demonstrate that the CYP98A34 protein is present and functional in the homozygous cyp98a3 

knock-out plants. Due to the dwarf phenotype of this mutant all further analyses require the 

growth and genotyping of large numbers of mutant plants. In planta tests for activity with p-

coumaroyl-shikimate or p-coumaroyl-anthranilate could be performed as soon as enough plant 

material would be available for extraction. The conversion of p-coumaroyl-shikimate or p-

coumaroyl-anthranilate could then also be tested in a whole plant extract.  
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Figure 2.14 A. thaliana cyp98a3 mutant complementation by P. patens CYP98A34.  
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A: Close up of 4 weeks old A. thaliana plants. On the left a line which is homozygous for the T-DNA 

cyp98a3 knock-out and expresses CYP98A34; in the middle, a homozygous cyp98a3 knock-out plant, 

back-complemented with CYP98A3; on the right a wild type A. thaliana Wassilewskija plant. B: Eleven 

further lines of plants homozygous for the T-DNA cyp98a3 knock-out and expressing CYP98A34. C: 

Schematic view of CYP98A3 locus in A. thaliana and the location of T-DNA insertion to create the 

cyp98a3 knock out. D: RT-PCR of WT A. thaliana and lines homozygous for the T-DNA cyp98a3 knock-out 

and expressing CYP98A34. 

 

2.5. Conclusion  

Substrate specificity of CYP98 changed during land plant evolution. Isoforms that are specific 

for p-coumaroyl-shikimate appeared only in seed plants. The single copy CYP98 from the 

bryophyte P. patens, but also those from the lycopod S. moellendorffii and from the fern P. 

vittata essentially lack activity with p-coumaroyl-shikimate and instead appear to produce 

distinct caffeoyl-esters or -amides. Likewise in vivo, distinct, non-complementary functions of 

the moss and angiosperm CYP98s must be assumed, since the P. patens CYP98A34 cannot 

complement the cyp98a3 loss of function mutant in A. thaliana. Nevertheless, loss of function 

of CYP98 in both angiosperms and in the bryophyte P. patens have severe, albeit distinct, 

developmental defects that go beyond the expectations of losing secondary metabolic activities 

only. Indeed, in A. thaliana the reduced lignin and also the enhanced flavonoid accumulation 

phenotype can be uncoupled from the developmental dwarf phenotype caused by cyp98a3 loss 

of function (Li et al., 2010; Gallego-Giraldo et al., 2011; Kim et al., 2014), which indicates that it 

is not changes in major secondary metabolites (lignin or flavonoids) that are causing the dwarf 

phenotype. By analogy, the same may be true in P. patens were the lack of caffeoyl-threonate 

accumulation in the cyp98a34 mutant may either be causal or coincidental with the 

developmental phenotype. In either case, the data presented here demonstrate a crucial role of 

CYP98s and 3,4-dihydroxylated HCCs in the development of both bryophytes and angiosperms, 

but also that distinct and non-complementary esters are produced in bryophytes and 

angiosperms to fulfil these developmental roles. 
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Ferns produce lignin extensively, but P. vittata’s single CYP98 does not show a similar substrate 

profile as seed plant CYP98s connected to lignin biosynthesis. In particular, no activity with p-

coumaroyl-shikimate was detectable. It thus appears that ferns do not use caffeoyl-shikimate 

produced by CYP98 for lignin biosynthesis. The same is also evident for S. moellendorffii, whose 

CYP98A38 is also incapable of producing caffeoyl-shikimate. S. moellendorffii possesses a 

distinct enzyme, SmF5H / CYP788A1 (DN837863), which is capable of catalyzing the 3- and 5-

hydroxylation steps on the aldehyde and alcohol level, contrary to what has been described in 

angiosperms (Weng et al., 2008a). This is consistent with a non-lignin-related function of the 

CYP98 from S. moellendorffii. The CYP98A38 substrate profile was more similar to that of the 

CYP98s from P. patens and P. vittata than it was to lignin-related angiosperm CYP98s from both 

A. thaliana and B. distachyon. Together this indicates that caffeoyl-shikimate specific CYP98s 

were likely recruited for lignin biosynthesis in seed plants. Gymnosperms contain a single 

CYP98, with CYP98A19 from P. taeda displaying fairly broad substrate range, but capable of 

synthesizing caffeoyl-shikimate in vitro. This could mean that it is involved both in the 

biosynthesis of lignin precursors, and in the biosynthesis of other soluble compounds. However, 

it also remains possible that even in gymnosperms CYP98s do not contribute to monolignol 

biosynthesis at all. In an experiment with cell suspension cultures, the addition of Phe only 

slightly upregulated the expression of CYP98A19 and cinnamate 4-hydroxylase, contrary to 

other genes in the lignin biosynthetic pathway (Anterola, 2002). This was interpreted as the 

CYPs being rate-limiting steps and thus under distinct transcriptional control compared to the 

remainder of the phenylpropanoid pathway genes. However, CYP98s in angiosperms are tightly 

co-regulated with most other monolignol biosynthetic genes as shown through gene co-

expression analysis in A. thaliana, poplar and rice (Ehlting et al., 2005; Hirano et al., 2012; Chen 

et al., 2014). In contrast, the single CYP98 from the gymnosperm Picea glauca is notably absent 

from a monolignol biosynthesis pathway gene co-expression network (Porth et al., 2011). It 

thus appears that gymnosperm CYP98s are not only biochemically distinct from angiosperm, 

lignin related CYP98s, but that they are also under distinct transcriptional control. Only 

angiosperms possess several CYP98 copies and thus only in this group the CYP98 family may 

have subdivided roles via gene duplication.  
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Based on the phylogenetic analysis provided in this chapter, independent duplications of this 

enzyme family occurred only during angiosperm evolution. The molecular evolutionary history 

and functional divergence of gene duplicates will be further investigated and focused on in the 

following chapter. 
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2.8. Supplement 

2.8.1. List of species included in the land plant phylogeny of Figure 2.1 

Family Species Group 

Andreaea rupestris Bryophytes 

Anthoceros agrestis Bryophytes 

Atrichum angustatum   Bryophytes 

Ceratodon purpureus Bryophytes 

Diphyscium foliosum   Bryophytes 

Encalypta streptocarpa   Bryophytes 

Hedwigia ciliata  Bryophytes 

Leucobryum glaucum      Bryophytes 

Megaceros  vincenti Bryophytes 

Neckera douglasii Bryophytes 

Paraphymatoceros  hallii Bryophytes 

Phaeoceros carolinianus Bryophytes 

Phaeoceros  carolini Bryophytes 

Phaeomegaceros coriaceus Bryophytes 

Phagnum fallax Bryophytes 

Physcomitrella patens Bryophytes 

Rhynochstegium  serrulatum Bryophytes 

Scouleria aquatica Bryophytes 

Takakia lepidozioides       Bryophytes 

Tetraphis pellucida Bryophytes 

Thuidium delicatum Bryophytes 

Timmia austriaca  Bryophytes 

Dendrolycopodium obscurum    Lycopods 

Diphasiastrum digitatum  Lycopods 

Huperzia selago   Lycopods 

Huperzia lucidula  Lycopods 

Huperzia myrisinites    Lycopods 

Huperzia  squarrosa Lycopods 

Isoetes tegetiformans       Lycopods 

Lycopodiella  apressa Lycopods 

Lycopodium annotinum Lycopods 

Lycopodium deuterodensum Lycopods 

Phylloglossum drummondii   Lycopods 

Pseudolycopodiella caroliniana    Lycopods 

Selaginella stauntoniana Lycopods 

Selaginella  moellendorffii Lycopods 
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Selaginella  wildenowii Lycopods 

Selaginella  apoda Lycopods 

Selaginella  wallacei Lycopods 

Adiantum tenerum   Ferns 

Adiantum aleuticum Ferns 

Argyrochosma nivea    Ferns 

Athyrium filix femina Ferns 

Blechnum spicant  Ferns 

Botrypus virigianus Ferns 

Ceratopteris thalictroides   Ferns 

Cheilanthes arizonica Ferns 

Cibotium glaucum Ferns 

Cystopteris protrusa Ferns 

Danaea sp Ferns 

Davallia fejeensis Ferns 

Deparia lobato-crenata Ferns 

Diplazium wichurae Ferns 

Equisetum diffusum Ferns 

Equisetum hymale Ferns 

Gymnocarpium dryopteris Ferns 

Hymenophyllum bivalve    Ferns 

Marattia attenuata Ferns 

Myriopteris eatonii Ferns 

Notholaena montieliae   Ferns 

Osmundastrum cinnamomeum Ferns 

Psilotum nudum Ferns 

Pteris vittata Ferns 

Tmesipteris parva Ferns 

Woodsia scopulina Ferns 

Woodsia ilvensis  Ferns 

Abies  lasiocarpa Gymnosperms 

Acmopyle  pancheri Gymnosperms 

Arucaria     sp Gymnosperms 

Cathaya  agryrophylla Gymnosperms 

Cedrus    libani Gymnosperms 

Cupressus     dupreziana Gymnosperms 

Cycas  micholitzii Gymnosperms 

Encephalartos barteri Gymnosperms 

Ephedra  sinica Gymnosperms 

Ginkgo biloba Gymnosperms 

Juniperus   scopulorum Gymnosperms 

Keteleeria   evelyniana Gymnosperms 
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Larix    speciosa Gymnosperms 

Metasequoia  glyptostroboides Gymnosperms 

Nothotsuga longibracteata Gymnosperms 

Picea  abies Gymnosperms 

Picea  engelmanii Gymnosperms 

Pinus jeffreyi    Gymnosperms 

Pinus   radiata Gymnosperms 

Pinus  taeda Gymnosperms 

Podocarpus  coriaceus Gymnosperms 

Podocarpus   rubens Gymnosperms 

Pseudolarix amabilis Gymnosperms 

Pseudotaxus   chienii Gymnosperms 

Pseudotsuga   menziesii Gymnosperms 

Retrophyllum minus Gymnosperms 

Stangeria  eriopus Gymnosperms 

Taxus  baccata Gymnosperms 

Thuja  plicata Gymnosperms 

Welwitschia  mirabilis Gymnosperms 

Wollemia   nobilis Gymnosperms 

Arabidopsis thaliana Angiosperm eudicot 

Brachypodium  distachyon Angiosperm monocot 

Coffea canephora Angiosperm eudicot 

Cynara cardunculus Angiosperm eudicot 

Eucalyptus  grandis Angiosperm eudicot 

Heliothropum  greggii Angiosperm eudicot 

Ilex vomitoria Angiosperm eudicot 

Lithospermum  erythrorhizon Angiosperm eudicot 

Lonicera japonica Angiosperm eudicot 

Musa   acuminata Angiosperm monocot 

Nicotiana tabacum Angiosperm eudicot 

Ocimum  basilicum Angiosperm eudicot 

Populus  trichocarpa Angiosperm eudicot 

Ruta graveolens Angiosperm eudicot 

Solenostemon  scutellarioides Angiosperm eudicot 

Trifolium  pratense Angiosperm eudicot 

Triticum aestivum Angiosperm monocot 

Vitis vinifera Angiosperm eudicot 
Table 2.1 List of speciesincluded in the land plant phylogeny Figure 2.1 
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2.8.2. Table of primers used in the work presented in this chapter 

Species Gene identifier Primer sequence Primer purpose 

P. patens Pp1s22_138V6 GGGGACAAGTTTGTACAAAAAAGCAGGC 
TTCATGGCCGCCGCAAGTCAAG 

Cloning P. patens HCT 

for Gateway™ entry 

P. patens Pp1s22_138V6 GGGGACCACTTTGTACAAGAAAGCTGGGT 
CTTAGAAGGATGCCACTAGTTTGG 

Cloning P. patens HCT 

for Gateway™ entry 

P. patens Pp1s22_138V6 ATGGCCGCCGCAAGTCAAG Cloning P. patens HCT 

P. patens Pp1s22_138V6 TTAGAAGGATGCCACTAGTTTGG Cloning P. patens HCT 

A. thaliana AT2G40890 CCGATCGTCGGTAACCTCTA 
 

genotyping fw  

A. thaliana AT2G40890 AAATGCTGTTTCGCTCCACT    
 

genotyping rv 

T-DNA 
insertion 
CYP98A3 

- TTGCTTTCGCCTATAAATACGACGGATCG 
 

genotyping fw 

T-DNA 
insertion 
CYP98A3 

- AAATGCTGTTTCGCTCCACT    
 

genotyping rv 

A. trichopoda CYP98A84 GGATCCATGGACTTTCTCTCTCCACTCTC 
 

TA cloning includes 
bamh1 

A. trichopoda CYP98A84 GGTACCTCACATTTGTGTGGGCACAC 
 

TA cloning includes 
kpn1 

P. patens CYP98A34 GGATCCATGGCAGTCATGTGGGAGA 
 

TA cloning includes 
bamh1 

P. patens CYP98A34 GGTACCTCACGAAGGGGATGATCC 
 

TA cloning includes 
kpn1 

P. patens CYP98A34 exon 
1 

ATGGCAGTCATGTGGGAGA 
 

exon 1 for knock-out 
generation 

P. patens CYP98A34 exon 
1 

GGTACCCTGATCCAGCTCTTGTTGTGC 
 

exon 1 for knock-out 
generation. contains 
kpn1 

 nptII CGGAATTCaagcttgcatgcctgca 
 

nptII selection cassette 
and EcoRI restriction 
site 

 nptII CGGAATTCcccagtcacgacgttgtaaa 
 

nptII selection cassette 
and EcoRI restriction 
site 

A. trichopoda CYP98A85 GGATCCATGGAGTCTCTCTTCCTACTTGC 
 

TA cloning includes 
bamh1 

A. trichopoda CYP98A85 GGTACCTCACACTTTCATGGACTGACA 
 

TA cloning includes 
kpn1 

P. vittata PvCYP98 ATGGCAGAAATGCTAACTGGA 
 

cloning 

P. vittata PvCYP98 TCATTTTGTACTTCTGGCTTCTCTT 
 

cloning 

P. vittata PvCYP98 GGCTTAAUATGGCAGAAATGCTAACTGGA 
 

USER™ cloning 

P. vittata PvCYP98 GGTTTAAUTCATTTTGTACTTCTGGCTTCTCT
T 
 

USER™ cloning 
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P. taeda CYP98A19 ATGTCTGTTCCTGAAATGGGTC  
 

cloning 

P. taeda CYP98A19 TCAATTGAGTGGTTGTCGCT 
 

cloning 

P. taeda CYP98A19 GGCTTAAUATGTCTGTTCCTGAAATGGGTC 
 

cloning 

P. taeda CYP98A19 GGTTTAAUTCAATTGAGTGGTTGTCGCT 
 

cloning 

Table 2.2 Primers used in the experiments described. 

 

2.8.3. Purification of A. thaliana 4CL1 and Nicotiana tabacum HCT 

 

Figure 2.15 Purification of A. thaliana 4CL1.  

SDS PAGE analysis of different purification steps of the expression of A. thaliana 4Cl1 in the bacterial 

strain BL21-G612. 1;2;3 on a Ni column, 4;5;6;7 on a Sephadex column. 1: Elution buffer, 2: Flow 

through, 3: Wash. 4: Flow through 1; 5: Elution 1, containing 4CL1 at a size of ~ 66 kDa; 6: Flow through 

2; 7: Elution 2, containing 4 CL1 at a size of ~ 66 kDa. SDS PAGE gel stained with coomassie blue, 

PageRuler prestained protein ladder plus (Fermentas SM1811).  
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Figure 2.16 Purification of N. tabacum HCT (Hoffmann et al., 2003).  

SDS PAGE analysis of different purification steps of the expression of the N. tabacum HCT in the bacterial 

strain BL21-G612. 1: Flow through; 2: Wash 1; 3: Wash 2; 4: Wash PK; 5: Elution 1 containing HCT at a 

size of ~ 51 kDa; 6: Elution 2 containing HCT at a size of ~ 51 kDa. SDS PAGE gel stained with coomassie 

blue, PageRuler prestained protein ladder plus (Fermentas SM1811). 
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2.8.4. Incubation of the A. thaliana HCT with p-coumaroyl-CoA and L-threonic acid 

 

 

Figure 2.17 Incubation of A. thaliana HCT (courtesy of Pascaline Ullmann) with L-threonic acid and 

p-coumaroyl-CoA.  

Analysis of reaction products was performed on HPLC/DAD. A: negative control with boiled HCT, L-

threonic acid and p-coumaroyl-CoA (in black) and reaction of A. thaliana HCT with p-coumaroyl-CoA and 

L-threonic acid (in blue below). B: Close up of the reaction products. Peaks 1 to 5 are potentially 

coumaroyl-threonic acid, peak 6 remaining coumaric acid. C: UV/DAD spectra of all peaks shown in B. 
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2.8.5. Incubation of P. patens HCT with p-coumaroyl-CoA and L-threonate, shikimate, 

quinate. 

 

Figure 2.18 Incubation of P. patens HCT with p-coumaroyl-CoA and L-threonic acid, shikimic acid 

and quinic acid.  

A: Incubation of PpHCT with p-coumaroyl-CoA and L-threonic acid. Boiled enzyme control is shown in 

black above; the reaction is shown in blue below. B: PpHCT with p-coumaroyl-CoA and shikimic acid. 

Boiled enzyme control in black above, reaction in blue below. C: PpHCT incubation with p-coumaroyl-

CoA and quinic acid. Boiled enzyme control in black above and reaction in blue below. HPLC/DAD 

analysis, chromatograms were taken at 310nm. 
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3. CYP98 gene duplication and diversification within the 
angiosperms 

3.1. Summary 

A rich variety of angiosperm species can be found in almost all living environments today. Here 

we describe the evolution and function of the CYP98 family within the angiosperms. Even 

though many plant gene families are highly conserved and can be found throughout the 

embryophytes, these gene families can vary widely in family size in different plant lineages. 

Adapting to specific environmental challenges, basic inherited sets of gene families expanded 

and functionally diversified in different lineages in response to environmental constraints. Gene 

duplications provide the opportunity to these adaptive events, creating additional gene copies, 

which can diversify. The involvement of CYP98s in the monolignol biosynthetic pathway in 

angiosperms has been described and CYP98s are also known to be involved in the pathways 

leading to soluble phenolic compounds in plants. Multiple CYP98 member families exist only in 

the angiosperms. All angiosperms investigated possessed at least one CYP98 member. A 

phylogenetic reconstruction of the CYP98 family across angiosperm orders showed no distinct 

clades associated to distinct biochemical or in vivo functions. Instead, results suggested that 

independent CYP98 duplications happened many times within the angiosperms. Two CYP98 

families which underwent independent duplication events, in Populus trichocarpa and 

Amborella trichopoda, have been biochemically characterized. In each species one CYP98 

favoured p-coumaroyl-shikimate as substrate and is presumably involved in the biosynthesis of 

monolignols, while another isoform showed a broad range of accepted substrates. A third 

isoform in P. trichocarpa did not show biochemical activity in vitro or in a mutant 

complementation assay in Arabidopsis thaliana. Kinetic data of two P. trichocarpa isoforms 

together with end point enzyme assay data, gene expression and co-expression data supported 

the hypothesis of one CYP98 being involved in lignin biosynthesis and the other in the 

biosynthesis of soluble phenolic compounds. The two P. trichocarpa isoforms both 

complemented the severe A. thaliana cyp98a3 knock-out mutant phenotype. In the Salicaceae, 

the first duplication of the CYP98 gene family happened before the salicoid whole genome 
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duplication. The duplication event in Populus trichocarpa leading to CYP98A23 and CYP98A25 

happened after the salicoid WGD, as tandem duplication.     

3.2. Introduction 

Angiosperms have diversified to a rich variety. About 300,000 species can be found today - in 

almost all environments (Soltis and Soltis, 2014). Most of our human and animal nutrition is 

provided by angiosperms. Considering their quantity and distribution, angiosperms are massive 

actors in photosynthesis and carbon sequestration (Smith et al., 2006a). Charles Darwin was 

fascinated and frustrated at the same time by the early evolution of angiosperms. His notion 

that nature does not make a leap (natura non facit saltum), was questioned by the immense 

diversity he observed in angiosperms of the mid-Cretaceous, as known at that time. His theory 

did not allow for an abrupt origin or for diversification at highly accelerated rates (Friedman, 

2009). While Darwin looked at evolution on the level of species, methods available today help 

us to look at a different scale, the level of genes. The increasing number of sequenced genomes 

allows us to compare genes of closer or farther related species or families, deciphering the 

evolution of these genes. Combining sequence analysis, phylogenetic reconstruction and 

functional biochemical data helps us to redraw the history of evolution of given gene families 

within the angiosperms.   

Many plant gene families are highly conserved and can be found throughout the embryophytes 

(Rensing et al., 2008). These gene families can vary widely in family member count in different 

plant lineages. It was suggested that gene families expanded and functionally diversified in 

different lineages, in response to specific environmental challenges. Gene duplications provide 

the opportunity for these adaptive events, by creating additional gene copies, which can then 

diversify (Hurles, 2004; Soltis and Soltis, 2016). Comparing and investigating genomes of 

different species or taxa helps us to identify gene duplications. These duplications can occur by 

various mechanisms, such as tandem duplication or the duplication of segments during DNA 

replication. Transposable elements can cause transduplication and retropositioning of 

segments can happen, in which reverse transcribed mature RNAs can be reintegrated into 

genomic DNA (Hurles, 2004). Whole genome duplication (WGD) events are frequent in the 

angiosperms (Jiao et al., 2011; Zheng et al., 2015). These gene duplications and subsequent 
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evolutionary events enabled the rapid diversification within angiosperm species (Soltis et al., 

2009). 

Enzymes involved in plant natural product metabolism are especially suited for evolutionary 

studies, because they can allow a direct linkage between gene evolution and adaptive traits. 

Pathways such as the phenylpropanoid pathway are involved in the production of natural 

products. A large chemical diversity in natural products coming from the phenylpropanoid 

pathway is found in angiosperm species. The pathway gives also rise to monolignols, the 

building blocks of lignin, which can be found in all angiosperms. The hydroxycinnamic ester 

coumaroyl-shikimate has been discovered as an intermediate in the biosynthesis of these 

monolignols in angiosperms (Schoch et al., 2001; Humphreys and Chapple, 2002). While lignin 

biosynthesis is common to all angiosperms, many, sometimes lineage specific, soluble 

hydroxycinnamic acid derivatives (HCCs) produced by the same pathway exist in angiosperms 

(Petersen and Simmonds, 2003; Bassard et al., 2010; Parveen et al., 2011; El-Seedi et al., 2012; 

Kim et al., 2015; Macoy et al., 2015a). Among the many HCCs important examples are 

chlorogenic acid, rosmarinic acid and phenolamides such as tyramine derivatives. These HCCs 

are important for plant defence, for example as antioxidants or feeding deterrents.  

An important family of enzymes in this context are cytochromes P450 (CYPs). CYPs are present 

in all plants and share common conserved motifs. In addition to other functions, CYPs 

frequently hydroxylate molecules. The hydroxylation reaction is NADPH consuming, involves 

the cleavage of dioxygen and oxygen insertion in the substrate, which makes reactions 

catalysed by CYPs irreversible. Therefore many CYP enzymes define rate limiting and critical 

channelling positions in biochemical pathways. Members of the cytochromes P450 CYP98 

family perform 3-hydroxylation on the phenolic ring. This meta-hydroxylation of the phenolic 

ring is a critical step in the biosynthesis of HCCs. Meta-hydroxylation by CYP98 enzymes is 

typically performed on coumaric conjugates such as the esters coumaroyl-shikimate and 

coumaroyl-quinate, but not on free coumaric acid. The CYP98 family has been described in a 

variety of plant species, from the lycopod Selaginella moellendorffii, to the angiosperm Populus 

trichocarpa (Coleman et al., 2008a; Weng et al., 2008b). All biochemically characterized CYP98 

family members to date belong to angiosperm species. Many of these biochemically 
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characterized CYP98s are involved in lignin biosynthesis. CYP98 family members that are linked 

to the biosynthesis of lignin show a preference for coumaroyl-shikimate as their substrate in 

vitro (Table 3.1). 

The CYP98s of Arabidopsis thaliana, Medicago sativa and Populus grandidentata X alba are 

examples of CYP98s involved in lignin biosynthesis. These CYP98s show a substrate preference 

for coumaroyl-shikimate, producing caffeoyl-shikimate (Figure 3.1A). The A. thaliana CYP98A3 

has been found highly expressed in inflorescence stems (Schoch et al., 2001). A T-DNA insertion 

mutant in CYP98A3 shows a severely affected phenotype with dwarf morphology (Abdulrazzak 

et al., 2006). The lignin of the mutant consists almost completely of H units with only traces of 

G and S units. A downregulation of CYP98A37 in alfalfa Medicago sativa, leads to similar effects 

as observed for A. thaliana. Mutant plants are smaller in growth compared to wild type control 

plants and the lignin composition changes to a high proportion of H units, at the expense of G 

and S units. Isolated microsomes from alfalfa stem tissue, containing CYP98A37, convert p-

coumaroyl-shikimate to caffeoyl-shikimate in vitro. Three CYP98s have been identified in the 

hybrid poplar Populus grandidentata X alba. RNAi downregulation of one CYP98 enzyme in this 

hybrid poplar causes a reduction of total lignin and a change in lignin composition. Vessel 

elements are affected and not regular in shape. Soluble phenolic profiles show an accumulation 

of hydroxycinnamic esters in the transgenic lines including small amounts of coumaroyl-

shikimate (Coleman et al., 2008a). The orthologous CYP98 from P. trichocarpa, referred to as 

PtrC3H3 thus presumably CYP98A27, has been described by (Chen et al., 2011) to act in a 

membrane protein complex, together with C4H, to catalyse the 4- and 3- hydroxylation of the 

phenolic ring in monolignol biosynthesis in differentiating stem xylem. When the P. trichocarpa 

C3H3 alone was expressed in yeast microsomes and incubated with coumaroyl-shikimate in 

vitro, conversion rates were reported to be very low.  
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Species CYP98 Gene 
identifier 

Biochemica
l or reverse 

genetics 

Substrates in order of 
preference 

Lignin 
phenotype 
/ related 

References 

Arabidopsis 
thaliana 

CYP98A3 AT2G40890; 
NP850337 

both Coumaroyl-shikimate; 
coumaroyl-quinate 

yes (Schoch et al., 2001; 
Franke et al., 2002; 
Franke and Hemm, 
2002) 

Arabidopsis 
thaliana 

CYP98A8 AT1G74540; 
AAG52369 

both N1, N5, N10- 
tricoumaroyl 
spermidine; N1, N5, 
N10- triferuloyl 
spermidine 

no (Matsuno, et al., 2009) 

Arabidopsis 
thaliana 

CYP98A9 AT1G74550; 
AAM67314 

both N1, N5, N10- 
tricoumaroyl 
spermidine 

no (Matsuno, et al., 2009) 

Triticum 
aestivum 

CYP98A10 CAE47489 biochemical Coumaroyl-shikimate; 
coumaroyl-quinate 

NT (Morant et al., 2007) 

Triticum 
aestivum 

CYP98A11 CAE47490 biochemical Coumaroyl-shikimate; 
coumaroyl-quinate; 
coumaroyl-tyramine 

NT (Morant et al., 2007) 

Triticum 
aestivum 

CYP98A12 CAE47491 biochemical Coumaroyl-shikimate; 
coumaroyl-quinate; 
coumaroyl-tyramine 

NT (Morant et al., 2007) 

Cynara 
cardunculus 

CYP98A49 FJ225121 biochemical Coumaroyl-shikimate; 
coumaroyl-quinate 

NT (Moglia et al., 2009) 

Ocimum 
basilicum 

CYP98A13v1 AY082611 biochemical Coumaroyl-shikimate; 
Coumaroyl-quinate; 
coumaroyl 4-
hydroxyphenyllactate; 
coumaric acid; 
coumaroyl-CoA (the 

NT (Gang et al., 2002) 
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last two very little) 

Ocimum 
basilicum 

CYP98A13v2 AY082612 biochemical Coumaroyl-shikimate; 
Coumaroyl-quinate; 
coumaroyl 4-
hydroxyphenyllactate; 
coumaric acid; 
coumaroyl-CoA (the 
last two very little) 

NT (Gang et al., 2002) 

Coffea 
canephora 

CYP98A35 DQ269126 biochemical Coumaroyl-shikimate; 
coumaroyl-quinate 
(same rate) 

NT (Mahesh et al., 2007) 

Coffea 
canephora 

CYP98A36 DQ269127 biochemical Coumaroyl-shikimate;  NT (Mahesh et al., 2007) 

Panicum 
virgatum 

PvC3′H1 AB723823 biochemical Coumaroyl-shikimate; 
coumaroyl-quinate 

NT (Escamilla-Trevino et 
al., 2014) 

Panicum 
virgatum 

PvC3′H2 AB723824 biochemical Coumaroyl-shikimate; 
coumaroyl-quinate 

NT (Escamilla-Trevino et 
al., 2014) 

Lonicera 
japonica 

LjC3H KC765076 biochemical Coumaroyl-shikimate; 
coumaroyl-quinate 

NT (Pu et al., 2013) 

Lithospermum 
erythrorhizon 

CYP98A6 BAC44836 biochemical 4-coumaroyl-4’-
hydroxyphenyllactic 
acid 

NT (Matsuno et al., 2002) 

Solenostemon 
scutellarioides 

CYP98A14 CAD20576 biochemical 4-coumaroyl-3′,4′-
dihydroxyphenyllactat
e; caffeoyl-4′-
hydroxyphenyllactate. 
Not coumaroyl-
shikimate, not 
coumaroyl-quinate 

NT (Eberle et al., 2009) 

Populus 
grandidentata 

 EU391631 both Coumaroyl-shikimate; 
coumaroyl-quinate 

yes (Coleman et al., 2008a; 
Coleman et al., 2008b) 



CYP98 gene duplication and diversification within the angiosperms 

91 

 

X alba 

Populus 
trichocarpa 

CYP98A27  biochemical Coumaroyl-shikimate, 
very low 

NT (Chen et al., 2011) 

Ruta 
graveolens 

CYP98A22 JF799117 both Coumaroyl-quinate ; 
coumaroyl-shikimate 

NT (Karamat et al., 2012) 

Salvia 
miltiorrhiza 

CYP98A78 HQ316179.1 Non Might be involved in 
rosmarinic acid 
biosynthesis 

NT (Di et al., 2013; Wang 
et al., 2015) 

Trifolium 
pratense 

CYP98A44 ACV91106.1 biochemical Coumaroyl-shikimate NT (Sullivan and 
Zarnowski, 2010) 

Medicago 
sativa L. 

CYP98A37 ABC59086.1 reverse 
genetics 

 yes (Reddy and Chen, 2005) 

Eucalyptus 
urophylla x E. 
grandis 

CYP98 EC 1.14.13.36 in vivo NT yes  (Sykes et al., 2015) 

 

Table 3.1 Overview of characterized CYP98 genes from literature. 

Note that additional CYP98s may exist in individual species.
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Figure 3.1 Hydroxycinnamic conjugates described in the text.  

The position hydroxylated by CYP98 is marked in blue. 

 

Coumaroyl-quinate is often used as a substrate by the above described CYP98s to appreciable 

levels, producing caffeoyl-quinate or chlorogenic acid (Figure 3.1B). Chlorogenic acid is an 

important factor for plant defence. In some cases, chlorogenic acid production is increased in 

plant leaves upon herbivory attack, and a correlation of reduced growth of the herbivore to the 

presence of chlorogenic acid has been made (Kessler and Baldwin, 2004). The capability to 

hydroxylate p-coumaroyl-quinate to chlorogenic acid has also been demonstrated for the A. 

thaliana CYP98A3, albeit A. thaliana is not known to produce chlorogenic acid in vivo (Schoch et 

al., 2001). Further examples of CYP98s that use coumaroyl-shikimate and also coumaroyl-

quinate as a substrate, are the CYP98s from wheat (Triticum aestivum), globe artichoke (Cynara 

cardunculus), sweet basil (Ocimum basilicum), coffee (Coffea canephora), switchgrass (Panicum 

virgatum) and Lonicera japonica (Gang et al., 2002; Mahesh et al., 2007; Morant et al., 2007; 

Moglia et al., 2009; Pu et al., 2013; Escamilla-Trevino et al., 2014). Two CYP98 isoforms have 

been described in C. canephora, CYP98A35 and CYP98A36. While both isoforms utilize 

coumaroyl-shikimate at similar rates, only CYP98A35 hydroxylates the chlorogenic acid 

precursor coumaroyl-quinate with the same efficiency as the shikimate ester (Mahesh et al., 

2007).  

Similar to coffee, the monocot Panicum virgatum has two characterized CYP98s. Both of these 

CYP98s have the capacity to hydroxylate coumaroyl-shikimate and coumaroyl-quinate, forming 

caffeoyl-shikimate or chlorogenic acid (Escamilla-Trevino et al., 2014). While these P. virgatum 
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CYP98 enzymes are biochemically very similar, differences in transcript levels of the two genes 

have been found. In general one CYP98 shows higher transcript levels in highly lignified tissues, 

while the other CYP98 shows higher transcript levels in tissues with less lignin (except for one 

tissue). The authors suggest that one CYP98 could thus be involved in the biosynthesis of 

monolignols, while the other could be involved in the biosynthesis of chlorogenic acid 

(Escamilla-Trevino et al., 2014). Lonicera japonica is a plant used in Chinese medicine, known 

for its antioxidants. Several CYP98s exist in L. japonica and one CYP98 (accession: KC765076) 

has been expressed in E. coli and functionally characterized. As mentioned above, this enzyme 

prefers coumaroyl-shikimate over coumaroyl-quinate. An increase in gene expression was 

recorded, when L. japonica plants were either exposed to UV-B light, or treated with methyl 

jasmonate (MeJA). A positive correlation between the detected amount of CGA in the leaves of 

the plant and the transcript abundance of the gene has been made (Pu et al., 2013).  

Not all CYP98s prefer coumaroyl-shikimate or coumaroyl-quinate, which suggests the existence 

of isoforms specialized in the formation of more distinct soluble phenolic natural products. 

CYP98A22 of Ruta graveolens prefers coumaroyl-quinate over coumaroyl-shikimate and 

expression of CYP98A22 is responsive to UV-B light in leaves (Karamat et al., 2012). Recently, 

rosmarinic acid (Figure 3.1C) has been identified to be a homoserine lactone mimic, playing a 

role in plant defence, by activating a bacterial quorum sensing regulator (Corral-Lugo et al., 

2016). The characterized CYP98A13 of the rosmarinic acid producing plant sweet basil (O. 

basilicum) was shown to be able to hydroxylate the phenolic moiety of the rosmarinic acid 

precursor in addition to coumaroyl-shikimate. However, hydroxylation of the rosmarinic acid 

precursor takes place at a very low rate (Gang et al., 2002). Likewise, another C3’H (CYP98A6) 

from a different rosmarinic acid producing plant, Lithospermum erythrorhizon, has been 

characterized. CYP98A6 also catalyses the synthesis of rosmarinic acid, but other substrates 

were not tested with CYP98A6 (Matsuno et al., 2002). The first example of a CYP98 that has no 

apparent activity with coumaroyl-shikimate, or -quinate, was CYP98A14 from coleus 

(Plectranthus scutellarioides previously referred to as Coleus blumei or Solenostemon 

scutellarioides). Coleus accumulates large amounts of rosmarinic acid. The coleus CYP98A14 

was shown to catalyse both the 3-hydroxylation of 4-coumaroyl-3′,4′-dihydroxyphenyllactate 
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and the 3′-hydroxylation of caffeoyl-4′-hydroxyphenyllactate, in both cases forming rosmarinic 

acid (Eberle et al., 2009). Another CYP98 has been identified in Salvia miltiorrhiza, CYP98A78, 

which is also likely involved in rosmarinic acid biosynthesis. S. miltiorrhiza CYP98A78 is more 

closely related to the coleus CYP98 in phylogenetic analyses than to CYP98A3 from A. thaliana. 

Together with C4H of S. miltiorrhiza, the enzyme is most highly expressed in the roots of the 

plant and its expression is inducible by methyl jasmonate (MeJA) treatment (Wang et al., 2015). 

Several CYP98s have been identified in a further rosmarinic acid producing plant, Eritrichium 

sericeum. Overexpressing the rolC gene of a phytopathogen transcriptionally activates a CYP98 

in callus cultures of E. sericeum. The activation of CYP98s correlates with an increased 

accumulation of rosmarinic acid. The sequences of the activated CYP98s are similar to the 

sequence of CYP98A6 of L. erythrorhizon. Transcript levels of further CYP98 genes found in the 

E. sericeum plant were contrary not increased in the transformed rolC callus culture (Inyushkina 

et al., 2009).  

A further connection between CYP98 expression and plant defence was made in a study with 

the common bean, Phaseolus vulgaris. When bean leaves have been treated with 3,5- 

dichlorosalicylic acid (DC-SA) and 2,6- dichloroisonicotinic acid (DC-INA), the expression of P. 

vulgaris CYP98A5 was upregulated. DC-SA is an agent which primes plant defence and DC-INA is 

an agent which induces systemic acquired resistance (Basson and Dubery, 2007). An increase of 

CYP98 (GenBank: HM585369) transcript levels was also detected in Withania somnifera upon 

treatment of the plants with MeJA and salicylic acid (SA). The increase of CYP98 transcripts 

correlates with an increase in levels of triterpenoids (withanolides) of W. somnifera in vitro 

cultures (Rana et al., 2014). However, an involvement of CYP98 in the biosynthesis of 

withanolides seems not likely, and the W. somnifera CYP98 activity has not been characterized 

biochemically. Nevertheless, the increase of W. somnifera CYP98 transcript upon MeJA and SA 

treatment suggests an involvement of CYP98 in plant defence also in W. somnifera. 

CYP98s have also been connected to mechanisms that prevent plant proteins from degradation 

during harvest or storage, by providing phaselic acid, or 2-O-caffeoyl-L-malate. CYP98A44 of red 

clover (Trifolium pratense), a species known to accumulate large quantities of phaselic acid, was 

characterized, to elucidate the possibility of this CYP98 to hydroxylate coumaroyl-malate. 
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However, T. pratense CYP98A44 expressed in yeast can hydroxylate coumaroyl-shikimate, but 

not coumaroyl-malate. Still, the presence of other CYP98s which can hydroxylate coumaroyl-

malate cannot be ruled out (Sullivan and Zarnowski, 2010).  

In summary, several CYP98s have been described or characterized in various angiosperm 

species. CYP98s that are shown to be involved in the biosynthesis of monolignols favour 

coumaroyl-shikimate as their substrate. Apart from being involved in the biosynthesis of 

structural building blocks of plants, CYP98s were shown to be involved in the biosynthesis of 

protective compounds: CYP98 isomers can utilize distinct substrates to produce soluble, 

protective HCCs and CYP98 gene expression can be increased upon treatment with UV light, 

MeJA and DC-SA. This points to a function of CYP98 in angiosperms that is dual: structural 

molecules and protective compounds such as chlorogenic acid, rosmarinic acid and phaselic 

acid. In some cases impacts on both insoluble lignin and soluble phenolics can be apparent 

when a single CYP98 is manipulated. However, where multiple family members have been 

described, isoforms can be differentially controlled on the transcription level. The expression of 

one CYP98 family member can be increased upon treatment, while other CYP98 family 

members do not show differences in expression level under the same treatment. Multiple 

CYP98 family members within a given species can have non-redundant functions and 

biochemical properties of several CYP98s suggest a specialized involvement in soluble bioactive 

compounds in some plants.  

An important species for deciphering angiosperm gene evolution is Amborella trichopoda. 

Together with some aquatic herbs, A. trichopoda is considered as the sister of all other extant 

flowering plants (Goremykin et al., 2013; Goremykin et al., 2015; Chase et al., 2016). A. 

trichopoda is a small tree or shrub, endemic to New Caledonia. The A. trichopoda genome has 

been sequenced ((Amborella Genome Project, 2013) Amborella Genome Database, 

www.amborella.org). Another angiosperm tree species with a sequenced genome is Populus 

trichocarpa, black cottonwood (Tuskan et al., 2006) (available on Phytozome version 11, 

https://phytozome.jgi.doe.gov/pz/portal.html). P. trichocarpa is a forest species, providing a 

rich repertoire of chemical defence metabolites. The most abundant natural products 

synthesized in the genus Populus derive from the shikimate-phenylpropanoid pathway (Chen et 
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al., 2009). The work of Greenaway, English and Whatley in the early 1990s investigated bud 

exudates of various Populus species by GC-MS and found more than 40 different 

hydroxycinnamic acid conjugates, described in several publications, for example in English et 

al., 1991; Greenaway et al., 1991b; English et al., 1992; Greenaway and English, 1992. Poplar 

trees are good model trees, as their comparably fast growth and established manipulation 

methods allow for reverse genetic approaches. Poplar trees are a promising source for biofuel 

production and subject to manifold approaches of elucidating and altering secondary cell wall 

biosynthetic pathways. 

3.2.1. Hypotheses and objectives 

It remains unknown how this complex system of functional diversity and divergence within the 

CYP98 family evolved. Functional divergence can be detected in many angiosperm species with 

several CYP98 isoforms. A general trend throughout the angiosperms seems to be that CYP98s 

involved in the biosynthesis of monolignols favour coumaroyl-shikimate as substrate, while 

distinct isoforms provide the, sometimes lineage-specific, chemical diversity of soluble phenolic 

conjugates. It may be plausible to assume that an ancient separation, e.g. through a WGD early 

in the angiosperm lineage of lignin-specific and soluble phenolic related CYP98s took place, 

where lignin-related isoforms gained or maintained coumaroyl-shikimate specificity, while 

soluble phenolic isoforms evolved to provide the chemical diversity currently observed 

(Hypothesis 1).  

However, lineage specific evolution within the CYP98 gene family has been observed, for 

example within the Brassicaceae: Three CYP98 members exist in A. thaliana. One member, 

CYP98A3, is involved in lignin biosynthesis as described above, while the other two members, 

CYP98A8 and CYP98A9, are gene duplicates generated through retroposition from CYP98A3. 

These duplicates acquired new functions to become 3- and 5- hydroxylases of coumaroyl-

spermidine, involved in pollen wall biogenesis (Matsuno et al., 2009). This recent duplication 

event happened only in the Brassicaceae. This gives an example for duplicates which are newly 

recruited to produce a distinct hydroxycinnamoyl conjugate. Contrary to the hypothesis above, 

that CYP98 functional divergence is ancient, it could thus be possible that multiple independent 

CYP98 duplications in distinct angiosperm lineages led to the production of lineage-specific 
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CYP98 isoforms and subsequently hydroxycinnamoyl conjugates (Hypothesis 2). In this case 

gene duplication and independent recruitment to novel pathways could be common in 

angiosperms. It is the primary objective of this chapter to distinguish between these alternative 

hypotheses.  

 

3.3.   Material and methods 

3.3.1. Genome mining and phylogenetic analysis 

The 43 angiosperm genomes available on phytozome v 11 (February 2016, 

https://phytozome.jgi.doe.gov/pz/portal.html) (Goodstein et al., 2012) have been searched by 

the BLAST algorithm (Altschul et al., 1990), using the A. thaliana CYP98A3 (AT2G40890 ) as bait 

sequence. Sequences were assigned CYP98 family members when their sequence identity to 

the CYP98A3 was above 40%. Further confirmation of CYP98 family membership was obtained 

by phylogenetic analysis using phyml, implementing the maximum likelihood algorithm 

(Guindon and Gascuel, 2003).  

Sequences of characterized CYP98s have been included in phylogenetic reconstructions and the 

identifiers are listed in Table 3.5.  

Sequences of CYP98 enzymes have been included from transcriptome data available on the 

1000 Plant Transcriptomes project (onekp.com), under exclusion of species listed in the table of 

sample source and purity issues 

(https://pods.iplantcollaborative.org/wiki/display/iptol/Sample+source+and+purity). 

If not stated otherwise, sets of sequences were either manually aligned or aligned by DIALIGN, 

based on segment to segment comparison (Morgenstern, 1999). Phylogenetic reconstructions 

were calculated using the maximum likelihood algorithm, implemented in phyml (Guindon and 

Gascuel, 2003). Programs were accessed through the mobyle V1.5 platform 

(http://mobyle.pasteur.fr/cgi-bin/portal.py#welcome). Model testing was performed by 

ProtTest (Abascal et al., 2005) for protein alignments and by Smart Model Selection (Lefort V, 

Longueville JE, Gascuel O; atgc-montpellier.fr/sms/) for nucleic acid sequences. 

https://pods.iplantcollaborative.org/wiki/display/iptol/Sample+source+and+purity
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3.3.2. Heterologous enzyme expression in Saccharomyces cerevisiae 

The complete open reading frame of P. trichocarpa CYP98A23 (Poptr_0016s03090), CYP98A25 

(Poptr_0016s03080) and CYP98A27 (Poptr_0006s03180) and A. trichopoda CYP98A84 

(evm_27.TU.AmTr_v1.0_scaffold00101.79) and CYP98A85   

(evm_27.TU.AmTr_v1.0_scaffold00040.62) was cloned from cDNA. P. trichocarpa Nisqually 1 

cDNA was obtained from RNA of young leaves, harvested from the Forest Biology tree 

collection, Victoria BC. RNA was extracted following the method described in Kolosova et al., 

2004. One µg of total RNA was used for cDNA synthesis by SuperScriptIII™ polymerase and an 

oligo dT23 pimer, following the manufacturer’s instructions. A. trichopoda cDNA was kindly 

provided by Charles P. Scutt, Laboratoire RDP, CNRS, ENS de Lyon, DNA library from Fourquin et 

al., 2005). Open reading frames were cloned using appropriate primers (Table 3.4 supplement). 

Genes were cloned into yeast expression vector pYeDP60USER by USER™ cloning (Nour-Eldin 

and Hansen, 2006; Nour-Eldin et al., 2010). S. cerevisiae strain WAT11 was transformed by heat 

shock using salmon sperm DNA as a carrier (Gietz and Jean, 1992) or by electroporation (400 

Ohm/250 µF/0,45 kV). The growth method for yeast cultures and the preparation of 

microsomal fractions, containing the recombinant enzyme, have been described in (Gavira et 

al., 2013). P450 quality control and quantification was performed by differential 

spectrophotometry as described in (Gavira et al., 2013) using the absorption coefficient at 450 

nm: ε=91 mM−1 cm−1 (Omura and Sato, 1964). 

3.3.3. CYP98 enzyme incubations with a library of potential substrates 

Microsomal fractions containing CYP98 were used in incubations with various substrates. 10 

pmol of P450 were added to a reaction volume of 400µl. Reactions were performed in 50mM K 

phosphate buffer (pH7.4), containing 100µM substrate and 500µM NADPH. For kinetic 

properties of the reductase ATR1, refer to (Urban et al., 1997) Reactions were started by 

addition of NADPH and incubated at 28°C for 30 min. Reactions were stopped by addition of 

1/10 (v/v) 50% acetic acid and 4/10 (v/v) methanol. After centrifugation (10min; 15000g; 4°C) 

the supernatant was used for analysis on HPLC/DAD. Three independent incubations were 

performed for each enzyme/substrate combination. Substrate conversion was monitored. For 
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this, the substrate peak area of the chromatogram was integrated using the Empower™ 

(Waters) software. The percentage of conversion was calculated from the peak areas of 

substrate after incubation, compared to the initial amount of substrate. 

3.3.4. Standards for enzyme incubations 

Compare to Chapter 2, Material and methods, 2.3.8. 

Substrate and reference phenolic conjugates except p-coumaroyl-shikimate were provided by 

the group of M. Schmitt (CNRS, UMR 7200, Illkirch).  

p-Coumaroyl-shikimate was produced enzymatically from p-coumarate, as described in (Morant 

et al., 2007). 

3.3.5. Enzyme kinetics for P. trichocarpa CYP98A23 and CYP98A27 

Enzyme kinetics performed for P. trichocarpa CYP98A23 and CYP98A27 with p-coumaroyl-

shikimate, p-coumaroyl-quinate, benzyl-p-coumarate and isoprenyl-p-coumarate were 

modelled as non-linear regression of the Michaelis-Menten equation (vmax*x/(x+Km)) by 

defining a user specific function in the program SciDavis (Free application for Scientific Data 

Analysis and Visualization; Benkert T, Franke K, Standish R, 2007; scidavis.sourceforge.net). 

Non-linear regression was fitted under the Nelder-Mead-Simplex algorithm and statistical error 

(Poisson) source. Enzyme concentrations, derived from CO spectra measurements, were as 

follows: 0.05 µM CYP98A23 incubated with p-coumaroyl-shikimate, 0.05 µM CYP98A23 

incubated with p-coumaroyl-quinate, 0.2 µM CYP98A23 incubated with isoprenyl-p-coumarate 

and benzyl-p-coumarate and 0.25 µM CYP98A27 incubated with p-coumaroyl-shikimate, 0.2 µM 

CYP98A27 incubated with p-coumaroyl-quinate, 10 µM CYP98A27 incubated with isoprenyl-p-

coumarate and benzyl-p-coumarate. Reactions were performed in 50mM K phosphate buffer 

(pH7.4) containing 500 µM NADPH. Substrate concentrations were 1; 5; 10; 20; 50; 100; 150; 

200 µM. Reactions were incubated for 5 min at 28°C und agitation in the dark. Reactions were 

stopped by addition of 1/10 (v/v) 50% acetic acid and 4/10 (v/v) methanol. After centrifugation 

(10min; 15000g; 4°C) the supernatant was used for analysis on HPLC/DAD. A standard curve 

was included in each run, using chlorogenic acid at different concentrations. The formation of 

product was determined by the area of the peak in the HPLC chromatogram. The equation of 
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the standard curve of known product concentrations was used to determine the corresponding 

product concentrations by peak area.    

3.3.6. A. thaliana Tn4 mutant complementation assay with P. trichocarpa CYP98s 

The A. thaliana T-DNA insertion mutant knock-out for CYP98A3 (Abdulrazzak et al., 2006) was 

used in a mutant complementation assay with the P. trichocarpa CYP98A23; CYP98A25 and 

CYP98A27 genes. As homozygous T-DNA lines of cyp98a3 show dwarf morphology and are male 

sterile, heterozygous plants were used for transformation with the CYP98s under the promoter 

of the A. thaliana C4H gene (Bell-Lelong and Cusumano, 1997). The use of this promotor 

ensured enhanced expression in lignified tissues. The open reading frames of the CYP98s were 

cloned into the pDONR207 Gateway™ (Invitrogen) entry vector. Recombination with the 

Gateway™ destination vector pCC0996 resulted in the expression construct. pCC0996 contains 

the C4H promoter sequence of A. thaliana (Weng et al., 2010b). Agrobacterium tumefaciens 

strain GV3101 was transformed with the expression construct and A. thaliana plants 

transformed by floral dip as described (Clough and Bent, 1998). Seed of control plants with 

pCC0996:CYP98A3 expression constructs were a courtesy of Dr. Z. Liu (John Innes Centre, 

Norwich, UK).  

3.3.7. Real-time quantitative PCR on gypsy moth treated P. trichocarpa leaves 

Total RNA was provided by Jan Günther and Tobias Köllner (Max Planck Institute for Chemical 

Ecology, Jena) from undamaged and gypsy moth (Lymantria dispar) damaged P. trichocarpa 

leaves in 5 biological replicates for each treatment. A single tree was harvested for each 

replicate, five undamaged control trees and five herbivore damaged trees. Leaves for each 

sample were harvested in a leaf pool of 5 to 11 leaves from top of the tree.   

Total RNA was extracted using the Invitek Plant RNA Kit and eluted in pure water. The 

concentration of the RNA and the ratios of 260/280 and 260/230 nm were measured on a 

Nano-Drop2000™ spectrophotometer (Thermo Scientific). The integrity of the RNA was 

confirmed by electrophoresis on an agarose gel.  

One µg of total RNA was used for cDNA synthesis by SuperScriptIII™ polymerase (Invitrogen) 

and an oligo dT23 pimer, following the manufacturer’s instructions. The primers for qPCR 
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amplification were designed using Primer3 plus (Table 3.4) and a specificity test performed by 

BLAST search against the P. trichocarpa genome on Phytozome version 11 (Goodstein et al., 

2012). qPCR reactions were performed with 250nM of each forward and reverse primer and 1x 

SYBR™ Green Master Mix (Roche). Samples were run on a LightCycler 480 (Roche). Melting 

curve analyses were included in the run (Figure 3.26). After verification of four reference genes 

by the GeNorm algorithm (Vandesompele et al.) two reference genes POPTR_0009s02370 and 

POPTR_0001s35630 were chosen for the normalization of the qPCR data (Figure 3.27). 

Transcript amplification efficiency was calculated for all primer sets using the LinRegPCR 

computer program (Ramakers et al., 2003). The relative expression ratio of the transcripts was 

calculated as described in Livak and Schmittgen, 2001. 

 

3.3.8. Transient overexpression of P. trichocarpa CYP98s in Nicotiana benthamiana 

All three P. trichocarpa CYP98s have been transiently overexpressed in Nicotiana benthamiana 

under the CaMV-35s promotor. N. benthamiana leaves were coinfiltrated with the viral protein 

P19 to avoid post transcriptional gene silencing. Leaf discs of ~1 cm diameter were incubated in 

petri dishes containing 20mM pKi buffer at pH 7.4 with or without (control) 100µM p-

coumaroyl-shikimate. After a short vacuum application, leaf discs were incubated for four 

hours. The medium of the petri dishes was collected and extracted by ethyl acetate. 0.35g of 

fresh weight leaf discs of each (rinsed with milliQ water and dried carefully) construct were 

frozen in liquid nitrogen and ground with metal beads in a tissue-lyzer™ (Qiagen). The samples 

were extracted with methanol. All samples were analysed on UPLC-MS/MS for their amount of 

p-coumaroyl-shikimate, caffeoyl-shikimate and chlorogenic acid.    

 

3.4. Results and discussion 

3.4.1. Genome mining and phylogenetic analysis 

Species with multiple CYP98 isoforms exist only in angiosperms. Phylogenetic reconstructions 

show that all angiosperm CYP98s are derived from a single ancestor (see Chapter 2 of this 
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thesis). To infer information about the evolutionary gene duplication and loss events that 

shaped the CYP98 gene family, complete gene families from angiosperms were targeted for 

phylogenetic reconstructions. 

43 sequenced angiosperm genomes were publically available on Phytozome version 11 as of 

February 2016 (https://phytozome.jgi.doe.gov/pz/portal.html) (Goodstein et al., 2012). 123 

CYP98 sequences were found in these angiosperm genomes. At least one CYP98 existed in each 

angiosperm species. The size of the CYP98 family in these species ranges from 1 to 12 members 

per species, with a median of 2. Following the latest Angiosperm Phylogeny Group (APG IV) 

classification for orders and families of flowering plants (Chase et al., 2016), an angiosperm 

CYP98 dataset containing two species for each order (where available) was created. A 

schematic overview of the orders included and their relationships is presented in Figure 3.2. In 

the choice of representatives, first all characterized CYP98 isoforms were included. 

Subsequently isoforms of species with complete genome sequencing were included. The orders 

were completed by sequences from transcriptome data, available from the 1000 plant 

transcriptomes project (onekp.com). Species samples from the 1000 plants transcriptomes 

project with recorded identity and purity problems were excluded from the analysis. 

 

The maximum likelihood phylogeny reconstructed based on the resulting alignment of the 

CYP98 family members from across all available angiosperm orders, showed a general 

branching pattern by orders (Figure 3.3). The two CYP98 genes of A. trichopoda are at the base 

of all angiosperm CYP98s. Both isoforms are in the same clade. Orders belonging to the 

monocots, austrobaileyales and eudicots form distinct clades. Only orders belonging to the 

magnoliids form two distinct clades. A functional separation into two clades, as described as a 

possible evolution model above, was not detected. Instead, CYP98 isoforms of the same family 

often were located on close branches in the same clade.  
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Figure 3.2 Schematic overview of angiosperm order interrelationships.  

Adapted from Chase et al., 2016. Representatives of all orders displayed are included in the following 

phylogenetic reconstructions of this chapter and the colour scheme is maintained, individual branches 

are coloured accordingly. 
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Figure 3.3 Phylogenetic reconstruction of the CYP98 family across angiosperm orders.  

A. trichopoda is at the base of all angiosperms. Two species of each angiosperm order (where available) 

were chosen and amino acid sequences aligned by DIALIGN (Morgenstern, 1999). Only alignment 

positions with diagonal similarities greater than zero were maintained in the alignment. A maximum 

likelihood based phylogenetic reconstruction was performed by phyml (Guindon and Gascuel, 2003) 

under assumption of the JTT model. The branches of the tree are coloured according to the orders in 

Figure 3.2. All orders of Figure 3.2 are represented in the phylogenetic reconstruction. 
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Statistical bootstrap support for this branching pattern within the angiosperm CYP98 family was 

high for some clades such as A. trichopoda, the monocots, and a clade containing the A. 

thaliana CYP98A8/CYP98A9 genes. Branches of CYP98 isoforms within families also showed 

very good bootstrap support. However, the support was very low for clades of several orders. 

To refine the analysis, a further phylogenetic reconstruction has been performed. In this 

reconstruction, characterized CYP98s were included as well as complete CYP98 families of 

species with sequenced genomes. Contrary to the angiosperm order phylogeny described 

above, orders were not equally represented and the number of species per order was not 

restricted to two. As transcriptome sequence data depends highly on the expression of genes in 

the analysed tissue, CYP98 families might not be complete. In some cases, the annotation of the 

CYP98s included introns that were eliminated in the sequence alignment. The work with 

available CYP98 family sequences of species with sequenced genomes might provide reliably 

accurate annotations.   

The most obvious characteristic of the resulting phylogeny (Figure 3.4) was a distinct clade, 

containing CYP98 isoforms of the Brassicaceae. This clade contained the A. thaliana CYP98A8 

and CYP98A9 genes. As described above, CYP98A8 and CYP98A9 have been characterized and 

shown to have a distinct function, which they acquired after a retroposition event through 

subsequent subfunctionalization. 

A second very distinct clade was formed by two CYP98s of Kalanchoe marnieriana (Kalma1 and 

Kalma3). This clade showed strong bootstrap support as well. Four CYP98 sequences were 

found in the K. marnieriana genome on Phytozome (Goodstein et al., 2012). Two of these K. 

marnieriana CYP98 sequences formed the separate clade in the phylogenetic analysis, while 

two other CYP98s were found with short branch length together with other angiosperm 

CYP98s. Kalma1 and Kalma3 formed a sister clade to the Brassicaceae CYP98A8/9-like clade, but 

belonging to the Saxifragales, Kalanchoe does not share a close taxonomic relationship to the 

Brassicales. It appears possible that these two clades were placed together with comparably 

high bootstrap support owing to long-branch attraction, where sequences are placed together 

simply because they all differ from the remainder of the sequences included. 
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Figure 3.4 Phylogenetic reconstruction of CYP98 sequences from angiosperms with sequenced 

genomes and characterized CYP98s.  

Amino acid sequences of CYP98s from angiosperm genomes and characterized CYP98s were included in 

this phylogenetic reconstruction. A distinct clade of Brassicaceae, containing the A. thaliana CYP98A8 

and CYP98A9 is highlighted in green and species names are indicated. The amino acid alignment was 

performed by DIALIGN (Morgenstern, 1999), keeping positions above zero diagonal similarity. The 

maximum likelihood phylogenetic reconstruction was performed by phyml (Guindon and Gascuel, 2003), 

under consideration of the JTT model. Bootstrap support for 100 replicates is displayed at the branches 

of the phylogenetic reconstruction and also available in the supplement (Figure 3.23)  
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The CYP98A8/9 clade was likely generated through gene duplication only within the 

Brassicaceae, despite its apparent distal location relative to CYP98A3 in phylogenies including 

more distant outgroups (Matsuno, et al., 2009). Similar to the duplication and evolution of the 

A. thaliana CYP98A8/CYP98A9 and presumably further Brassicaceae species, a duplication and 

evolution of the two CYP98s towards distinct functions in K. marnieriana might be possible. 

Indeed, Kalanchoe species are known to produce many bioactive natural plant products, 

including hydroxycinnamic conjugates (Gaind and Gupta, 1973; Pattewar, 2012). The 

Brassicaceae CYP98A8/CYP98A9 and K. marnieriana CYP98 clades were excluded from further 

phylogenetic analysis. These genes presumably provide unique evolutionary events that cannot 

be easily reconstructed using current phylogenetic models and algorithms. 

The realisation of a rooted phylogenetic analysis excluding the above described clades resulted 

in the formation of distinct clades with strong bootstrap support, but only on the level of 

species or families (Figure 3.5). The statistical support for deciphering the relationship between 

these different clades within the angiosperms remained poor. Nevertheless, for some 

taxonomic groups, multiple clades were apparent in the phylogeny. Some of these clades split 

the isoforms from the same species, for example apple (“Maldo”) and citrus (“Citcl”) or tobacco 

(“Nicta”) and coffee (“Cofca”). Colour coding of the tree visualizes other clades, which include 

all gene family members from a subset of species, for example the Brassicales or the 

Populus/Salix clade. 

CYP98 trees, which show the evolutionary history of the family, were very difficult to 

reconstruct. It is likely that molecular clocks in different species or families are running at 

extremely different paces. It is indeed known that trees, e.g. P. trichocarpa evolve slower than 

species with shorter life cycle and different reproduction strategy, e.g. A. thaliana (Tuskan et 

al., 2006) 
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Figure 3.5 Phylogenetic reconstruction of characterized CYP98 genes and CYP98 genes of species 

with sequenced genomes.  

A nucleotide alignment of CYP98 sequences was generated using DIALIGN (Morgenstern, 1999), keeping 

alignment positions with diagonal similarities above zero. Maximum likelihood phylogenetic 

reconstruction was performed by phyml (Guindon and Gascuel, 2003), based on the HKY85 model. 

Statistical support of the phylogenetic reconstruction was obtained by bootstrapping in 100 replicates. 

The color coding of the branches follows the APG IV order classification as displayed in Figure 3.2. 

Species names abbreviations are given on the branches and a detailed species list can be found in the 

supplemental Table 3.5. The alignment is given in the appendix. Assigned CYP98 numbers are displayed 

in dark blue after the species names. Functions of characterized CYP98s as found in literature and listed 

in Table 3.1 are indicated by a coloured dot. 

 

.  
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For most species, there was one isoform in a clade with very short branch length, while other 

members resided in clades characterized by much longer branch length, thus have undergone 

more changes since the separation from the last common ancestor. This can be due to varying 

selection pressures acting on different isoforms. It is possible that the apparent differences in 

branch length within different clades support this. As some CYP98s have been described to be 

involved in reactions with a variety of substrates, their substrate active sites might be larger, 

reflecting the relative substrate promiscuity of the enzymes, which might explain the observed 

phylogenetic modalities of the CYP98 family.  

Nevertheless, there was no major separation into two clades, which would have been expected 

if there had been an ancient separation of lignin- and soluble-phenolic specific isoforms within 

the angiosperms. Instead, duplications of CYP98 are lineage specific and appear to have 

occurred in multiple lineages. Thus, within the angiosperms the gene family has most likely 

undergone an intense history of gene duplications and gene losses following a rapid 

diversification early in angiosperm evolution. Good statistical support exists for monophyly of 

the CYP98 families in A. trichopoda and P. trichocarpa, respectively. These duplications clearly 

happened independently.  

Polyphenol oxidases (PPOs) in plants are enzymes that are involved in the browning reaction of 

tissues upon damage. The enzyme family is thought to be involved in plant defense. An in silico 

study across 25 land plant genomes identified PPOs throughout all land plant genomes 

investigated, except in the A. thaliana genome (Tran et al., 2012). Similar to what we found 

here for the CYP98 family, Tran et al., 2012 describe varying size of the PPO family between 

species. They further describe several lineage-specific PPO gene family expansions and also 

gene loss. They conclude that the PPO family play many potential roles in the adaptions of 

plants to their environment. This variety of potential functions is consistent with the dynamic 

nature of the PPO family  

Another example of a gene family with evolutionary plasticity is the terpene synthase (TPS) 

family. TPS gives rise to terpenes such as sterols and carotene (primary metabolism), but mainly 

to terpenes that are natural products (“secondary metabolites”). Similar to the CYP98 gene 

family, the TPS family shows lineage and even species specific family expansion. Variation of 
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family size in the TPS family is large, from one gene in P. patens (Hayashi et al., 2006) to 

potentially 152 in V. vinifera (Martin et al., 2010). TPS family members which are closely related 

according to their amino acid sequence, can vary in their function in planta (Nagegowda et al., 

2008).  

 

An investigation of CYP98 duplications within the Salicaceae family was performed. One WGD 

event is described specific to the Salicaceae (Tuskan et al., 2006), shared by Populus and Salix 

species, referred to as the “salicoid” duplication event. A phylogenetic reconstruction of the 

CYP98 homologs across the Salicaceae included Azara, a species that separated prior to the 

salicoid WGD (Cronk et al., 2015). As found after aTRAM (Allen et al., 2015) assembly of RNAseq 

data (Allen et al., 2015), Azara features a single orthologue of each CYP98A23/25 and CYP98A27 

(Figure 3.6). The duplication giving rise to CYP98A27 and to the common CYP98A23/A25 

ancestor must thus have happened prior to the salicoid WGD. This is further confirmed by the 

analysis of synteny in CYP98 regions. While CYP98A27 is located on chromosome 6, CYP98A23 

and CYP98A25 are located on chromosome 16, in close proximity of each other. These regions 

do not correspond to paralogous blocks generated by the salicoid WGD (Tuskan et al., 2006). 

Considering the tandem location of CYP98A23 and CYP98A25, also this pair is not expected to 

result from the WGD, but instead from a local segmental duplication. Based on the phylogeny 

(Figure 3.6), the duplication event giving rise to CYP98A23 and CYP98A25 must have happened 

after the salicoid WGD. Similar to the case in poplar, very recent gene duplications occurred in 

its sister genus, Salix. As the duplication giving rise to CYP98A23/25 and CYP98A27 happened 

before the salicoid WGD, both CYP98s likely duplicated in the salicoid WGD. However neither 

the CYP98A27 nor the CYP98A23/25 duplicates were retained. Instead, a subsequent local 

tandem duplication then gave rise to CYP98A23 and CYP98A25. 
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Figure 3.6 Phylogenetic reconstruction of CYP98 nucleotide sequences of the Salicaceae.  

Nucleotide sequences of CYP98s of the Salicaceae were manually aligned and maximum likelihood 

phylogenetic reconstruction was performed using phyml, under the GTR substitution model. Statistical 

support was calculated by 100 bootstrap replicates. Lowest bootstrap support in the phylogenetic 

analysis was 64. P.trichocarpa CYP98A27 is indicated by dark blue arrow, the CYP98A27 containing clade 

is marked in dark blue. P. trichocarpa CYP98A23 and CYP98A25 are indicated by light blue arrows, and 

the CYP98A23 and CYP98A25 containing clade is marked in light blue. Azara dentata is representing a 

species that separated prior to the salicoid WGD (Cronk et al., 2015).  

 

The Salicaceae CYP98 sequences retrieved after aTRAM are highly similar based on sequence 

alignment. The Azara CYP98A27 homologue showed 94% amino acid sequence identity and 

92% nucleotide sequence identity to the P. trichocarpa CYP98A27. The Azara CYP98A23 

homologue showed 92% amino acid sequence identity and 90% nucleotide sequence identity to 

the P. trichocarpa CYP98A23. The alignment of sequences was therefore performed on the 

nucleotide sequences, where sequences were more divergent. Full sequence coverage of the 

CYP98 genes was not obtained. After manual alignment and inspection for identical sequences 

a reliable alignment of 800 nucleotide positions was obtained. Simply based on the 

observations from the phylogenetic tree, in the clade containing CYP98A27, the lignin related P. 

trichocarpa isoform, a higher degree of conservation was apparent, with shorter branch length 
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and therefore fewer changes since the split from the last common ancestor. Within this clade 

the median identity of sequences was 97%, compared to a median identity of 90% in the 

CYP98A23/25 clade. The P. trichocarpa CYP98A23/CYP98A25 containing clade was 

characterized by longer branch length, more divergence and higher variability (Figure 3.6). Even 

though the alignment did only cover about half of the length of the gene, a calculation of non-

synonymous substitutions per non-synonymous site (dN/dS) was performed across all branches 

of the tree. This global analysis showed that the clade of the tree with shorter branches, 

containing the lignin-related P. trichocarpa CYP98A27, showed less non-synonymous 

substitutions per non-synonymous site (ω=0.1) and the clade of the tree including the P. 

trichocarpa CYP98A23 and CYP98A25 genes showed comparably more non-synonymous 

substitutions per non-synonymous site (ω=0.4). These results suggest strong purifying selection 

pressures to act on the CYP98A27-like clade, while the selection pressure on the CYP98A23/25-

like clade appeared more relaxed when considering the full sequence, indicating either overall 

relaxed selection or positive selection at only a few sites. These results are in accordance with 

the phylogenetic tree, but nevertheless have to be interpreted carefully, as the sequences are 

not complete, the sequences are highly similar and the analysis includes the complete 

CYP98A27-like and CYP98A23/25-like clades respectively. 

Taken together this suggests a minimum of three duplications and two gene losses in the 

lineage giving rise to the three P. trichocarpa CYP98s. Frequent, independent duplications and 

gene losses seem to be a main characteristic of CYP98 evolution within the angiosperms. This 

was supported by mapping previously published functional genetic and enzyme activity data 

onto the phylogenetic tree. There was no separation of “lignin” and “soluble phenolic” related 

enzyme activities on the phylogeny across angiosperm species (see coloured dots in Figure 3.5).  

As mentioned above, P. trichocarpa has three CYP98 members. CYP98A27 is located on 

chromosome 6 and CYP98A23 and CYP98A25 are located on chromosome 16 in tandem. A. 

trichopoda has two CYP98 isoforms, CYP98A84 and CYP98A85, located on two different genome 

sequence scaffolds. For sequence similarities, also in comparison with CYP98A3 of A. thaliana, 

see Table 3.2. A. trichopoda CYP98A84 and CYP98A85 share only 65% sequence identity, but 
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nevertheless were more closely related to each other than to any other angiosperm CYP98 

based on the phylogenetic reconstructions.  

 

 

A.th 
CYP98A3 

P.tr 
CYP98A27 

A.tr 
CYP98A84 

P.tr 
CYP98A23 

P.tr 
CYP98A25 

A.tr 
CYP98A85 

A. th CYP98A3 ID 81% 73% 75% 76% 63% 

P. tr CYP98A27 81% ID 78% 81% 83% 66% 

A. tr CYP98A84 73% 78% ID 72% 74% 65% 

P. tr CYP98A23 75% 81% 72% ID 92% 61% 

P. tr CYP98A25 76% 83% 74% 92% ID 62% 

A. tr CYP98A85 63% 66% 65% 61% 62% ID 
 

Table 3.2 Amino acid sequence identities of A. thaliana CYP98A3, P. trichocarpa CYP98s and A. 

trichopoda CYP98s.   

Amino acid sequences were aligned by ClustalW (Thompson et al., 1994) and a sequence identity matrix 

calculated in the program BioEdit (Hall, 1999). 

 

A search against the Phytozome version 11 database revealed two Salix purpurea CYP98s, 

followed by the P. trichocarpa CYP98A27, as most similar protein homologs of A. trichopoda 

CYP98A84. The closest protein homolog to A. trichopoda CYP98A85, however, is A. trichopoda 

CYP98A84, consistent with their placement in the phylogeny.    

As the duplications in A. trichopoda and P. trichocarpa clearly occurred independently, the 

CYP98s of these two species were selected for further analysis.  

3.4.2. Enzymatic diversity of CYP98 duplicates in Amborella and poplar  

The two CYP98s of A. trichopoda CYP98A84 and CYP98A85, and the three CYP98s of P. 

trichocarpa CYP98A23, CYP98A25 and CYP98A27, were heterologously expressed in 

Saccharomyces cerevisiae. Recording differential spectra of reduced/CO associated and reduced 

microsomes containing the CYP98 indicated the presence of a functional P450 enzyme for four 

CYP98s: A. trichopoda CYP98A84 and CYP98A85, and P. trichocarpa CYP98A23 and CYP98A27. 

CYP98A25 of P. trichocarpa only showed an absorption peak at 420 nm, which suggested that 

the enzyme was poorly expressed and most likely not stable (Imai and Sato, 1967)(Figure 3.7).      
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Figure 3.7 Differential CO spectra of CYP98s included in the biochemical analysis.  

CYP98 enzymes were expressed in yeast and yeast microsomes isolated. When reduced and associated 

with CO, a peak at 450nm absorbance in a differential spectrum is indicative of functionally expressed 

enzyme and allows for its quantification. 

  

P. trichocarpa CYP98A25 was subsequently expressed from several different transformation 

constructs (P. trichocarpa CYP98A25 in pYeDP60) and various independent transformations, 

with no amelioration of the P450 CO differential spectrum (Figure 3.20, Supplement).  

Yeast microsomes containing the A. trichopoda and P. trichocarpa CYP98s were investigated in 

an enzyme substrate screening. Populus species are known for their very rich soluble ester 

repertoire (English et al., 1991). Some of the substrates, tested in the substrate screening 

(compare Chapter 2, Figure 2.4 ) and/or their hydroxylated form, are known to occur in P. 

trichocarpa. Little is known about phenolic compounds existing in A. trichopoda to date. This is 

partly due to its endemic occurrence in New Caledonia.  

Endpoint screening assays were performed as described in Chapter 2 (Figure 2.5) using the 

same set of 30 substrates (Figure 2.4). As may have been expected from the differential 

spectrum analyses, the P. trichocarpa CYP98A25 did not show any detectable substrate 
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conversion with any of the substrates tested. In an attempt to express the enzyme in a different 

system, a pre-test for a transient over-expression in Nicotiana benthamiana leafs was 

performed. Leaf discs were cut and incubated with potential substrates. However, the presence 

of endogenous substrate in N. benthamiana leaves and the presences of endogenous N. 

benthamiana CYP98s did not allow for a proper set up of this assay (Figure 3.21, Supplement).   

Both naturally occurring and synthetic substrates were utilized by the four remaining CYP98s in 

vitro (Figure 3.8; Figure 3.9). For none of the enzymes conversion of free coumaric acid (1; 

numbers refer to numbers of substrates as listed in Figure 2.4) was detected. Cinnamoyl-

agmatine (12) showed very low conversion rates when incubated with the P. trichocarpa 

CYP98s, but generally cinnamoyl-conjugates were not converted by any of the enzymes tested. 

CYP98A27 of P. trichocarpa and CYP98A84 of A. trichopoda were rather specific to p-coumaroyl-

shikimate and p-coumaroyl-quinate, whereas the CYP98A23 of P. trichocarpa and the 

CYP98A85 of A. trichopoda showed much broader substrate ranges.  

Nevertheless all four CYP98s were capable of converting p-coumaroyl-shikimate (2), but with 

different apparent conversion rates. While P. trichocarpa CYP98A23 and CYP98A27 converted 

approximately the same amount of p-coumaroyl-shikimate to caffeoyl-shikimate in the end 

point screening experiment (Figure 3.8) (about 80% conversion rate), differences were found 

for the A. trichopoda CYP98s. A. trichopoda CYP98A84 showed similar rates as the poplar 

CYP98s, while A. trichopoda CYP98A85 only converted about 18% of p-coumaroyl-shikimate. 

The latter enzyme also did not show any activity with p-coumaroyl-quinate (3). In contrast, P. 

trichocarpa CYP98A23 and A. trichopoda CYP98A84 converted more than 80% of p-coumaroyl-

quinate to chlorogenic acid. The lignin-related CYP98A27 of P. trichocarpa converted less p-

coumaroyl-quinate than P. trichocarpa CYP98A23 and A. trichopoda CYP98A84, about 50%. 

Prenyl-p-coumarate (7), isoprenyl-p-coumarate (8) and benzyl-p-coumarate (10), which are all 

known to occur naturally in poplar trees, were converted efficiently by P. trichocarpa 

CYP98A23, while P. trichocarpa CYP98A27 only showed very low rates of conversion with these 

substrates, below 7%. The same substrates were also efficiently converted by the CYP98A85 of 

A. trichopoda, while the CYP98A84 of A. trichopoda showed only low conversion rates of these 

substrates. The phenolamide p-coumaroyl-anthranilate (16), the best substrate for a lycopod 
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and bryophyte CYP98 (refer to Chapter 2), was only converted by CYP98A84 of A. trichopoda in 

appreciable amounts (32.5%). Conversion of p-coumaroyl-anthranilate to caffeoyl-anthranilate 

by the other three CYP98s stayed below 14%. Further phenolamides, such as p-coumaroyl-

octopamine (17), p-coumaroyl-tyramine (18) and tri-coumaroyl-spermidine (28) showed the 

same conversion patterns: A. trichopoda CYP98A85 converted the substrate completely or to 

high extent, while A. trichopoda CYP98A84 only converted small amounts of substrate. Likewise 

the P. trichocarpa CYP98A23 converted these substrates efficiently, while the conversion rates 

of P. trichocarpa CYP98A27 stayed close to the detection limit. 

 

A hierarchical cluster analysis of the substrate conversion rates of the four CYP98s further 

supported the trend already seen above (Figure 3.8): based on the biochemical functions of the 

enzymes, the P. trichocarpa CYP98A27, which was shown to be involved in the biosynthesis of 

monolignols (Chen et al., 2011), and the CYP98A84 of A. trichopoda, formed a tight group with 

very similar substrate preferences (Pearson Correlation Coefficient r=0.92. For an overview of 

Pearson Correlation Coefficients see Supplement Table 3.6). Compared to the other two CYP98s 

investigated, their substrate range was rather narrow, with emphasis on the p-coumaroyl-

shikimate and p-coumaroyl-quinate ester conversion. While the second P. trichocarpa isoform, 

CYP98A23, was also able to convert p-coumaroyl-shikimate efficiently in vitro, it had a much 

broader range of substrates accepted. Even broader was the range of substrates converted by 

the A. trichopoda CYP98A85, except for the notable absence of appreciable p-coumaroyl-

shikimate and p-coumaroyl-quinate conversion. The substrate utilization profiles of P. 

trichocarpa CYP98A23 and A. trichopoda CYP98A85 and the two A. trichopoda isoforms to each 

other (r=0.22 and -0.39, respectively) are not correlated. In contrast, phylogenetic analysis 

showed no clade separation by function of the CYP98s, but by species instead. This suggests 

that either the broad-range substrate utilization ability of P. trichocarpa CYP98A23 and A. 

trichopoda CYP98A85 evolved independently or that the p-coumaroyl-shikimate specificity for 

the lignin-related isoforms evolved independently in Amborella and in the lineage leading to 

Populus. 
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Figure 3.8 Substrate conversion rates obtained in end-point enzyme incubations.  

The substrate conversion rates of P. trichocarpa and A. trichopoda CYP98s with 30 potential substrates 

are listed. Substrate numbering corresponds to Figure 2.4. Substrate structures and trivial names (if 

existing) are given on the right. No apparent conversion is indicated by na (no activity). Combinations 

that were not tested are indicated by nd (not determined). In the end point screening assay, 10 pmol of 

P450 enzyme were incubated with 100µM of substrate (expected to be saturating) and 500µM NADPH, 

for 30 minutes at 28°C under agitation in the dark. 

 



120 
 

 

Figure 3.9 Hierarchical clustering of substrates and P450s tested in the substrate screening.  

Average linkage clustering by Pearson Correlation. The corresponding substrate conversion rates are 

presented in detail in Figure 3.8. In the end point screening, 10 pmol of P450 enzyme were incubated 

with 100 µM of substrate (expected to be saturating) and 500µM NADPH for 30 minutes at 28°C, under 

agitation, in the dark. 
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The biochemical characterization of the P. taeda CYP98 showed a broad range of substrates 

accepted by this enzyme in vitro (refer to CYP98A19 of Pinus taeda in Chapter 2). Gene 

expression data is publically available for the conifer Picea abies. The P. abies CYP98 showed 

high expression in two different organs, the vegetative shoots and the wood of the trunk of the 

conifer (Figure 3.10). The high expression of the CYP98 gene in the wood of the conifer might 

be linked to a role in lignin biosynthesis. The P. taeda CYP98 converted p-coumaroyl-shikimate 

(82% substrate conversion in the end-point enzymatic screen) and p-coumaroyl-quinate, albeit 

to a lower rate (38% substrate conversion rate). The substrate utilization profile of the pine 

CYP98A19 is more similar to CYP98A84 of A. trichopoda (r=0.71), does not correlate to 

CYP98A85 of A. trichopoda (r=0.03) or to CYP98A23 of P. trichocarpa (r=0.42) and only to lower 

extent to CYP98A27 (r=0.57). It is thus likely that the ancestral angiosperm CYP98 was also 

capable of converting p-coumaroyl-shikimate, or might have even been specific for p-

coumaroyl-shikimate. This would also be in accordance with the expression of the single CYP98 

of P. abies in the wood of the tree. Substrate broadening thus seems to have evolved 

independently in the different lineages, with isoforms resulting from independent duplications. 

Coumaroyl-shikimate hydroxylation activity most likely emerged early, between the emergence 

of the seed plant CYP98 ancestor and the angiosperm CYP98 ancestor. The most parsimonious 

conclusion in this scenario would be, that after independent CYP98 duplications, repeatedly 

occurring relaxation of purifying selection pressure would have lead to the function of the non-

lignin related CYP98 isomers.   

The A. trichopoda CYP98A85 might have lost its p-coumaroyl-shikimate/quinate hydroxylating 

activity. No A. trichopoda gene expression data is publically available to data. It would be 

interesting to compare the expression of the two Amborella genes, which might be expressed 

in different tissues in correlation to their functions in vivo.     
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Figure 3.10 Picea abies CYP98 gene expression analysis. 

The expression of the P. abies CYP98 gene MA_109548g0010 was identified from publically available 

gene expression data (Nystedt et al., 2013). Data is presented in expression of the gene relative to the 

mean expression across all samples. 

 

3.4.3. A. trichopoda and P. trichocarpa CYP98 substrate recognition sites 

To detect possible common structures or differences of phylogenetically distinct but 

functionally similar CYP98s, the putative substrate recognition sites of the A. trichopoda and P. 

trichocarpa CYP98s were highlighted in an amino acid sequence alignment. Putative substrate 

recognition sites have been described for CYP98 enzymes by (Matsuno, et al., 2009). The 

sequences of the three poplar and two Amborella enzymes were aligned manually, and the 

substrate recognition sites and the common P450 structural motifs highlighted according to the 

homologous sites of CYP98A3 from A. thaliana (Matsuno, et al., 2009) (Figure 3.11). 
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Figure 3.11 CYP98 putative substrate recognition sites and conserved P450 structural motifs.  

Amino acid sequences of A. thaliana CYP98A3, P. trichocarpa CYP98A27, A. trichopoda CYP98A84, P. trichocarpa CYP98A23, P. trichocarpa 

CYP98A25 and A. trichopoda CYP98A85 were manually aligned and putative substrate recognition sites (SRS; green boxes) and common P450 

structural motifs highlighted (I to V; blue boxes), according to identified homologous sites in the A. thaliana CYP98A3 (Matsuno, et al., 2009). 

Structural P450 motifs: I: Proline rich membrane hinge, II: I-helix, III: ERR triad, IV: clade signature, V: Heme binding region. Grey shading 

indicates identical amino acid residues in the six CYP98s. The alignment was generated in BioEdit (Hall, 1999).  
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No sequence variation was observed in the proline-rich membrane hinge (I) among the 

sequences, but the other common P450 structural domains showed variation. CYP98A85 of A. 

trichopoda, differed in the sequence of the I-helix (II) and heme binding region (V) compared to 

the other four CYP98s. Variation among the sequences was also observed in the ERR triad (III) 

and the clade signature (IV). Variation was observed as well for the putative substrate 

recognition site 1, (SRS1), but no trend between p-coumaroyl-shikimate versus broad-range 

isoforms was apparent. The same holds true for SRS2. Only SRS3 showed conserved amino 

acids for the p-coumaroyl-shikimate specific isoforms and varying amino acids for the broad-

range isoforms, with the CYP98A23 of P. trichocarpa being intermediate (Figure 3.11). In a less 

differentiated form, this was observed for SRS4 as well. Matsuno, et al., 2009 described the 

SRS5 as site in the vicinity of the phenylpropane unit, based on CYP98A3 structure modelling. 

This SRS was highly conserved in all isoforms investigated. SRS6 showed only one amino acid 

varying from all others, which again belonged to CYP98A85 of A. trichopoda, the broad range 

enzyme in vitro.  

Albeit differences in the substrate recognition sites of the six CYP98s were apparent, there 

were very few amino acids common to each functional group yet different between groups: a 

trend corresponding to the biochemical substrate preferences of the enzymes was not 

detected. The broad-range isoforms CYP98A85 and CYP98A23 did not show the same changes 

when compared to the putative lignin related isoforms CYP98A27, CYP98A3, and CYP98A84.  

These findings correlate with the phylogenetic analysis performed above. In the phylogenetic 

analysis (Figure 3.5) CYP98s of poplar and Amborella clustered by species, rather than by their 

substrate preferences determined in the end point screening (Figure 3.8). 

Most frequently, gene duplicates acquire random mutations turning them into pseudogenes 

which do not get fixed in the population. Instead, CYP98 gene duplications seen in poplar and 

Amborella might have provided an advantage by dosage effects first, in which latent occurring 

functions of the CYP98 could evolve, because one gene copy performed the known function, 

while relaxation of selection pressure on the duplicated form allowed for substrate broadening. 

This might have coincided with a larger active site and a slightly more unstable protein. With 

careful interpretation, the CO spectra of CYP98A23 shown in Figure 3.7 gave hints to a rather 
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unstable P450. It could be interpreted as substrate broadening which is still ongoing. In 

accordance with this, the CYP98A85, which seems to have undergone more changes since the 

duplication from CYP98A84, showed a rather stable CO spectrum and an even broader 

substrate acceptance range than CYP98A23 except for the absence of activity with p-

coumaroyl-quinate and much reduced activity with p-coumaroyl-shikimate. A relaxation of 

selection pressure might have occurred several times, because the CYP98 genes in poplar and 

Amborella come from independent gene duplications. This lead to functionally similar enzymes 

in poplar and Amborella, but different CYP98 gene sequences between the two species.  

  

3.4.4. Enzyme kinetics, focusing on P. trichocarpa 

To confirm data of the substrate screening, and also to further differentiate between isoforms 

that show the same substrate activity in the end point screening experiment, enzyme kinetics 

were performed for chosen P. trichocarpa enzyme/substrate pairs. Four substrates were 

chosen due to their natural occurrence in poplar trees. 

Michaelis-Menten based enzyme kinetic constants were determined for the two P. trichocarpa 

CYP98s, CYP98A23 and CYP98A27, and the four coumaric esters isoprenyl-p-coumarate (8), 

benzyl-p-coumarate (10), p-coumaroyl-quinate (3) and p-coumaroyl-shikimate (2) (Figure 3.12; 

Figure 3.13; Table 3.3). 

 

Caffeoyl-shikimate occurs in four distinct isomers. An initial test was performed to identify the 

p-coumaroyl-shikimate isomer accepted by CYP98A23 and CYP98A27. The preferred isomer was 

the trans-4-O-(p-coumaroyl)shikimate (Figure 3.24, Supplement).  

CYP98A23 and CYP98A27 showed different Michaelis Menten based enzyme kinetic constants 

for the substrates tested. The calculations were based on nonlinear regression analysis. The 

graphs for CYP98A27 and CYP98A23 velocity at different substrate concentrations are shown in 

Figure 3.12 and Figure 3.13 respectively.  
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Figure 3.12 Michaelis Menten based enzyme kinetics for P. trichocarpa CYP98A27 with trans-4-O-

(4-coumaroyl)shikimate, p-coumaroyl-quinate, isoprenyl-p-coumarate and benzyl-p-coumarate.  

To obtain enzyme kinetic data for CYP98A27, 0.25 µM; 0.2 µM; 10 µM; 10 µM of CYP98A27 protein was 

incubated with trans-4-O-(4-coumaroyl)shikimate; p-coumaroyl-quinate, isoprenyl-p-coumarate and 

benzyl-p-coumarate, respectively. Reactions were analysed on HPLC/DAD. Product appareance was 

measured and linked to a standard curve. Non-linear regression of the Michaelis-Menten equation was 

fitted under the Nelder-Mead-Simplex algorithm in the program SciDavis. Shown are three independent 

incubation replicates. 
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Figure 3.13 Michaelis Menten based CYP98A23 enzyme kinetics for trans-4-O-(4-

coumaroyl)shikimate, p-coumaroyl-quinate, isoprenyl-p-coumarate, benzyl-p-coumarate.  

To obtain enzyme kinetic data for CYP98A23, 0.05 µM; 0.05 µM; 0.2 µM; 0.2 µM of CYP98A23 protein 

was incubated with trans-4-O-(4-coumaroyl)shikimate; p-coumaroyl-quinate, isoprenyl-p-coumarate and 

benzyl-p-coumarate, respectively. Reactions were analysed on HPLC/DAD. Product appareance was 

measured and linked to a standard curve. Non-linear regression of the Michaelis-Menten equation was 

fitted under the Nelder-Mead-Simplex algorithm in the program SciDavis. Shown are three independent 

incubation replicates. 
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Enzyme Substrate 
KM 

[µM] 
± SE 

Kcat 
[min-1] 

± SE Kcat / KM 

CYP9A27 p-coumaroyl-shikimate 3.4 ± 0.5 925.2 ± 26.3 274 
 p-coumaroyl-quinate 24.9 ± 2.7 511.2 ± 15.1 21 
 benzyl-p-coumarate 40.4 ± 3.1 20.3 ± 0.5 1 
 isoprenyl-p-coumarate 60.5 ± 3.9 47.1 ± 1.1 1 

CYP9A23 p-coumaroyl-shikimate a0.3 ± 0.03 618.0 ± 5.4 1819 
 p-coumaroyl-quinate 1.4 ± 0.2 706.6 ± 10.0 488 
 benzyl-p-coumarate a0.1 ± 0.1b 76.3 ± 1.9 596 
 isoprenyl-p-coumarate a0.9 ± 0.2 113.8 ± 3.2 122 

       

CYP9A27 3-O-(p-coumaroyl)-
shikimate 

a0.1 ± 0.01 89.5 ± 1.3 1146 

CYP9A23 3-O-(p-coumaroyl)-
shikimate 

a0.02 ± 0.01 310.3 ± 3.2 13544 

       
Table 3.3 Michaelis Menten based enzyme kinetics of P. trichocarpa CYP98A23 and CYP98A27 

with trans-4-O-(4-coumaroyl) shikimate, p-coumaroyl-quinate, benzyl-p-coumarate and isoprenyl-p-

coumarate.  

To obtain enzyme kinetic data for CYP98A23, 0.05 µM; 0.05 µM; 0.2 µM; 0.2 µM of CYP98A23 protein 

was incubated with trans-4-O-(4-coumaroyl)shikimate; p-coumaroyl-quinate, isoprenyl-p-coumarate and 

benzyl-p-coumarate, respectively. To obtain enzyme kinetic data for CYP98A27, 0.25 µM; 0.2 µM; 10 

µM; 10 µM of CYP98A27 protein was incubated with trans-4-O-(4-coumaroyl)shikimate; p-coumaroyl-

quinate, isoprenyl-p-coumarate and benzyl-p-coumarate, respectively. Reactions were analysed on 

HPLC/DAD. Product appareance was measured and linked to a standard curve. Non-linear regression of 

the Michaelis-Menten equation was fitted under the Nelder-Mead-Simplex algorithm in the program 

SciDavis. Shown are three independent incubation replicates. Enzymatic rates for 3-O-(p-coumaroyl)-

shikimate are shown and discussed in the supplement (Figure 3.25).  

a note that KM estimation is extrapolated since all tested substrate concentrations [S] were above KM for 

technical reasons. b p-value of modelling t-statistic is not significant (p=0.144); all other estimates are 

significant at p < 0.001. 

 

Even though CYP98A27 was shown to be involved in monolignol biosynthesis in P. trichocarpa, 

CYP98A23 had a lower KM for p-coumaroyl-shikimate than CYP98A27 and showed high catalytic 
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efficiency (Kcat/KM). CYP98A27 preferred p-coumaroyl-shikimate over p-coumaroyl-quinate, 

benzyl-p-coumarate and isoprenyl-p-coumarate. CYP98A23 also showed a high preference for 

p-coumaroyl-shikimate, but the difference to the other substrates tested was less pronounced. 

The lignin related CYP98A27 had a higher KM and also a lower turnover number (Kcat) for 

isoprenyl-p-coumarate and benzyl-p-coumarate compared to CYP98A23 indicating that, 

especially at low substrate concentrations, CYP98A23 is clearly more efficient in catalysing this 

soluble phenylpropanoid ester than is the lignin related CYP98A27. In summary, the data 

obtained in the kinetic analysis correlates well with data obtained in the end point enzyme 

screening assay. While CYP98A27 seems more specific and shows a lower KM for the lignin 

biosynthesis substrates p-coumaroyl-shikimate and p-coumaroyl quinate than for isoprenyl-p-

coumarate and benzyl-p-coumarate, the broader substrate range of CYP98A23 is supported by 

a lower KM for other soluble hydroxycinnamic conjugates. 

Beyond catalytic properties, gene expression is also important in defining physiological 

functions. The genes might be under different transcriptional regulation, which ensures their 

expression in different tissues or under different environmental situations. The expression 

patterns of the three CYP98 genes of P. trichocarpa were subsequently studied across two 

different exhaustive data sets. No public expression data were available for A. trichopoda. 

3.4.5. Poplar Gene expression 

Mining publically available Affymetrix microarray data sets (compiled by (Guo et al., 2014)), 

CYP98A27 and CYP98A23/25 showed distinct gene expression profiles (Figure 3.14). The probe 

sets available on the Affymetrix microarray do not allow a distinction between CYP98A23 and 

CYP98A25 owing to high cross hybridization potential (the probe set Ptp.5940.1.s1_at 

recognizes both genes).  
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Figure 3.14 CYP98A23/25 (combined) and CYP98A27 gene expression in publically available P. 

trichocarpa Affymetrix microarray organ and tissue sets.  

Shown are the median centred expression values of CYP98A27 and CYP98A23/25 across an Affymetrix 

dataset comprising various P. trichocarpa tissues, organs and developmental stages. For a description of 

the dataset and its normalization see Guo et al., 2014. 

 

CYP98A27 was strongly expressed in tissues undergoing high lignification. This comprised 

organs such as the roots and stems and tissues such as the xylem of the poplar trees. 

CYP98A23/25 in contrary was highly expressed in inflorescence buds, young leaves and mature 

leaves. Global gene expression thus is consistent with CYP98A27 being involved in the 

biosynthesis of monolignols, expressed to highest levels in highly lignified tissues. Likewise, 

CYP98A23/25 expression is consistent with an involvement in the biosynthesis of soluble, 

possibly protection related phenolic compounds, with the enzymes being strongly expressed in 

inflorescence buds and young leaves, which are known to accumulate high amounts of phenolic 

compounds (Greenaway and Whatley, 1990b; English et al., 1991).  

A data set comprising young leave and developing xylem RNAseq based information from the 

POPCAN project (Corea O., Douglas C.J., Ehlting J., unpublished) was mined for expression of 

the three poplar genes across multiple natural accessions of P. trichocarpa. Expression data of 

371 individual trees from 197 accessions in the young leaves data set, and of 390 individual 

trees of 194 accessions were available in the developing xylem data set (Figure 3.15). No 

expression was found in either of the young leaves or developing xylem datasets for CYP98A25 
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of P. trichocarpa. CYP98A23 was highly expressed in the samples of the young leave tissue set. 

CYP98A27 was expressed in the young leave data set, but to far lower abundance than 

CYP98A23. CYP98A27 was, in contrast, highly expressed in the developing xylem data set. Only 

few individuals also showed detectable expression of CYP98A23 in the developing xylem (Figure 

3.15). 

 

 

Figure 3.15 P. trichocarpa CYP98 gene expression in young leaves and developing xylem. 

RNAseq data set containing young leaves of 371 individual trees and developing xylem samples of 390 

individual trees. Shown is a comparison of gene expression data of CYP98A27, CYP98A23 and CYP98A25 

of P. trichocarpa in two data sets, one established by RNA sequencing of young leaves and one 

established by RNA sequencing from developing xylem. The expression data of the CYP98s of 371 

individuals from 197 accessions are represented in the young leaves data set. The expression data of the 

CYP98s of 390 individuals from 194 accessions are represented in the developing xylem data set. These 

data sets are part of the POPCAN project and have been mined by O. Corea. 

3.4.6. Poplar CYP98 Co-expression analyses 

To further exploit the large-scale gene expression data towards elucidating possible biological 

functions in poplar trees, co-expression analyses of the P. trichocarpa CYP98s were performed. 

Co-expression analysis was performed on the poplar developmental data set based on pairwise 

comparison of the target gene expression profiles with all other genes represented on the 

microarray. Using a Pearson correlation threshold of r>0.75 for CYP98A27 (Ptp.1996.1.S1_s_at) 

3,060 genes were found to be co-expressed (Figure 3.16). The top 50 co-expressed genes 

included many core monolignol pathway biosynthesis genes, indicated by a yellow bar in Figure 

3.16, for example ferulate-5-hydroxylase, caffeic-acid-O-methyltransferase, cinnamate-4-
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hydroxylase, hydroxycinnamoyl-CoA quinate/shikimate hydroxycinnamoyltransferase, among 

others. Known secondary cell wall carbohydrate biosynthesis related genes (in turquoise) such 

as cellulose synthase and laccase were among the co-expressed genes. Several transcription 

factors, including MYB transcription factors, are co-expressed with CYP98A27, indicated by an 

orange bar. MYB85, the most similarly co-expressed transcription factor is a known positive 

regulator of monolignol biosynthesis (Zhong et al., 2008). Together with the functional data 

obtained in the enzymatic screening, this further substantiates the distinct role of CYP98A27 in 

monolignol biosynthesis.  

 

Figure 3.16 Co-expression analysis for CYP98A27 in an Affymetrix microarray organ and tissue 

dataset.  

The functions of co-expressed genes are based on described functions in A. thaliana. Yellow bars 

indicate lignin biosynthesis pathway genes. Secondary cell wall carbohydrate biosynthesis related genes 

are indicated by a turquoise bar. Transcription factors are indicated by an orange bar. Putative cell wall 

related proteins are marked by a purple bar. Cytoskeleton related genes are marked by a light blue bar. 

The dataset has been mined by A. Alber and O. Corea. 
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In contrast to CYP98A27, only very few co-expressed genes were found for CYP98A23/25 with a 

Pearson correlation coefficient larger than 0.75 in this data set. This threshold is indicated by 

the white line in Figure 3.17. A transcriptional regulator (orange bar), a homolog of MYB4, 

appears within these few co-expressed genes. MYB4 is known to be a repressor of monolignol 

biosynthetic genes, and to be involved in UV-B response regulation and cold tolerance in A. 

thaliana and O. sativa (Jin et al., 2000; Vannini et al., 2004; Schenke et al., 2011).   

By extending the cut point of the co-expression analysis from r>0.75 to r>0.65, additional genes 

of interest have been found (Figure 3.17; below white line). Genes related to flavonoid 

biosynthesis are marked by a brown bar. One of these genes is a 4CL3 homolog. 4CL3 

represents a distinct 4CL isoform, which is related to the biosynthesis of flavonoid and other 

non-lignin soluble phenolic compounds (Ehlting et al., 1999). 

 

Figure 3.17 Co-expression analysis for CYP98A23/25 in an Affymetrix microarray organ and tissue 

dataset.  

The functions of co-expressed genes are based on described functions in A. thaliana. Yellow bars 

indicate lignin biosynthesis pathway genes. Transcription factors are indicated by an orange bar. 

Flavonoid biosynthesis related genes are indicated by a brown bar. The white line represents the cut off 

for a Pearson correlation coefficient greater than 0.75. Co-expression data below the white line can be 

found for a Pearson correlation coefficient greater than 0.65. The dataset has been mined by A. Alber 

and O. Corea. 
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The low number of co-expressed genes with CYP98A23/25 might be due to the probe set 

recognizing both CYP98A23 and CYP98A25, or the expression of the gene(s) in very specific 

tissues or under special circumstances, such as for example in response to herbivory, 

temperature or in a strict temporal pattern. In the co-expression analysis with a single dataset 

comprising all organ and tissue data, the gene might not be clearly co-expressed with one single 

pathway. If co-expression exists with many pathways included in the set, the results would not 

show clearly but might be equalised. A P. trichocarpa gene expression stress dataset exists, but 

is focused on nutrient and water stress and did not add conclusive information when mined for 

CYP98A23/25 expression. 

3.4.7. P. trichocarpa CYP98s expression in poplar leaves after gypsy moth feeding 

An involvement in the hydroxylation of p-coumaroyl-shikimate to caffeoyl-shikimate, as seen in 

vitro, might be triggered by gene expression upon herbivory attack. Lignification can be one of 

the plant responses to pathogen attack. This also fits the observed increased transcription of 

CYP98 genes under MeJA treatment (as reported for L. japonica, S. miltiorrhiza, W. somnifera, 

described above). It is known that chlorogenic acid can be stored in plant cells (Mølgaard and 

Ravn, 1988). In case of a strictly temporal CYP98 gene expression, caffeoyl conjugates of the 

reaction catalysed by CYP98A23/25 could thus be stored in the plant.  

A possible involvement of CYP98A23 in the response to herbivory attack in P. trichocarpa was 

investigated by quantitative real time PCR of CYP98 transcripts in gypsy moth treated poplar 

leaves. The relative gene expression of the three P. trichocarpa genes has been monitored in P. 

trichocarpa leaves, treated by gypsy moth, Lymantria dispar, feeding. Non parametrical 

statistical analysis (Mann-Whitney U) showed significant increase in gene expression upon L. 

dispar feeding for CYP98A23 (Z ratio: Z-score 2.2978; p-value 0.02144; U value 1; critical U 2), 

albeit the increase was very low. CYP98A25 showed a stronger, approximately 10 fold induction 

on average, which was also significant (Z ratio: Z-score 2.5067; p-value 0.01208; U value 0; 

critical U 2). However, absolute levels of CYP98A25 transcripts were very low, both in control 

and in gypsy moth treated samples. No significant difference was found for transcript levels of 

CYP98A27 (Z ratio: Z-score 1.88; p-value 0.0601; U value 3; critical U 2) despite a similar fold-

change average as found for CYP98A23 (Figure 3.18). Due to the low overall increase in 
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expression of only two fold for both CYP98A23 and CYP98A27 statistical results need to be 

interpreted carefully. The difference in expression is minimal, but leads to a significant change 

in the Mann-Whitney-U test performed. An induction of only two fold of CYP98A23 and 

CYP98A27 does not strongly suggest enhanced gene expression upon herbivory treatment with 

L. dispar.   

 

 

Figure 3.18 Relative gene expression of P. trichocarpa CYP98A23, CYP98A25 and CYP98A27 in P. 

trichocarpa leaves after L. dispar feeding, compared to gene expression in untreated P. trichocarpa 

leaves.  

The relative gene expression of P. trichocarpa CYP98s in P. trichocarpa leaves after L. dispar feeding, 

compared to untreated P. trichocarpa leaves is shown. A: The relative expression ratio of the three 

CYP98s is shown for all 5 replicates. B: The average relative expression ratio of the 5 replicates of each 

CYP98 is shown. The relative expression ratio was calculated with the 2^ ΔΔCT method (Livak and 

Schmittgen, 2001) for 5 biological replicates (3 technical replicates for each of the 5 biological 

replicates). 

3.4.8. A. thaliana cyp98a3 knock out mutant complementation with poplar CYP98 

genes 

As CYP98A23, CYP98A25 and CYP98A27 showed distinct expression and co-expression patterns 

as well as distinct biochemical properties we next analysed if the function of CYP98A23 and 

CYP98A27 could complement the A. thaliana cyp98a3 knock-out mutant in vivo. We further 
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investigated if CYP98A25 would be able to complement the A. thaliana mutant in vivo, even 

though no function could be detected for the heterologous expressed enzyme in vitro.  

Under control of the cinnamate-4-hydroxylase (C4H) promoter, both poplar CYP98 isoforms, 

CYP98A23 and CYP98A27, were able to complement the A. thaliana cyp98a3 knock out mutant 

phenotype (Figure 3.19). This correlates to the substrate utilization profile of the enzymes in 

vitro, where both enzymes were shown to convert p-coumaroyl-shikimate efficiently (Figure 

3.8;Figure 3.9). Consistent with data obtained from the in vitro assay was the observation made 

for the complementation assay with CYP98A25: no complementation was observed for the 

CYP98A25 of P. trichocarpa. A. thaliana plants that were homozygous for the cyp98a3 knock 

out that carried the CYP98A25 expression construct, showed the same dwarf phenotype as 

non-complemented cyp98a3 knock-out plants (Figure 3.19).  

The promoter chosen for this experiment was the C4H promoter from A. thaliana (Bell-Lelong 

and Cusumano, 1997). Under this promoter, expression is assumed to be enhanced in lignified 

tissues. A general promoter such as the cauliflower mosaic virus 35s promoter might have led 

to CYP98A23 hydroxylating other conjugates potentially used in non-lignified tissues. Thus a 

complementation of the cyp98a3 phenotype of both CYP98s of P. trichocarpa has to be 

interpreted carefully. Considering the broad range function of CYP98A23 observed in vitro, it is 

also possible that other caffeoyl-esters may be able to act as monolignol intermediates. A 

detailed lignin composition analysis of the complemented A. thaliana plants could give further 

information of molecules utilized and integrated into the lignin polymer under strong CYP98A23 

expression. For this, it might be interesting to repeat the complementation assay with 

CYP98A23 under the cauliflower mosaic virus 35s promoter. An incorporation of unusual 

hydroxylated hydroxycinnamic conjugates into the lignin, which might be easier to cleave in 

treatments of feedstock processing, is an option for decreasing recalcitrance in biofuel 

production highly researched to date.  

To further test the potential functionality of the CYP98A25, which did not express well in 

isolated yeast microsomes and did not show function when these microsomes were incubated 

with various substrates in vitro, transgenic plant material could be collected and analysed for 

the presence of functional CYP98A25 enzyme. To do this, plant extracts could be incubated with 
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the substrates and substrate conversion monitored. Conversely, the absence of 

complementation may also be indicative of an occurring CYP98A25 pseudogeneization.  

 

Figure 3.19 A. thaliana cyp98a3 knock-out mutant complementation assay with the three P. 

trichocarpa CYP98 genes.  

The A. thaliana T-DNA insertion mutant knock-out for CYP98A3 (Abdulrazzak et al., 2006) was used in a 

mutant complementation assay with the P. trichocarpa CYP98A23; CYP98A25 and CYP98A27 genes. As 

homozygous T-DNA lines of cyp98a3 show dwarf morphology and are male sterile, heterozygous plants 

were used for transformation with the P. trichocarpa CYP98s under the promoter of the A. thaliana C4H 

gene (Bell-Lelong and Cusumano, 1997). A) Overview of wild type and transformed A. thaliana plants. B) 

Close up of A. thaliana cyp98a3 plants carrying the P. trichocarpa CYP98A25 expression construct. C) A. 

thaliana cyp98a3 homozygous knock-out mutant close up. Genotyping see Figure 3.28. 

3.5. Conclusion 

Only angiosperms possess several CYP98 paralogs. Several CYP98 family members were shown 

to be involved in the biosynthesis of monolignols in the angiosperms. All lignin-related CYP98s 



138 
 

biochemically characterized in angiosperms (here and in literature), show a marked preference 

for p-coumaroyl-shikimate/quinate esters as substrates. Our initial hypothesis, that an ancient 

duplication early in angiosperm evolution generated a p-coumaroyl-shikimate metabolizing and 

lignin-related clade, and a soluble phenolic related clade, was rejected. Instead, a complex 

series of gene duplications and gene losses shape the CYP98 family in angiosperms suggesting 

frequent and independent recruitment of duplicates to specific functions. This was previously 

observed for Arabidopsis (Matsuno, et al., 2009), to some extend for coffee (Mahesh et al., 

2007), and here now for poplar and Amborella. Duplications leading to the CYP98 isoforms 

present in poplar Amborella today clearly happened independently. 

It would be most parsimonious to assume that lignin-related functions, common to all 

angiosperms, were maintained throughout angiosperm evolution. In addition, independent 

broadening of substrate preference of duplicates occurred multiple times and might have led to 

the, sometimes lineage specific, soluble phenolics repertoires. Malus domestica is an example 

for a species with many (twelve) CYP98 genes. A recent investigation of free and bound 

phenolic acids in the pulp and peel of four apple varieties identified eleven hydroxycinnamic 

acids, five hydroxyphenylacetic acids and one hydroxyphenylpropanoic acid, amongst others 

(Lee et al., 2017).  

The biochemically characterized conifer CYP98 showed a broad range of accepted substrates, 

including conversion of p-coumaroyl-shikimate in vitro. However a role of CYP98s in 

gymnosperms in the biosynthesis of monolignols has yet to be shown in vivo. Only one CYP98 

was found in the genome of P. abies and an analysis of available expression data showed high 

expression of this CYP98 in the wood of the tree and also in vegetative shoots. This could 

support the broad CYP98 substrate range observed for P. taeda in vitro. CYP98 could be 

involved in the biosynthesis of monolignols and therefore highly expressed in the wood of the 

tree, but also in the biosynthesis of soluble phenolic compounds, presumably for protective 

functions, in the vegetative shoots. As described above, CYP98s were not co-expressed with 

lignin biosynthetic pathway genes in P. glauca (Porth et al., 2011) and CYP98A19 gene 

expression not induced upon addition of Phe in P. taeda cell suspension cultures (Anterola, 

2002). As phylogenetic analysis revealed no distinct lignin-related CYP98 clade, another, albeit 
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less parsimonious, scenario of CYP98 evolution in the angiosperms could be possible. The 

ancestor of the angiosperm CYP98s could have been a broad substrate range enzyme, including 

activity with p-coumaroyl-shikimate. Subsequent duplications, expanding CYP98 families in 

Amborella, Populus, and Arabidopsis, clearly occurred independent of each other. These 

duplications gave rise to isoforms, which were able to acquire/refine preference for p-

coumaroyl-shikimate, independently. A repeated independent acquisition of p-coumaroyl-

shikimate hydroxylating activity and recruitment for monolignol biosynthesis would require a 

strong selective advantage of the involvement of p-coumaroyl-shikimate in the lignin-

biosynthetic pathway. The other duplicate would have been able to maintain/refine the broad 

substrate range. 

Gene expression of the CYP98A25 of P. trichocarpa was only found to low levels and in few 

individuals in a set of transcriptomes of young leaves and developing xylem of over 700 P. 

trichocarpa individuals. The enzyme was poorly expressed in yeast and most likely not stable. 

When incubated with a library of different substrates in vitro, no apparent activity with any 

potential substrate was detected. The A. thaliana cyp98a3 knock-out mutant was not 

complemented by CYP98A25. Taken together, these results are indicative of a gene “on its way 

out”, becoming a pseudogene. However, across the over 700 individual poplar genomes 

investigated, not a single CYP98A25 showed any nonsense mutations. The open reading frame 

of the gene was conserved across the population. CYP98A25 showed the highest induction in 

gene expression upon gypsy moth feeding on poplar leaves. 

3.6. Acknowledgement 

We thank Charles P. Scutt (CNRS Laboratoire de Reproduction et Développement des Plantes, 

Lyon) for providing Amborella trichopoda cDNA.  

We thank Zhenhua Liu (John Innes Centre, Norwich) for pCC0996:CYP98A3 Arabidopsis seeds.  

We thank Tobias Köllner and Jan Günther (Max Planck Institute for Chemical Ecology, Jena) for 

providing P. trichocarpa RNA. 

We thank Daisie Huang for providing Salicaceae CYP98 sequences. 

We thank the members of the POPCAN project for providing P. trichocarpa expression data. 

 



140 
 

3.7. Contributions 

Annette Alber: Phylogenetic analysis, gene cloning and microsome preparation, preparation of 

coumaroyl-shikimate, enzyme incubations, enzyme kinetics, transient overexpression in N. 

benthamiana, A. thaliana mutant complementation, manuscript writing. Hugues Renault: 

Supervision of bench work. Pascaline Ullmann: Supervision and guidance of enzymatic 

synthesis of substrates and enzyme incubations. Alexandra Basilio Lopes and Martine Schmitt: 

Synthesis of substrates. Oliver Corea: P. trichocarpa RNAseq expression analysis, Affymetrix 

dataset mining. Danièle Werck-Reichhart: Supervision, funding, manuscript editing. Jürgen 

Ehlting: Supervision, funding, manuscript editing. 

  



CYP98 gene duplication and diversification within the angiosperms 

141 

 

3.8. Supplement 

3.8.1. List of primers 

Species Gene Gene 
identifier 

Forward primer 
sequence 

Reverse primer 
sequence 

purpose 

P. trichocarpa CYP98A23 POPTR_00
16s03090 

CTG GCC AAG CAA GTT 
CTC AAA G 
 

GGT CCT TGC CGT 
CTC TAC TAA AC 
 

 

qPCR target gene 

P. trichocarpa CYP98A25 POPTR_00
16s03080 

TGG CTG ATA GGC ATA 
GGA CTA GA 
 

TCC AAG CCA CAT 
CTC CCA AAT A 
 

qPCR target gene 

P. trichocarpa CYP98A27 POPTR_00
06s03180 

ATG ATT ACT GCG GGC 
ATG GA 
 

ACT CTT CCT GAG 
CCT TCT GTT G 
 

qPCR target gene 

P. trichocarpa Elongation 
factor 1ß 

POPTR_00
09s02370 

ACC TGG TCG TGA TTT 
CCC TAA TG 
 

GCC ACA AAT GCT 
TAC ACC AAC A 
 
 

 

qPCR reference 
gene 

P. trichocarpa Ribosomal 
protein 

POPTR_00
01s35630 

TGT TGT GAC CGC TGA 
TTG TTT G 
 

CCA CCT GTT CTT 
GCC TGT CTT A 
 
 

 

qPCR reference 
gene 

P. trichocarpa CYP98A23 POPTR_00
16s03090 

GGCTTAAUATGGCTCTGC
CTCTTTTAG 
 

GGTTTAAUTCACATAT
CTGAAGCCA 
 

Gene cloning, 

USER™ 

P. trichocarpa CYP98A25 POPTR_00
16s03080 

GGC TTA AUA TGG CTC 
TGC CTC TG 
 

GGT TTA AUT CAC 
ATA TCT GAA GCC 
ATC 
 

Gene cloning, 

USER™ 

P. trichocarpa CYP98A27 POPTR_00
06s03180 

GGC TTA AUA TGA ATC 
TCC TTC TGA TTC 
 

GGT TTA AUT TAA 
ATA TCA ACA GCA 
ACA C 
 

Gene cloning, 

USER™ 

A. trichopoda CYP98A84 evm_27.m
odel.AmTr
_v1.0_scaf
fold00101.
79 

GGATCCATGGACTTTCTC
TCTCCACTCTC 
 

GGTACCTCACATTTGT
GTGGGCACAC 
 

Gene cloning, 
TA 

A. trichopoda CYP98A85 evm_27.m
odel.AmTr
_v1.0_scaf
fold00040.
62 

GGATCCATGGAGTCTCTC
TTCCTACTTGC 
 

GGTACCTCACACTTTC
ATGGACTGACA 
 

Gene cloning, 
TA 

A. thaliana CYP98A3 AT2G4089
0 

CCGATCGTCGGTAACCTC
TA 
 

AAATGCTGTTTCGCTC
CACT    
 

Genotyping 

A. thaliana T-DNA  TTGCTTTCGCCTATAAATA AAATGCTGTTTCGCTC Genotyping 
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insertion CGACGGATCG 
 

CACT    
 

P. trichocarpa CYP98A23 POPTR_00
16s03090 

aattgatgagcaaggccaag 
 

gatttgggaaatctgcctca 
 

Genotyping 

P. trichocarpa CYP98A25 POPTR_00
16s03080 

caatccagaaaaccatggaaa 
 

tgcaggtaagggagatttgg 
 

Genotyping 

P. trichocarpa CYP98A27 POPTR_00
06s03180 

gaaatatttgggggcagttg 
 

gagaaatcagcctcggtcat 
 

Genotyping 

Table 3.4 Primer sequences used in gene cloning, quantitative real-time PCR and genotyping 

 

3.8.2. CYP98A25 expression conditions 

In an attempt to increase the amount and quality of expressed CYP98A25 enzyme in yeast, 

CYP98A25 was expressed from independent yeast transformations with CYP98A25 containing 

pYeDP60 plasmids. Yeast cultures were grown in YPGE medium. No amelioration in P450 

expression after microsome isolation was recorded in CO differential spectra.  

 

 

Figure 3.20 P. trichocarpa CYP98A25 expression from independent yeast transformations  

Three independeltly created CYP98A25 containing pYeDP60 plasmids were used for the three 

independent yeast transformations.  
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3.8.3. Transient overexpression of P. trichocarpa CYP98s  

All three P. trichocarpa CYP98s were transiently overexpressed in Nicotiana benthamiana under 

the CaMV-35s promotor.  

The assay was declared not conclusive under the set up used, as high substrate conversion was 

also detected in plants transformed by an empty-vector control (Figure 3.21). N. benthamiana 

possesses endogenous CYP98 genes and also endogenous substrates and products.  

 

 

 



144 
 

 

 

Figure 3.21 Transient overexpression of P. trichocarpa CYP98s in N. benthamiana and N. 

benthamiana leaf disc incubation in medium containing p-coumaroyl-shikimate.  

The UPLC-MS/MS analysis was performed by the metabolic platform of the IBMP CNRS Strasbourg 

(Raphael Lugan). Upper panel: Chromatograms and ion fragmentation for the standards coumaroyl-

shikimate, caffeoyl-shikimate and caffeoyl-quinate on UPLC-MS/MS. Mid panel: Analysis of extracted 

leaf discs with and without p-coumaroyl-shikimate supplementation. Detection of p-coumaroyl-

shikimate, caffeoyl-shikimate and caffeoyl-quinate for each transformation construct CYP98A23, 

CYP98A25, CYP98A27 and for the empty-vector control group (EV). Lower panel: Data summary of 

extracted leaf discs and incubation media analysed by UPLC-MS/MS. Peak area of detected substrates 

and products for treatment (Medium+; Leaf Disk (LD)+), control (Medium; LD) and different constructs. 

The substrates are shown: in blue: coumaroyl-shikimate, in red: caffeoyl-shikimate, in green: caffeoyl-

quinate or chlorogenic acid (CGA). 
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3.8.4. Phylogenetic reconstruction of CYP98s across angiosperm orders. Bootstrap 

support for Figure 3.3 
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Figure 3.22 Phylogenetic reconstruction Figure 3.3 with bootstrap support.  

The linear phylogenetic reconstruction shows the bootstrap support for the polar tree reconstruction in 

Figure 3.3: A. trichopoda is at the base of all angiosperms. Two species of each angiosperm order (where 

available) were chosen and amino acid sequences aligned by DIALIGN (Morgenstern, 1999). Only 

alignment positions with diagonal similarities greater than zero were maintained in the alignment. A 

maximum likelihood based phylogenetic reconstruction was performed by phyml (Guindon and Gascuel, 

2003) under assumption of the JTT model. The branches of the tree are coloured according to the orders 

in Figure 3.2. All orders of Figure 3.2 are represented in the phylogenetic reconstruction. 
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3.8.5. Phylogenetic reconstruction of angiosperm CYP98s from sequenced genomes 

and characterized CYP98s. Bootstrap support for Figure 3.4  
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Figure 3.23 Phylogenetic reconstruction Figure 3.4 with bootstrap support.  

The linear phylogenetic reconstruction shows the bootstrap support and species identifiers for the polar 

tree reconstruction in Figure 3.4: Amino acid sequences of CYP98s from angiosperm genomes and 

characterized CYP98s were included in this phylogenetic reconstruction. A distinct clade of Brassicaceae, 

containing the A. thaliana CYP98A8 and CYP98A9 is highlighted in green and species names are 

indicated. The amino acid alignment was performed by DIALIGN (Morgenstern, 1999), keeping positions 

above zero diagonal similarity. The maximum likelihood phylogenetic reconstruction was performed by 

phyml (Guindon and Gascuel, 2003), under consideration of the JTT model. Bootstrap support for 100 

replicates is displayed at the branches of the phylogenetic reconstruction. 
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3.8.6. Species and identifiers used in phylogeny Figure 3.5 

 

Name Species CYP98 Identifier 

Ambtr1 Amborella trichopoda CYP98A84 >evm_27.model.AmTr_v1.0_scaffold00101.79 CDS 

Ambtr2 Amborella trichopoda CYP98A85 >evm_27.model.AmTr_v1.0_scaffold00040.62 CDS 

Aquco1 Aquilegia coerulea  PAC:22034145 

Aquco2 Aquilegia coerulea  PAC:22027880 

Araly3 Arabidopsis lyrata  PAC:16039267 

Arath3 Arabidopsis thaliana CYP98A3 PAC:19638264 

Boest3 Boechera stricta  PAC:30667254 

Bradi Brachypodium distachyon CYP98A4 PAC:32774693 

Brara1 Brassica rapa  PAC:30618196 

Brara2 Brassica rapa  PAC:30622649 

Brara3 Brassica rapa  PAC:30625266 

Brast Brachypodium stacei  PAC:32860291 

Capgr3 Capsella grandiflora  PAC:28898809 

Capru2 Capsella rubella  PAC:20903099 

Carpa Carica papaya  PAC:16428634 

Citcl1 Citrus clementina  PAC:20786454 

Citcl2 Citrus clementina  PAC:20797703 

Citcl3 Citrus clementina  PAC:20810082 

Citsi1 Citrus sinensis  PAC:18118595 

Citsi2 Citrus sinensis  PAC:18128133 

Cofca1 Coffea canephora CYP98A36 ABB83677.1 

Cofca2 Coffea canephora CYP98A35 ABB83676.1 

Cucsa1 Cucumis sativus  PAC:16978632 

Cucsa2 Cucumis sativus  PAC:16978633 

Cynca Cynara cardunculus CYP98A49 ACO25188.1 

Eucgr1 Eucalyptus grandis  PAC:32046321 

Eucgr2 Eucalyptus grandis  PAC:32046538 

Eucgr3 Eucalyptus grandis  PAC:32048884 

Eucgr4 Eucalyptus grandis  PAC:32073169 

Eutsa1 Eutrema salsugineum  PAC:20179996 

Frave1 Fragaria vesca  PAC:27271707 

Frave2 Fragaria vesca  PAC:27272839 

Glyma1 Glycine max  PAC:30517847 

Glyma2 Glycine max  PAC:30517848 

Glyma3 Glycine max  PAC:30513655 

Gosra1 Gossypium raimondii  PAC:26795734 

Gosra2 Gossypium raimondii  PAC:26789405 

Kalma2 Kalanchoe marnieriana  PAC:32589504 
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Kalma4 Kalanchoe marnieriana  PAC:32575868 

Linus1 Linum usitatissimum  PAC:23178007 

Linus2 Linum usitatissimum  PAC:23178006 

Linus3 Linum usitatissimum  PAC:23143427 

Linus4 Linum usitatissimum  PAC:23143381 

Liter Lithospermum erythrorhizon CYP98A6 BAC44836.1 

Lonja Lonicera japonica LjC3H KC765076 

Maldo1 Malus domestica  PAC:22626407 

Maldo10 Malus domestica  PAC:22623485 

Maldo11 Malus domestica  PAC:22643901 

Maldo12 Malus domestica  PAC:22642863 

Maldo2 Malus domestica  PAC:22639963 

Maldo3 Malus domestica  PAC:22624965 

Maldo4 Malus domestica  PAC:22627196 

Maldo5 Malus domestica  PAC:22678318 

Maldo6 Malus domestica  PAC:22639003 

Maldo7 Malus domestica  PAC:22673017 

Maldo8 Malus domestica  PAC:22635232 

Maldo9 Malus domestica  PAC:22619971 

Manes Manihot esculenta  PAC:32331265 

Medtr1 Medicago truncatula CYP98A37 ABC59086.1 

Mimgu1 Mimulus guttatus  PAC:28941784 

Mimgu2 Mimulus guttatus  PAC:28941309 

Mimgu3 Mimulus guttatus  PAC:28923814 

Mimgu4 Mimulus guttatus  PAC:28922569 

Mimgu5 Mimulus guttatus  PAC:28925852 

Mimgu6 Mimulus guttatus  PAC:28924805 

Mimgu7 Mimulus guttatus  PAC:28950611 

Musac Musa acuminata  PAC:32311599 

Nicta1 Nicotiana tabacum CYP98A31 XP_016482834  

Nicta2 Nicotiana tabacum CYP98A30 XP_016446948   

Nicta3 Nicotiana tabacum CYP98A33 ABC69384.1 

Ociba1 Ocimum basilicum CYP98A13 AAL99200.1 

Ociba2 Ocimum basilicum CYP98A13 AAL99201.1 

Orysa1 Oryza sativa  PAC:33156152 

Orysa2 Oryza sativa  PAC:33099057 

Panha1 Panicum hallii  PAC:32512385 

Panha2 Panicum hallii  PAC:32500223 

Panvi1 Panicum virgatum  PAC:30310238 

Panvi2 Panicum virgatum  PAC: 30197318 

Panvi3 Panicum virgatum  PAC:30306346 

Panvi4 Panicum virgatum  PAC:30190933 

Phavu Phaseolus vulgaris  PAC:27164879 
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Poptr1 Populus trichocarpa CYP98A27 POPTR_0006s03180 

Poptr2 Populus trichocarpa CYP98A25 POPTR_0016s03080 

Poptr3 Populus trichocarpa CYP98A23 POPTR_0016s03090 

Prupe1 Prunus persica  PAC:32118198 

Prupe2 Prunus persica  PAC:32116027 

Prupe3 Prunus persica  PAC:32120868 

Prupe4 Prunus persica  PAC:32117279 

Prupe5 Prunus persica  PAC:32098812 

Ricco1 Ricinus communis  PAC:16814269 

Ricco2 Ricinus communis  PAC:16814270 

Ricco3 Ricinus communis  PAC:16820131 

Rutgr Ruta graveolens CYP98A22 JF799117 

Salmi Salvia miltiorrhiza CYP98A78 HQ316179.1 

Salpu1 Salix purpurea  PAC:31411315 

Salpu2 Salix purpurea  PAC:31411601 

Salpu3 Salix purpurea  PAC:31432705 

Salpu4 Salix purpurea  PAC:31432701 

Salpu5 Salix purpurea  PAC:31432709 

Salpu6 Salix purpurea  PAC:31394880 

Salpu7 Salix purpurea  PAC:31394879 

Setit Setaria italica  PAC:32712107 

Setvi Setaria viridis  PAC:32676231 

Solly1 Solanum lycopersicum  PAC:27303282 

Solly2 Solanum lycopersicum  PAC:27301652 

Solly3 Solanum lycopersicum  PAC:27281880 

Solly4 Solanum lycopersicum  PAC:27279734 

Solly5 Solanum lycopersicum  PAC:27281166 

Solsc Solenostemon scutellarioides CYP98A14 CAD20576.2 

Soltu1 Solanum tuberosum  PAC:24419832 

Soltu2 Solanum tuberosum  PAC:24410676 

Soltu3 Solanum tuberosum  PAC:24412859 

Soltu4 Solanum tuberosum  PAC:24410863 

Soltu5 Solanum tuberosum  PAC:24413573 

Soltu6 Solanum tuberosum  PAC:24419962 

Soltu7 Solanum tuberosum  PAC:24418017 

Sorbi1 Sorghum bicolor  PAC:32731282 

Sorbi2 Sorghum bicolor  PAC:32734921 

Spipo Spirodela polyrhiza  PAC:31506259 

Theca Theobroma cacao  PAC:27424773 

Triae1 Triticum aestivum CYP98A10 AJ583530.1 

Triae2 Triticum aestivum CYP98A11 AJ583531.1 

Triae3 Triticum aestivum CYP98A12 AJ583532.1 

Tripr Trifolium pratense CYP98A44 ACV91106.1 
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Vitvi Vitis vinifera   XM_002283302.2 

Zeama1 Zea mays  PAC:31029252 

Zeama2 Zea mays  PAC:31021991 

Table 3.5 Names of species used in phylogeny Figure 3.5.  

The identifiers given are GenBank identifiers or PAC identifiers to be used in Phytozome. For A. 

trichopoda the scaffold identifiers are given. For P. trichocarpa the identifiers of the version2 genome 

annotation are given.  

 

 

3.8.7. Pearson Correlation of substrate conversion rates 
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CYP98A34 P. patens ID 0.94 0.51 0.49 0.21 -0.05 0.09 -0.22 -0.14 -0.05 

CYP98A38 S. moellendorffii 0.94 ID 0.50 0.32 0.02 -0.25 -0.15 -0.13 -0.20 -0.25 

CYP98A P. vittata 0.51 0.50 ID 0.08 -0.27 -0.17 -0.32 -0.05 -0.40 -0.26 

CYP98A19 P. taeda 0.49 0.32 0.08 ID 0.71 0.47 0.57 0.03 0.42 0.63 

CYP98A84 A. trichopoda 0.21 0.02 -0.27 0.71 ID 0.80 0.92 -0.39 0.55 0.87 

CYP98A4 B. distachyon -0.05 -0.25 -0.17 0.47 0.80 ID 0.83 -0.27 0.61 0.87 

CYP98A27 P. trichocarpa 0.09 -0.15 -0.32 0.57 0.92 0.83 ID -0.49 0.45 0.86 

CYP98A85 A. trichopoda -0.22 -0.13 -0.05 0.03 -0.39 -0.27 -0.49 ID 0.22 -0.30 

CYP98A23 P. trichocarpa -0.14 -0.20 -0.40 0.42 0.55 0.61 0.45 0.22 ID 0.60 

CYP98A3 A. thaliana -0.05 -0.25 -0.26 0.63 0.87 0.87 0.86 -0.30 0.60 ID 
 

Table 3.6 Pearson Correlation coefficients of substrate conversion rates of CYP98s.  

The Pearson Correlation coefficient was assessed for a data set containing the conversion rates of 15 

substrates for each CYP98.  
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3.8.8. Determination of p-coumaroyl-shikimate isomers and preferred isoforms utilized 

by P. trichocarpa CYP98s for enzyme kinetic analysis 
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Figure 3.24 p-Coumaroyl-shikimate and caffeoyl-shikimate isomer determination and testing of 

isomer preference by P. trichocarpa CYP98 isoforms.  

A: Time course of CYP98A23 enzyme incubations with p-coumaroyl-shikimate from enzymatic synthesis. 

0.5 pmol P450 were incubated in 50mM KPi buffer at pH 7.4 with 100µM p-coumaroyl-shikimate for 5; 

10; 15; 20; 25 and 30 min at 28°C under agitation in the dark. Plotted are peak areas from HPLC/DAD 

analysis of the reaction products. B: Time course of CYP98A27 enzyme incubations with p-coumaroyl-

shikimate from enzymatic synthesis. 0.5 pmol P450 were incubated in 50mM KPi buffer at pH 7.4 with 

100µM p-coumaroyl-shikimate for 5; 10; 15; 20; 25 and 30 min at 28°C under agitation in the dark. 

Plotted are peak areas from HPLC/DAD analysis of the reaction products. C: Chromatogram of 

HPLC/DAD analysis of p-coumaroyl-shikimate before and after incubation with CYP98 enzyme. Colors 

correspond to A and B. 
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3.8.9. Kinetics for CYP98s from P. trichocarpa with trans-3-O-(4-coumaroyl)shikimate 

 

Figure 3.25 Kinetics of CYP98A23 and CYP98A27 with trans-3-O-(p-coumaroyl)shikimate.  

To obtain enzyme kinetic data for CYP98A23, 0.05 µM of CYP98A23 protein was incubated with trans-3-

O-(p-coumaroyl)shikimate. To obtain enzyme kinetic data for CYP98A27, 0.25 µM of CYP98A27 protein 

was incubated with trans-3-O-(p-coumaroyl)shikimate. Reactions were analysed on HPLC/DAD. Product 

appareance was measured and linked to a standard curve. Non-linear regression of the Michaelis-

Menten equation was fitted under the Nelder-Mead-Simplex algorithm in the program SciDavis. Shown 

are three independent incubation replicates 

  

A pre-test (Figure 3.24) showed the activity with trans-3-O-(4-coumaroyl)shikimate and trans-4-

O-(4-coumaroyl)shikimate as substrates for CYP98A23 and CYP98A27 in vitro. The 

measurement of the trans-3-O-(4-coumaroyl)shikimate as substrate in enzyme kinetics is 

difficult. Coumaroyl-shikimate can only be tested as a mix of isomers in kinetic assays. A 

separation of the isomers is difficult due to close retention times and leads to high loss of 

substrate. The kinetics of p-coumaroyl-shikimate thus have to be interpreted carefully, as the 

isomers are competing substrates used in the same assay. As result of the isomer preference 

test (Figure 3.24), the trans-4-O-(4-coumaroyl)shikimate isomer is the preferred substrate of 

CYP98A23 and CYP98A27 in vitro. Kinetic analysis of trans-3-O-(4-coumaroyl)shikimate were 

performed for both enzymes, but because trans-3-O-(4-coumaroyl)shikimate is a non-major 

substrate of the enzyme, the results might not represent the results obtained from kinetics 

performed using the isolated isomer.  
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3.8.10. Melting curve analyses for products in qPCR 

 

Figure 3.26 Melting curve analysis of product amplified by primer pairs used in qPCR analysis.  

The primers for qPCR amplification were designed using Primer3 plus (Table 3.4) and a specificity test 

performed by BLAST search against the P. trichocarpa genome on Phytozome V11 (Goodstein et al., 

2012). qPCR reactions were performed with 250nM of each forward and reverse primer and 1x SYBR® 

Green Master Mix (Roche). Samples were run on a LightCycler 480 (Roche). Melting curve analyses were 

included in the run and results are displayed here. 
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Figure 3.27 M-values of reference genes tested in qPCR analysis.  

The primers for qPCR amplification were designed using Primer3 plus (Table 3.4) and a specificity test 

performed by BLAST search against the P. trichocarpa genome on Phytozome V11 (Goodstein et al., 

2012). qPCR reactions were performed with 250nM of each forward and reverse primer and 1x SYBR® 

Green Master Mix (Roche).The M-values were calculated in the GeNorm software (Vandesompele et 

al.). Ribosomal Protein: 0.4; elongation factor 1ß: 0.4; Elongation factor 5 α: 0.5; Ubiquitin: 0.6.  
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3.8.11. Genotyping of A. thaliana mutant complementation lines 

 

Figure 3.28 Genotyping scheme for A. thaliana cyp98a3 mutant complementation assay with P. 

trichocarpa CYP98s.  

The A. thaliana T-DNA insertion mutant knock-out for CYP98A3 (Abdulrazzak et al., 2006) was used in a 

mutant complementation assay with the P. trichocarpa CYP98A23; CYP98A25 and CYP98A27 genes. As 

homozygous T-DNA lines of cyp98a3 show dwarf morphology and are male sterile, heterozygous plants 

were used for transformation with the P. trichocarpa CYP98s under the promoter of the A. thaliana C4H 

gene (Bell-Lelong and Cusumano, 1997). Refer to Figure 3.19. F: Forward primer on CYP98A3, R: reverse 

primer on CYP98A3, B: Primer on the T-DNA insertion, Gfw: forward poplar gene specific primer, Grv: 

reverse poplar gene specific primer. 
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4. General Conclusion 

 

In this study I characterized the CYP98 family across the land plants and within the 

angiosperms. I worked with the CYP98 members of Physcomitrella patens, Selaginella 

moellendorffii, Pteris vittata, Pinus taeda, Amborella trichopoda, Brachypodium distachyon, 

Populus trichocarpa and Arabidopsis thaliana. Genome mining and phylogenetic analysis of the 

CYP98 family across the land plants and within various angiosperm orders showed that the 

CYP98 family was represented by single copy members from mosses to gymnosperms. Only in 

angiosperms did the CYP98 family expand, counting one to twelve members per plant genome. 

The phylogenetic reconstruction of the CYP98 family was often challenging. However, 

bryophyte to gymnosperm CYP98s were all single member sets and formed monophyletic 

groups each with good statistical support when their relationship was reconstructed in a 

phylogenetic tree. Clades formed by CYP98s within the angiosperms usually obtained good 

statistical support only on the level of species or families. Relationships between angiosperm 

orders or isoform clades remained largely unresolved owing to poor statistical support of 

phylogenetic reconstructions. Nevertheless, I identified clearly independent CYP98 duplication 

events within the angiosperms that did not result from the ancestral angiosperm whole 

genome duplication or another single event early during angiosperm radiation. The difficulty in 

reconstructing the molecular evolution history of the CYP98 family with confidence may be 

explained by multiple factors: angiosperms underwent a rapid radiation early in their evolution 

and molecular clocks of different species can tick at very different paces. An example has been 

described by (Tuskan et al., 2006), where the A. thaliana clock ticks about six times as fast as 

the P. trichocarpa clock. This is possibly owed to the arborescent life style of P. trichocarpa. In 

addition, the CYP98 family has apparently undergone numerous gene amplification events 

continuously throughout angiosperm evolution (Figure 4.1) and duplicates underwent 

evolutionary changes at very different paces, and under distinct selection pressures. The 

combination of frequent gene birth with vastly different molecular clocks makes it very 

challenging for any phylogenetic model to reconstruct the actual timing of molecular 

evolutionary events.  
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Figure 4.1 Phylogenetic reconstruction of CYP98s included in the work of this thesis and their 

substrate preferences in vitro.  

Nucleotide based alignment by DIALIGN, positions with DIALIGN similarities greater than zero were kept. 

Maximum likelihood alignment using the phyml algorithm (model GTR). Bootstrap support by 100 

replicates. Known whole genome duplication events in the angiosperms have been added schematically 

as orange bars (Jiao et al., 2011; Li et al., 2016). Activity with p-coumaroyl-anthranilate is indicated by a 

purple dot, p-coumaroyl-shikimate is indicated by a blue dot, the activity with a broad range of 

substrates is indicated by a brown dot. 
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Nevertheless, consistent across numerous phylogenetic reconstructions, the duplication events 

leading to the CYP98 isoforms in A. trichopoda and P. trichocarpa clearly occurred 

independently within their respective lineages, and the same holds true for other duplications, 

for example those that occurred within the monocots. 

 

I determined the modification of the substrate utilization profiles in a set of representative 

plants by screening CYP98s from all species investigated with a diverse library of possible 

substrates. In these biochemical analyses I found that the substrate specificity of CYP98s 

changed during the evolution of land plants (Figure 4.2). CYP98s from a moss, lycopod and fern 

preferred p-coumaroyl-anthranilate among the substrates tested in vitro, but these CYP98s 

from P. patens, S. moellendorfii, and P. vittata essentially lacked activity with p-coumaroyl-

shikimate. A preference for p-coumaroyl-shikimate/quinate substrates was apparent for some 

of the angiosperm CYP98s tested, including those that have been previously connected to the 

biosynthesis of monolignols. The generation of a bryophyte CYP98 knock-out mutant revealed 

p-coumaroyl-threonic acid as the most likely in vivo substrate of the enzyme. In vivo distinct, 

non-complementary functions of the moss and angiosperm CYP98s must be assumed, since the 

P. patens CYP98A34 did not complement the cyp98a3 loss of function mutant in A. thaliana. 

Loss of function of CYP98 had severe, albeit distinct, developmental defects in A. thaliana and 

in P. patens beyond the expectations of losing secondary metabolic activities only. This suggests 

crucial roles of CYP98s and 3,4-di-hydroxylated HCCs in the development of bryophytes and 

angiosperms. Distinct and non-complementary esters are produced in bryophytes and 

angiosperms that might fulfil these developmental roles. Further analysis of the P. patens 

cyp98a34 knock-out mutant might help to determine the biological role of CYP98 in this non-

lignin producing plant.  

As observed previously for the lycopod S. moellendorfii, ferns also appear to use a distinct 

pathway or enzyme to produce monolignols. Ferns posses lignin composed of at least G lignin 

units. When the P. vittata CYP98 was incubated with potential substrates in vitro, it did not 

convert p-coumaroyl-shikimate, the substrate preferred by lignin biosynthesis-related CYP98s. 

Only little is known about the monolignol biosynthetic pathway in ferns, a group with known 
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extensive lignin content. The creation of a CYP98 knock-out mutant in a fern species could give 

further information about an involvement of CYP98 in the monolignol biosynthetic pathway in 

ferns, and thereby test the hypothesis generated here that lignin is made independently of 

CYP98 mediated caffeoyl-shikimate biosynthesis in ferns. The gymnosperm CYP98 showed an in 

vitro substrate utilization profile which was intermediate between the bryophyte, lycopod and 

fern on one side and the angiosperms on the other side. Similar to fern species, a role of CYP98 

in the monolignol biosynthetic pathway in gymnosperms has not yet been demonstrated. The 

P. taeda CYP98A19 substrate utilization as well as the gene expression profile of the single-copy 

P. abies CYP98 is consistent with a dual role of CYP98s for both lignin and soluble phenolic 

biosynthesis in conifers. Thus, p-coumaroyl-shikimate/quinate specific isoforms dedicated 

largely to lignin biosynthesis only emerged within the angiosperms. It appears most likely that 

in angiosperms recruitment for lignin biosynthesis and p-coumaroyl-shikimate/quinate 

specificity evolved only once, and that multiple, independent duplications then led to isoform 

with relaxed substrate utilization profiles, as seen in both A. trichopoda and P. trichocarpa. In 

some species these isoforms may then have specialized towards alternative substrates as seen, 

for example, in rosmarinic acid or hydroxycinnamoyl-spermidine biosynthesis. However, our 

data do not exclude the possibility that, rather, broad-range substrate utilization was ancestral 

in angiosperms, and that recruitment for monolignol biosynthesis, alongside with p-coumaroyl-

shikimate/quinate specificity, evolved convergently in distinct angiosperm lineages. In either 

case, the work of this thesis has provided further evidence that, despite the central role lignin 

plays in all vascular plants, its biosynthesis is plastic, distinct, and intersects with other 

metabolic and possibly regulatory pathways in different lineages within the vascular plants. 
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Figure 4.2 Hierarchical clustering analysis of the substrate conversion rates of all CYP98s 

investigated in vitro in this thesis.  

Rates of substrate conversion in an enzymatic end point screening assay using 10 pmol of enzyme and 

100µM of substrate (expected to be saturating) over 30 minutes at 28°C. The analysis of the incubation 

reactions was performed by HPLC/DAD. Hierarchical clustering was performed by Pearson Correlation, 

average linkage clustering. 
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5. Résumé français 

 

Evolution de la famille CYP98 de cytochromes P450 et de sa fonction chez les 

plantes terrestres 

 

Ma recherche examine le métabolisme phénolique des plantes qui est à l’origine de la synthèse 

des précurseurs du bois et de molécules de défense contre les agressions de l’environnement. 

J’utilise des approches génomiques, biochimiques et évolutives pour comprendre comment les 

plantes produisent certains de ces composés qui ont permis aux plantes de conquérir le milieu 

terrestre, autorisant notamment la mise en place d’un système vasculaire performant et un 

port érigé et l’adaptation aux conditions hostiles de ce nouveau milieu. 

Plus précisément, je travaille sur une famille de gènes appartenant à la famille CYP98 de 

cytochromes P450, présente chez toutes les plantes terrestres. Sa présence s’étend de la 

mousse, qui a évolué il y a environ 450 millions d’années, jusqu’aux arbres, qui sont apparus il y 

a environ 300 millions d’années. Ces gènes remplissent une variété de fonctions qui semblent 

avoir changé au cours de l’évolution. Chez les végétaux vasculaires supérieurs la forme 

principale de l’enzyme catalyse l’étape d’hydroxylation en position 3 du noyau phénolique du 

coumaroyl-shikimate, conduisant à la production des principaux précurseurs de la lignine 

(monolignols). C’est une étape essentielle au bon développement de la plante. Le substrat de 

l’enzyme chez ces végétaux supérieurs est le p-coumarate conjugué à l’acide shikimique (i.e. p-

coumaroyl-shikimate). Dans mon projet, je tente de couvrir toute l'évolution des plantes 

terrestres, travaillant sur les plantes représentatives des différents groupes phylogénétiques. 

 

Hypothèses de travail  

I) Les membres de la famille CYP98 des plantes terrestres anciennes comme les 

Bryophytes sont impliqués dans la biosynthèse de conjugués d’acides 

hydroxycinnamiques, composés solubles impliqués dans la protection de la plante. 
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II) Le gène CYP98 a évolué et s’est spécialisé chez les Euphyllophytes (fougères et les 

prêles/plantes à graines) pour la biosynthèse de la lignine, utilisant 

préférentiellement certaines formes d’esters phénoliques comme substrat. 

III) Les gènes de la famille CYP98 ont ensuite divergé chez les plantes terrestres 

supérieures pour produire des composés de défense contre les herbivores. 

Objectifs  

1. Caractérisation biochimique des CYP98 d’espèces représentatives de l’évolution des 

plantes terrestres (Bryophytes, Lycophytes, Monilophytes, Gymnospermes, 

Angiospermes) pour déterminer leur préférence de substrat. Les isoformes spécifiques 

de la biosynthèse de la lignine sont censées montrer une préférence pour le coumaroyl-

shikimate, alors que les isoformes impliquées dans la formation des conjugués 

phénoliques solubles de la plante devraient avoir une spécificité de substrat moins 

restreinte.  

2. Caractérisation fonctionnelle de certains CYP98 in vivo afin de vérifier les données 

obtenues lors des tests in vitro.  

a) La copie unique de CYP98 chez la mousse Physcomitrella patens a été ciblée pour 

des approches de génétique inverse afin de tester l’impact du gène in vivo sur le 

développement de la plante.  

b) Le mutant cyp98a3 d’Arabidopsis thaliana a été utilisé comme modèle pour tester si 

les membres de la famille CYP98 qui possèdent des spécificités de substrats 

similaires ou divergentes peuvent complémenter le déficit de fonction chez une 

plante vasculaire. 

3. Analyse de l’évolution de la famille CYP98 afin de comprendre les processus génétiques 

à l’origine de la diversification de la famille. En combinaison avec les données 

fonctionnelles obtenues pour les objectifs 1 et 2, un modèle d’évolution de la famille 

CYP98 sera établi.     
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Chapitre 2 - Les CYP98 chez les plantes terrestres 

Résumé 

Quand les plantes ont envahi l’écosystème terrestre, il y a environ 480 millions d'années, de 

multiples mécanismes de protection étaient nécessaires pour faire face aux nouveaux défis 

environnementaux. Les plantes ont adapté leurs métabolismes, et leurs produits naturels sont 

devenus importants pour la survie. Une voie biosynthèse donnant naissance à de tels composés 

est la voie biosynthèse des phénylpropanoïdes. Nous décrivons ici le rôle d'une famille 

d'enzymes, les cytochromes P450 CYP98, impliquées dans le métabolisme des 

phénylpropanoïdes des plantes terrestres. Les CYP98s ont été décrits chez les Angiospermes 

comme étant impliqués dans la biosynthèse des monolignols dans la voie de biosynthèse de la 

lignine. Il a ensuite été démontré qu’ils participaient à la formation de produits naturels tels 

que l'acide chlorogénique et l'acide rosmarinique. Pour reconstruire l'évolution de la famille 

CYP98, nous avons étudié les CYP98s de la mousse Physcomitrella patens, du lycopode 

Selaginella moellendorffii, de la fougère Pteris vittata, du Gymnosperme Pinus taeda, et de 

deux Angiospermes, Brachypodium  distachyon (monocotylédones) et Arabidopsis thaliana 

(eudicotylédones). 

Nos reconstructions phylogénétiques suggèrent qu'une seule copie du gène CYP98 a fondé 

chaque grande lignée de plantes terrestres et que la duplication de ce gène ne semblent avoir 

eu lieu que chez les angiospermes. Basé sur des essais biochimiques in vitro, nous avons montré 

que les CYP98s des Angiospermes testés préféraient le p-coumaroyl-shikimate comme substrat, 

tandis que les CYP98s  de plantes ancestrales avaient d’autres préférences de substrat. Les 

CYP98s de P. patens, S. moellendorffii et P. vittata, ont montré une préférence pour le p-

coumaroyl-anthranilate. Les enzymes ne produisent que peu voire pas du tout de caffeoyl-

shikimate in vitro. Une implication de CYP98 dans la biosynthèse de la lignine chez les fougères 

est discutée. Le profil métabolique du mutant knock-out dans P. patens, cyp98a34, indique que 

le p-coumaroyl-thréonate pourrait être le substrat de CYP98A34 in vivo. Le mutant knock-out 

de la mousse montre un phénotype de développement sévère. CYP98A34 de P. patens ne 

complémente pas le phénotype du mutant cyp98a3 de A. thaliana. Contrairement aux CYP98s 

des angiospermes testés, CYP98A19 du Gymnosperme P. taeda métabolise une gamme de 
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substrats large qui recouvre celles des enzymes d’Angiospermes et des plantes ancestrales, 

pouvant représenter une étape de transition entre les fonctions biochimiquement et 

physiologiquement distincts des CYP98s chez les Angiospermes et les plantes ancestrales. 

 

Résultats 

Une analyse de base des données informatiques a été effectuée pour collecter des séquences 

codant des CYP98 chez les Bryophytes, Lycophytes, fougères et Gymnospermes dans les bases à 

données des génomes et des transcriptomes. Au total, les 58 génomes actuellement 

disponibles sur « Phytozome v11 » (Goodstein et al., 2012) et les transcriptomes du projet 1000 

plantes transcriptomes (1kp, www.onekp.com) ont été analysés. Cette recherche a montré la 

présence d’au moins un CYP98 chez toutes les espèces appartenant à ces groupes. Des 

duplications du gène CYP98 n’ont été identifiés que chez les Angiospermes, tant chez les 

monocotylédones que chez les dicotylédones. La taille de la famille CYP98 peut varier d’une 

seule copie (chez par exemple B. distachyon, Carica papaya) à 12 (Malus x domestica) chez les 

Angiospermes, avec une médiane de 2 gènes, dans les 43 génomes Angiospermes analysés. Une 

recherche BLAST (Altschul et al., 1990) dans les génomes des algues vertes Chlamydomonas 

reinhardtii, Volvox carteri, Coccomyxa subellipsoidea, Micromonas pusilla et Ostreococcus 

lucimarinus n'a pas abouti à l'identification d’un homologue. De plus, une recherche dans 

Genbank, la base de séquence NCBI, en excluant les plantes terrestres (Embryophytes), n’a pas 

permi d’identifier de CYP98. Des espèces représentatives de chaque grande lignée de plantes 

terrestres (Bryophytes, Lycopodes, fougères, Gymnospermes et Angiospermes) ont été choisies 

pour une reconstruction phylogénétique. Des CYP98 de mousses, incluant le CYP98A34 de la 

mousse P. patens, ainsi que d’Anthoceros ont été inclus dans l’analyse. Les CYP98s de 

Lycopodes disponibles ont été inclus, parmi ceux-ci CYP98A38 de S. moellendorffii. En nous 

basant sur la classification des fougères établie par Smith et al. (Smith et al., 2006b), des CYP98s 

des quatre classes Polypodiopsida, Marattiopsida, Equisetopsida et Psilotopsida ont été 

identifiés pour l'analyse. Le CYP98 de P. taeda, CYP98A19, qui a été décrit précédemment 

(Anterola, 2002), a été inclu dans l'analyse, ainsi que d'autres CYP98s de conifères, cycas, 

gnétales et ginkgo. Des CYP98s d’Angiospermes monocotylédones et eudicotylédones ont été 
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ajoutés à l'analyse. Nous avons également inclus tous les CYP98s caractérisés biochimiquement. 

Ces CYP98s ont été connectés à la biosynthèse de la lignine, ainsi que la biosynthèse des 

composés phénoliques soluble et sont tous inclus dans la clade des Angiospermes. La topologie 

de la phylogénie des CYP98s suit celle des plantes terrestres, et toutes les lignées majeures 

forment des clades monophylétiques avec un fort soutien statistique (bootstrapping de 100 

reproductions) (Figure 5.1). 

 

 
Figure 5.1 Reconstruction phylogénetique des CYP98s chez les plantes terrestres.  

Arbre phylogénétique radial. Le bootstrap pour les points de ramification des grandes lignées de plantes 

terrestres est donné. L'arbre phylogénétique est basé sur un alignement des séquences d'acides aminés 

produit par DIALIGN (Morgenstern, 1999). L'arbre phylogénétique maximum likelihood a été reconstruit 

en utilisant PhyML (Guindon and Gascuel, 2003). Le soutien statistique bootstrap a été obtenu pour 100 

répétitions. Tous les CYP98s caractérisés du point de vue biochimique appartiennent à la branche des 

Angiospermes et sont indiqués par des étoiles dans le cladogramme. Les membres de la famille de 

CYP98 caractérisés dans le cadre de mon travail de thèse ont été indiqués par une flèche verte et les 

noms d’espèces sont donnés dans le phylogramme. 
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Tous les gènes d'une lignée donnée sont issus d'un ancêtre commun. Il est clair que les deux 

fonctions connues des CYP98s, l’implication dans la biosynthèse de la lignine et dans la 

biosynthèse des composés phénoliques solubles, sont trouvés chez les Angiospermes, une clade 

monophylétique. Cela suggère que la diversification fonctionnelle au sein des Angiospermes ne 

s’est produite qu’après leur séparation des Gymnospermes. Une caractérisation détaillée de ces 

événements de duplication de gènes au sein des Angiospermes fera l'objet du chapitre 3 de 

cette thèse.                     

En supposant un recrutement des CYP98s pour la biosynthèse de la lignine seulement après la 

diversion Lycopodes / Euphyllophytes (les Lycopodes utilisent une voie indépendante de 

CYP98), il reste à savoir quand et à quelle fréquence ceci est arrivé. Tous les CYP98s décrits 

impliqués dans la biosynthèse de la lignine préfèrent le coumaroyl-shikimate comme substrat.  

Des plantes représentatives de chaque lignée majeure ont été choisies. Le génome de la 

mousse P. patens a été le premier génome de Bryophyte séquencé, avec une bonne annotation 

du génome. CYP98A34 est le seul CYP98 chez P. patens. Le seul Lycopode avec un génome 

complet disponible, S. moellendorffii, a été étudié pour sa teneur et sa composition en lignine, 

mais son seul CYP98A38 n'a pas été caractérisé biochimiquement à ce jour. Des données 

transcriptomiques sont disponibles sur le projet de 1000 plante transcriptomes pour P. vittata, 

une espèce de fougères Leptosporangiate. En général, les fougères ont été peu étudiées. P. 

vittata est étudié pour la phytoremédiation, parce qu'il est un accumulateur d'arsenic et 

capable d’extraire des antibiotiques de l'eau (Danh et al., 2014; Li et al., 2015a). Une analyse de 

la lignine de P. vittata a montré une lignine constituée seulement d'unités G, similaire à la 

composition de la lignine des Gymnospermes (Weng et al., 2008b). Son seul CYP98, PvCYP98, a 

été inclus dans notre étude. CYP98A19 de P. taeda a été décrit dans une expérience de culture 

de cellules en suspension (Anterola, 2002). Quand les cellules ont été transférées dans un 

milieu contenant du saccharose et de l'iodure de potassium, la transcription des gènes codant 

les enzymes impliquées dans la biosynthèse de la lignine a été induite à l’exception de 

CYP98A19 et de la cinnamate 4-hydroxylase, qui n’ont montré qu’une très faible augmentation 

de transcription. CYP98A19 n'a pas été caractérisé biochimiquement jusqu’à présent. B. 

distachyon est une plante modèle des Angiospermes monocotylédones et fait l'objet de 
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recherches dans le domaine des parois cellulaires en utilisation pour produire des 

biocarburants (Coomey and Hazen, 2015). Nous avons sélectionné B. distachyon parce que son 

génome ne contient qu'un seul CYP98, CYP98A4, qui est sans doute impliqué également dans la 

biosynthèse de la lignine. Le CYP98A3 de l’Angiosperme eudicotylédone A. thaliana a été l'objet 

de recherches dans le passé et été à l’origine de la découverte de l'implication des CYP98s dans 

la biosynthèse des monolignols (Schoch et al., 2001; Franke and Hemm, 2002; Nair et al., 2002).  

Les séquences codantes de ces différents CYP98 ont été clonées dans un vecteur d'expression 

de levure et introduits dans la souche S. cerevisiae WAT11, qui contient la réductase ATR1 d’A. 

thaliana. Les microsomes de levures exprimant les enzymes ont été préparées pour effectuer 

des tests enzymatiques. Par spectrophotométrie, les CYPs correctement exprimés montrent 

une bande Soret à absorption maximale de 450 nm quand ils sont réduits et complexés avec du 

CO. La quantité d'enzyme fonctionnelle peut être déterminée par un spectre différentiel de 

P450 réduit et de P450 réduit et complexé avec du CO (Figure 5.2). Les spectres CO obtenus 

pour toutes les enzymes indiquent la présence d'enzyme fonctionnelle.  

 

Figure 5.2 Spectres CO différentiel de CYP98s inclus dans l'analyse biochimique. 
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Les microsomes de levure ont été incubés avec divers substrats potentiels (Figure 2.4). La 

plupart de ces substrats ne sont pas disponibles dans le commerce et ont été synthétisés 

chimiquement ou enzymatiquement. La gamme de substrats comprenant des substrats connus 

des CYP98s, tels que le p-coumaroyl-shikimate (synthétisé par voie enzymatique) et le p-

coumaroyl-quinate (synthétisé chimiquement). L’acide p-coumarique a été inclus dans 

l'expérience pour tester une hydroxylation sur l'acide libre. Plusieurs phénolamides ont été 

inclus car ils sont connus pour être métabolisés par certains CYP98s. Pour ne citer que deux 

exemples, Triticum aestivum CYP98A11 et CYP98A12 peuvent hydroxyler le p-coumaroyl-

tyramine (Morant et al., 2007). En outre, plusieurs esters coumariques, précurseurs potentiels 

d’esters caféiques qui existent dans la nature, ont été synthétisés par voie chimique pour 

l'expérience. C’est le cas par exemple des prenyl-, isoprenyl- et benzyl-p-coumarate (Rubiolo et 

al., 2013). Pour élargir la gamme de substrats potentiels, certains substrats artificiels ont été 

synthétisés chimiquement et testés.  

La formation du produit a été analysée par chromatographie en phase liquide (Figure 5.3).  

 

Les résultats obtenus révèlent des préférences de substrat différentes pour les CYP98s 

d'Angiospermes et de Bryophytes, Lycopodes et fougères. Les CYP98s testés utilisent des 

substrats d'origine naturelle, mais aussi des substrats synthétiques comme des esters 

phénoliques et des phénolamides. L'acide p-coumarique libre et les esters et amides de 

cinnamate n'ont pas été convertit par les CYP98s testés. Le p-coumaroyl-shikimate et le p-

coumaroyl-quinate sont les substrats préférés des CYP98s des Angiospermes, mais ne sont que 

faiblement utilisés par les enzymes de Bryophytes, Lycopodes et fougères. La gamme de 

substrats de CYP98A19 (Gymnosperme) est intermédiaire entre les deux groupes. Cette enzyme 

de P. taeda convertit de nombreux substrats. Les CYP98s de Bryophytes et Lycopodes ont une 

préférence in vitro pour p-coumaroyl-anthranilate. Une analyse de classification hiérarchique 

des données montre que les CYP98s de Bryophytes, Lycopodes et fougères d’une part et de 

Gymnospermes et d’Angiospermes d’autre part forment deux groupes distincts (Figure 5.4). 

 

 



Résumé français 

173 

 

 

Figure 5.3 Incubation de microsomes de CYP98A19 de P. taeda avec le benzyl-p-coumarate. 

Analyse par HPLC / DAD. 

A : Standard de benzyl-p-coumarate et spectre UV correspondant. B : structure du benzyl-p-coumarate 

D et E : Incubation de microsomes préparés à partir de levures exprimant CYP98A19 avec le benzyl-p-

coumarate, E : Contrôle sans NADPH, D : Réaction avec NADPH. C : contrôle vecteur vide (microsomes 

préparés à partir de levures transformées avec pYeDP60). 
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Figure 5.4 Classification hiérarchique des substrats et P450s testés biochimiquement.  

Groupement par liaison moyenne utilisant la corrélation de Pearson. Les taux correspondants de 

conversion sont présentés en détail dans le Figure 2.6. Incubation de 10 pmole de P450 avec 100 µM de 

substrat pendant 30 minutes. 

 

 

Comme le profil d’utilisation et de préférence de substrat des plantes ancestrales différait 

beaucoup de ceux des Angiospermes, le rôle biologique des CYP98s dans les plantes  

ancestrales a été étudié par une approche de génétique inverse.  

Un mutant knock-out de CYP98A34 de P. patens a été généré par G. Wiedemann et H. Renault, 

en profitant du taux élevé naturel de recombinaison homologue de la plante. La cassette de 
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sélection a été introduite vers l'extrémité 5' du gène, afin de supprimer les domaines P450 

fonctionnels. Après vérification de l’intégration de la cassette, plusieurs lignées mutantes avec 

intégration unique ont été identifiées. Le phénotype de ces lignes est très fort, les plantes 

n’étant plus capables à pousser au stade gamétophore (Figure 5.5). 

 

 

 

Figure 5.5 Phénotype du mutant knock-out cyp99a34 de la mousse P. patens.  

Généré par H. Renault. A :  Gamétophores âgé de 8 semaines de type sauvage. B: Mutant knock-out 

cyp98a34 âgé de 8 semaines montrant un phénotype sévère. C: Gros plan du phénotype du mutant 

knock-out. 

 

Une analyse par HPLC des extraits méthanoliques des mutants par HPLC a révélé plusieurs 

différences entre la mousse sauvage et les mutants (Figure 5.6). Surtout deux pics éluant tôt 

dans les chromatogrammes des extraits de la mousse sauvage sont absents dans les 

chromatogrammes des mutants.  

Pour déterminer les masses des composés d'intérêt, une analyse UPLC-MS / MS a été effectuée 

par H. Renault. Sur la base des spectres de masse et  de la littérature, les pics ont été identifiés 

comme correspondant probablement de l’acide caféoyl-thréonique (Hahn and Nahrstedt, 1993; 

Kuczkowiak et al., 2014). La fonction de l'acide caféoyl-thréonique chez les plantes n’est pas 

décrite. Il a été détecté chez des variétés de plantes, comme Fagus sylvatica, P. patens, 

Saniculiphyllum guangxiense, Miscanthus sacchariflorus, Miscanthus giganteus et Cornus 

controversa (Lee et al., 1995; Richter et al., 2012; Parveen et al., 2013; Cadahía et al., 2014; 

Geng et al., 2014). 
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Figure 5.6 Spectres HPLC / DAD d’extraits de gamétophores de P. patens de type sauvage et de 

cyp98a34 knock-out.  

Analyse HPLC par H. Renault. a: UV chromatogram showing the absence of major peaks in the ΔPpCYP98 

mutant gametophore crude extract. IS, internal standard (morin). b: Names and structures of molecules 

at the indicated retention times (RT). c:  PpCYP98-dependent conversion of p-coumaroyl-2-threonate 

(pC2T) and p-coumaroyl-4-threonate (pC4T) esters into corresponding caffeoyl threonate esters (C2T 

and C4T). Control reactions without NADPH were concurrently analyzed. Molecules were detected using 

dedicated multiple reaction monitoring (MRM) methods. 

 

L'acide caféoyl-thréonique a été identifié comme substrat d'une polyphénol oxydase chez 

Dactylis glomerata (Parveen et al., 2008). Les polyphénol oxydases sont considérées comme 

étant impliquées dans la défense des plantes (Constabel and Barbehenn, 2008). Treize 

polyphénols oxydases ont été identifiées dans le génome de P. patens (Tran et al., 2012). 

L'absence d’acide caféoyl-thréonique chez les lignées mutantes cyp98a34 a suggère que l'acide 

p-coumaroyl-thréonique pourrait être le substrat de CYP98A34 in vivo. Le p-coumaroyl-

thréonate a été synthétisé par voie chimique (M. Schmitt et coll., UMR CNRS 7200) et utilisé 

comme substrat pour les essais in vitro. Il a ainsi été possible de démontrer que CYP98A34 
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hydroxyle le p-coumaroyl-thréonate, quoique moins efficacement que le p-coumaroyl-

anthranilate in vitro.                      

Comme CYP98A34 de la mousse montrait une - quoique plutôt faible - hydroxylation de p-

coumaroyl-shikimate in vitro, une expérience de complémentation par le CYP98A34 de P. 

patens du mutant cyp98a3 d’Arabidopsis thaliana a été tentée. L’expression de CYP98A34 était 

sous contrôle du promoteur de la cinnamate-4-hydroxylase (C4H) d’A. thaliana. Des lignées 

transgéniques contenant la construction promoteur C4H et CYP98A34, et homozygotes pour le 

knock-out cyp98a3, ont été identifiées par criblage sur des milieux selectifs contenant du 

BASTA et de la kanamycine et par génotypage par PCR. La présence de transcrits de CYP98A34 

de P. patens a également été vérifiée par RT-PCR (Figure 5.7). Les résultats obtenus ont montré 

que CYP98A34 n’est pas capable de complémenter le phénotype sévère du mutant knock-out 

cyp98a3 d’A. thaliana. En effet les plantes qui étaient homozygotes pour le cyp98a3 knock-out 

et qui exprimaient CYP98A34 présentant le même phénotype que les mutants de cyp98a3 non-

complémentés. 
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Figure 5.7 Complémentation du mutant  cyp98a3 d’A. thaliana par CYP98A34 de P. patens.  

A: Gros plan sur plantes d’A. thaliana âgées de 4 semaines. A gauche, une lignée homozygote pour le 

knock-out cyp98a3 et exprimant CYP98A34; au centre, une lignée homozygote pour le knock-out 

cyp98a3 complémentée par CYP98A3; à droite A. thaliana Wassilewskija, type sauvage. B: Onze lignées 

de plantes homozygotes pour le knock-out cyp98a3 et exprimant CYP98A34. C: Un gros plan du mutant 

knock-out homozygote cyp98a3. D: Schéma du locus CYP98A3 chez A. thaliana et localisation de 

l’insertion d'ADN-T pour créer le cyp98a3 knock-out. E: RT-PCR d’A. thaliana de type sauvage et des 

lignées homozygotes pour le knock-out cyp98a3 exprimant CYP98A34. 

 

Conclusion  

Les résultats obtenus dans cette étude indiquent que le substrat préféré des CYP98s a changé 

au cours de l'évolution des plantes terrestres. Les formes qui présentent une préférence pour 

l’acide p-coumaroyl-shikimique ne sont présentes que chez les plantes à graines. Le CYP98 

unique du Bryophyte P. patens, mais aussi celui du Lycopode S. moellendorffii et de la fougère 

P. vittata n’ont quasiment pas d'activité de métabolisation de l’acide p-coumaroyl-shikimique 

mais produisent divers autres esters ou amides de caféoyle. In vivo, CYP98A34 de P. patens ne 

peut pas complémenter le mutant cyp98a3 d’A. thaliana. Néanmoins, la perte de fonction de 

CYP98 tant chez les Angiospermes que chez les Bryophytes, montre de sévères déficits du 
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développement qui vont au-delà des attentes associées à la perte d’activités dans le 

métabolisme secondaire. Chez A. thaliana, la formation de lignine et l'accumulation des 

flavonoïdes dans le mutant peuvent être découplés du phénotype nain (Li et al., 2010; Gallego-

Giraldo et al., 2011; Kim et al., 2014). Ceci indique que ce n’est pas forcement le changement 

dans les principaux métabolites secondaires (lignine ou flavonoïdes) qui causent le phénotype 

nain. On retrouve une situation similaire chez P. patens. L'absence d'accumulation de caffeoyl-

thréonate dans le mutant cyp98a34 peut être soit la cause soit une coïncidence avec le 

phénotype de développement. Dans les deux cas, les données présentées ici démontrent un 

rôle crucial des CYP98s et des hydroxycinnamates 3,4-dihydroxylés dans le développement chez 

les Bryophytes et les Angiospermes. Nous montrons aussi que des esters distincts et non 

complémentaires sont produits chez les Bryophytes et chez les Angiospermes pour remplir ces 

rôles développementaux.  

Les fougères produisent de larges quantités de lignine, mais le CYP98 de P. vittata ne montre 

pas un profil de substrat similaire à celui des CYP98s associés à la biosynthèse de la lignine. En 

particulier, aucune activité avec le p-coumaroyl-shikimate n’est détectable. Il apparaît ainsi que 

les fougères n'utilisent pas caféoyl-shikimate formé par un CYP98 pour la biosynthèse de la 

lignine. La même chose est constatée pour CYP98A38 de S. moellendorffii, qui est également 

incapable de produire du caféoyl-shikimate. A noter que S. moellendorffii possède une enzyme 

distincte, SmF5H / CYP788A1 (DN837863), qui est capable de contourner les étapes de 3’- et 5’-

hydroxylation impliquées dans la biosynthèse des précurseurs de la lignine (Weng et al., 2008a). 

Cela est compatible avec une fonction non liée à la lignine du CYP98 de S. moellendorffii. Le 

profil de spécificité de substrat de CYP98A38 est également plus semblable à celui des CYP98s 

de P. patens et de P. vittata qu'à celui CYP98s des Angiospermes, A. thaliana et B. distachyon. 

Tout ceci semble indiquer que des CYP98s qui sont plus spécifiques pour le p-coumaroyl 

shikimate ont été recrutés pour la biosynthèse de la lignine chez les plantes à graines. Les 

Gymnospermes contiennent un seul CYP98. CYP98A19 de P. taeda montre une forte flexibilité 

d’acceptance de substrat, et est capable de métaboliser le p-coumaroyl shikimate in vitro. Cela 

pourrait signifier qu'il est impliqué à la fois dans la biosynthèse des précurseurs de la lignine, et 

dans la biosynthèse d'autres composés solubles. Cependant, il reste également possible que, 
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même chez les Gymnospermes, les CYP98s ne contribuent pas à la biosynthèse des 

monolignols. Dans une expérience sur des cultures de cellules en suspension, l'addition de Phe 

dans le milieu de culture seulement provoque une très faible hausse de l'expression de 

CYP98A19 et cinnamate 4-hydroxylase, contrairement à d'autres gènes dans la voie de 

biosynthèse de la lignine (Anterola, 2002). Ceci avait été interprété comme un contrôle 

transcriptionnel des CYP indépendant du reste des gènes de la voie des phénylpropanoïdes. 

Cependant, les CYP98s chez les Angiospermes sont co-régulés avec la plupart des autres gènes 

de la voie biosynthèse des monolignols, comme indiqué par l’analyse génétique de co-

expression chez A. thaliana, le peuplier et le riz (Ehlting et al., 2005; Hirano et al., 2012; Chen et 

al., 2014). En revanche, le seul CYP98 du Gymnosperme Picea glauca est absent d'un réseau de 

co-expression de gène de la voie biosynthèse des monolignols (Porth et al., 2011). Il apparaît 

ainsi que les CYP98s des Gymnospermes ne sont pas seulement biochimiquement distincts de 

ceux des angiospermes associés à la lignine, mais qu'ils sont également sous un contrôle 

transcriptionnel distinct.          

Seuls les Angiospermes possèdent plusieurs copies de CYP98 ce qui pourrait indiquer que la 

diversification fonctionelle pouvait être en lien avec la duplication des gènes dans ce groupe. 
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Chapitre 3 Les CYP98 chez les Angiospermes 

Résumé 

Une grande diversité d’Angiospermes peut être trouvée dans presque tous les environnements. 

Dans ce chapitre nous décrivons l’évolution et la fonction des enzymes de la famille CYP98 chez 

les Angiospermes. Bien que beaucoup de familles de gènes de plantes soient fortement 

conservées et retrouvées chez tous les Embryophytes, ce nombre de gène peut beaucoup 

varier au sein de différents groupes. Pour s’adapter aux défis d’un environnement spécifique, la 

famille peut s’élargir et se diversifier fonctionnellement. La duplication de gènes peut être à 

l’origine de ces événements adaptifs. L’implication des CYP98 dans la voie biosynthèse des 

monolignols chez les Angiospermes a été décrite. Ces CYP98s sont également impliqués dans la 

voie de biosynthèse menant aux composées phénoliques solubles chez les plantes. Une 

duplication des CYP98s est observée seulement chez les Angiospermes. Toutes les 

Angiospermes étudiées possèdent au moins une copie de CYP98. Une reconstruction 

phylogénétique de la famille CYP98, prenant en compte les différents ordres d’Angiospermes, 

ne montre pas la formation de classes distinctes en corrélation avec la fonction biochimique ou 

physiologique des enzymes. Au contraire, les résultats observés suggèrent plusieurs 

duplications indépendantes dans la famille CYP98. Des événements de duplication 

indépendants chez Populus trichocarpa et Amborella trichopoda ont été caractérisés 

biochimiquement. Dans chacune des deux espèces, un CYP98 est spécialisé pour le p-

coumaroyl-shikimate et semble donc potentiellement impliqué dans la biosynthèse des 

monolignols. Une deuxième isoforme métabolise une gamme de substrat très large. Une 

troisième isoforme chez P. trichocarpa ne montre aucune fonction in vitro et ne peut pas 

complémenter la déficience de CYP98A3 chez un mutant knock-out d’A. thaliana. Les données 

cinétiques des deux isoformes actives de P. trichocarpa renforcent, avec les données 

biochimiques et des données de co-expression de gène, l’hypothèse que l’une des isoformes est 

impliquée dans la formation des monolignols, pendant que l’autre isoforme est impliquée dans 

la formation d’esters phénoliques solubles. Les deux isoformes de P. trichocarpa 

complémentent avec la même efficacité le mutant knock-out cyp98a3 d’A. thaliana. Chez les 

Salicaceae, la première duplication de CYP98 a eu lieu avant la duplication complète du 
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génome. La duplication des gènes en tandem qui a donné naissance à CYP98A23 et CYP98A25 

du peuplier a par contre eu lieu après la duplication complète du génome.   

 

Résultats 

Des espèces avec de multiples CYP98 existent seulement chez les Angiospermes. Les résultats 

présentés au chapitre 2 montraient que tous les CYP98 des Angiospermes résultaient d’un seul 

ancêtre. 43 génomes d’Angiospermes sont disponibles dans la base de données génomique 

phytozomev11. (Goodstein et al., 2012). 123 séquences CYP98 ont été trouvées dans ces 

génomes d’Angiospermes. La taille de la famille CYP98 varie de 1 à 12 membres, avec une 

médiane de 2. 

En suivant la dernière classification des Angiospermes de « l’Angiosperm Phylogeny Group » 

(APGIV) (Chase et al., 2016) pour la classification des ordres et des familles, un ensemble de 

données qui comprend deux espèces par ordre (si disponible) a été créé. Un schéma des ordres 

est présent en Figure_II_2. Ont été choisis préférentiellement des CYP98 caractérisés, puis les 

espèces dont le génome était complètement séquencé, ensuite des données du projet 1000 

transcriptomes de plantes (onekp.com). Dans une reconstruction phylogénétique globale avec 

toutes ces séquences, une distribution des CYP98 corrélant à leur fonction n’est pas détectée. 

Au contraire, les CYP98s d’une même famille se trouvent le plus souvent très proches dans la 

même clade. Le soutien statistique pour les branches est fort pour quelques clades comme A. 

trichopoda, les monocotylédones et une clade contenaient CYP98A8 et CYP98A9 d’A. thaliana. 

Les branches des isoformes CYP98 dans plusieurs familles montrent des soutiens statistiques 

forts. Mais le soutien reste faible pour les clades formées par plusieurs ordres. Pour affiner 

l’analyse, une reconstruction avec des CYP98s des espèces dont le génome a été séquencé a été 

effectuée.  

Bien que la phylogénie ait été construite sur les séquences nucléotides sur la base d’une bonne 

qualité d’annotation quasiment complète, le soutien statistique reste faible entre plusieurs 

ordres d’Angiospermes. Il est possible que les différentes horloges moléculaires ne soient pas 

au même pas chez les différentes espèces. Les grandes différences en longueur de branches 

pourraient soutenir cette hypothèse. Pour beaucoup d’espèces, une isoforme de CYP98 se 
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trouve dans un clade avec une branche  courte, et une ou plusieurs autres se trouvent dans un 

clade avec une longueur de branche plus longue. Ils ont donc eu plus de changement au niveau 

moléculaire depuis la séparation de leur ancêtre commun (Figure 5.8). 

 

Figure 5.8 Reconstruction phylogénétique des gènes CYP98 caractérisés et des gènes CYP98 

d'espèces avec des génomes séquencés.  

Un alignement de séquences nucléotides de CYP98 créé en utilisant DIALIGN, en gardant les positions 

d'alignement avec des similitudes diagonales au-dessus de zéro. La reconstruction phylogénétique 

maximum likelihood a été réalisée par PhyML, sur la base du modèle de HKY85. Le soutien statistique de 

la reconstruction phylogénétique a été obtenu par bootstrap avec 100 répétitions. Le codage couleur 

des branches suit la classification APG IV affichée de la Figure_III_ 2. Les noms des espèces sont donnés 

sur une liste d'espèces détaillées dans Table_III_ 5, en supplément. L'alignement est donné en annexe. 

Les numéros attribués aux CYP98s sont affichés en bleu foncé derrière les noms d'espèces. Les fonctions 

des CYP98s caractérisés trouvés dans la littérature sont indiquées par un point de couleur. 
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Une séparation majeure en deux classes liées à la fonction de l’enzyme n’est pas apparente. 

Une telle séparation aurait été attendue dans le cas de duplication et spécialisation anciennes. 

Au contraire, des duplications indépendantes sont observées dans chaque lignée, ce qui 

suggère une répétition des duplications, diversification et pertes de gènes dans l’histoire des 

Angiospermes. Pour les duplications indépendantes chez P. trichocarpa et A. trichopoda, on a 

obtenu un soutien statistique (par bootstrapping 100 reproductions) fort.  

 

P. trichocarpa possède trois CYP98s. A. trichopoda possède de deux CYP98s. Les enzymes ont 

été exprimées dans des levures S. cerevisiae (Figure 5.9) et des microsomes ont été préparés.  

 

Figure 5.9 Spectres CO différentiels des CYP98s de P. trichocarpa et A. trichopoda réalisés sur des 

microsomes préparés à partir de levures. 

 

Des tests enzymatiques ont été réalisés comme décrit dans le chapitre 2. CYP98A25 de P. 

trichocarpa n ‘a montré aucune activité in vitro avec tous les substrats testés. Des substrats 

naturels et des substrats synthétiques ont été hydroxylés par les quatre autres CYP98s. Aucun 

des CYP98 testés n’a montré une activité avec l’acide p-coumarique libre dans nos expériences. 
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Dans l’ensemble, le CYP98A27 de P. trichocarpa et le CYP98A84 ont montré une préférence 

pour le p-coumaroyl-shikimate et le p-coumaroyl-quinate, alors que le CYP98A23 de P. 

trichocarpa et le CYP98A85 d’A. trichopoda ont converti une diversité de substrats (Figure 5.10).  

 

 

Figure 5.10 Classification hiérarchique des substrats et des P450 testés biochimiquement. 

Groupement par liaison moyenne utilisant la corrélation de Pearson. Les taux correspondants de 

conversion sont présentés en détail dans Figure 3.8. Incubation de 10 pmole d’enzyme P450 avec 100 

µM de substrat pendant 30 minutes à 28°C sous agitation. 
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Une corrélation des spectres des substrats du Gymnosperme testé en chapitre 2 montre une 

meilleure corrélation avec CYP98A84 d’A. trichopoda (Coefficient de Corrélation Pearson 

r=0.71). Si on considère les duplications indépendantes chez A. trichopoda et P. trichocarpa et 

le large spectre de substrat du CYP98 de Gymnosperme, on peut présumer que l’ancêtre des 

CYP98 des Angiospermes était soit spécifique pour le p-coumaroyl-shikimate, soit acceptait au 

moins le p-coumaroyl-shikimate comme un de ses substrats.  

Les propriétés catalytiques des deux enzymes de peuplier ont ensuite été testées avec quatre 

substrats présents naturellement chez le peuplier. Les données obtenues montrent que 

CYP98A27 métabolise préférentiellement le p-coumaroyl-shikimate et que le spectre de 

substrat de CYP98A23 est plus large. Comme les deux enzymes in vitro montrent des fonctions 

redondantes, nous avons aussi étudié leur expression dans la plante in silico (Figure 5.11).  

 

Figure 5.11 Expression des gènes CYP98A23 / 25 (combinés) et de CYP98A27 dans un ensemble de 

données de biopuces Affymetrix concernant organes et tissus.  

Les valeurs d'expression de CYP98A27 et CYP98A23 / 25, dans un ensemble de données Affymetrix, 

comprenant divers tissus et stades de développement de P. trichocarpa, sont montrées en médiane 

centrée. Pour une description du jeu des données et la normalisation voir Guo et al., 2014. 

 

Alors que CYP98A27 est exprimé dans des tissus fortement lignifiés, le CYP98A23/25 (qui 

partagent une sonde commune dans les données Affymetrix) est plutôt exprimé dans les 

bourgeons d’inflorescences, les jeunes feuilles et les feuilles matures. Le patron d’expression de 

des deux gènes est donc bien en accord avec les activités détectées in vitro: CYP98A27 qui 
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montre une spécificité pour le p-coumaroyl-shikimate/p-coumaroyl-quinate est exprimé dans 

des tissues fortement lignifiés et CYP98A23/25 dans des tissus riches en phénols solubles, 

potentiellement protecteurs (Greenaway and Whatley, 1990b; English et al., 1991).  

Dans un jeu de données transcriptomiques du projet POPCAN, représentatif pour 371 individus 

de 197 accessions pour les jeunes feuilles et 390 individus de 194 accessions pour le xylème en 

développement, le résultat obtenu est cohérent avec les données Affymetrix. Alors que  

CYP98A23 montre une forte expression dans les jeunes feuilles, CYP98A25 ne montre presque 

aucune expression. Dans une analyse de co-expression, CYP98A27 est co-exprimé avec de 

nombreux gènes de la voie biosynthèse de la lignine, impliqués dans la formation de la paroi 

cellulaire et des facteurs de transcription. CYP98A23, au contraire, n’est pas co-exprimé avec 

beaucoup de gènes (Coefficient de corrélation de Pearson r=0.75). En baissant le Coefficient de 

Corrélation de Pearson à r=0.65, on trouve plusieurs gènes co-exprimées, par exemple un 

homologue du facteur de transcription MYB4, impliqué dans la tolérance aux UV-B et 

l’accoutumance au froid, et un répresseur des gènes de la biosynthèse des monolignols chez A. 

thaliana et Oryza sativa (Jin et al., 2000; Vannini et al., 2004; Schenke et al., 2011). De plus, on 

trouve des gènes associés à la biosynthèse des flavonoïdes. Un de ces gènes, représente une 

isoforme de la 4CL associée à la biosynthèse des flavonoïdes et autres composés phénoliques 

solubles (Ehlting et al., 1999).  

L'expression relative des trois gènes de P. trichocarpa a été suivie dans des feuilles de P. 

trichocarpa, suite à une attaque par des larves de Lymantria dispar. Une analyse statistique non 

paramétrique (Mann-Whitney U) montre une augmentation significative, mais très faible, de 

l'expression de CYP98A23. L’augmentation de l’expression relative de CYP98A25 est plus forte, 

environ 10 fois en moyenne. Cependant, les niveaux absolus de transcriptions de CYP98A25 

restent cependant très faibles, à la fois dans le contrôle et dans les échantillons traités. Aucune 

différence significative n'a été observée pour les niveaux transcription de CYP98A27. 

Globalement, une induction de seulement deux fois de CYP98A23 et CYP98A27 ne suggère pas 

d’influence du traitement par L. dispar sur l’expression des gènes. 

CYP98A23, CYP98A25 et CYP98A27 ayant montré des profils d'expression et co-expression 

distincts, ainsi que des propriétés biochimiques distinctes, nous avons ensuite cherché à 
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déterminer si la fonction de CYP98A23 et CYP98A27 était capable de complémenter le mutant 

knock-out cyp98a3 d’A. thaliana in vivo. Nous avons aussi testé si CYP98A25 pouvait 

complémenter le mutant A. thaliana in vivo, bien qu’aucune activité n’ait été détectée in vitro. 

Sous le contrôle du promoteur de la cinnamate-4-hydroxylase (C4H) (Bell-Lelong and 

Cusumano, 1997), les deux CYP98s du peuplier, CYP98A23 et CYP98A27, ont permis de 

complémenter le phénotype de déficit de croissance du mutant cyp98a3 (Figure 5.12). Ce 

résultat est en accord avec le profil d'utilisation de substrat des enzymes in vitro, les deux 

enzymes hydroxylant efficacement le p-coumaroyl-shikimate. Également en accord avec les 

données obtenues in vitro est l’absence de complémentation par CYP98A25. CYP98A25 qui ne 

semble guère exprimé en levure, dont la protéine ne montre aucune activité catalytique avec 

les substrats testés, qui est très peu exprimé dans la plante, et ne permet pas de complémenter 

le mutant cyp98a3 d’Arabidopsis pourrait donc être en voie de pseudogènisation.  

 

Figure 5.12 Complémentation du mutant knock-out A. thaliana cyp98a3 avec les trois gènes 

CYP98 de P. trichocarpa.  

A) Arabidopsis sauvage et transformés. B) Gros plan sur les mutants d’A. thaliana cyp98a3 portant la 

construction d'expression CYP98A25 de P. trichocarpa. C) Mutant knock-out A. thaliana cyp98a3 

homozygote. Génotypage voir Figure 3.28. 
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Conclusion  

Plusieurs membres de la famille CYP98 n’existent que chez les Angiospermes. Tous les CYP98s 

caractérisés biochimiquement chez les Angiospermes (ici et dans la littérature) ont montré une 

préférence pour le p-coumaroyl-shikimate/p-coumaroyl-quinate lorsqu’ils étaient associés à la 

biosynthèse des monolignols. Notre hypothèse de départ, stipulant qu'une duplication 

ancienne précoce dans l'évolution des Angiospermes qui aurait généré un groupe lié à la 

biosynthèse de la lignine, et un autre groupe lié à la biosynthèse des phénols solubles, a été 

rejetée. Au lieu de cela, une série complexe de duplications caractérise la famille CYP98 chez les 

Angiospermes suggérant le recrutement fréquent et indépendant des duplicats pour des 

fonctions spécifiques. Cela a été observé précédemment chez Arabidopsis (Matsuno, et al., 

2009), et dans une certaine mesure pour le café (Mahesh et al., 2007). Cela semble aussi le cas 

pour le peuplier et Amborella. Il semble donc plus réaliste de supposer que les fonctions liées à 

la lignine communes à tous les Angiospermes ont été maintenues tout au long de l'évolution 

des Angiospermes et que des recrutements indépendants favorisant la formation de composés 

phénoliques solubles, parfois spécifiques d’une lignée, se sont produits  à plusieurs reprises.   
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Conclusion Générale 

Dans cette étude, nous avons analysé l’évolution fonctionnelle de la famille CYP98 chez les 

plantes terrestres. Nous avons travaillé avec les familles CYP98 de Physcomitrella patens, 

Selaginella moellendorffii, Pteris vittata, Pinus taeda, Amborella trichopoda, Brachypodium 

distachyon, Populus trichocarpa et Arabidopsis thaliana. 

L'analyse phylogénétique a montré la présence de CYP98 en copie unique depuis la mousse 

jusqu’aux Gymnospermes. La famille CYP98 s’est élargie de paralogues chez de nombreux 

Angiospermes, chez lesquels de un à douze membres peuvent être observés. Bryophytes jusqu’ 

aux Gymnospermes ne comptent qu’un seul membre. Un bon soutien statistique de l’arbre 

phylogénétique a été obtenu pour les clades formés par les CYP98s des Angiospermes n’ont 

généralement obtenu un bon soutien statistique qu’au niveau des espèces ou des familles. Au 

sein des Angiospermes, le soutien statistique des reconstructions phylogénétiques est resté 

faible. Des événements de duplication indépendants sont observés au sein des Angiospermes, 

ne résultant pas de la duplication complète d’un génome ancestral. Différentes plantes ont 

différents styles de vie et font face à diverses contraintes environnementales. On peut supposer 

que leurs horloges moléculaires peuvent avoir des rythmes très différents. Un exemple a été 

décrit par Tuskan et al., 2006, où l'horloge moléculaire de A. thaliana est environ six fois plus 

rapide que celle de P. trichocarpa.    

Nous avons déterminé les substrats possibles des CYP98s de toutes les espèces étudiées, en 

testant leur activité avec une banque de substrats potentiels. Dans cette analyse biochimique, 

nous avons constaté que la spécificité de substrat s’est modifiée au cours de l'évolution des 

plantes terrestres. Un recrutement de CYP98s pour la biosynthèse des monolignols, tel que 

décrit dans la littérature et montrant une préférence pour le p-coumaroyl-shikimate, n’apparait 

qu’avec les Angiospermes. Les CYP98s de Bryophyte, de Lycopode et de fougère ne présentent 

pas cette caractéristique. La génération d’un mutant knock-out de CYP98 de P. patens a par 

contre révélé que l'acide p-coumaroyl-thréonique était le substrat probable de l’enzyme in vivo. 

En accord avec cette observation in vivo CYP98A34 de P. patens est incapable de complémenter 

le mutant cyp98a3 d’A. thaliana. La perte de fonction des CYP98 de mousse ou d’Arabidopsis 

entraine un déficit sévère de développement. Cela suggère un rôle crucial des CYP98s et des 
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phénols 3,4-dihydroxylés dans le développement aussi bien des Bryophytes que des 

Angiospermes. Il est probable que d’autres esters phénoliques distincts et non 

complémentaires seront produits par les Bryophytes et les Angiospermes pour le contrôle de 

leur développement. Une analyse plus approfondie des mutants cyp98a34 de P. patens devra 

permettra déterminer le rôle des CYP98s dans les plantes qui ne produisent pas de lignine.  

Les fougères pourraient utiliser une voie distincte ou une autre enzyme pour produire des 

monolignols. La voie de biosynthèse des monolignols chez les fougères, un groupe à haute 

teneur en lignine, reste cependant très mal connue. La création d'un mutant knock-out dans les 

fougères permettrait de clarifier l’implication du CYP98 dans leur voie de biosynthèse des 

monolignols. Le CYP98 de Gymnospermes a montré un spectre d'utilisation des substrat in vitro 

qui était intermédiaire entre celui des Bryophytes, Lycopodes et de la fougère d'une part et 

celui des Angiospermes d’autre part. Le rôle de ce CYP98 dans la voie de biosynthèse des 

monolignols chez les gymnospermes reste à déterminer. 

Notre première hypothèse était que l'ancêtre commun de tous les CYP98s chez les 

Angiospermes était spécifique pour le p-coumaroyl-shikimate et impliqué dans la biosynthèse 

des monolignols. La large gamme de substrats hydroxylés par le CYP98 de Gymnosperme inclut 

le p-coumaroyl-shikimate. Comme l’hydroxylation du p-coumaroyl-shikimate se retrouve pour 

tous les CYP98 d’Angiospermes testés in vitro, on peut supposer que l’ancêtre des CYP98s des 

Angiospermes préférait le p-coumaroyl-shikimate comme substrat. Comme les duplications des 

CYP98s trouvés chez les Angiospermes sont indépendantes, ces duplications ont offert à 

plusieurs reprises la possibilité d’une relaxation de la pression de sélection et donc de 

préférence de substrat pour arriver aux profils observés à ce jour. 
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Triae1        GCGCTGCTGG ACCGGCTGCG GCTGGGCCGG CTGCCGCCGG GCCCGCGCCC GTGGCCGGTG GTGGGCAACC TGCGGCAGAT CAAGCCGGTG C---GCCGCT GCTTCCAGGA GTGGGCGGAG CGGTACGGGC   

Triae2        GCGCTGCTGG ACCGGCTGCG GCTGGGGCGG CTGCCGCCGG GCCCGCGCCC GTGGCCGGTG GTGGGCAACC TGCGGCAGAT CAAGCCGGTG CGGTGCCGCT GCTTCCAGGA GTGGGCGGCG CGGTACGGGC   

Triae3        CTCCTCCTCA GCCGGCTCCG CTTCGGCAGG CTGCCACCGG GGCCGCGCCC GTGGCCGGTG CTGGGCAACC TCTTCCAAAT CCAGCCCGTG CGCTGCCGGT GCTTCGCCGA GTGGGCGGCG CGGTACGGGC   

Cofca1        TACTACCTCT ACCAGAAGCT CAGATTCAAG CTTCCCCCCG GTCCCCGGCC GCTGCCGGTC GTCGGAAACC TCTACGACAT AAAGCCGGTC AGATTCCGAT GCTTCGCCGA CTGGTCACGG GCCTACGGTC   

Cofca2        TACAGCCTCT ATGAGCGCCT TAGATTCAAA CTGCCACCCG GGCCACGGCC AAAACCGGTG GTCGGAAACA TTTACGACAT AAAACCGGTG AGGTTCAAGT GCTATGCGGA GTGGTCAAAA CTCTATGGTC   

Nicta1        TATCACCTTT ACTATCGTCT CCGATTCAAG CTTCCTCCGG GCCCAAGTCC ACGGCCCATC GTCGGAAACC TGTACCAGAT AAAGCCCGTC AGGTTCCGAT GCTTTTACGA ATGGGCCCAA ACTTACGGAC   

Nicta2        TACAATCTGT ACCGCCGGCT GAAAGCCAAG CTGCCGCCCG GTCCACGGCC ATGGCCCATC ATCGGAAATC TCTTCGACAT AAAGCCGTTG AGGTTCCAGT GCTTCGCCGA CTGGTCCCAA ATATATGGTC   

Nicta3        CATAAACTCT ACCACCGTCT TAGATTCAAA CTACCACCAG GTCCGCGGCC GTTACCGGTG GTCGGAAACC TCTACGACAT AAAACCGGTG AGATTCCGGT GCTTTGCCGA TTGGGCCAAA ACTTACGGTC   

Cynca         TATGCACTCT ATCAGCGCCT CCGATTCAAG CTCCCACCGG GACCACGCCC ATGGCCGATC GTCGGAAACC TCTACGACGT CAAACCTATC CGATTCCGCT GCTATGCCGA GTGGGCACAG CAATACGGCC   

Liter         TACAAACTCT ACCAAAAACT CCGGTTGAAG CTGCCCCCCG GTCCACGCCC CCTCCCAATA ATCGGCAACA TCTACCAAGT GAAACCCGTC AAGTTCCGCT GCTTCTATAA CTGGTCCAAA ACATACGGCC   

Solsc         TACCACCTCT TCTACCGCCT CCGGTACCGC ATCCCGCCGG GCCCTCGCCC GTGGCCGGTG GTGGGGAATC TCTACGATGT CAAGCCGGTT CGATTCCGCT GCTTCGCGGA GTGGGCCCAG TTGTTCGGTC   

Ociba1        CACCACCTCT ATTACCGCCT TCGCTTCCGC CTCCCTCCGG GCCCCCGCCC TCTTCCCATC GTCGGCAACC TCTACGACGT CAAACCCGTC CGTTTCCGCT GCTTCGCCGA CTGGGCTCAG TCCTATGGCC   

Ociba2        CACCACCTCT ATTACCGCCT TCGCTTCCGC CTCCCTCCGG GCCCCCGCCC TCTTCCCGTC GTCGGCAACC TCTACGACGT CAAACCCGTC CGTTTCCGCT GCTTCGCCGA CTGGGCTCAG TCCTATGGCC   

Ambtr1        ---AAGCTCA TCTCTAGCCT AAGATACAAG CTCCCTCCAG GACCTAGGCC ATGGCCAGTG GTTGGAAACT TATATGACAT TAAACCAGTC AGGTTCAGGT GTTTTGCAGA GTGGGCTCAA CACTATGGCC   

Ambtr2        ---AAGCTCT TGTATAGCAA AAGATTCAAG CTTCCTCCAG GTCCAAGGCC ATGGCCATTG TTTGGCAACT TACATGAAAT AGAGCCTGTT AGGTTCAGGT GTTTTGCAAA GTGGGCTGAG CGCTATGGAC   

Musac         ----CCCTCT ACATCTGGTT CCGCGTCCGG CTGCCCCCCG GCCCCCGCCG CTGGCCCGTC GTCGGCAACC TCTACGACAT CAAGCCGGTC CGCTTCCGGT GCTTCGCGGA GTGGGCGCAG ACGTACGGCC   

Spipo         ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Bradi         GCGCTCCTCA ACCGCCTCCG CCTGGGCCGC CTCCCGCCGG GCCCGCGCCC GTGGCCCGTG GTGGGCAACC TGCGCCAGAT CAAGCCCGTC CGCTGCCGCT GCTTCCAGGA GTGGGCGGAG CGGTACGGGC   

Brast         GCGCTCCTCA ACCGCCTCCG CCTGGGCCGC ATCCCGCCGG GCCCGCGCCC GTGGCCCGTG GTGGGCAACC TGCGCCAGAT CAAGCCCGTC CGCTGCCGCT GCTTCCAGGA GTGGGCGGAG CGGTACGGGC   

Orysa1        GCGCTGCTGG ACCGGCTGCG GCTGGGGCGG ATCCCGCCGG GGCCGCGGCC GTGGCCGATG GTGGGGAACC TGTGGCAGAT CAAGCCGGTG CGGTGCCGCG GCTTCCTGGA GTGGGCGGAG AGGTACGGCC   

Orysa2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Panha1        GCGTTCCTCA ACCGGCTCCG CCTCGGCCGC CTCCCGCCCG GCCCGCGCCC GTGGCCCGTC CTGGGTAACC TGCGGCAGAT CAAGCCGATC CGGTGCCGCT GCTTCCAGGA GTGGGCGGAG CGGTACGGGC   

Panha2        CTGCTCCTGA ACCGGCTCCT CTACGGGAAG CTGCCCCCGG GGCCGCGCCC CCGCCCCGTG GTGGGCAACC TCTTCGACGT GCAGCCGGTG CGCTGCCGCT GCTACCAGGA GTGGGCGCGC CGGTACGGCC   

Panvi1        CTGCTCCTGA ACCGGCTCCT CTACGGCAAG CTGCCGCCGG GGCCGCGCCC CCGCCCCGTG GTGGGCAACC TCTTCGACGT GCAGCCGGTG CGCTGCCGCT GCTACCAGGA GTGGGCGCGC CGGTACGGGC   

Panvi2        GCGCTGCTCA ACCGGCTCCG CCTCGGCCGC CTCCCGCCCG GCCCGCGGCC CTGGCCCGTG CTGGGGAACC TGCGGCAGAT CAAGCCGATC CGGTGCCGCT GCTTCCAGGA GTGGGCGGAG CGGTACGGGC   

Panvi3        GCGCTGCTCA ACCGGCTCCG CCTCGGCCGC CTCCCGCCCG GCCCGCGGCC CTGGCCCGTG CTGGGGAACC TGCGGCAGAT CAAGCCGATC CGGTGCCGCT GCTTCCAGGA GTGGGCGGAG CGGTACGGGC   

Panvi4        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Setit         GCGCTCCTCA ACCGGCTCCG CGTCGGCCGC CTCCCGCCCG GCCCGCGGCC CTGGCCCGTG CTGGGCAACC TGCGGCAGAT CAAGCCGATC CGGTGCCGCT GCTTCCAGGA GTGGGCGGAG CGGTACGGGC   

Setvi         GCGCTCCTCA ACCGGCTCCG CCTCGGCCGC CTCCCGCCCG GCCCGCGGCC CTGGCCCGTG CTGGGCAACC TGCGGCAGAT CAAGCCGATC CGGTGCCGCT GCTTCCAGGA GTGGGCGGAG CGGTACGGGC   

Sorbi1        CTCCTCCTGA ACCGGCTCCT CTACGGCAAG CTGCCCCCGG GGCCGCGGCG GCGGCCCGTG GTGGGCAACC TGTTCGACGT GCGGCCGGTG CGGTGCCGGT GCTACCAGGA GTGGGCGCGC CGGTACGGGC   

Sorbi2        GCGCTCCTCA ACCGGCTCCG CCTCGGCCGC CTGCCGCCGG GCCCGCGGCC GTGGCCCGTC CTGGGCAACC TGCGCCAGAT CAAGCCGATC CGGTGCCGCT GCTTCCAGGA GTGGGCGGAG CGGTACGGGC   

Zeama1        CTCCTTGTGA ACCGGCTCCT CTACGGCAAA CTGCCCCCGG GGCCGCGGCG GCGTCCCGTG GTGGGTAACC TGTTCGACGT GCAGCCCGTG CGGTGCCGGT GCTACCAGGA GTGGGCGCGC CGGTACGGGC   

Zeama2        TCGCTCCTCA ACCGGCTGCG CGTCGGCCGC CTGCCGCCCG GCCCGCGGCC GTGGCCCGTC CTGGGCAACC TGCGCCAGAT CAAGCCCGTC CGGTGCCGGT GCTTCCAGGA GTGGGCGGAG CGGTACGGGC   

Aquco1        CATAGCATCA TTCAACGGCT AAGATTCGAA CTACCACCAG GTCCAAAACC AAAACCCATA GTAGGAAATC TCTATGATAT ACAACCAGTA AGATTCAGGT ATTTCTTAGA GTTATCTAAA ACTTATGGTC   

Aquco2        TACCAGCTAT ATCAAAAGCT TAGATTCAAG CTCCCACCAG GTCCACGTCC ATGGCCTATA GTAGGGAACC TATACGACAT CAAGCCGGTG AGGTTCAGGT GCTTTGCTGA GTGGGCTCAA ACATATGGTC   

LKalma2       CACACCCTCT ACCGCCGCCT CCGCTTCAAG CTCCCGCCCG GCCCCCGCCC CTTGCCCGTC GTAGGCAACC TCTACGACGT CAAGCCCGTC CGCTTCCGCT GCTTCGCCGA CTGGGCCTGC GCCTACGGCC   

LKalma4       CACACCCTCT ACCGCCGCCT CCGCTTCAAG CTCCCGCCCG GCCCCCGCCC CTTGCCCGTC GTAGGCAACC TCTACGACGT CAAGCCCGTC CGCTTCCGCT GCTTCGCCGA CTGGGCCTCC GCCTACGGCC   

Mimgu1        TACAAGCTTT TCCAGCGCCT CCGGTACAAG CTCCCGCCGG GGCCGCGGCC GCTGCCCATC GTCGGAAACC TGTACGACCT GAAACCGGTC CTCGTCCGGT GCTTCACCGA GTGGGCCCAA ATCTACGGCC   

Mimgu2        TACAAACTGT ACCAGCGCTT CCGCTACAAG CTGCCCCCCG GCCCCCGCCC CCTGCCCTAC TTCGGCAACC TCTACGATCT GAAACCCCTC CTCGTCCGTT GCTTCACCGA CTGGTCCCAA ATCTACGGCC   

Mimgu3        CACAGCCTCT ACTACCGCCT CCGCTTCCGC CTCCCACCGG GGCCGCGCCC CTGGCCGGTG GTCGGAAACC TCTATCAAAT CAAACCCGTT CGGTTCAGGT GCTTCGCGGA GTGGGCCCAA TCGTACGGCC   

Mimgu4        CACAGCCTCT ACCACCGCCT CCGCTTCCGC CTCCCACCGG GACCCCGCCC GTGGCCGGTG GTCGGAAACC TCTACCAAAT CAAACCCGTT CGGTTCCGGT GCTTCGCAGA GTGGGCCCAA TCGTACGGCC   

Mimgu5        CACAGCCTCT ACTACCGCCT CCGATTCCGC CTCCCACCGG GGCCGCGCCC CTGGCCGGTG GTCGGAAACC TCTACCACAT CAAACCCGTT CGTTTCCGGT GCTTCGCGGA GTGGGCCCAA ATATACGGGC   

Mimgu6        CACAGCCTCT ACCGCCGCCT CCGCTTCCGC CTCCCACCGG GACCCCGCCC GTGGCCGGTG GTCGGAAACC TCTGCCAGGT CAAACCGGTT CAGTTCCGGT GCTTCGCGGA GTGGGCCGGG TCGTACGGCC   

Mimgu7        CACAGCCTCT ACCACCGCCT CCGCTTCCGC CTCCCGCCGG GGCCGCGTCC ATGGCCGGTG GTCGGAAACC TCTGCCACGT CAAGCCGGTT CAGTTCCGGT GCTTCGCGGA TTGGGCCGGG TCGTACGGCC   

Solly1        TACAATCTCT ATCGTCGATT GAAAGCCAAG CTACCTCCCG GTCCGCGGCC GTGGCCTATC ATCGGAAACC TCTACGATAT AGAGCCGATA AGGTTCCGAT GCTTCGCCGC GTGGTCGGAA ATATATGGCC   

Solly2        TATCATCTCT ACTACCGTCT CCGATTCAAG CTCCCGCCCG GCCCAACTCC ATGGCCGGTA GTCGGAAACC TTTACCAGAT TAAGCCCGTT AGATTCCGAT GCTTTTACGA GTGGGCAGAA ACCTACGGAC   

Solly3        TACAAACTCC ACAACCGGCT TACGGCCAAG CTACCTCCAG GTCCTTGGCC GTGGCCGATT ATTGGAAACC TTTTCAGCAT AGCGCCAATG AGGTTTCGAT GCTTTGCTGA ATGGGCCCAA ATTTATGGGC   

Solly4        TACAAACTCT ATCACCGTCA CACGGCCAAA CTCCCTCCGG GACCTTGGCC GTGGCCAGTT GTTGGAAACC TCTTTAGCTT AACGCCCATC AGGTTTCGAT GTTTCGCTGA ATGGGCTCAA ATTTATGGGC   

Solly5        CATAAACTCT ACCACCGTCT CCGGTTCAAA TTACCACCAG GTCCACGGCC GTTACCGGTG GTCGGAAACC TCTACGACAT TAAACCAGTG AGATTCCGAT GCTTCGCCGA TTGGGCCCAA ACATACGGCC   

Soltu1        TATCACCTCT ACTACCGTCT CCGATTCAAG CTCCCGCCGG GACCAACTCC ATGGCCCGTA GTCGGTAACC TCTACCAGAT TAAGCCTGTT AGATTCCGAT GCTTTTACGA GTGGGCAGAA ACCTACGGCC   

Soltu2        CATAAACTCT ACCACCGTCT CCGATTCAAA TTACCACCAG GTCCACGGCC GTTACCGGTG GTCGGAAACC TGTACGACAT AAAACCAGTG AGATTCCGAT GCTTCGCCGA TTGGGCCCAA ACTTACGGCC   

Soltu3        TACAAACTCT ACCACCGTCT CACGGCCAAG CTCCCACCAG GACCTTGGCC GTGGCCAGTT GTTGGAAACC TCTTTGGCAT AACGCCAGTG AGGTTTCGAT GTTTTGCCGA ATGGGCCCAA ATTTATGGGC   

Soltu4        TACAAACTCT ACAACCGGCT CACGGCCAAG CTGCCTCCGG GTCCTTGGCC GTGGCCAGTC ATTGGAAACC TCTTCAGCAT AACGCCGATG AGGTTCCGAT GCTTTGCTGA ATGGGCCCAA ATTTATGGGC   

Soltu5        TACAAACTCT ACAACCGGCT CACGGCCAAG CTGCCTCCGG GTCCTTGGCC GTGGCCGGTG ATTGGAAACC TCTTCAGCAT AACGCCGATG AGGTTCCGAT GCTTTGCTGA ATGGGCCCAA ATTTATGGGC   

Soltu6        TACAATTTCT ACCGCCGGTT GAAAGCCAAG CTACCGCCCG GTCCACGGCC GTGGCCTATC ATCGGAAACC TCTACGACAT AGAGCCGATA AGGTTCCGAT GCTTCGCCGC ATGGTCGGAA ATATATGGCC   

Soltu7        TACAATTTCT ACCGCCGGTT GAAAGCCAAG CTACCGCCCG GTCCACGGCC GTGGCCTATC ATCGGAAACC TCTACGACAT AGAGCCGATA AGGTTCCGAT GCTTCGCCGC ATGGTCGGAA ATATATGGCC   

Eucgr1        CACCAGCTCT ACCAGCGGCT CCGGTTCAAG CTCCCGCCAG GGCCACGGGC ATGGCCGGTG GTCGGCAACC TCTACGACAT CAAATCCGTG CGGTTCCGGT GCTTCGCGGA GTGGTCCCAG GCCTACGGAC   

Eucgr2        CACCAGCTCT ACCAGCGGCT CCGGTTCAAG CTCCCGCCGG GGCCGCGGGC CTGGCCGGTG GTCGGCAACC TCTATGACAT CAAGCCCGTG CGGTGCCGGT GCTTCGCGGA GTGGTCCCAG GCCTATGGGC   

Eucgr3        CACCAGCTCT ACCAGCGGCT CCGGTTCAAG CTCCCGCCGG GGCCGCGGGC CTGGCCGGTG GTCGGCAACC TCTACGACAT CAAGCCCGTG CGGTTCCGGT GCTTCGCGGA GTGGTCCCAG GCCTACGGGC   

Eucgr4        TACAAATTAT ACAAACGCCT CACGCTAAAC CTCCCGCCAG GCCCACGACC ATGGCCCGTC GTCGGAAACC TCTACGGCGT TAAGCCGGTG CGCTTCCGTT GCTTCTCCGA GTGGTCGCGA GCTTATGGGC   

Vitvi         TACAAGCTCT ACCAGCGCCT CAGATTCAAG CTCCCCCCGG GCCCACACCC CTGGCCCATC GTCGGAAACC TCTACGACAT CAAGCCGGTG AGGTTCCGGT GCTTTGCGGA GTGGTCACAG GCCTATGGCC   

Linus1        TATTCTCTCA TCTACCGCCT CCGATTCAAG CTTCCTCCGG GTCCCCGCCC GCTTCCGATC GTAGGGAACC TCTACGACAT CAAGCCAGTC AGATTCCGCT GCTTCGCAGA GTGGGCGGAC CAGTACGGAC   

Linus2        TACTTTCTCA TCTACCGCCT CCGATTCAAG CTTCCTCCGG GTCCCCGTCC GCTCCCGGTC GTCGGAAACC TCTACGACAT CAAGCCCGTC AGATTCCGCT GCTTTGCCGA ATGGGCGGAC CAGTACGGGC   

Linus3        CACTGGATCT CGCATCGgaa gcttccatgg at-CAACTAC TTCCACGCAG CTCCCTTGTT ATCGGAAAGC CTTg------ ---------- ---------- ---------- ---------- ----------   

Linus4        TATTCTCTCA TCTACCGCCT CCGATTCAAG CTTCCTCCCG GTCCCCGCCC GCTCCCTATC GTCGGGAACC TCTACGACAT CAAGCCCGTC AGATTCCGCT GCTTCGCCGA GTGGGCGGAG CAGTACGGCC   

Manes         TACAAGCTCT ACCTAAGCCT CCGCTTCAAG CTTCCCCCCG GCCCACGCCC CTGGCCGATC GTCGGCAACC TCTACGACGT CAAGCCGGTT AGATTCCGAT GCTACGCCGA GTGGGCTAAG TCTTATGGTC   

Poptr1        TACAAAATCT ACCAACGTCT ACGCTTCAAG CTCCCACCAG GGCCAAGACC ATGGCCAATA GTAGGCAACC TTTATGACGT CAAGCCTGTG AGGTTCCGGT GCTTTGCAGA GTGGGCTCAG GCATATGGTC   

Poptr2        TACATTCTGT ACCAGAGGCT GAGGTTCAAG CTACCGCCTG GTCCACGACC GTGGCCGATT GTTGGGAACC TCTATGATGT CAAGCTTATT ATGTTCAGAT GTTTTGCAGA GTGGGCTCAG GCTTACGGAC   

Poptr3        TACATTCTGT ACCAGAGGCT GAGGTTCAAG CTACCACCCG GTCCACGGCC GTGGCCGATT GTTGGGAACC TCTATGCCAT CAAGCCTATT AGGTTCAGAT GTTTTGCAGA GTGGGCTCAG GCTTACGGAC   

Ricco1        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Ricco2        TACAAACTCT ATTACCGTCT ACGCTTCAAG CTCCCACCCG GACCACGGCC TTGGCCTATT GTGGGTAACC TGTACGACAT AAAGCCTGTG AGATTCCGGT GCTTTGCGGA GTGGGCTCAA GCTTATGGTC   

Ricco3        TGCAAATACT ACCAAAAGCT TAAATACAAG CTCCCTCCAG GCCCATTTCC ATGGCCAGTA CTAGGAAACT TACCCAACAT TGAACCAGAC GTATCCAAAT GTCTTGACAA CTGGTCACAA ACTTATGGCC   

Salpu1        TACAGAATCT TCCAACGTCT ACGCTTCAAG CTCCCACCAG GGCCACGGCC ATGGCCGATA GTAGGCAACC TATACGACAT CAAGCCGGTG AGGTTCCGGT GCTTTGCAGA GTGGGCGCAG GCTTATGGTC   

Salpu2        TACAGAATCT TCCAACGTCT ACGCTTCAAG CTCCCACCAG GGCCACGGCC ATGGCCGATA GTAGGCAACC TATACGACAT CAAGCCGGTG AGGTTCCGGT GCTTTGCAGA GTGGGCGCAG GCTTATGGTC   

Salpu3        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---ATGATAT TAACCCTATT ATGTTCAGAT GTTTTTAAGA ATGGGCTCAG GCTTACGGAC   

Salpu4        TACATTCTGT ACCGGAGGCT GAGGTTCAAG CTACCACCTG GTCCTCGACC GTGGCCGGTC GTCGGGAACC TCTATGATAT TAACCCTATT ATGTTCAGAT GTTTTGCAGA GTGGGCTCAG GCTTACGGAC   

Salpu5        TACATTCTGC ACCAGAGGCT GAGATTCAAG CTACCACCTG GTCCACGACC GTGGCCGGTC GTCGGGAACC TTTATGCCAT CAAGCCTCTC AAGTTCAGAT GTTTTGCAGA ATGGGCTCAG GCTTACGGAC   

Salpu6        TACATTCTGT ACCGGAGGCT GAGGTTCAAG CTACCACCTG GTCCTCGACC GTGGCCGGTC GTCGGGAACC TCTATGATAT TAACCCTATT ATGTTCAGAT GTTTTGCAGA GTGGGCTCAG GCTTACGGAC   

Salpu7        TACATTCTGC ACCAGAGGCT GAGATTCAAG CTACCACCTG GTCCACGACC GTGGCCGGTC GTCGGGAACC TTTATGCCAT CAAGCCTCTC AAGTTCAGAT GTTTTGCAGA ATGGGCTCAG GCTTACGGAC   

Citsi1        TACAGACTCT ATCCATGGCT GAGATACAGG CTCCCACCAG GTCCATATCC ATGGCCAATC ATAGGAAACC TGTTGGATGT AAAACCAGAC AGATGCCGGT GTTTTGCTGA GTGGTCAAAG ATTTACGGTC   

Citsi2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Citcl1        TACAAGCTTT ACCAAAAGCT CAGACTGAAG CTACCACCAG GGCCACGGCC ATGGCCCGTC GTGGGAAACC TCTACCACTT AAAACCTGTC CGATATCGGT TGTTTGCCGA GTGGGCTCAG ACTTACGGGC   

Citcl2        TACAAGCTCT ACCAACGGCT GAGATTCAAG CTCCCGCCCG GCCCTCGTCC CTTGCCAATC GTCGGAAACC TCTACGACAT AAAGCCGGTG AGGTTCCGGT GCTTTGCGGA ATGGGCTCAA CAATACGGAC   

Citcl3        TACAGGCTGT ATCCATGGCT GAGATACAGG CTCCCACCAG GTCCATATCC ATGGCCAATC ATAGGAAACC TGTTGGATGT AAAACCAGAC AGATGCCGGT GTTTTGCTGA GTGGTCAAAG ATTTACGGTC   

Carpa         ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Gosra1        TACAAGCTGT ACCAACGGCT AAGGTTCAAG CTCCCACCAG GTCCACGACG GTGGCCGGTG GTTGGGAACC TTTACGACAT AAAACCGGTT AGGTTCCGGT GCTATGCAGA ATGGGCAAGG GCCTATGGTC   

Gosra2        TACAAGCTTT ACCAATGGCT AAGGTTCAAG CTCCCACCAG GTCCACGCCC ATGGCCGGTG GTCGGCAACC TTTACGACAT AAAGCCTATT AGGTTCCGGT GTTTTGCGGA ATGGGCGCAG GTGTACGGCC   

Theca         TACAAGCTTT ACCAACGGCT AAGGTTCAAG CTTCCGCCAG GTCCACGATC ATGGCCGGTG GTCGGGAACC TTTACGACAT AAAGCCTGTT AGGTTCCGGT GTTATGCGGA GTGGGCGCAG GCCTATGGTC   

Araly3        TACAAGCTAA TCCAAGGGCT GAGATTCAAG TTCCCACCAG GGCCACGCCC CAAGCCAATC GTCGGTAACC TCTACGACAT AAAACCGGTC CGGTTCAGAT GTTACTACGA GTGGGCTCAA TCTTATGGAC   

Arath3        TACAAGCTAA TCCAACGGCT AAGATACAAG TTCCCACCAG GCCCAAGCCC CAAGCCGATC GTCGGTAACC TCTACGACAT AAAACCGGTC CGGTTCAGAT GTTACTACGA GTGGGCTCAA TCTTATGGAC   

Boest3        TACAAGCTGA TCCAACGGCT GAGATTCAAG TTACCACCAG GCCCACGCCC CAAGCCGATC GTCGGTAACC TCTACGACAT AAAACCGGTC CGGTTCAGAT GTTACTACGA GTGGGCTCAA TCATATGGAC   

Brara1        TACAACCTTA TCCAACGTCT GAGATTCAAG CTCCCACCAG GCCCACGACC TAAGCCTATC GTCGGTAACC TCTACGACAT AAAACCTGTC CGGTTCAGAT GCTACTATGA GTGGGCTCAA ACCTACGGAC   

Brara2        TACAAGCTGA TTCAACGGCT GAGATTCAAG TTCCCACCAG GCCCACGTCC CAAGCCTATC GTCGGTAACC TCAACGACAT AAAACCGGTC CGGTTCAGAT GCTACTATGA ---------- ----------   

Brara3        TACAAACTGA TCCAACGGCT AAGGTTCAAG CTCCCACCGG GCCCACTCCC TAAACCAATA ATTGGTAACA TCTGCGACAT AAAACCTGTC CGGTTCATAT GCTACTATGA GTGGGCACAA ACCTATGGAC   

Capgr3        TACAAGCTGA TCCAACGGCT GAGATTCAAG TTACCACCCG GTCCACGCCC CAAGCCGATC TTCGGTAACC TCTACGACAT AAAACCGGTC CGGTTCAGAT GTTACTACGA GTGGGCTCAA TCATATGGAC   

Capru2        TACAAGCTGA TCCAACGGCT GAGATTCAAG TTACCACCCG GTCCACGCCC CAAGCCGATC TTCGGTAACC TCTACGACAT AAAACCGGTC CGGTTCAGAT GTTACTACGA GTGGGCTCAA TCATATGGAC   

Eutsa1        TACAACCTAA TCCAACGGCT GAGATTCAAG CTCCCACCGG GCCCACGACC CAAGCCAATC GTCGGTAACC TCTACGACAT AAAACCGGTC CGGTTCAGAT GCTACTACGA GTGGGCACAG TCATATGGAC   

Cucsa1        TACAAAATCT ACAACCGTCT CCGCTTCAAC CTTCCTCCAG GGCCACGCCC GCTTCCGGTC GTCGGTAACC TATACGACGT CAAACCCGTC CGGTTCAGAT GCTACACCGA TTGGGCCAAG CAGTACGGTC   

Cucsa2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Frave1        TACAAACTCT ATAACAAGCT AAGGTTCAAG CTTCCTCCTG GGCCTTACCC ATTGCCGGTA ATCGGAAACC TTTTCGCCAT GGGTGCCGTT AAATTTCGGT GTTTTTCCGA GTGGTCACAA GTTTATGGTC   

Frave2        TACAACCTGT ACCAGCGGCT CCGATTCAAG CTTCCTCCAG GCCCACGTCC ATGGCCAGTC GTCGGCAACC TATACCACAT TAAGCCGGTT CGATTCCGCT GCTACGCCGA GTGGGCTCAG TCCTACGGGC   

Glyma1        TACACCCTAT ACCAGCGGCT ACGCTTCAAG CTCCCTCCTG GCCCACGGCC CTGGCCGGTA GTCGGTAACC TCTACGACAT AAAACCCGTC CGGTTCCGGT GCTTCGCTGA GTGGGCGCAG TCTTACGGCC   
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Glyma2        TACACCCTAT ACCAGCGGCT ACGCTTCAAG CTCCCTCCTG GCCCACGGCC CTGGCCGGTA GTCGGTAACC TCTACGACAT AAAACCCGTC CGGTTCCGGT GCTTCGCTGA GTGGGCGCAG TCTTACGGCC   

Glyma3        TACACCCTAT ACCAGCGATT AAGATTCAAG CTCCCTCCGG GTCCACGGCC CTGGCCGGTA GTCGGTAACC TCTACGACAT AAAACCCGTC CGCTTCCGGT GCTTCGCGGA GTGGGCGCAG TCTTACGGCC   

Maldo1        TACAAACTCT ACAACCAGCA AAGATTTACG CTGCCYCCGG GACCATATCC ATGGCCGATC ATCGGAAACC TTCACAACGT GGGGGCGGTT CCATGTCGGT GTTTCTTTGA TCTGTCACGA GTTTTCGGTC   

Maldo2        TACAARCTCT ACCAACGGCT CAGGTTCAAG CTCCCGCCAG GTCCACGTCC ATGSCCCGTC GTCGGAAACC TCTACCAGAT AACGCCGGTG AGGTTCCGCT GCTACAACGA GTGGGCTCAG AAATACGGAC   

Maldo3        TACAAGCTCT ACCAACGGCC CAGATTCAAG CTCCCACCTG GTCCACGTCC ATGGCCCGTC GTCGGAAACC TCTACCAGAT AAAGCCGGTG AGGTTCCGCT GCTACGCCGA GTGGGCAGAG AAATACGGGC   

Maldo4        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Maldo5        TACAAYCTCT ACCAACGGCT CAGGTTCAAG CTCCCGCCAG GTCCACGTCC ATGSCCCGTC GTCGGAAACC TCTACCAGAT AACGCCGGTG AGGTTCCGCT GCTACAACGA GTGGGCTCAG AAATACGGAC   

Maldo6        TACAARCTCT ACCAACGGCT CAGGTTCAAG CTCCCGCCAG GTCCACGTCC ATGSCCCGTC GTCGGAAACC TCTACCAGAT AACGCCGGTG AGGTTCCGCT GCTACAACGA GTGGGCTCAG AAATACGGAC   

Maldo7        TACAAACTCT ACAACCAGCA AAGATTTACG CTGCCRCCGG GACCATATCC ATGGCCGATC ATCGGAAACC TTCACAACGT GGGGGCGGTT CCATGTCGGT GTTTCTTTGA TCTGTCACGA GTTTTCGGTC   

Maldo8        TACAAGCTCT ACCAACGGCC CAGATTCAAG CTCCCACCTG GTCCACGTCC ATGGCCCGTC GTCGGAAACC TCTACCAGAT AAAGCCGGTG AGGTTCCGCT GCTACGCCGA GTGGGCAGAG AAATACGGGC   

Maldo9        TACAAGCTCT ACCAACGGCT AAGATTCAAG CTCCCACCCG GTCCACGTCC ATGGCCCGTC GTCGGTAACC TCTACCAGAT ACAGCCGGTG AGRTTCCGCT GCTACGCCGA GTGGGCAGAG AAATACGGGC   

Maldo10       ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Maldo11       ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---ATGGAGA ATGGGag--- ----------   

Maldo12       ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Medtr         TACACACTCT TCCAAAGACT GAGATTCAAG CTTCCACCCG GTCCACGACC GTGGCCGGTG GTTGGAAACC TCTACGACAT AAAACCTGTC CGGTTCAGGT GTTTTGCCGA ATGGGCCCAA TCCTATGGGC   

Phavu         TTCACGCTGT ACCAGAGGCT AAGGTTCAAG CTGCCTCCGG GTCCACGGCC CTTGCCGGTA GTCGGTAACC TCTACGACAT AAAGCCGGTC CGGTTCCGGT GCTTCGCGGA GTGGGCCCAG TCCTACGGGC   

Prupe1        TACAAGCTCT ACCAGCGGCT GAGATTCAAG CTCCCCCCAG GTCCACGTCC GTGGCCGGTC CTCGGAAACC TCTACCACAT AACGCCCGTG AGGTTCCGAT GCTACGCGGA GTGGGCTCAG ATTTATGGGC   

Prupe2        TACAAGCTAT ATCAAAGGCT GAGATTTAAG CTCCCGCCCG GCCCACTTCC GTGGCCAGTC GTCGGAAACC TCTACCACAT AAAGCCCGTG AGGTTCCGGT GCTACGCGGA GTGGGCGCAG GCCTATGGGC   

Prupe3        TACAAGCTCT ATCAAAGGCT GAGATTTAAG CTCCCGCCCG GCCCGCGTCC GTGGCCAGTC GTCGGAAACC TCTACCACAT AAAGCCCGTG AGGTTCCGGT GCTACGCGGA GTGGGCGCAG GCCTATGGGC   

Prupe4        TACAAGCTCT ACCAACGGCT GAGATTCAAG CTCCCACCCG GTCCGCGTCC ATGGCCGATC GTCGGAAACC TCTACGACAT AAAGCCAGTG AGGTTCCGCT GCTACGCAGA GTGGGCTGAG GCCTACGGGC   

Prupe5        TGCAAACTCC ACAACCGTCT AAGATTTAAG CTTCCTCCAG GACCCTACCC ATGGCCTATC ATTGGGAACC TTCACAACCT GGGAGCCGTT AGATCTCGGT GTTTTTTTGA GTTGTCACAA GTTTATGGTC   

Lonja         CTCgCACTAA TCCAACGGCT GAGATTCAAG CTTCCCCCAG GACCACGACC CCTTCCCATC GTCGGCAACC TCTACGACCT AAAACCGATC AAGTTCCGTT GCTTCTCCGA GTGGGCCCAA ATCTACGGCC   

Rutgr         TACAACCTCT ACCAACGGCT GAGATTCAAG CTCCCGCCAG GCCCTCGTCC TCTGCCTATC GTCGGAAACC TCTACCACGT CAAGCCGGTG AGGTTCCGGT GCTACGACGA ATGGGCTCAC CACTACGGGC   

Salmi         TACCATATCT ACTACCGCCT CCGCTTCCGC CTCCCGCCGG GGCCGTTCCC GTGGCCGGTG GTGGGGAATC TGTACGACAT CAAGCCCGTC CGCTTCCGCT GCTTCGCTGA GTGGGCCCAA TCCTACGGCC   

Tripr         TACACACTCT TCCAAAGACT AAGATTCAAG CTTCCACCCG GTCCACGCCC CTGGCCGGTA GTCGGAAACC TTTACGACAT AAAACCGGTC AGGTTCCGGT GTTTTGCTGA ATGGGCCCAA TCTTATGGGC   
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Triae1        CCATCATCTC CGTCTGGTTC GGCTCCTCGC TCACCGTCGT CGTCTCCACC TCCGAGCTGG CCAAGGAGGT GCTCAAGGAG CACGACCAGC AGCTCGCCGA CCGGCCCCGC AACCGCTCCA CCCAGCGCTT   

Triae2        CCATCATCTC CGTCTGGTTC GGCTCCTCGC TCACCGTCGT CGTCTCCACC TCCGAGCTGG CCAAGGAGGT GCTCAAGGAG CACGACCAGC AGCTCGCCGA CCGGCCCCGC AACCGCTCCA CCCAGCGCTT   

Triae3        CCATCATGAC GGTCTGGTTC GGCTCGACGC CGATGGTGGT GGTGTCCACG CCGGAGCTGG CGCAGGAGGT GCTCAGGACC CACGACCAGC ACCTGGCCGA CCGCTCCCGG AACCGCTCCT CCGAGCGCTT   

Cofca1        CCATCATATC TGTATGGTTC GGTTCCACGT TGAATGTTGT AGTCTCCAAT GCAGAGTTGG CTAAGGAAGT GCTGAAAGAA AATGATCAGC AGTTGTCAGA TAGGCACAGA AGCAGGTCTG CTGCTAAGTT   

Cofca2        CAATATTTTC TGTCTACTTC GGTTCCCAGC TGAATACTGT TGTGGACACT GCAGAACTGG CCAAAGAAGT TCTTAAAGAC AATGATCAGC AATTGGCAGA TAGGTACAGG AGTAGACCCT CTGCCAGAAT   

Nicta1        CGATCATTTC GGTTTGGTTC GGGTCGACCC TGAACGTCGT CGTTTCCAGC TCGGAATTAG CCAAGGAAGT TCTGAAAGAA AAGGACCAGC AGTTGGCTGA CCGGCACAGG AGCCGATCGG CGGCCAAGTT   

Nicta2        CCATCTTCTC ATTCTACCTG GGCTCACAGC TGAATGTGGT TGTGAATAAT GCACAACTTG CTAAGGATGT TCTCAAAGAT AATGACCAAA GTTTGGCTGA TAGATTTAGG ACTAAACCAA TTGCAAATGT   

Nicta3        CGATTTTCTC AGTATACTTT GGGTCACAGT TAAATGTTGT GGTAACAACA GCTGAATTAG CTAAAGAAGT ATTGAAAGAA AATGACCAGA ATTTAGCAGA TAGATTTAGG ACTAGACCTG CAAATAATTT   

Cynca         CGATCATATC AGTCTGGTTC GGATCGATTC TAAACGTCGT CGTCTCTAAC AGTGAGTTGG CAAAAGAAGT ACTCAAGGAA AAAGACCAGC AATTGGCGGA TCGGCACCGA AGCAGGTCGG CGGCGAAGTT   

Liter         CCATATTCTC AATCTACTAT GGTTCCCAAA TGAACGTAAT CGTTTCGACA ACGGAACTTG CTAAGGAAGT GCTTAAAGAA AATGATCAGC ATTTGGCTGA CAGGTTTCGG ACAAGATCAT CTGCTAGTAT   

Solsc         CTACCTTTTC GGTGTGGTTT GGCTCCACGC TTAATGTTAT CGTTTCGAGC TCGGAGCTGG CTAAGGAGGT GTTGAAGGAG AAGGACGGGC AGCTGGCTGA CCGCCACCGC AGCCGATCTG CGGTGAAGCT   

Ociba1        CCATCATTTC CGTCTGGTTC GGATCCACCT TAAACGTCAT CGTTTCCAAC ACCGAATTGG CCAAAGAAGT CCTCAAGGAG AAGGACCAGC AGCTGGCCGA CCGCCATCGC AGCCGATCCG CCGCCAAGTT   

Ociba2        CCATCATTTC CGTCTGGTTC GGATCCACCT TAAACGTCAT CGTTTCCAAC ACCGAATTGG CCAAAGAAGT CCTCAAGGAG AAGGACCAGC AGCTGGCCGA CCGCCATCGC AGCCGATCCG CCGCCAAGTT   

Ambtr1        CGATAATGTC TGTTTGGTTT GGAGGCACTC TAGATGTAGT GGTTTCTTCA CCAGACTTGG CAAGAGAGGT TCTCAAAGAG AAGGACCAGC AATTGGCAGA TAGGCCTCGG AGCAGATCAT CTGCTAAATT   

Ambtr2        CCATTATGTC TGTTTGGATT GGAGGAAGCC TCAATGTTAT TGTATCGAGC CCTGAATTGG CCAGAGAGGT GCTCAAAGAG CAGGACCAGC ATCTAGCTAA TAGACATAGA ACAAGGTCTG CTGCAAAGTT   

Musac         CGATCATGTC GCTG------ ---------- ---------- ---------- ---------- ---------- ---------- ---------- -----GCGGA CCGCCCCCGC TCCCGCTCCG CCGCCCGCTT   

Spipo         ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Bradi         CCATCCTCTC GGTCTGGTTC GGCTCCTCGC TCACCGTCGT CGTCTCCACC TCGGAGCTGG CGCGGGAGGT GCTCAAGGAG CACGACCAGC AGCTCGCCGA CCGGCCCCGG AACCGCTCCA CGCAGCGCTT   

Brast         CCATCCTCTC GGTCTGGTTC GGCTCCTCGC TCACCGTCGT CGTCTCCACG TCGGAGCTGG CGCGGGAGGT GCTCAAGGAG CACGACCAGC AGCTCGCCGA CCGCCCCCGG AACCGCTCCA CGCAGCGCTT   

Orysa1        CGATCGTGTC GGTGTGGTTC GGCTCGTCGC TGAACGTGGT GGTGTCGACG TCGGAGCTCG CCAAGGAGGT GCTCAAGGAG AACGACCAGC TGCTCGCCGA CCGGCCGCGC AACCGCTCCA CGCAGCGCTT   

Orysa2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Panha1        CCATCATCTC CGTCTGGTTC GGGTCCGGCC TCACCGTCGT CGTCTCCACC TCGGAGCTCG CCAAGGAGGT GCTCAAGGAG CACGACCAGC AGCTCGCGGA CCGGCCGCGG AACCGCTCCA CGCAGCGGTT   

Panha2        CCATCATGAC GGTGTGGCTC GGGCCGGAGC CGACGGTGGT GGTGTCCACG GCGGAGCTCG CCCGGGAGGT GCTCAAGACC CACGACCAGA GCCTCGCCGA CCGCCATCGC GACGTCTCCT CGGAGCGCTT   

Panvi1        CCATCATGAC GGTGTGGCTC GGCTCGCAGC CGACGGTGGT GGTGTCCACG GCGGAGCTCG CCAGGGAGGT GCTCAAGACC CACGACCAGA GCCTCGCCGA CCGCGTCCGC GACCGCTCCT TGGAGCGCTT   

Panvi2        CCATCATATC CGTCTGGTTC GGGTCCGGCC TCACCGTCGT CGTCTCCACC TCGGAGCTCG CCAAGGAGGT GCTCAAGGAG CACGACCAGC AGCTCGCGGA CCGGCCGCGG AACCGCTCCA CGCAGCGGTT   

Panvi3        CCATCATCTC CGTCTGGTTC GGGTCCGGCC TCACCGTCGT CGTCTCCACC TCGGAGCTCG CCAAGGAGGT GCTCAAGGAG CACGACCAGC AGCTCGCGGA CCGGCCGCGG AACCGCACCA CGCAGCGGTT   

Panvi4        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Setit         CCATCATCTC CGTCTGGTTC GGCTCCGGCC TCACCGTCGT CGTCTCCACC TCGGAGCTCG CCAAGGAGGT GCTCAAGGAG AAGGACCAGC AGCTGGCGGA CCGGCCGCGG AACCGCTCCA CGCAGCGGTT   

Setvi         CCATCATCTC CGTCTGGTTC GGCTCCGGCC TCACCGTCGT CGTCTCCACC TCGGAGCTCG CCAAGGAGGT GCTCAAGGAG AAGGACCAGC AGCTGGCGGA CCGGCCGCGG AACCGCTCCA CGCAGCGGTT   

Sorbi1        CCATCATGAC GGTGTGGCTC GGCACCACGC CCACGGTGGT GGTGTCCACG TCGGAGCTGG CAAAGGAGGT GCTCAAGACC CACGACCAGC ACCTCGCCGA CCGCTGCCGG GACCGCTCGT CGGAGAGGTT   

Sorbi2        CCGTCATCTC CGTCTGGTTC GGGTCGGGGC TCACCGTGGT CGTCTCCACC TCCGAGCTCG CCAAGGAGGT GCTCAAGGAG AATGACCAGC AGCTCGCGGA CCGGCCGCGG AACCGCTCCA CCCAGCGGTT   

Zeama1        CCATCATGAC GGTGTGGCTG GGCACGTCGC CCACGGTGGT GGTGTCCACG TCGGAGCTGG CCAAGGAGGT GCTCAAGACC CACGACCAGC AGCTCGCCGA CCGCTGCCGG GACCGCTCCA CCGAGAGCTT   

Zeama2        CCATCATCTC CGTCTGGTTC GGGTCCGGCC TCACCGTCGT CGTCTCCACC TCGGAGCTGG CCAAGGAGGT GCTCAAGGAG AACGACCAGC AGCTCGCGGA CCGGCCGCGG AACCGCTCCA CCCAGCGGTT   

Aquco1        CAATTATATC TGTATGGATT GGTTCAACTT TGAATGTGGT GGTGATGAAT TGGGAATTAG CTAAACAAGT GTTGAAAGAC AAAGATCAGC AATTAGCTGA CAGATATAGG AACAGATCTA GTGAGAGATT   

Aquco2        CAATCATGTC TGTGTGGTTT GGATCCATAT TAAATGTGGT GGTATCCAAT TCTGAGCTGG CAAAACAAGT GTTGAAGGAG AAGGATCAGC AATTAGCAGA TAGACACAGA AGTAGATCAG CTGCTAAATT   

LKalma2       CCATTATATC AGTCTGGTTC GGCTCAACCC TCAACGTCAT CGTGTCCAGC TCCACCCTAG CGAAAGAGGT CTTGAAGGAG AATGACCAGC AGCTGGCGGA CCGGCACAGG AGCCGGTCCG CGGCCAAGTT   

LKalma4       CCATTATATC AGTCTGGTTC GGCTCAACCC TCAACGTCAT CGTGTCCAGC TCCACCCTAG CGAAAGAGGT CTTGAAGGAG AATGACCAGC AGCTGGCGGA CCGGCACAGG AGCCGGTCCG CGGCCAAGTT   

Mimgu1        CGATCTTCTC GGTCTACCTG GGCTCCCACC TCAACGTGGT GGTGAACTCG CCGGAGCTGG CGAAGGAAGT CCTGAAAGAC AACGACCAGC AGCTGGCCAA TAGGAACAGG ACACGTATGA TTAACATGTT   

Mimgu2        CGATCTTCTC CGTCTACTTC GGCTCCCACC TCGGCATCGT GGTCAACTCG CCGGAGCTCG CGAAGGAAGT ATTGAAGGAC AAGGACCAAC TCCTGGCCAA TCGGAGCCGG ACACATCAGA TCAACAAGGT   

Mimgu3        CAATCATTTC GGTCTGGTTC GGATCGACGC TGAACGTCGT CGTTTCGAAC TCGGAATTAG CGAAGGAAGT CCTGAAGGAG AAGGATCAGC AGCTCGCCGA CCGCCACCGC AGCCGATCAG CCGCCAATTT   

Mimgu4        CAATCATTTC GGTGTGGTTC GGATCGACGC TAAACGTCGT CGTTTCGAAC TCGGAATTAG CGAAGGAAGT TCTGAAGGAG AAGGATCAGC AGCTCGCCGA CCGCCACCGC AGCCGGTCAA CGGCGAAGTT   

Mimgu5        CAATCATTTC GGTCTGC--- ---------- ---------- ---------- ---------- -GAAGGAAGT CCTGAAACGG A--------- ---------- ---------- --AGGATCAG CCGCGAAGTT   

Mimgu6        CGATCATGTC CGTGTGGTTC GGGTCGACGC TAAACGTCGT CGTTTCGAAC TCGGAATTAG CGAAGGAAGT CCTGAAGGAG AAGGATCAGC AGCTCGCCGG CCGCCACCGG AGCAGGTCGA CGGCGAAGTT   

Mimgu7        CGATCATGTC CGTGTGGTTC GGGTCAACAC TAAACGTCGT CGTTTCGAAC TCGGAATTAG CGAAGGAAGT CCTGAAGGAG AAGGATCAGC AGCTCGCCGG CCGCCACCGG AGCAGGTCGA CGGCGAAGTT   

Solly1        CTATTTTCTC ATTTTACCTA GGTTCACAAC TAAATGTTGT GATAAATAAT GCCACATTAG CTAAGGAAGT ATTGAAAGAC AATGACCAAA ATTTGGCTGA TAGGTTTAGG ACTAAACCAT TGGCAAATGT   

Solly2        CTGTAATTTC GGTTTGGTTC GGGTCGACTT TAAACGTCGT CGTTTCCAGC TCGGAGTTAG CGAAGGAAGT TCTGAAAGAA AAGGACCAGC AGTTGGCTGA TCGGCATAGG AGCAGATCGG CGGCGAAGTT   

Solly3        CGATTTTTTC TTTTTACCTT GGGTCACAAC TAAACGTGGT GGTGAATAAT GCGGAACTTG CTAAAGAAGT TCTTAAAGAA AACGATCAAA ATTTGGCTAA TAGGTTTAGA ACAAAACCTC TTGATAGTGT   

Solly4        CCATCTTTTC TTTTTACCTC GGATCACAAC TAAACGTGGT GGTGAGTAAC GCGGAACTCG CTAAACAAGT ACTTAAAGAT AATGATCAAA ATTTAGCCAA TAGGTTTAGA ACAAAACCTC TTGAAAATGT   

Solly5        CGATTTTCTC AGTTTACTTC GGTTCACAGC TGAACGTTGT TGTAACTACA GCTGAATTAG CGAAACAAGT ATTGAAAGAG AATGATCAGA ATTTAGCGGA TCGATTTAGA ACTAGACCTG CTAATAATTT   

Soltu1        CTGTAATCTC AGTTTGGTTC GGGTCGACTT TAAACGTCGT CGTTTCCAGC TCGGAGTTAG CGAAGGAAGT TCTGAAAGAA AAGGACCAGC AGTTGGCTGA TCGGCATAGG AGCAGATCGG CGGCGAAGTT   

Soltu2        CAATTTTCTC AGTATACTTT GGTTCACAGC TAAACGTTGT GGTAACAACA GCTGAATTAG CTAAACAAGT ATTGAAAGAA AATGATCAGA ATTTAGCAGA TCGATTTAGA ACTAGACCTG CTAATAATTT   

Soltu3        CCATCTTTTC TTTTTACCTT GGATCACAGT TAAACGTGGT GGTGAGTAAT GCAGAACTTG CTAAAGAAGT ACTTAAAGAT AATGATCAAA ATTTAGCCAA TAGGTTTAGG ACAAAACCTC TTGAAAATGT   

Soltu4        CAATTTTTTC TTTTTACCTT GGGTCACAAC TAAACGTGGT GGTGAATAAT GCGGAACTTG CTAAAGAAGT TCTTAAAGAT AATGATCAAA ATTTGGCCAA TAGGTTTAGA ACAAAACCTC TTGATAGTGT   

Soltu5        CAATTTTTTC TTTTTACCTT GGGTCACAAC TAAACGTGGT GGTGAATAAT GCGGAACTTG CAAAAGAAGT TCTTAAAGAT AATGATCAAA ATTTGGCCAA TAGGTTTAGA ACAAAACCTC TTGATAGTGT   

Soltu6        CTATTTTCTC ATTCTACCTA GGTTCACAAC TAAATGTTGT GATAAATAAT GCAACACTTG CTAAGGAAGT ATTGAAAGAT AATGACCAAA ATTTGGCTGA TAGGTTTAGG ACTAAACCAT TGGCAAATGT   

Soltu7        CTATTTTCTC ATTCTACCTA GGTTCACAAC TAAATGTTGT GATAAATAAT GCAACACTTG CTAAGGAAGT ATTGAAAGAT AATGACCAAA ATTTGGCTGA TAGGTTTAGG ACTAAACCAT TGGCAAATGT   

Eucgr1        CCATCATATC GGTCTGGTTC GGTTCCGCCC TGAACGTGGT CGTGTCAAGC TCGGAGCTGG CCAAGGAGGT GCTCAAGGAG CACGACCAGC AGCTGGCGGA CCGGCACCGG TACCGGTCGG CCGCCAAGTT   

Eucgr2        CCATCATATC GGTCTGGTTC GGTTCCTCCC TGAACGTGGT CGTGTCGAGC TCGGAGCTGG CCAAGGAGGT GCTCAAGGAG CACGACCAGC AGTTGGCGGA CCGGCACCGA AGCCGAGCGA CCGCCAAGTT   

Eucgr3        CCATCATATC GGTCTGGTTC GGTTCCACCC TGAACGTGGT CGTGTCGAGC TCGGAGCTGG CCAAGGAGGT GCTCAAGGAG AACGACCAGC AGCTGGCGGA CCGGCACCGG AGCCGGTCGG CCGCCAAGTT   

Eucgr4        CCATCATCTC GGTTTGGTTC GGGTCGACAC TGAACGTCAT CGTCTCGAGC GCGGAGCTGG CGAAGGAAGT GCTCAAGGAC AACGATCAGC AATTAGCGAA TAGGCACAGG AGCAGATCGG CTGCGAAGTT   

Vitvi         CCATCATATC GGTGTGGTTC GGGTCAACCC TGAACGTCAT AGTTTCAAAT TCAGAGCTGG CAAAGGAGGC TCTGAAGGAG AAAGATCAGC AACTGGCTGA TAGGCACAGG AGCAGATCCG CTGCTAAATT   

Linus1        CTATTATCTC CGTCTGGTTC GGCTCCACTC TCAACGTCGT CGTTTCCAAC ACCCAGCTTG CTAAGGAGGT GCTCAAGGAG CACGACCAGC AGCTCGCTGA TCGCCACCGG AGCAGGTCGG CCGCGAAGTT   

Linus2        CGATTATCTC CGTCTGGTTC GGATCCACGC TCAACGTCGT CGTTTCCAAC ACCCAGCTTG CTAAGGAGGT ACTCAAGGAG CACGACCAGC AGCTCGCTGA CCGCCACCGG ACCAGGTCGA CGGCGAGGTT   

Linus3        ---------- ---------- -------TAT CAAATGAAAT CGTATCGATT ATCGAGac-- ---------- TGTCAATCCG ATGGAGCAGG AGCTGGACGC CATGGTTCct ACCATTCTTA TTAGTAGGAT   

Linus4        CGATCATCTC GGTATGGTTC GGCTCCACGC TCAACGTCGT CGTTTCCAAC ACCCAGCTTG CTAAGGAGGT GCTCAAGGAG CACGACCAGC AGCTCGCTGA TCGCCACCGG AGCAGGTCTG CTGCGAAGTT   

Manes         CGATAATTTC TGTTTGGTTC GGTTCAACTT TGAATGTGAT CGTTTCGAAT ACAGAATTGG CTAGAGAAGT GCTGAAGGAG AATGATCAGC AGTTGGCTGA TCGACATCGG AGTCGGTCAG CTGCAAAGTT   

Poptr1        CTATCATCTC AGTTTGGTTC GGTTCAACTC TTAACGTGAT TGTTTCCAAT ACAGAATTGG CAAAGGAAGT GCTCAAGGAA AATGATCAAC AGTTAGCTGA TAGACATAGG AGTCGATCAG CTGCCAAGTT   

Poptr2        CAATTGTTTC AGTTTGGTTT GGTTCAACTT TGAATGTAGT TGTGTGTAAT GCGGAACTGG CCAGGCAAGT TCTCAAAGAG AATGACCAGC AGCTGGCTGA TAGGCATAGG ACTAGATTTC TCGCCAGGTT   

Poptr3        CAGTTGTTTC AGTTTGGTTT GGTTCAACTT TGAATGTTGT TGTGTGTAAT GCGGAACTGG CCAAGCAAGT TCTCAAAGAG AATGACCAGC AGCTGGCCGA TCGACATAGG TCTAGATTGG CTGCAAGGTT   

Ricco1        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- --------AT   

Ricco2        CAATTATATC AGTTTGGTTC GGTTCGACTC TGAACGTGAT AGTTTCCAAT ACAGAATTGG CTAAAGAAGT GTTGAAAGAG CATGATCAAC AGTTAGCTGA TAGACACAGG AGCAGGTCAG CTGCAAAGTT   

Ricco3        GGATTATATC AATTTGGGTT GGTTCAACAC TTAACGTTGT CGTTTCATCC TCAGAGTTGG CAGAAGAAGT GCTCAAAGAC AAGGACCAGG TACTAGCTCA TAGGCCCAGA AATAAAGCAG TCAGTATAAT   

Salpu1        CTATCATCTC CGTTTGGTTT GGCTCCACTC TTAACGTGAT CGTCTCCAAT ACAGAGTTGG CAAAGGAGGT GCTGAAGGAA AATGATCAGC AGCTAGCTGA TAGACATCGG AGCCGATCAG CTGCCAAGTT   

Salpu2        CTATCATCTC CGTTTGGTTT GGCTCCACTC TTAACGTGAT CGTCTCCAAT ACAGAGTTGG CAAAGGAGGT GCTGAAGGAA AATGATCAGC AGCTAGCTGA TAGACATCGG AGCCGATCAG CTGCCAAGTT   

Salpu3        CGATTGTCTC GGTTTGGTTA GGTTCAGCTT TGAATGTAGT TGTGTGTAAT GCGGAACTGG CTAAGCAAGT TCTCAAAGAG AATGACCAGC AGTTGGCTGA TAGACATAGG ACTAGGTTGA CTGCGAGGTT   

Salpu4        CAATTGTCTC GGTTTGGTTT GGTTCAGCTT TGAATGTAGT TGTGTGTAAT GCGGAACTAG CTAAGCAAGT TCTCAAAGAG AATGACCAGC AGTTGGCTGA TAGACATAGG ACTAGGTTGA CTGCGAGGTT   

Salpu5        CAATTGTCTC GGTTTGGTTT GGTTCAGCTT TGAATGTAGT TGTGTGTGAT GCGGATCTGG CTAAGCAAGT TCTCAGAGAG AATGACCAGC AGCTGGCTGA TAGACATAGG ACTCGGTTGA GTGCGAGGTT   

Salpu6        CAATTGTCTC GGTTTGGTTT GGTTCAGCTT TGAATGTAGT TGTGTGTAAT GCGGAACTAG CTAAGCAAGT TCTCAAAGAG AATGACCAGC AGTTGGCTGA TAGACATAGG ACTAGGTTGA CTGCGAGGTT   

Salpu7        CGATTGTCTC GGTCTGGTAT GGCTCGGCTT TGAATGTAGT TGTGTGTGAT GCGGAGCTGG CTAAGCAAGT TCTCAGAGAG AATGACCAGC AGCTGGCTGA TAGACAGAGG ACTCGGTTGA GTGCGAGGTT   

Citsi1        CAATCATGTC CGTATGGATA GGCTCATCAT TGAATGTTAT AGTGTCAAAT TCAGAACTGG CCAAGCAAGT GCTCAAAGAC TGTGACCAGC AGTTAGCCAA TAGGCACCGA CCCAAGGCAG TGGCTATCAT   

Citsi2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Citcl1        CTATAATGTC CGTTTGGTTC GGTTCCACTT TAAACGTCGT TATTTCGAGC TCGGAGTTGG CCAAGCAAGT TCTTAAAGAA AATGATCAAC AATTATCAAA TAGGCGCAGA AGTAGAGCAG CTCTTAGGCT   

Citcl2        CAATCATTTC GGTTTGGTTC GGCTCGACTT TGAACGTGAT TGTGTCCAAC ACAGAATTGG CTAGAGAAGT GCTTAAAGAG CATGATCAAC AATTGGCCGA CAGGCATCGA AGTAGATCAG CTGCAAAGTT   

Citcl3        CAATCATGTC CGTATGGATA GGCTCATCAT TGAATGTTAT AGTGTCAAAT TCAGAACTGG CCAAGCAAGT GCTCAAAGAC TGTGACCAGC AGTTAGCCAA TAGGCACCGA CCCAAGGCAG TGGCTATCAT   

Carpa         ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Gosra1        CGATAATTTC AGTATGGTTT GGTTCAACAT TGAACGTGAT CGTGTCGAAT ACGGAGCTGG CAAGGGAAGT TTTAAAAGAG TGTGATCAAC AGCTAGCTGA TAGGCACAGG ACTAGATCAG CAGCAAAGTT   



212 
 

Gosra2        CCATTATATC TGTTTGGTTT GGTTCCACTC TCAACGTGAT CGTGTCGAAT TCGGAACTGG CTAGGGAAGT TTTGAAAGAG CATGATCAAC AGTTAGCTGA TAGGCATCGG AGTAGATCGG CAGCCAAGTT   

Theca         CAATTATATC CGTCTGGTTT GGTTCGACTT TGAACGTGAT TGTGTCGAAT TCGGAACTGG CCAGGGAGGT TCTGAAAGAG AATGATCAAC AGTTGGCGGA TAGGCATAGG AGCAGATCAG CGGCAAAGTT   

Araly3        CAATCATATC GGTCTGGATC GGTTCAATTC TAAACGTCGT CGTATCTAGC GCCGAGCTAG CAAAAGAAGT CCTGAAAGAA CACGACCAGA AACTCGCCGA CCGGCACCGG AACAGATCAA CCGAAGCATT   

Arath3        CAATCATATC GGTCTGGATC GGTTCAATTC TAAACGTGGT CGTATCTAGC GCCGAGCTAG CAAAAGAAGT TCTGAAAGAA CACGACCAGA AACTCGCCGA CCGGCACCGG AACAGATCGA CGGAAGCATT   

Boest3        CAATCATATC GGTCTGGATC GGTTCAATTC TAAACGTCGT CGTATCTAGC GCGGAGCTAG CTAAAGAAGT CCTGAAAGAG CACGACCAGA AACTCGCCGA CCGGCACCGG AACAGATCGA CGGAAGCATT   

Brara1        CAATCATATC GGTCTGGATC GGTTCTATCT TAAACGTGGT CGTATCAAGC GCCGAGCTAG CCAAAGAAGT CCTCAAAGAG CACGACCAGA AACTCGCCGA CCGTCACCGG AACAGGTCCA CAGAAGCATT   

Brara2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Brara3        CAATCATATC GGTTTGGATA GGTTCGATTT TAAATGTTGT CGTATCTAGT GCCGAGCTAG CAAAGGAAGT GCTCAAAGAT CACGATCAGA AACTCGCCGA CAGGCACCGG AACAGATCAA CGGAAGCATT   

Capgr3        CAATCATATC GGTCTGGATC GGTTCGATTC TAAACGTCGT TGTATCTAGT GCGGAGCTAG CGAAAGAGGT CTTGAAAGAG CAAGACCAGA AACTCGCCGA CCGGCACCGG AACAGATCCA CGGAATCATT   

Capru2        CAATCATATC GGTCTGGATC GGTTCGATTT TAAACGTCGT TGTATCTAGT GCGGAGCTAG CGAAAGAAGT CTTGAAAGAG CAAGACCAGA AACTCGCCGA CCGGCACCGG AACAGATCCA CGGAATCATT   

Eutsa1        CAATCATATC GGTCTGGATC GGTTCGATTC TAAACGTCGT CGTCTCTAAC GCCGAGCTAG CAAAAGAAGT CTTGAAAGAG CACGACCAGA AACTCGCCGA CCGTCACCGG AACAGATCGA CGGAAGCATT   

Cucsa1        CCATCATATC GGTGTGGTTC GGGTCCACGT TGAACGTGGT TGTGTCCAAC ACCGAGTTAG CCAGGGAGGT TCTGAAGGAG CACGACCAGA GCCTGGCCGA CCGCCACCGG AGCAGATCGG CCGCGAAATT   

Cucsa2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Frave1        CAATCATGTC TGTGTGGTTT GGTTCACATT TGCATGTAGT AGTGTCAAAC CCAGAGTTGG CAAAGCAAGT GCTCAAAGAC AATGATGAGC AGTTAGCAAA TAGGCACAGG AATTGGACAT ATTCTAGACT   

Frave2        CCATCATATC GGTGTGGATC GGATCCACCC TGAACGTCGT CGTTTCAAAC ACAGAACTGG CGAGACAAGT GCTCAAAGAC CATGACCAGA AACTGGCAGA CCGGCATCGC AACCGATCCG CCGCAAAGTT   

Glyma1        CTATCATATC GGTCTGGTTC GGTTCGACCC TAAACGTCAT CGTTTCAAAC TCGGAGTTGG CCAAGGAGGT TCTGAAGGAG CACGATCAGC AGCTGGCGGA CCGGCACCGG AGCCGGTCGG CGGCGAAGTT   

Glyma2        CTATCATATC GGTCTGGTTC GGTTCGACCC TAAACGTCAT CGTTTCAAAC TCGGAGTTGG CCAAGGAGGT TCTGAAGGAG CACGATCAGC AGCTGGCGGA CCGGCACCGG AGCCGGTCGG CGGCGAAGTT   

Glyma3        CCATAATATC GGTTTGGTTC GGTTCGACCC TAAACGTCAT CGTTTCGAAC TCGGAGCTGG CGAAGGAGGT GCTGAAGGAG CACGATCAGC TGCTGGCGGA CCGCCACCGG AGCCGGTCGG CGGCGAAGTT   

Maldo1        CAATCATGTC GGTCTGGTTT GGTCCGAATA TCCACATTGT GGTCTCGAAC CATGAATTGG CAAAGCAAGT GCTCAAAGAA CATGATGAGA AACTAGCACA TAGGCACAGG GATTCGTTCA TGGCTAGGAT   

Maldo2        CCATCATTTC AGTGTGGATT GGATCMACAC TGAACGTCGT AGTGAACAAC ACAGAGCTTG CAAAGGAAGT GCTCAAGGAG AATGACCAGA AACTGGCTGA CAGGCACAGG AACAGATCAA CCGCAAAGCT   

Maldo3        CCATCTTCTC AGTGTGGATT GGATCCACAC TGAACGTCGT AGTGAGCAAC ACAGAGGTTG CAAAGGAGGT GCTCAAGGAG AATGACCAGA AACTGGCTGA CAGGCACAGG AACAGATCGA CCGCAAGGTT   

Maldo4        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Maldo5        CCATCATTTC AGTGTGGATT GGATCKACAC TGAACGTCGT AGTGAACAAC ACAGAGCTTG CAAAGGAAGT GCTCAAGGAG AATGACCAGA AACTGGCTGA CAGGCACAGG AACAGATCAA CCGCAAAGCT   

Maldo6        CCATCATTTC AGTGTGGATT GGATCMACAC TGARCGTCGT AGTGAACAAC ACAGAGCTTG CAAAGGAAGT GCTCAAGGAG AATGACCAGA AACTGGCTGA CAGGCACAGG AACAGATCAA CCGCAAAGCT   

Maldo7        CAATCATGTC GGTCTGGTTT GGTCCGAATA TCCACATTGT GGTCTCGAAC CATGAATTGG CAAAGCAAGT GCTCAAAGAA CATGATGAGA AACTAGCACA TAGGCACAGG GATTCGTTCA TGGCTAGGAT   

Maldo8        CCATCTTCTC AGTGTGGATT GGATCCACAC TGAACGTCGT AGTGAGCAAC ACAGAGGTTG CAAAGGAGGT GCTCAAGGAG AATGACCAGA AACTGGCTGA CAGGCACAGG AACAGATCGA CCGCAAGGTT   

Maldo9        CCATCTTCTC MGTGTGGATT GGATCCACAC TGAACGTCGT AGTGAGCAAC ACAGAGCTTG CAAAGGAGGT GCTCAAGGAG AATGACCAGA AACTGGCTGA CAGGCACAGG AACAGATCGA CCGCAAAGTT   

Maldo10       ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Maldo11       ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Maldo12       ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Medtr         CCATTATATC GGTTTGGTTT GGTTCGACTC TGAACGTGAT CGTTTCAAAT TCAAAGTTGG CTAAAGAAGT TTTAAAGGAG AATGATCAGC AGTTGGCTGA CCGGCACAGA AGTCGGTCAG CGGCAAAGTT   

Phavu         CCATCATATC GGTGTGGTTC GGCTCCACGC TCAACGTCAT CGTTTCGAAC TCCGAGCTCG CAAAGGAGGT GCTGAAGGAA CAGGACCAGC ACCTCGCTGA CCGCCACCGC AGCCGATCGG CGGCGAAGTT   

Prupe1        CCATCATTTC AGTGTGGATT GGATACACAC TGAACGTGGT AGTGTCGAGC ACAGAATTGG CAAAGGAGGT GCTCAAAGAG CATGACCAGA AACTGGCTGA CAGGCATAGG AATAGATCAA CCACCATGTT   

Prupe2        CCATCATTTC AGTGTGGACT GGATCCACAC TCAACGTTGT AGTGTCAAGC TCAGAATTGG CAAAGGAGGT GCTCAAAGAG CATGACCAGA AACTGGCTGA TAGGCACAGG AATAGATCAA GCGCCAGGTT   

Prupe3        CCATCATTTC AGTGTGGACT GGATCCACAC TCAACGTTGT AGTGTCGAGC TCAGAATTGG CAAAGGAGGT GCTCAAAGAG CATGACCAGA AACTGGCTGA TAGGCAAAGG AATAGATCAA CCGCCAAGTT   

Prupe4        CCATCATATC GGTGTGGACG GGGTCGACGC TAAACGTCAT CGTGTCCAGC TCAGAACTGG CAAGGGAGGT GCTGAAAGAG CATGACCAGA AGCTGGCTGA TCGGCATAGG AGCAGATCAG CTGCGAAGTT   

Prupe5        CAATCGTATC GGTGTGGTTG GGCTCAAGTT TGCACATAGT AGTTTCAAAC CCTGAATTGG CAAAGCAAGT GCTCAAAGAC AATGATGAGC AGTTAGCACA TAGGCACAGG ACTTGGTCTA GTTCTAGGAT   

Lonja         CAATATTCTC CCTCTACTTG GACTCTCGTC TAAACGTCGT CGTTAACAAC ACCGAACTGG CCAAGGAAGT TCTGAAAGAA AATGACCAGC AATTAGCCGA TCGGCACAGG AATAGGGCAA CGATGACGTT   

Rutgr         CGATCATTTC GGTGTGGTTC GGTTCCATTT TGAACGTTGT CGTGTCCAAC ACGGAGTTGG CGAAGGAGGT GCTGAAGGAG CATGACCAGC AATTGGCTGA CAGGCACCGG AGCCGATCAG CTGCCAAGTT   

Salmi         CGATCCTCTC GGTTTGGTTC GGATCCACCC TCAACGTCGT CGTTTCCAAC TCCGAGCTGG CTAAGGAGGT GCTGAAGGAG AAGGACGGCC AGCTGGCCGA CCGCCACCGC AGCCGCTCCG CCGTCAAGCT   

Tripr         CCATTATATC AGTTTGGTTT GGTTCGACTC TGAATGTGAT TATTTCAAAT TCAGAGTTGG CAAAAGAGGT TTTAAAGGAG AAGGATCAAC AGTTGGCTGA CCGGCACAGA AGTCGGTCAG CCGCAAAGTT   
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Triae1        CAGCCGCAAC GGCCAGGACC TCATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACCCA GAAGCGCCTC GAGGCGCTGC GCTCCATCCG CGAGGACGAG   

Triae2        CAGCCGCAAC GGCCAGGACC TCATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACCCA GAAGCGCCTC GAGGCGCTGC GCCCCATCCG CGAGGACGAG   

Triae3        CAGCCGCGGC GGCATGGACC TCATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGT AACCTCGAGC TCTTCACGCC CCGCCGCCTC GAGGCGCTCC GCCCCGTCCG CGAGGACGAG   

Cofca1        TAGCAGAGAA GGGCAGGACC TCATTTGGGC TGACTATGGA CCTCATTATG TTAAGGTTAG AAAAGTCTGC ACACTTGAGC TTTTCTCACC TAAAAGGCTG GAAGCTCTTA AACCAATCAG GGAAGATGAA   

Cofca2        GAGCAGAAAT GGCCAAGATT TGATATGGGC TGATTATGGT CCTCATTATG TGAAGGTCAG AAAACTGTGC AATCTTGAAC TCTTCACTCC AAAAAGACTG GAAGGCCTTA GACCTTTAAG AGAAGATGAA   

Nicta1        TAGCAGAGAC GGGCAGGATC TTATTTGGGC TGATTATGGG CCTCATTATG TTAAGGTTAG AAAGGTTTGT ACGATTGAGC TTTTTACGCC TAAAAGGCTT GAAGCCCTTA GGCCCATTCG AGAAGATGAG   

Nicta2        GAGCAGAAAT GGGAGTGATT TGATTTGGGC TGATTATGGT CATCATTACG TGAAAGTTAG AAAACTCTGC AACCTTGAGC TTTTTACTCC TAAGAGACTT GAAGCTCTTA GACCTATTAG AGAAGATGAA   

Nicta3        GAGCAGAAAT GGGATGGATT TGATTTGGGC TGATTATGGG CCTCATTATG TGAAAGTAAG GAAGCTCTGT AATCTTGAGC TTTTTACTCC TAAAAGACTT GAAGCTCTTA GACCTATTAG AGAAGATGAA   

Cynca         CAGCCGAGAT GGTCAGGATT TGATTTGGGC GGATTATGGC CCCCACTATG TGAAGGTTCG CAAAGTATGT ACTCTTGAGT TGTTTTCTCC CAAGAGGCTT GAGGCCCTTC GACCCATCAG AGAAGATGAA   

Liter         GAGTCGAGGT GGTAAGGACT TGATTTGGGC AGATTATGGT CCGCATTATG TTAAGGTTAG GAAGCTGTGT AATGTTGAGC TGTTTTCTCC CAAGAGGCTT GAGGCTATTA GGCCTATGAG GGAAGATGAG   

Solsc         GAGCAGAGAC GGGAAGGATT TGATCTGGGC GGATTATGGG CCTCACTATG TGAAGGTGAG GAAGGTTTGC ACGGTGGTGC TGTTTTCGCC GAAGAGGCTG GAGCTGTTGC GGCCGATTAG GGAAGATGAG   

Ociba1        CAGCAGGGAC GGCCAGGATC TGATTTGGGC GGATTATGGG CCGCACTACG TCAAGGTCAG AAAAGTTTGT ACGCTGGAGC TATTTTCCCC CAAGCGACTT GAAGCTTTGA GGCCAATCAG GGAAGATGAA   

Ociba2        CAGCAGGGAC GGCCAGGATC TGATTTGGGC GGATTATGGG CCGCACTACG TCAAGGTCAG AAAAGTTTGT ATGCTGGAGC TATTTTCCCC CAAGCGACTT GAAGCTTTGA GGCCAATCAG GGAGGATGAA   

Ambtr1        TAGCAGAGAT GGGAAGGACC TCATTTGGGC CGATTATGGG CCTCACTACG TGAAGGTCAG GAAGGTTTGC ACATTGGAGC TGTTCACTGC AAAGAGGTTA GAGGCTTTGA GGTCCATAAG GGAGGATGAG   

Ambtr2        CAGTAGAGAG GGAACTGACC TTATCTGGGC TGATTATGGT CCTCACTATG TCAAGGTTAG GAAGCTTTGC ACTCTAGAGT TGTTCTCAGT TAAGAGGCTT GAGGCACTTA GGGCCATAAG GGAGGAGGAG   

Musac         CAGCCGCGAT GGCAAGGACC TCATCTGGGC CGACTACGGC CCCCACTACG TCAAGGTCCG CAAGGTCTGC AACCTCGAGC TCTTCTCCCC CAAGCGCCTC GAGGCGCTCC GCCCCATCCG CGAGGACGAG   

Spipo         ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Bradi         CAGCCGCAAC GGCCAGGACC TCATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG AAAGCTCTGC AACCTCGAGC TCTTCACGCA GAAGCGGCTC GAGGCGCTGC GCCCCATCCG GGAGGACGAG   

Brast         CAGCCGCAAC GGCCAGGACC TCATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACGCA GAAGCGGCTC GAGGCGCTGC GCCCCATCCG GGAGGACGAG   

Orysa1        CAGCCGCAAC GGGATGGACC TGATCTGGGC GGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACCCC CAAGCGCCTC GAGGCCCTCC GCCCCATCCG CGAGGACGAG   

Orysa2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Panha1        CAGCCGCAAC GGGCAGGACC TGATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACGCC CAAGCGCCTC GAGGCGCTGC GCCCCATCCG CGAGGACGAG   

Panha2        CAGCCGCGGC GGCAAGGACC TCATCTGGGC CGACTACGGC GCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACGCC GCGCCGCCTC GAGGCGCTCA GGCCCATCCG CGAGGACGAG   

Panvi1        CAGCCGCGGC GGCAAGGACC TCATCTGGGC CGACTACGGC GCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACGCC GCGGCGCCTC GAGGCGCTCA GGCCCATCCG CGAGGACGAG   

Panvi2        CAGCCGCAAC GGGCAGGACC TGATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACGCC CAAGCGCCTC GAGGCGCTGC GCCCCATCCG CGAGGACGAG   

Panvi3        CAGCCGCAAC GGGCAGGACC TGATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACGCC CAAGCGCCTC GAGGCGCTGC GCCCCATCCG CGAGGACGAG   

Panvi4        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Setit         CAGCCGCAAC GGGCAGGATC TGATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACCCC CAAGCGCCTC GAGGCGCTGC GCCCCATTCG CGAGGACGAG   

Setvi         CAGCCGCAAC GGGCAGGACC TGATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACCCC CAAGCGCCTC GAGGCGCTGC GCCCCATCCG CGAGGACGAG   

Sorbi1        CAGCCGCGGC GGCCAGGACC TCATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACGCA GCGCCGCCTC GAGGCGCTCA GACCCATCCG CGAGGACGAG   

Sorbi2        CAGCCGCAAC GGGCAGGACC TGATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACGCC CAAGAGGCTC GAGGCGCTGC GCCCCATCCG CGAGGACGAG   

Zeama1        CAGCCGAGGC GGCCAGGACC TCATCTGGGC CGACTACGGC CCCCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACGCA GCGCCGCCTC GAGGCGCTCA GGCCCATCCG CGAGGACGAG   

Zeama2        CAGCCGCAAC GGGCAGGACC TCATCTGGGC CGACTACGGC CCGCACTACA TCAAGGTGCG CAAGCTCTGC AACCTCGAGC TCTTCACGCC CAGGAGGCTC GAGGCGCTGC GCCCCATCAG GGAGGACGAG   

Aquco1        TAGTAAAGGT GGTCAAGATC TTATTTGGGC TGATTATGGA CCACATTATG TTAAAGTTAG AAAAGTTTGT ACTGTTGAGC TTTTTACACC TAAAAGACTT GAAGCTCTTA AGCCCATTAG AGAAGATGAA   

Aquco2        TAGTAGAGAT GGTACAGATC TTATTTGGGC TGATTATGGG CCTCACTATG TCAAGGTTAG AAAAGTTTGT ACTCTTGAAC TCTTCACTCC TAAAAGAATT GAAGCCCTTA GGCCTATTAG AGAAGATGAA   

LKalma2       TAGTAGAGAC GGGCAGGATC TGATATGGGC TGACTACGGA CCGCATTACG TGAAGGTGAG GAAGGTGTGC ACCTTAGAGC TATTCACGCC AAAGAGGCTC GCGTCGCTGA GACCCGTCAG AGAGGATGAG   

LKalma4       TAGTAGAGAC GGGCAGGATC TGATATGGGC TGACTACGGA CCGCATTACG TGAAGGTGAG GAAGGTGTGC ACCTTAGAGC TATTCACGCC AAAGAGGCTC GAGTCGCTGA GACCCGTCAG AGAGGATGAG   

Mimgu1        CAGCAAGAAC GGGATGGATC TGGTGTGGTC GGACTATGGG CCCCACTACG TGAAGGTGAG GAAGCTCTGC ACGCTCGAGC TTTTCTCGGC GAAGAGGATC GAGGCGCTCC GGCCAATCAG AGAAGATGAA   

Mimgu2        CAGCAAAAAT GGCATGGATT TGATCTGGTC CGACTATGGG CCCCACTATG TGAAGGTGAG GAAATTGTGT ACTCTCGAGC TTTTCTCGGC GAAGAGAATC GAGGCGCTCC GGCCAATTAG AGAAGATGAA   

Mimgu3        CAGCAGAAAC GGTCAGGATC TTATATGGGC CGATTACGGG CCTCACTATG TGAAGGTGAG AAAAGTTTGT ACGGTGGAGC TGTTTTCTCC AAAGAGGCTT GAAGCTCTGA GGCCAATTAG GGAAGATGAA   

Mimgu4        CAGCAGAGAC GGGCAGGATC TAATATGGGC CGATTACGGG CCCCACTATG TGAAGGTGAG AAAAGTGTGT ACTGTGGAGC TTTTTTCCCC AAAGAGGCTT GAAGCTCTGA GGCCAATTAG GGAAGATGAA   

Mimgu5        CAGCAGAGAA GGGCAGGATC TGATATGGGC CGATTACGGG CCCCACTATG TGAAGGTGAG AAAAGTTTGT ACTGTGGAGC TGTTTTCCTC AAAGAGGCTT GAAGCTCTGA GGCCAATTAG GGAAGATGAA   

Mimgu6        CAGCAGAGAC GGCCAGGATC TGATATGGGC CGACTACGGG CCCCACTATG TGAAGGTGAG GAAGTTTTGT ACGGTGGAGC TTTTCTCGCC GAAGCGGCTC GAAGCTTTGA GGCCCGTTAG GGAAGATGAA   

Mimgu7        CAGCAGAGAC GGCCAGGATC TGATATGGGC CGACTACGGG CCCCACTATG TGAAGGTGAG GAAGTTTTGT ACGGTGGAGC TTTTCTCGCC GAAGCGGCTC GAAGCTTTGA GGCCCGTTAG GGAAGATGAA   

Solly1        GAGTAGAAAT GGGAGTGATT TAATTTGGGC TGATTATGGA CATCATTATG TCAAAGTGAG AAAATTATGT AATCTTGAAC TTTTTACTTC AAAGAGAATT GAAGCTCTTA GACCAATTAG AGAAGATGAA   

Solly2        TAGCAGAGAT GGACAAGATC TGATATGGGC TGATTATGGA CCTCATTATG TTAAGGTTAG AAAGGTTTGT ACGATTGAGC TTTTTACGGC CAAAAGGCTT GAATCCCTTA GACCTATTCG AGAAGATGAA   

Solly3        GAGTAAAAAT GGGATGGATT TGATTTGGGC TGATTATGGA CCTCATTATG TGAAAGTAAG AAAACTTTGT AATCTTGAAC TTTTTACTCA AAAAAGACTT GAAGCTCTTA GGCCAATTAG AGAAGTTGAA   

Solly4        GAGTAAAAAT GGGAAGGATT TGATATGGGC CGATTATGGG CCTCATTATG TAAAAGTAAG AAAAGTTTGT AATCTTGAGC TTTTTACTCC AAAGAGACTT GAAGCTCTTA GGCCCATTAG AGAAGATGAA   

Solly5        GAGTAGAAAT GGGATGGATT TGATTTGGGC TGATTACGGT CCTCATTATG TCAAAGTAAG GAAGCTTTGT AATCTCGAAC TTTTTACTCC TAAAAGACTT GAATCTCTTA GGCCTATTAG AGAAGACGAA   

Soltu1        TAGCAGAGAT GGACAAGATC TGATATGGGC TGATTATGGT CCTCATTATG TTAAGGTTAG AAAGGTTTGT ACGATTGAGC TTTTTACGGC CAAAAGGCTT GAATCCCTTA GACCTATTCG AGAAGATGAA   

Soltu2        GAGTAGAAAT GGGATGGATT TGATTTGGGC AGATTATGGG CCTCATTATG TGAAAGTAAG AAAGCTTTGT AATCTTGAAC TTTTTACTCC AAAAAGACTT GAATCTCTTA GACCTATCAG AGAAGAAGAA   

Soltu3        GAGTAAAAAT GGGAAGGATT TGATATGGGC CGATTATGGG CCTCATTATG TGAAAGTTAG AAAAGTTTGT AATCTTGAGC TTTTTACTAC AAAGAGACTT GAAGCTCTTA GGCCCATTAG AGAAGATGAA   

Soltu4        GAGTAAAAAT GGGATGGATT TGATATGGGC TGATTATGGA CCTCATTATG TGAAAGTAAG AAAGCTTTGT AATCTTGAAC TTTTTACTCA AAAGAGACTT GAAGCTCTTA GGCCAATTAG AGAAGTTGAA   

Soltu5        GAGTAAAAAT GGGATGGATT TGATATGGGC TGATTATGGA CCTCATTATG TGAAAGTAAG AAAGCTTTGT AATCTTGAAC TTTTTACTCA AAAGAGACTT GAAGCTCTTA GGCCAATTAG AGAAGTTGAA   

Soltu6        GAGTAGAAAT GGGAGTGATT TAATTTGGGC TGATTATGGA CATCATTATG TGAAAGTGAG AAAACTATGT AATCTTGAAC TTTTTACTTC AAAGAGAATT GAAGCTCTTA GACCAATTAG AGAAGATGAA   

Soltu7        GAGTAGAAAT GGGAGTGATT TAATTTGGGC TGATTATGGA CATCATTATG TGAAAGTGAG AAAACTATGT AATCTTGAAC TTTTTACTTC AAAGAGAATT GAAGCTCTTA GACCAATTAG AGAAGATGAA   

Eucgr1        CAGCAGGGAC GGACAGGACC TCATATGGGC CGACTACGGC CCCCACTACG TGAAGGTCAG GAAGGTGTGC ACCCTAGAGC TCTTCACCCC CAAGCGGCTC GAGGCCCTCC GCCCCATCCG GGAGGACGAG   

Eucgr2        CAGCAAGGAC GGCCTGGACC TCATATGGGC CGACTACGGC CCCCACTACG TGAAGGTCAG GAAGGTGTGC ACGCTGGAGC TCTTCAACCC CAAGCGGCTC GAGGCCCTCC GCCCCATCCG GGAGGACGAG   

Eucgr3        CAGCAGGGAC GGCCAGGACC TCATATGGGC CGACTACGGC CCCCACTACG TGAAGGTCAG GAAGGTGTGC ACGCTGGAGC TCTTCACCCC CAAGCGGCTC GAGGCCCTCC GCCCCATCCG GGAGGACGAG   

Eucgr4        CAGCAGAGAT GGGAAGGACC TTATCTGGGC CGATTACGGG CCTCATTACG TTAAGGTCCG AAGGCTTTGC ACGCTCGAGC TGTTCTCGCC GAGGCGGCTC GAGGCCCTTC GGCCCATTAG GGAAGACGAG   

Vitvi         CAGCAGAGAC GGGAAGGACC TGATATGGGC CGACTATGGA CCTCACTACG TCAAGGTCCG AAAGGTGTGC ACCCTTGAGC TCTTCTCTCC CAAGAGGCTT GAAGCTCTCA GACCCATCAG AGAAGATGAA   

Linus1        CAGCCGCGAC GGTCAGGATC TTATTTGGGC CGACTATGGG CCGCACTACG TGAAGGTGAG GAAAGTGTGC ACGCTTGAGC TGTTCACTCC CAAGCGATTG GAAGGGCTGC GGCCGATTCG CGAGGATGAG   

Linus2        CAGCCGCGAC GGTCAAGATC TGATTTGGGC TGACTATGGG CCGCACTACG TGAAGGTGAG GAAGGTCTGC ACGGTTGAGC TGTTCACTCC AAAGCGATTG GAAGGGCTGC GCCCGATTCG AGAGGATGAG   

Linus3        GAGCAAGAAT GGGATGactg tagaggctca acgactgttt gacttgggta aGGAGATGAG GAATGATTTT TTGTCTATGC GACTCTCGGg tcttggtcgt aatagTCTAC GGCTGGGAAG AGAAAAGGAA   

Linus4        CAGCCGCGAC GGTCAGGATC TCATTTGGGC CGACTATGGG CCGCACTACG TGAAGGTGAG GAAGGTGTGC ACGCTTGAGC TGTTCACTCC TAAGCGATTG GAAGGGCTAC GCCCGATCCG TGAGGATGAG   

Manes         TAGCAGAGAT GGAAAAGATC TTATATGGGC TGACTATGGA CCTCACTATG TAAAGGTGAG AAAAGTGTGT ACTCTTGAGC TTTTCACGCC CAAGAGACTC GAGGCTTTGA GACCAATTAG AGAAGATGAG   

Poptr1        TAGCAGAGAC GGTAAAGACC TTATATGGGC TGATTATGGA CCTCACTATG TTAAGGTTCG AAAGGTTTGC ACCCTTGAGC TTTTCTCTCC CAAAAGACTT GAAGCTTTGA GGCCTATCAG AGAAGATGAG   

Poptr2        TAGTAGAGGT GGCGAGGACC TCATATGGGC TGACTATGGT CCTCACTACG TGAAGCTTAG GAAAGTGTCT ACTCTTGAGC TCTTCTCAGC AAAGAGACTT GAGGAACTCA GACCTATTAG AGAAGATGAG   

Poptr3        TAGTAGAGAC GGCAAGGACC TCATCTGGGC TGACTATGGT CCTCATTATG TGAAGGTTAG GAGAGTGTCT ACTCTTGAGC TCTTCTCAGC AAAGAGACTT GAGGAACTCA GACCTATAAG AGAAGATGAG   

Ricco1        GAGCAGAGGT GGGAAAGACC TTATATGGGC TGACTATGGT CCTCACTATG TTAAGGTTAG AAAAGTTTGT ACTATTGAGC TTTTCTCCAT TAAGAGACTC GAGTCTTTGA GGCCCATAAG AGAAGATGAG   
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Ricco2        TAGCAGAGAT GGGAAAGATC TCATTTGGGC TGATTATGGT CCTCACTATG TCAAAGTTAG AAAAGTTTGT ACTCTTGAGC TCTTCACTCC TAAAAGGCTT GACGCTTTGA GACCAATTAG GGAAGATGAA   

Ricco3        GTCCAGAAAC GGCAAAGGCA TTTTATGGGC TGACTATGGT CCTCAATATG CCAGGCTAAG AAAAATTTGT ATGCTCGAGC TCTTCTCTCA GAAGGGTACT GAAGCTTTTA GACCTATTAG AGAAGGTGAA   

Salpu1        TAGCAGAGAC GGTAAAGACC TTATATGGGC TGATTATGGA CCTCACTATG TTAAGGTTCG AAAGGTTTGT ACTCTTGAGC TTTTCACTCC CAAAAGACTT GAAGCTTTGA GGCCTATCAG AGAAGATGAG   

Salpu2        TAGCAGAGAC GGTAAAGACC TTATATGGGC TGATTATGGA CCTCACTATG TTAAGGTTCG AAAGGTTTGT ACTCTTGAGC TTTTCACTCC CAAAAGACTT GAAGCTTTGA GGCCTATCAG AGAAGATGAG   

Salpu3        CAGTAGAGAT GGCAAGGACC TCATATGGGC TGACTATGGT CCTCACTATG TGAAGCTCAG GAAAGTCTCT ACTCTTGAGC TTTTCTCGGC TAAGAGACTT GATGAACTCA GACCTATTAG AGAAGATGAG   

Salpu4        CAGTAGAGAT GGCAAGGACC TCATATGGGC TGACTATGGT CCTCACTATG TGAAGCTCAG GAAAGTGTCT ACTCTTGAGC TTTTCTCGGC TAAGAGACTT GATGAACTCA GACCTATTAG AGAAGATGAG   

Salpu5        CAGCAGAGAT GGGAAGGACC TCATATGGGC TGACTACGGT CCTCACTATG TGAAGGTGAG GAAAGTTTCT ACTCTTGAGC TTTTCTCGGC AAAGAGACTC GAGGAACTCA GGCCTATAAG AGAAGATGAG   

Salpu6        CAGTAGAGAT GGCAAGGACC TCATATGGGC TGACTATGGT CCTCACTATG TGAAGCTCAG GAAAGTGTCT ACTCTTGAGC TTTTCTCGGC TAAGAGACTT GATGAACTCA GACCTATTAG AGAAGATGAG   

Salpu7        CAGCAGAGAT GGGAAGGACC TCATATGGGC TGACTACGGT CCTCACTATG TGAAGGTGAG GAAAGTTTCT ACTCTTGAGC TTTTCTCGGC AAAGAGACTC GAGGAACTCA GGCCTATAAG AGAAGATGAG   

Citsi1        TTCCAAAGGT GGTACAGATC TTGTATGGGC CGATTATGGG GCCCACTATG TTAAGGTGCG AAGAGTATGC ACCCTTGAAC TCTTCTCCCC AAAAAGGACG GAGGCCCTTA GGCCCATTAG AGAAGAGGAA   

Citsi2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Citcl1        TTCTAGAAAT GGAAAAGACC TTATTTGGGC TGACTATGGT CCTCATTATG TTAAGGTTAG AAAAGTTTCT ACTCTTGAGC TTCTGTCTTC CAAAAAGCTT GAGGCCCTTA GGCCAATTAG GGAAGATGAA   

Citcl2        CAGCAGAGAT GGCAAGGACC TCATTTGGGC CGATTATGGG CCTCACTACG TCAAGGTTCG TAAAGTCTGC ACGCTCGAGC TTTTTACGCC GAAGAGATTA CAGGCTCTGA GACCAATTAG AGAGGATGAA   

Citcl3        TTCCAAAGGT GGTACAGATC TTGTATGGGC CGATTATGGG GCCCACTATG TTAAGGTGCG AAGAGTATGC ACCCTTGAAC TCTTCTCCCC AAAAAGGACG GAGGCCCTTA GGCCCATTAG AGAAGAGGAA   

Carpa         ---------- ---------- ---------- ---------- ---------- ---------- -----TGTGC AATCTCGAGC TGTTCACTCC GAAGAGACTC GAAGCTTTGA GACCAATCAG AGAGGATGAG   

Gosra1        TAGCAGAGAT GGAAAAGACC TTATTTGGGC TGATTACGGA CCTCATTATG TTAAGGTAAG GAAAGTTTGT ACGCTGGAGC TTTTCTCTCC TAAGCGGCTT GAAGCTTTGA GACCTATTAG AGAAGATGAG   

Gosra2        TAGCAGAGAT GGACAGGACC TTATATGGGC CGATTATGGA CCTCATTATG TTAAGGTAAG GAAAGTATGC ACGCTGGAGC TTTTCTCTCC GAAGAGGCTT GAGGCTTTGA GACCTATTAG AGAAGATGAG   

Theca         TAGCAGAGAT GGACAGGACC TTATATGGGC TGATTACGGA CCTCATTATG TGAAGGTAAG GAAAGTTTGC ACGCTGGAGC TTTTCTCACC GAAGAGGCTC GAAGCTTTGA GACCAATCCG AGAAGATGAG   

Araly3        TAGCCGCAAC GGTCAAGATC TTATATGGGC CGATTATGGG CCTCATTACG TGAAGGTGAG AAAAGTTTGC ACGCTTGAGC TCTTCACACC TAAACGACTC GAGTCTCTCA GACCTATCCG TGAAGATGAA   

Arath3        TAGCCGCAAC GGTCAGGATC TTATATGGGC CGATTATGGG CCTCATTACG TGAAGGTGAG AAAAGTTTGC ACGCTTGAGC TCTTCACACC GAAACGACTC GAGTCTCTCA GACCTATCCG TGAAGATGAA   

Boest3        TAGCCGCAAC GGTCAAGATC TTATATGGGC CGATTATGGG CCTCACTACG TGAAGGTTAG AAAAGTTTGC ACGCTTGAGC TCTTCACACC AAAACGACTT GAGTCTCTCA GACCTATCCG TGAAGATGAA   

Brara1        CAGCCGCAAC GGTCAGGATC TGATATGGGC TGATTATGGT CCCCACTACG TGAAGGTTAG AAAAGTGTGC ACGCTTGAGC TCTTCACACC AAAAAGACTC GAGTCTCTTA GACCTATCCG TGAAGATGAG   

Brara2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Brara3        CAGTCGCAAC GGTCAGGATC TAATATGGGC GGATTATGGG CCCCATTACG TGAAGGTGAG AAAAGTTTGC ATGCTTGAGC TCTTCACACC TAAACGACTC GAGTCACTTA GACCTATCCG TGAAGATGAG   

Capgr3        CAGCCGCGGC GGTCAGGATC TTATATGGGC GGATTACGGT CCTCACTACG TCAAGGTGAG AAAAGTTTGC ACCCTTGAGC TCTTCACACC TAAACGACTC GAGTCTCTCA GACCTATCCG TGAAGATGAA   

Capru2        CAGCCGCGGC GGTCAGGATC TTATATGGGC GGATTACGGT CCTCACTACG TCAAGGTGAG AAAAGTTTGC ACTCTTGAGC TCTTCACACC TAAACGACTC GAGTCTCTCA GACCTATCCG TGAAGATGAA   

Eutsa1        TAGCCGCAAC GGTCAGGATC TAATATGGGC CGATTATGGG CCTCACTACG TGAAGGTGAG AAAAGTTTGC ACGCTTGAGC TCTTCACACC TAAACGGCTC GAGTCTCTCA GACCTATCCG TGAAGATGAG   

Cucsa1        TAGCCGGGAC GGGAAGGATT TGATTTGGGC GGATTATGGA CCGCATTACG TGAAGGTTAG GAAAGTTTGT ACCATCGAAC TCTTCTCTCC GAAACGACTT GAATCGTTGA GGCCGATTAG AGAAGATGAA   

Cucsa2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- -----ATGAA   

Frave1        CAGCAGAAAT GGCGAGGGTC TTATATGGGC TGATTATAGT CCTCACTACA CAAAGCTTAG AAATGTTTGT GTGCTTGAGC TTTTCTCTAC CAAGAGCCTT GAGACTTATA GACACATTAG GGAAGATGAA   

Frave2        CAGCAAGGAC GGCCAAGACC TCATCTGGGC CGACTATGGG CCCCACTACG TGAAGGTCAG GAAGGTCTGC ACTCTTGAGC TTTTCTCTCC CAAGAGGATT GAGGCTCTCA GACCTATTCG CGAAGATGAG   

Glyma1        CAGCCGCGAC GGGAAGGATC TCATTTGGGC CGATTATGGG CCGCACTACG TGAAGGTGAG GAAGGTTTGC ACGCTCGAGC TTTTCACGCC GAAGCGCCTC GAGTCCCTCA GGCCCATTAG GGAGGACGAG   

Glyma2        CAGCCGCGAC GGGAAGGATC TCATTTGGGC CGATTATGGG CCGCACTACG TGAAGGTGAG GAAGGTTTGC ACGCTCGAGC TTTTCACGCC GAAGCGCCTC GAGTCCCTCA GGCCCATTAG GGAGGACGAG   

Glyma3        CAGCCGCGAC GGGAAGGATC TAATTTGGGC CGATTATGGG CCGCACTACG TGAAGGTGAG GAAGGTTTGC ACGCTCGAGC TTTTCTCGCC GAAGCGCCTC GAGGCCCTGA GGCCCATTAG GGAGGACGAG   

Maldo1        CACAAAAAAT GGTGAGGACC TTGTGTGGGC AGATTATGGT CCTCACTACA TAAAGCTCAG AAAAATTTGT ATGCTTGAGA TTTTTTCTCC TAATAGTCTT GAAATTTTCA GACACATTAG AGAAGATGAA   

Maldo2        CAGCAGGGAC GGCCAGGATC TTATTTGGGC TGACTATGGG CCCCACTATG TTAAGGTGAG GAAGGTGTGC ACTCTTGAGC TTTTCTCTGC AAAGAGGCTC GAGGATCTGA GACCCATTAG AGAAGATGAG   

Maldo3        TAGCAGGGAC GGTCAGGATC TTATCTGGGC TGACTATGGG CCCCACTACG TGAAGGTGAG GAAGGCGTGC ACTCTTGAGC TTTTCTCTGC AAAGAGGCTT GAGGATCTCA GACCCATTAG AGAAGATGAG   

Maldo4        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Maldo5        CAGCAGGGAC GGCCAGGATC TTATTTGGGC TGACTATGGG CCCCACTATG TTAAGGTGAG GAAGGTGTGC ACTCTTGAGC TTTTCTCTGC AAAGAGGCTC GAGGATCTGA GACCCATTAG AGAAGATGAG   

Maldo6        CAGCAGGGAC GGCCAGGATC TTATTTGGGC TGACTATGGG CCCCACTATG TTAAGGTGAG GAAGGTGTGC ACTCTTGAGC TTTTCTCTGC AAAGAGGCTC GAGGATCTGA GACCCATTAG AGAAGATGAG   

Maldo7        CACAAAAAAT GGTGAGGACC TTGTGTGGGC AGATTATGGT CCTCACTACA TAAAGCTCAG AAAAATTTGT ATGCTTGAGA TTTTTTCTCC TAATAGTCTT GAAATTTTCA GACACATTAG AGAAGATGAA   

Maldo8        TAGCAGGGAC GGTCAGGATC TTATCTGGGC TGACTATGGG CCCCACTACG TGAAGGTGAG GAAGGCGTGC ACTCTTGAGC TTTTCTCTGC AAAGAGGCTT GAGGATCTCA GACCCATTAG AGAAGATGAG   

Maldo9        TAGCAGGGAC GGTCAGGATC TTATCTGGGC AGACTATGGR CCCCACTACG TGAAGGTGAG GAAGGTGTGC ACTCTTGAGC TTTTCTCTGC AAAGAGGCTT GAGGATCTCA GACCCATTAG AGAAGATGAA   

Maldo10       ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Maldo11       ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Maldo12       ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Medtr         TAGTAGAGAT GGGCAGGATT TAATTTGGGC TGATTATGGA CCCCATTATG TGAAGGTTAG GAAGGTTTGT ACGTTAGAGC TTTTTTCACC TAAGAGAATT GAAGCTTTGA GGCCTATTAG AGAAGATGAG   

Phavu         CAGCCGCGAC GGCAAGGATC TCATTTGGGC CGATTATGGA CCCCACTACG TGAAAGTGAG GAAGGTCTGC ACGCTAGAGC TCTTCACCCC CAAACGTCTC GAGGCCCTCA GGCCCATTAG GGAAGACGAG   

Prupe1        TAGCAGGGAC GGTCAAGACC TCATTTGGGC TGACTATGGG CCCCACTATG TTAAGGTGAG GAAGGTGTGC ACTCTTGAGC TTTTCTCTGC AAAGAGGATT GAAGCTCTCA GACCCATTAG GGAAGATGAG   

Prupe2        TAGCAAGGAT GGGCAGGACC TCATTTGGGC TGACTATGGG CCCCACTATG TTAAGGTCAG GAAGGTGTGC ACTCTTGAGC TTTTTTCTGC AAAGAGGATT GAAGCTCTCA GACCCATTAG GGAAGATGAG   

Prupe3        TAGCAAGGAT GGGCAGGACC TCATTTGGGC TGACTATGGG CCCCACTATG TTAAGGTCCG GAAGGTGTGC ACTCTTGAGC TTTTCTCTGC AAAGAGGATT GAAGCTCTCA GACCCATTAG AGAAGATGAG   

Prupe4        CAGCAAGGAC GGCCAGGATC TCATCTGGGC TGACTATGGG CCCCACTATG TTAAGGTGAG GAAGGTGTGC ACTCTGGAGC TTTTCTCTCC CAAGAGGATC GAGGCTCTCA GACCCATTAG GGAAGATGAG   

Prupe5        CACAAAAAAT GGTAAGGACC TTATATGGGC AGATTATGGT CCTCACTACA TAAAGCTTCG GAAGATTTGT ATGCTTGAAC TTTTATCTCC TAAGAATCTT GAGACTTTTA GACACGTTAG AGAAGATGAA   

Lonja         TAGTAGGGGA GGGAAGGATC TGATTTGGGC CGATTATGGG CCCCACTATG TGAAGGTGAG GAAAGTTTGT AATCTTGAGC TTTTTTCACC AAAGAGACTC GAAGCTTTGA GGCCTATTAG AGAAGATGAG   

Rutgr         CAGCAGAGAC GGGAAGGACC TCATTTGGGC CGATTACGGG CCTCATTACG TCAAGGTTCG TAAAGTGTGT ACGCTCGAGC TTTTTACGCC GAAGAGACTC GAGGCGATGA GGCCGATCAG AGAAGACGAA   

Salmi         CAGCAGAGAC GGCCAGGATT TGATTTGGGC GGACTACGGG CCGCACTACG TGAAGGTCAG GAAGGTCTGT ACCGTCGTCC TCTTCTCCCC CAAGCGCCTC GAGCTGCTCC GCCCGATTAG GGAAGATGAG   

Tripr         TAGCCGAGAT GGGCAGGATT TAATCTGGGC TGATTATGGA CCACATTATG TTAAGGTAAG GAAGGTTTGT ACGTTGGAGC TTTTTTCACC TAAAAGGATC GAGGCTTTGA GGCCTATCAG AGAAGATGAA   
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Triae1        GTCACCGCCA TGGTCGAGTC CGTCCACCGC GCCGCCGCCG GCCCCGGTAA TGAAGGAAAG CCATTGGTAG TGAGGAATCA CCTTGCTATG GTGTCCTTCA ACAATATAAC AAGGCTAGCT TTTGGGAAGC   

Triae2        GTCACCGCCA TGGTCGAGTC CGTCCACCGC GCCGCCGCCG GCCCCGGTAA TGAAGGAAAG CCATTGGTAG TGAGGAATCA CCTTGCTATG GTGTCCTTCA ACAATATAAC AAGGCTAGCT TTTGGGAAGC   

Triae3        GTCACCGCCA TGGTCGAGTC CGTGCACGCG GCCGGCA--- ---------A GGGAGGCAGG CCCGTGGCGG TGCGGGAGTT CCTCGCTATG GTCGGCTTCA ACAACATCAC GCGGCTCGCC TTCGGGAAGC   

Cofca1        GTCACAGCCA TGGTTGAGTC CATCTATAAA GATTGCACTC TTCGTGAGGG TTCAGGGCAG AGTCTACTAG TGAAGAAATA CCTAGGAACA GTGGCATTCA ACAACATTAC AAGACTTGCA TTTGGTAAAA   

Cofca2        GTTACAGCCA TGGTTGATTC CATCTTCAAG GACTGCACCA TACCTGAAAA CAAAGGCAAG AGCCTGTTGA TGCGCAACTA CTTGGGATCA GTAGCATTCA ACAACATTAC AAGGCTAACA TTTGGGAAGA   

Nicta1        GTCACTGCTA TGGTAGAGTC CATTTACAGA GATTGCACTA ATCCTGATAA CGTGGGGAAG AGTCTGCTGG TGAAGAAGTA CCTTGGAGCA GTGGCCTTTA ATAACATAAC AAGGCTTGCC TTTGGGAAGA   

Nicta2        GTCACTGCCA TGATCCACAA CATCTTTACA GACTCCACAA AGCCAGGCAA TGTAGGTAAA AGCTTGATAA TGAGGAGCTA CTTGGGATCA GTAGCATTCA ACAACATAAC AAGGCTAACA TTTGGGAAGA   

Nicta3        GTTACTGCTA TGGTTGAAAA CATTTTCAAG GATTGTACTA AGCCTGATAA CACAGGTAAA AGCTTGTTGA TAAGAGAGTA CTTAGGATCA GTAGCATTCA ACAACATTAC AAGGTTAACA TTTGGGAAAA   

Cynca         GTATCCGCTA TGGTGGAGTC CATCTTCAAC GATTGCATCC ATCCTGATAA GAATGGCAAG AGTTTGCTGG TTAAAGGTTA TCTGGGAGCT GTGGCATTCA ACAACATTAC TCGGCTCGCT TTCGGGAAAC   

Liter         TATACTGCTT TGGTTGAGTC TATTTATAAG GATTGTACTA AGCCAGAATT GAAAGGCAAG AGTTTGTTGG TGAGGGAGTA TTTGAGTTCA GTGGCATTTA ACAATATTAC ACGGTTGGCT TTTGGGAAAA   

Solsc         ATTACGGTTA TGGTGGAATC GATTTATCAA GA-------- ----TTCTGC TTCTGGGAAG AGCGTGGTGA TAAAGAAATA CCTCGCATCA ATGGCGTTCC ACAACATCAC GAGGCTGGTA TTTGGGAAGC   

Ociba1        GTCACCGCTA TGGTTGAATC AATTTACCAC GACTGCACTG CTCCAGATAA CGCAGGGAAG AGCTTGCTAG TGAAGAAGTA TCTTGGAGCA GTGGCATTCA ACAACATTAC CAGACTCGCA TTTGGGAAAC   

Ociba2        GTCACCGCTA TGGTTGAGTC AATTTACCAC GATTGCACTG CTCCAGATAA CGCAGGGAAG AGCTTGCTAG TGAAGAAGTA TCTTGGAGCA GTGGCATTCA ACAACATTAC CAGACTCGCA TTTGGGAAAC   

Ambtr1        GTCACAGCCA TGGTGGAGTC CATCTATAAG GATTGTGTGA GCCCAGGAAA AACAGGGGAG AGCCTAGTGG TGAAAAACTA CTTAGGATCT GTGGCCTTCA ACAACATCAC AAGGCTAGCA TTTGGAAAGC   

Ambtr2        GTCTCGGCCA TGGTGGAGTC CTTGTATACG GATTGCAA-- ----AGGAAA ATCTGAAGAA AGGTTGGTGT TGAGGACGTA TCTCTCAGTT GTGACCTTCA ACCACATCAC TAGGCTAGTG TTTGGGAAGC   

Musac         GTTACCGCGA TGGTCGAGTC CATCTTCCAT GCCTGCTCCC ACCCTGAGAA GGTAGGGAAG AGCTTGGTGC TGAAGGACCA TCTCTCGGCG GTGGCGTTCA ACAACATCAC GAGGCTCGCG TTCGGGAAGC   

Spipo         ---------- ---------- ---------- ----GGATTT TTGCAGAGAA GAAGGGGAGG AGCTTGGTGG TGAGGGAGTA CCTGGCAGCG GTGGCCTTCA ACAACATCAC GCGGCTGGCC TTCGGGAAGC   

Bradi         GTCACCGCCA TGGTCGAGTC CGTCCACCGC GTAGCCACTG ACCCCGGCAA TGAAGGAAAG CCATTGACAG TGAGGAACCA CCTTGCTATG GTATCCTTCA ACAATATAAC AAGGCTCGCT TTTGGGAAGC   

Brast         GTCACCGCCA TGGTCGAGTC CGTCCACCGC GTCGCCACTG ACCCCGGCAA TGAAGGAAAG CCATTGACAG TGAGGAATCA CCTTGCTATG GTATCCTTCA ACAATATAAC AAGGCTCGCT TTTGGGAAGC   

Orysa1        GTCACCGCCA TGGTCGAGTC CGTCCACCGC GCCGTCACCC AGCCAGGTAG TGAACATAAA CCAATCGTAG TGAGGAATCA CCTTGCTATG GTGGCCTTCA ACAATATAAC AAGGCTAGCT TTCGGCAAGA   

Orysa2        ---------- ---------- ---------- ---------- ---------- ---------- ---ATGGTGA TGCGGAAGCA CCTGTCAATG GTGGCCTTTA ACAACATCAC GCGGCTGACC TTCGGGAAGC   

Panha1        GTCACCGCCA TGGTCGAGTC CGTCCACCGC GCCGCCACCG CCCCGGCTAA TGAAGGAAAG CCATTGGTAG TGAGGAACCA CCTTTCCATG GTGGCCTTCA ACAACATAAC AAGGCTGGCA TTCGGGAAGC   

Panha2        GTCACCGCCA TGGTCGAGTC CGTGCACAGG GCCGTCACCG CGCCTGGCAA TGAAGGTAAG CCGTTGGTGG TGAAGAACCA CCTCTCGATG GTGGCCTTCA ACAACATCAC GCGGCTGGCC TTCGGGAAGC   

Panvi1        GTCACCGCCA TGGTCGAGTC CGTGCACAGG GCCGTCACCG CGCCTGGCAA TGAAGGTAAG CCCTTGGTGG TGAAGAACCA CCTCTCGATG GTGGCCTTCA ACAACATCAC GCGGCTGGCC TTCGGGAAGC   

Panvi2        GTCACCGCCA TGGTCGAGTC CGTCCACCGT GCCGCCACCG CCCCGGGTAA TGAAGGAAAG CCATTGGTAG TGAGGAACCA CCTTTCCATG GTGGCCTTCA ACAACATAAC AAGGCTGGCA TTTGGGAAGC   

Panvi3        GTGACCGCCA TGGTCGAGTC CGTCCACCGC GCCGCCACCG CCCCGGGTAA TGAAGGAAAG CCATTGGTAG TGAGGAACCA CCTTTCCATG GTGGCCTTCA ACAACATAAC AAGGCTGGCA TTTGGGAAGC   

Panvi4        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- -------ATG GTGGCCTTCA ACAACATCAC GCGGCTGGCC TTCGGGAAGC   

Setit         GTCACCGCCA TGGTCGAGTC CGTCCACCGC GACGCCACCG CCCCGGGTAA TGAAGGAAAG CCAGTGGTAG TGAGGAACCA CCTTTCTATG GTGGCCTTCA ACAACATAAC AAGGCTGGCA TTTGGGAAGC   

Setvi         GTCACCGCCA TGGTCGAGTC CGTCCACCGC GACGCCACCG CCCCGGGTAA TGAAGGAAAG CCAGTGGTAG TGAGGAACCA CCTTTCTATG GTGGCCTTCA ACAACATAAC AAGGCTGGCA TTTGGGAAGC   

Sorbi1        GTCACCGCCA TGGTCGAGTC CGTCTACAAG GCCGCCACCG CGCCGGGCAA TGAAGGGAAG CCCTTGGTGG TGAAGAACCA CCTGTCGATG GTGGCCTTCA ACAACATCAC GCGGCTGGCC TTCGGGAAGC   

Sorbi2        GTCACCGCCA TGGTCGAGTC CGTTTACCGC GCCGCCACTG CCCCCGGTAA TGAAGGAAAG CCAATGGTAG TGAGGAACCA CCTTTCTATG GTGGCCTTCA ACAACATAAC AAGACTGGCA TTTGGGAAGC   

Zeama1        GTCACCGCCA TGGTCGAGTC CGTCTACAAA GCCGTCACCG CGCCTGGCAG TGCAGGGAAG CCGTTGGTTG TAAAGAACCA CCTCTCGATG GTGGCCTTCA ACAACATCAC GCGGCTGGCC TTCGGGAAGC   

Zeama2        GTCACCGCCA TGGTCGAGTC CGTGCACCGC GCCGCCACTG CCCCGGGTAA TGAAGGAAAG CCAATGGTAG TGAGGAAGCA CCTTTCTATG GTGGCCTTCA ACAACATAAC AAGGCTGGCA TTTGGGAAGC   

Aquco1        GTCACTGCTA TGGTTGAATC TATCTTCAAA GATTGCTCCA ATGCAGATAA CTATGGGAAG AGCATTAAAG TGAGAGACTA TCTAGCTCCA GTTGCATTTA ACAACATAAC AAGACTATCC TTTGGAAAGC   

Aquco2        GTCACTGCCA TGGTTGAATC CATCTTCAAA GACTGCACCA AACCAGAAAA CAACGGGAAG AGCTTGGTCG TGAAAAATTA CTTAAGTGCA GTAGCATTCA ATAACATAAC AAGGCTTGCC TTTGGTAAGC   

LKalma2       GTCACAGCCA TGGTTGAAGC CATTTTCAGA GACTCCACCA AACCAGAAAA TAGCCTTAAA GGTGTGGTGG TGAGGAAGTA TTTGGGAGAT GTATCCTTCA ACAACATAAC AAGACTGGCA TTTGGGAAGA   

LKalma4       GTCACAGCCA TGGTTGAAGC CATTTTCAGA GACTGCACCA AACCAGAAAA TAGCCTTAAA GGTGTGGTAG TGAGGAAATA TTTGGGAGAT GTATCCTTCA ACAACATAAC AAGACTGGCA TTTGGGAAGA   

Mimgu1        GTTACTGCCA TGGTGGAAAA CGTTTTCAAC GACTGCGTTA AACCTGAAAA CAAGGGCAAA GCTCTAGTGA TGCGCGACTA CCTAGGAATG ATGGCGTTCC TTCACATAAC GAGGCTGAGT TTCGGTAAGA   

Mimgu2        GTTACTTACA TGGTGGAATC CATGTTCAAC GACTGCGTTA AGCCTGAAAA CAAGGGGAAA GCGTTGGTTC TACGCAAGCA CTTGGAAATG ATGGCGTTCC TTCACATAAC AAGGTTGAGT TTCGGAAAGA   

Mimgu3        GTTACGGCTA TGGTGGAATC CATTTACAAT GACTGTACTC ATCCTGCCAA CTCGGGAAAG AGCCTGCTAG TGAAGAAATA CTTGGGAGCT GTAGCATTCA ACAACATTAC TCGACTTGCG TTCGGAAAAA   

Mimgu4        GTTACGGCCA TGGTGGAATC CATTTACAAT GACTGTACTC ATCCTGCTAA CTCGGGAAAG AGCCTGCTAG TGAAGAAATA CTTGGGAGCT GTTGCATTCA ACAACATTAC TCGACTTGCA TTCGGTAAAA   

Mimgu5        GTTACTGCCA TGGTGGAATC CATTTACATA CACTGCATTG ATCCTGATAA ATTGGGTAAG ACCCTGCTAG TGAAGAAATA CTTGGGAGCT GTAGCATTCA ACAACATTAC TCGACTTGCG TTCGGAAAAA   

Mimgu6        GTCACGGCTA TGGTGGAATC TATTTACCGA GATTGTGTTT ATCCAGTAAA CTCAGGGAAG AGTTTGGTAT TGAAGAAATA TATATACGCA GTGGCATTCA ACAACATAAC AAGACTTTCA TTTGGTAAAA   

Mimgu7        GTCACGGCTA TGGTGGAATC TATTTACCGA GATTGTGTTT ATCCAGTTAA CTCAGGAAAG AGTTTGGTAT TGAAGAAATA TATATACGCA GTGGCATTCA ACAACATAAC AAGACTTTCA TTTGGTAAAA   

Solly1        GTCACTTCCA TGATCCATGA CATCTTTAGG GATTCTACAA AGC------- --AAGGTAAA AGCTTGATAA TGAGGAGCTA CTTGGGATTA GTAGCATTCA ACAACATAAC AAGACTAACA TTTGGTAAAA   

Solly2        GTCACTGCCA TGGTGGAGTC CATTTACAGA GATTGCAGTA GTCCTGATAA CCTAGGGAAG AGTCTGCTAG TGAAGAAGTA CCTTGGAGCA GTGGCCTTCA ACAACATTAC AAGGCTTGCA TTTGGGAAGA   

Solly3        GTTACTGCCA TGATTGAAAA CATTTTCAAG GACACAACTA AGCCTGGTGA TGATAGTAAA ACGATGACGC TGAGGGGATA CTTGGGATTA GTATCATTCA ACAACATAAC AAGGCTAACA TTTGGGAAGA   

Solly4        GTTAATGCCA TGATTGAAAG TATATTCAAG GACTGTACTA AGCCTGGCAA TGTTAATAAA AGTACGATGC TAAGGGGGTA CTTGGGATCA GTAGCATTCA ACAACATAAC AAGGCTAACA TTTGGAAAAA   

Solly5        GTTACTGCCA TGGTGGAAAG TATTTTCAAT GACTGTACTA AGCCTGATAA CAGGGGTAAA AGCCTGTTGA TGAGAGAGTA CTTGGGATCA GTAGCATTCA ACAACATTAC AAGGCTAACT TTTGGTAAAA   

Soltu1        GTCACTGCCA TGGTGGAGTC CATTTACAGA GATTGCAGTA GTCCTGATAA CATAGGGAAG AGTCTGCTAG TGAAGAAGTA CCTTGGAGCA GTGGCCTTCA ACAACATAAC AAGGCTTGCC TTTGGGAAGA   

Soltu2        GTTACTGCCA TGGTGGAAAA TATTTTCAAT GACTCTACTA AGCCTGATAA TACTGGTAAA AGCCTGTTGA TGAGAGAGTA CTTAGGATCA GTAGCATTCA ACAACATTAC AAGGCTAACT TTTGGTAAAA   

Soltu3        GTTACTGCCA TGGTTGAAAG TATATTCAAG GACTGTACTA AGCCTGGCAA TGTTAGTAAA AGTATGATGC TAAGGGGCTA CTTGGGATCA GTAGCATTCA ACAACATAAC AAGGCTAACA TTTGGAAAAA   

Soltu4        GTTACTGCCA TGGTTGAAAA TATTTTCAAG GACACCACTA AGCCTGGTAA TGATAGTGAA ACAATGACGC TAAGGGGCTA CTTGGGATTA GTGTCATTCA ACAACATAAC AAGGCTAACA TTTGGGAAGA   

Soltu5        GTTACTGCCA TGGTTGAAAA TATTTTCAAG GACACCACTA AGCCTGGTAA TGATAGTAAA ACAATGACGC TAAGGGGCTA CTTGGGATTA GTGTCATTCA ACAACATAAC AAGGCTTACA TTTGGGAAGA   
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Soltu6        GTCACTTCCA TGATCCATGA CATCTTTAGA GATTCTACAA AGC------- --AAGGTAAA AGCTTGATAA TGAGGAGCTA CTTGGGATTA GTAGCATTCA ACAACATAAC AAGACTAACA TTTGGTAAAA   

Soltu7        GTCACTTCCA TGATCCATGA CATCTTTAGA GACTCTACAA AGC------- --AAGGTAAA AGCTTGATAA TGAGGAGCTA CTTGGGATTA GTAGCATTCA ACAACATAAC AAGACTAACA TTTGGTAAAA   

Eucgr1        GTCACCGCCA TGGTCGAGTC CATCTTCAAG GATTGCACCA GCCTTGATAA TTCGGGGAAG ACCCTGCTGG TGAGGAAGTA CCTGGGGGCG GTTGCCTTAA ACAACATAAC GAGGCTGGTG TTCGGGAAGA   

Eucgr2        GTCACCGCCA TGGTCGAGTC CATCTTCAAG GATTGCACCA ACCCCGATAA TTCGAGGAAG ACCGTGCTGG TGAAGAAGTA CCTGGGGGCG GTTGCCTTAA ACAACATAAC GAGGCTGGTG TTCGGGAAGA   

Eucgr3        GTCACCGCCA TGGTCGAGTC CATCTTCAAG GATTGCACCA ACCCTGATAA TTCGGGAAAG ACCCTGCTGG TGAAGAAGTA CCTGGGGGCG GTCGCCTTCA ACAACATAAC GAGGCTGGCG TTTGGGAAGA   

Eucgr4        GTCACTGCCA TGGTCGAGTC TCTTTACAGA GACTGCACTA GTCTTGAACA TAAAGGGAAG GGCTTGATGG TGAAGAAGTA CTTGGGGGCT GTGGCATTCA ACAACATCAC AAGGATCGTG TTTGGGAAGA   

Vitvi         GTGACAGCCA TGGTTGAATC CATTTTCAAA GATGTCACCA ATCCTGAAAA TCTTGGGAAG AGCATATTGT TGAAGAAGTA TTTGGGAGCA GTGGCGTTCA ATAACATTAC AAGACTGGCA TTTGGGAAAA   

Linus1        GTCACCGCCA TGGTTGAGTC TCTTTACCAC GACTGTAC-- -------CGA TTCAGAGAAG AGTGTGCAGG TGAAGAAGTA CCTGGGAGCT GTGGCATTCA ACAACATCAC ACGGCTAGCA TTTGGGAAGC   

Linus2        GTCACCGCCA TGGTTGAGTC CCTTTACCGC GACTGTAC-- -------CGA TTCAGAGAAG AGTGTGCAAG TGAAGAAGTA CCTGGGAGCG GTAGCGTTCA ACAACATCAC ACGGCTAGCA TTCGGGAAGC   

Linus3        GCTGATCAAA TGGTTAAGCA AATGTCGAGt agt------- -----GGATT TGCAGAGAAG AGTGTGCAAG TGAAGAGGTA CCTGGGAGCT GTAGCGTTCA ACAACATCAC ACGGCTAGCA TTCGGGAAGC   

Linus4        GTCACCGCCA TGGTTGAGTC CCTTTACCAT GACTGTAC-- -------AGA TTCAGAGAAG AGTGTGCAAG TGAAGAAGTA CCTGGGAGCT GTAGCGTTCA ACAACATCAC ACGGCTAGCA TTCGGGAAGC   

Manes         GTCACTGCCA TGGTTGAATC TATTTTCATG GACTGCACCA ATTTAGAAAA CAATGGCAAA AGTTTGCTAG TGAAGAAGTA TTTGGGAGCA GTTGCATTCA ACAACATAAC AAGGCTTGCA TTTGGCAAGC   

Poptr1        GTTGCTGCCA TGGTTGAATC AATTTTCAAT GACTGCACTA ATCCTGAAAA CAATGGAAAA ACCTTGACGG TGAAGAAATA TTTGGGGGCA GTTGCATTCA ACAACATTAC AAGGCTAGCA TTTGGGAAGC   

Poptr2        GTTTCTTTCA TGGCAGAATC CATTTTCAAG GATTGCACCA ATCCAGAAAA CCATGGAAAA ATCTTGTTGG TGAAGAAATA TTTGGGAGAT GTGGCTTGGA ATAACATTAC AAGACTAGCA TTTGGGAAGC   

Poptr3        GTTACTTTCA TGGCAGAATC CATTTTCAAG GATTGCACCA ATCCAGAAAA CCATGGAAAA AGCTTGTTGG TGAAGAAATA TTTGGGAGAT GTGGCTTTCA ATAACATTAC AAGGCTAGCA TTTGGGAAAC   

Ricco1        GTTACTGCAA TGGTTGAATC TATTTATTCT GACTGCACCA ATCCTGAAAA TACTATCAGA AGTTTGCTAG TGAGGAAGTA TTTGGAAGCA GTTGCATTTA ACAATATAAC AAGGCTGGCA TTTGGTAAGC   

Ricco2        GTTACTGCCA TGGTTGAATC TATTTTCATG GACTGCACTA ATCCTGAAAA TAATGGGAAA AGTGTGCTAG TGAAGAAGTA TTTGGGAGCA GTTGCATTCA ACAACATAAC AAGGCTAGCA TTTGGTAAAC   

Ricco3        GTTAGAGCAA TGATTGAATC CATCTATAAA GACTCTACTT GTCTTGATAA CAAAGACGAC AATTTGTTTC TCAGAAAGTA TTTGAATCCA GTAGTCTTAA ATAGCGTTAG TATGTTAGTA TTAGGCAGCC   

Salpu1        GTTTCTGCCA TGGTTGAGTC AATTTTCAAT GACTGCACTA ATCCTGAAAA CAATGGGAAA ACCCTGTTGG TGAAGAAATA TTTGGGGGCA GTTGCATTCA ACAACATTAC AAGGCTAGCA TTTGGGAAGC   

Salpu2        GTTTCTGCCA TGGTTGAGTC AATTTTCAAT GACTGCACTA ATCCTGAAAA CAATGGGAAA ACCCTGTTGG TGAAGAAATA TTTGGGGGCA GTTGCATTCA ACAACATTAC AAGGCTAGCA TTTGGGAAGC   

Salpu3        GTGACTTTCA TGGTAGAATC CATTTTCAAG GATTGCACCA ATCCAGAAAA CCATGGAAAA AGCTTGTCGG TGAAGAAATA TTTGGGAGAT GTGGCTTTCA ATAACATAAC AAGACTAGCA TTTGGGAAGC   

Salpu4        GTGACTTTCA TGGTAGAATC CATTTTCAAG GATTGCACCA ATCCAGAAAA CCATGGAAAA AGCTTGTCGG TGAAGAAATA TTTGGGAGAT GTGGCTTTCA ATAACATAAC AAGACTAGCA TTTGGGAAGC   

Salpu5        GTTACTTTCA TGGTAGAATC CATTTTCAAG GATTGCACCA ATCCAGAAAA CCATGGAAAA AGCTTGTTGG TGAAGAAATA TTTGGGAGAT GTGGCTTTCA ATAACATTAC AAGGCTAGCA TTTGGGAAGC   

Salpu6        GTGACTTTCA TGGTAGAATC CATTTTCAAG GATTGCACCA ATCCAGAAAA CCATGGAAAA AGCTTGTCGG TGAAGAAATA TTTGGGAGAT GTGGCTTTCA ATAACATAAC AAGACTAGCA TTTGGGAAGC   

Salpu7        GTTACTTTCA TGGTAGAATC CATTTTCAAG GATTGCACCA ATCCAGAAAA CCATGGAAAA AGCTTGTTGG TGAAGAAATA TTTGGGAGAT GTGGCTTTCA ATAACATTAC AAGGCTAGCA TTTGGGAAGC   

Citsi1        GTTAGAGCCA TGATTGCTTC TATTTTCAAA GACTCCACCA ATA------- --GCAGTAAC AGTTTGGTTC TGAGGAAGTA TTTGGGTTCC GTGGCTTTCA ACAACATTAC AAGACTAGTG TTTGGGAAGA   

Citsi2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Citcl1        GTCACTGCCA TGGTTGAATC CATCTTTAGA GACTGCACTA ACCCAGAGAA AAAGGGGCAG AATATGAAAC TGAGGGATTA CTTGTCAGCA GTATCATTCA ACAACATTAC AAGACTTGTT CTTGGAAAGC   

Citcl2        GTCACAGCCA TGGTTGAATC CATTTTCAAA GACTGCACCG ATCCTCAAAA TTATGGGAAG AGTGTACTAG TGAAGAAGTA TTTGGGAGCA GTGGCATTCA ACAACATTAC AAGGCTAGCG TTTGGGAAGA   

Citcl3        GTTAGAGCCA TGATTGCTTC TATTTTCAAA GACTCCACCA ATA------- --GCAGTAAC AGTTTGGTTC TGAGGAAGTA TTTGGGTTCC GTGGCTTTCA ACAACATTAC AAGACTAGTG TTTGGGAAGA   

Carpa         GTCACCGCCA TGGTTGAGTC CATTTTCGTT GACTGCACCC GACCCGAGAA TGCTGGGAAA AGTTTGTTGG TAAAGAAATA CTTGGGAGCA GTGGCATTCA ACAACATAAC CAGGCTAGCG TTCGGGAAGC   

Gosra1        GTTACTGCTA TGGTTGAATC CATCTTCCTG CACTGCTCCA ATCCTGAAAA CCAGGGAAGG AGTTTGGTGG TAAGGAAATA CTTGGGAGCA GTAGCATTCA ACAACATAAC GAGACTAGCA TTTGGGAAGC   

Gosra2        GTTTCCGCCA TGGTTGAATC CATCTTTCTC GACTGCACCA ATCCTG--AG CCTGGGTAAA ACTTTGCAAG TAAGGATATA CTTAGGAGCA GTGGCATTCA ACAACATAAC AAGGCTAGCA TTTGGGAAGC   

Theca         GTAACTGCCA TGGTTGAATC CATCTTCAAC GACTGCAACA ATCCTGATAG CAAGGGTAAA AGTTTGCCTG TAAGGAAATA CCTAGGAACA GTAGCATTCA ACAACATAAC AAGGCTGGCG TTCGGGAAGC   

Araly3        GTCACCGCCA TGGTAGAATC CGTCTTCAGA GACTGTAACC TTCCTGAAAA CAGAGCAAAA GGTTTACAAC TGCGGAAGTA CTTGGGAGCG GTTGCGTTCA ACAACATAAC GCGGCTAGTC TTTGGGAAGC   

Arath3        GTCACCGCCA TGGTTGAATC CGTCTTCAGA GACTGTAACC TTCCTGAAAA CAGAGCAAAA GGTTTACAAC TGAGGAAGTA CTTAGGAGCG GTTGCGTTCA ACAACATAAC GCGGCTAGCC TTTGGGAAGC   

Boest3        GTCACCGCCA TGGTCGAATC CGTCTTCAGA GACTGTAACA TTCCTGAAAA CAGAACAAAA GGTTTACAAC TGAGGAAGTA TTTAGGAGCG GTTGCGTTCA ACAACATAAC GCGGCTAGCA TTTGGGAAGC   

Brara1        GTCACTGCCA TGGTCGAGTC CGTCTTTAGA GACTGTAACC TTCCTGAGAA CAGAGTGAAA GGATTACAAC TGAGGAAGTA CTTAGGAGCG GTTGCGCTCA ACAACATAAC GCGGCTAGCG TTTGGCAAAC   

Brara2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----GAAGTA CTTAGGAGCG GTTGCGTTCA ACAACATAAC GCGCCTAGCG TTCGGGAAGC   

Brara3        GTCACTGCCA TGGTCGAGTC CGTCTTCAGA GACTGTAAAC TTCCTGAAAA CATAACCAAA GGAATACAAC TGAGGAAGTA CTTAGGAGCG GTTGCGTTCA ACAATATAAC GCGGCTAGTG TTCGGAAAGC   

Capgr3        GTCACCGCCA TGGTCGAATC AGTCTTCAAT GACTGTAACC TTCCTGAAAA CAGAACAAAA GGTTTACAGC TGAGGAAGTA CTTAGGAGCG GTTGCGTTCA ACAACATAAC GCGACTAGCA TTTGGGAAGC   

Capru2        GTCACCGCCA TGGTCGAATC AGTCTTCAAT GACTATAACC TTCCTGAAAA CAGAACAAAA GGTTTACAGC TGAGGAAGTA CTTAGGAGCG GTTGCGTTCA ACAACATAAC GCGACTAGCA TTTGGGAAGC   

Eutsa1        GTCACTGCCA TGGTCGAATC CGTCTTCAAC GACTGTAACC TTCCTGAAAA CAGAACGAAA GGCTTACAAC TGAGGAAGTA CTTAGGAGAA GTTGCGTTCA ACAACATAAC GCGGCTAGCG TTTGGGAAGC   

Cucsa1        GTTTCCGCCA TGGTTGAAGA TGTTTTCAAC AACTGCACTA ATCCTGAGAA GTATGGAAAG AGTTTGAGGC TTCGGGAATT TCTGGGAGCA GTTTCGTTCA ACAACATCAC AAGGCTTGCT TTTGGGAAGA   

Cucsa2        GTTTCCGCCA TGGTTGAAGA TGTTTTCAAC AACTGCACTA ATCCTGA--A GTATGGAAAG AGTTTGAGGC TTCGGGAATT TCTGGGAGCA GTTTCGTTCA ACAACATCAC AAGGCTTGCT TTTGGGAAGA   

Frave1        GTTAGAGTCA TGGTCAAGTC ACTTTTCAAA GATTGCACTA GTGCTTGTGA CTCTGGAAGA GGCTTAGTGA TCAGAAGGTA TTTGGTAGCT GTGGCATTCA ACAACATCAC ACGGCTACTG TTCGGAAAGC   

Frave2        GTCACCGCCA TGGTCGAGTC CATTTACAAC CACTGCACCG CTGCTGAAAA CTATGGAAAG AACTTATCAG TGAGGGAGTA TTTGGGAGCA GTGGCTTTCA ACAACATAAC CAGGCTAGCA TTTGGGAAAC   

Glyma1        GTCACCACCA TGGTTGAGTC CGTTTACAAT CACTGCACCA CCACTGGAAA TTTAGGGAAA GCAATATTGG TGAGGAAGCA CTTGGGGTCT GTGGCATTCA ACAACATCAC CAGGTTGGCA TTTGGAAAAA   

Glyma2        GTCACCACCA TGGTTGAGTC CGTTTACAAT CACTGCACCA CCACTGGAAA TTTAGGGAAA GCAATATTGG TGAGGAAGCA CTTGGGGTCT GTGGCATTCA ACAACATCAC CAGGTTGGCA TTTGGAAAAA   

Glyma3        GTCACCTCCA TGGTTGACTC CGTTTACAAT CACTGCACCA GCACTGAAAA TTTGGGGAAA GGAATATTGT TGAGGAAGCA CTTGGGGGTT GTGGCATTCA ACAACATAAC CAGGTTGGCA TTTGGGAAAA   

Maldo1        GTTAGAGAAA TGGTGCGGTC CATTTTCGCA GATTGTAMCA AGTCYG---- --ATGGAAAA TGTTTGGAGG TCAGAAAATA CTTGAGATCT GTAGCTTTCA ACCATGTTAC AAGGATGGTG TTCGGGAAGC   

Maldo2        GTCACTGCTA TGGTGGAGTC CGTCTTCAAC CACTGCACCA AGCCTGAAAA CAATGGAAAA AGTTTGACAG TGAGGAAGTA TTTGGGAACC GTGGCTTTCA ACAACATAAC AAGGCTAGCA TTTGGGAAAC   

Maldo3        GTCACTGCTA TGGTCGAGTC CATCTTCAAC CACTGCACCA AACCTGAAAA CCATGGGAAA AGTTTGGCAG TGAAGAAGTA TTTGGGAAAC GTGGCTTTCA ACAACATAAC AAGGCTAGCA TTTGGGAAAC   

Maldo4        ---------A TGGTGGAGTC CGTCTTCAAC CACTGCACCA AGCCTGAAAA CAATGGAAAA AGTTTGACAG TGAGGAAGTA TTTGGGAACC GTGGCTTTCA ACAACATAAC AAGGCTAGCA TTTGGGAAAC   

Maldo5        GTCACTGCTA TGGTGGAGTC CGTCTTCAAC CACTGCACCA AGCCTGAAAA CAATGGAAAA AGTTTGACAG TGAGGAAGTA TTTGGGAACC GTGGCTTTCA ACAACATAAC AAGGCTAGCA TTTGGGAAAC   

Maldo6        GTCACTGCTA TGGTGGAGTC CGTCTTCAAC CACTGCACCA AGCCTGAAAA CAATGGAAAA AGTTTGACAG TGAGGAAGTA TTTGGGAACC GTGGCTTTCA ACAACATAAC AAGGCTAGCA TTTGGGAAAC   

Maldo7        GTTAGAGAAA TGGTGCGGTC CATTTTCGCA GATTGTAKCA AGTCRG---- --ATGGAAAA TGTTTGGAGG TCAGAAAATA CTTGAGATCT GTAGCTTTCA ACCATGTTAC AAGGATGGTG TTCGGGAAGC   

Maldo8        GTCACTGCTA TGGTCGAGTC CATCTTCAAC CACTGCACCA AACCTGAAAA CCATGGGAAA AGTTTGGCAG TGAAGAAGTA TTTGGGAAAC GTGGCTTTCA ACAACATAAC AAGGCTAGCA TTTGGGAAAC   

Maldo9        GTCACTGCTA TGGTCGAGTC CATCTTCAAC CACTGCACCA AACCTGAAAA CCATGGGAAA AGTTTGGTAG TGAAGAAGTA TTTGGGAAAC GTGGCTTTCA ACAACATAAC AAGGCTAGCA TTTGGGAAAC   

Maldo10       ---------- ---------- ---------- ---------A AAGCACAAAA CCATGGGAAA AGTTTGGTAG TGAAGAAGTA TTTGGGAAAC GTGGCTTTCA ACAACATAAC AAGGCTAGCA TTTGGGAAAC   

Maldo11       ---------- ---------- ---------- ---------- ----AGAAAA CAATGGAAAA AGTTTGACAG TGAGGAAGTA TTTGGGAACC GTGGCTTTCA ACAACATAAC AAGGCTAGCA TTTGGGAAAC   

Maldo12       ---------- ---------- CYTTGACTTT AATTCCCCTA ATGCAGAAAA CTATGGAAAA AGTTTGCTAG TGAAGAAGTA CTTGGGAGCA GTGGCTTTCA ACAACATAAC AAGGCTAGCA TTTGGAAAAC   

Medtr         GTTACTGCTA TGGTTGAATC CATTTTCAAT GATTCTACCA ATTCTGAAAA TTTGGGGAAA GGTATACTGA TGAGGAAGTA TATAGGGGCA GTTGCATTCA ACAACATCAC CAGGTTGGCA TTTGGGAAAA   

Phavu         GTCACTGCCA TGGTTGAGTC CATTTTCCAC CACTGCACCT CTACTGAGAA TTTGGGGAAG GGAATATTGG TGAGGAAGTT CTTGGGGGAA GTGGCATTCA ACAACATCAC GAGGTTGGCA TTTGGGAAAA   

Prupe1        GTCACTGCCA TGGTTGAGTC CATTTTCAAT GACTGCACAA ATCATGCAAG CAGTGGAGAA AGTTTGCTAG TGAGGAAGTA TTTAGGAACA GTGGCATTCA ACAACATAAC GAGGCTAGCA TTTGGAAAAC   

Prupe2        GTCACTGCTA TGGTTGAGTC CATTTTCAAA CACTGTACCA TTCATGAAAA AAATGGGGAA AGTTTGCTGG TGAAGAAGTA TTTGGGAAGA GTGGCATTCA ACAACATAAC AAGGCTAGCA TTCGGAAAGC   

Prupe3        GTCACCGCTA TGGTTGAGTC CATTTTCAAG CACTGTACCA TTAATGAAAA AAATGGGGAA AGTTTGCTAG TGAAGAAGTA TTTGGGAAGA GTGGCATTCA ACAACATAAC AAGGCTAGCA TTCGGAAAGC   

Prupe4        GTCACTGCCA TGGTTGAGTC CATTTTCAAG CACTGCACCA ATCCTGAAAA TAATGGGAAA AGTTTGTTAG TGAAGAAGTA TTTGGGAGCA GTGGCTTTCA ACAACATAAC AAGGCTAGCA TTTGGGAAAC   

Prupe5        GTTAGAGCCA TGATAGAGTC CATTTTCAAA GATTGTAGCA AGTCTCAAGA TTATAGAAAA TGTTTAGTGG TCAGAAAATA CTTGAGATCA GTGGCATTCA ACATTATCAC AATGCTATTG TTTGGAAAGC   

Lonja         GTTACTGCTA TGGTTGAGTC CATTTTCAAT GACTGCACCA ATCCTGATAA CGTTGGCAAA AGTTTGTCGA TGAGGAGCTA TTTCGGGTCA GTAGCATTCA ACAACATAAC AAGACTGGCG TTTGGGAAGC   

Rutgr         GTGACTGCCA TGGTTGAATC CATTTTCAAA GACTCAACTG ATCCTCAAAA TTATGGGAAG AGCTTGACAG TGAAAAAGTA TTTGGGAGCA GTGGCATTCA ACAACATAAC GAGGCTAGCA TTTGGGAAGA   

Salmi         ATCACCGCCA TGGTTGAATC CATCTACAAC GACTCCACTG CTt------C TTCTGGCAAG AGCGTGGTGC TAAAGAAATA CCTTGCATCA ATGGCGTTCC ACAACATAAC AAGGCTGGTA TTTGGGAAAA   

Tripr         GTTACTGCTA TGGTTGAATC CATTTTCAAT GACTCCACCA ATTCTGAAAA TTTAGGGAAA GGTATATTGA TGAGGAAGTA CATAGGGGCA GTTGCATTCA ACAACATCAC AAGGCTGGCA TTTGGGAAAA   
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Triae1        GGTTCATGAA TGCAAATGGT GACATTGACG AAGAAGGGCA GGAGTTCAAG ATTATTGTCA ACAATGGTAT CAAAATTGGT GCATCTCTCT CTGTTGCTGA ATACATTTGG TACTTGAGAT GGCTGTGTCC   

Triae2        GGTTCATGAA TGCAGATGGT GACATTGACG AAGAAGGGCA GGAATTCAAG CTTATTGTCA ACAATGGGAT CAAAATTGGT GCATCTCTTT CTGTTGCTGA ATACATTTGG TACTTGAGAT GGCTGTGTCC   

Triae3        GGTTCCTGAC CGCGGCCGGC GAGCTGGACG AGCAAGGGCG CGAGTTCAAG GAGATCGTCA ACAACGGCAT CAAGATCGGC GCGTCGCTGT CCATCGCCGA GCACATCCGG TGGCTCCGGT GGCTCACGCC   

Cofca1        GGTTCGTGAA TTCCGAAGGA GTGATGGATG AACAAGGAAA GGAGTTCAAG GAGATAACTG CAAATGGCTT GAAGCTTGGT GCATCGCTCG CTATGGCAGA GCACATCCCA TGGCTACGGT GGTTGTTTCC   

Cofca2        GGTTCATGAA TTCAGAGGGT GTGGTTGATG AACAAGGCCA AGAGTTTAAG GGCATTGTAT CAAATGGGAT AAGGATTGGT GCAAAACTCT CCGTGGCAGA TCACATTCCT TGGCTTCGTT GGATGTTTGT   

Nicta1        GGTTTGTAAA CTTTGAAGGT GTGATGGATG AACAAGGAAA CGAGTTCAAG GCGATTGTCG CTAATGGATT GAAGCTTGGA GCATCCCTTG CCATGGCCGA ACACATCCCA TGGCTTCGCT GGATGTTCCC   

Nicta2        GGTTTATGAA CTCACAAGGT AAGGTTGATG CGCAAGGCCA AGAACTGAAA GACATAGTTT CCAATGGGAT GAAGATTGGA GGAAAACTCA ACCTAGGGGA GTTTGTTCCA TGGCTACGTT GGGCTTTCAA   

Nicta3        GGTTCATGAA CTCAAAAGGT GAGATTGATG AGCAAGGTCA AGAATTCAAG GGTATTGTCT CTAATGGCAT CAAAATTGGC GGAAAACTTC CCTTGGCAGA GTATGTTCCA TGGCTCCGTT GGTTTTTCAC   

Cynca         GATTTGTGAA CTCGGAGGGT GTAATGGATG ACAAGGGAA- --GAGTTAAG GCAATTGTGG CTAACGGCCT GAAGCTTGGT GCATCTCTAG CCATGGCAGA GCATATCCCA TGGATCCGAT GGTTCTTCCC   

Liter         GGTTTATGGA CTCAAATGGA GTGGTAAATG AGCAAGGTCA AGAATTCAAG AAAATCACAC ATGATGGCAT AAAGATCACT GCAAAACTTT CGATAGCAGA GTACATTCCA TGGATCCGGT GGATGTTCAA   

Solsc         GTTTCGTGAA TTCTGAAGGG GAAGTTGACA AGCAAGGGCA GGAGTTCAAG GCCATTGCTA TCAACGGTCT GAAGCTGGGT GCTTCTCTCG CCGTGTCGGA GCACATCCCC TGGCTCCGGT GGATGTTCCC   

Ociba1        GATTCGTGAA TTCTGAAGGA ATTATAGACA AGCAAGGGCT GGAATTCAAG GCCATTGTTT CCAATGGACT AAAGCTTGGT GCTTCCCTAG CTATGGCTGA GCATATCCCA TCGCTCCGCT GGATGTTCCC   

Ociba2        GATTTGTGAA TTCTGAAGGA ATAATAGACA AGCAAGGGCT GGAATTCAAG GCCATTGTTT CCAATGGACT AAAGCTTGGT GCTTCCCTAG CTATGGCTGA GCATATCCCA TGGCTCCGCT GGATGTTCCC   

Ambtr1        GTTTTGTGAA CGCAGAAGGG ATCATGGATG AACAAGGGAA GGAATTCAAG GACATTGTGG CCACAGGGCT CAAGCTGGGA GCCTCCCTAG CCATGGCCGA GCACATACCA TGGCTAAGGT GGATGTTCCC   

Ambtr2        GATTCATTAA CTCCAAGGGA GAGATGGAGG AGCAAGGGAA GGAGTTTAAG GACATTGTGG CCACAGGCAA TGAGCTTAGT GCATCGTTGT CCATAGCTGA GCACCTGCCA TGGCTGCAAT CCCTATTCCC   

Musac         GATTCGTGAA CCCGGACGGT TCTACCGACG AACAAGGAGT GGAGTTCAAG ACCATCGTCT CTAACGGCCA CAAGTTTGGT GCCTCGCTCT CCCTCGCCGA GTACGTCTCG TGGTTGCAGT GGCTGTGCCC   

Spipo         GCTTCGTGGA CGACGAGGGG ACGGTGGACG AGCAGGGCCA GGAGTTGAAG GCGATTGGAA CGGAAGGGGT GAAGCTCGCG GTGTCCATGG CCATGGCGGA GCACATCCCC TGGCTCCGCT GGATGTTCCC   

Bradi         GGTTCGTGAA TGCAAATGGC GATGTTGATG AAGAAGGGCA GGAGTTCAAA ACTATCGTCA ACAATGGGAT CAAAATTGGT GCATCTCTCT CAGTTGCTGA ATTCATCTGG TACTTGAGAT GGCTGTGCCC   

Brast         GGTTCGTGAA TGCAAATGGC GACGTTGATG AAGAAGGGCA AGAGTTCAAA ACTATCGTCA ACAATGGGAT CAAAATTGGT GCATCTCTCT CAGTTGCTGA ATTCATCTGG TACTTGAGAT GGCTGTGCCC   

Orysa1        GGTTCATGAA TGCAAATGGT GACATTGATG AACAAGGGCG TGAGTTTAAG ACTATTGTCA ACAATGGAAT CAAGATCGGT GCATCTCTTT CTGTTGCTGA GTACATTTGG TATTTGAGGT GGTTGTGTCC   

Orysa2        GGTTCATAGA TGCCGCTGGC GAGTTGGACG AGCAAGGGAG CGAGCTGAAG GCGATCGTGA ACAACGGGAT CAAGATCGGC GCGTCACTGA CCATCGCAGA GCACATCCGG GTGCTGCGGT GGCTGAACCC   

Panha1        GGTTCATGAA TGCAAACGGT GAGATTGATG AACAAGGGCG TGAATTTAAG ACTATCGTGA ACAATGGGAT CAAGATCGGT GCATCTCTCT CTGTTGCTGA GTTTATTTGG TATTTGAGAT GGTTGTGTCC   

Panha2        GGTTCGTTAA CGCGGCCGGC GAGCTGGACG AGCAAGGGCG CGAGTTCAAG GGGATCGTCA CCGACGGGAT CAAGATTGGC GGGTCCCTCT CCATCGCGCG GTACATCCCG TGGCTGAGGT GGCTGGCCCC   

Panvi1        GGTTCGTGAA CGCGGCCGGC GAGCTGGACG AGCAAGGGCG CGAGTTCAAG GGGATCGTCA CCGACGGGAT CAAGATCGGC GCGTCCCTCT CCATCGCGCG GTACATCCCG TGGCTGAAGT GGCTGACCCC   

Panvi2        GGTTCATGAA TGCAAACGGT GAGATTGATG AACAAGGGCG TGAATTTAAG ACTATCGTGA ACAATGGGAT CAGGATAGGT GCATCTCTCT CTGTTGCTGA GTTTATTTGG TATTTGAGAT GGTTGTGTCC   

Panvi3        GGTTCATGAA TGCAAACGGT GAGGTTGATG AACAAGGGCG TGAATTTAAG ACTATAGTGA ACAACGGGAT CAAGATCGGT GCATCTCTAT CTGTTGCTGA GTTTATTTGG TATTTGAGAT GGTTGTGTCC   

Panvi4        GGTTCGGGAA CGCGGCCGGC GAGCTGGACG AGCAAGGGCA CGAGTTCAAG GGCATCATCA ACGACGGGAT CAAGATCGGA GGGTCCCTCT CCATCGCCAA GTACATCCCG TGGCTGAGTT GGCTGGCCCC   

Setit         GGTTCATGAA TGCAAACGGT GAAGTTGATG AGCAAGGGCG TGAGTTTAAG ACTATCGTGC ACAACGGGAT CAAGATTGGT GCATCTCTCT CTGTTGCTGA GTTTATTTGG TATTTGAGAT GGTTGTGTCC   

Setvi         GGTTCATGAA TGCAAACGGT GAAGTTGATG AGCAAGGGCG TGAGTTTAAG ACTATCGTGC ACAACGGGAT CAAGATTGGT GCATCTCTCT CTGTTGCTGA GTTTATTTGG TATTTGAGAT GGTTGTGTCC   

Sorbi1        GGTTCGTGAA CGCGGCCGGC GAGCTGGACG AGCAAGGGCG CGAGTTCAAG GCGATCGTTC ACAACGGCAT CAAGGTCGGC GCGTCCCTCT CCATCGCGCA GCACATCCCG TGGCTGCGGT GGCTGGCCCC   

Sorbi2        GGTTCATGAA TGCAAACGGT GACATTGACG AACAAGGGCG TGAGTTTAAG ACTATTGTGA ACAACGGGAT CAAGATTGGT GCATCTCTCT CTGTTGCTGA GTTTATTTGG TATTTGAGAT GGTTGTGTCC   

Zeama1        GGTTCGTGGA CGCGGCCGGC GAGCTGGACG AGCAAGGGCG CGAGTTCAAG GGGATCGTCC ACAACGGCAT CAAGATCGGT GCGTCCCTCT CCATCGCGCA GCACATCCCG TGGCTACGCT GGCTGGCCCC   

Zeama2        GGTTCATGAA TGCAAACGGT GATGTTGACG AACAAGGGCG TGAGTTTAAG ACTATTGTGA ACAACGGGAT CAAGATTGGT GCATCTCTCT CTGTTGCTGA GTTCATTTGG TATTTGAGAT GGTTGTGTCC   

Aquco1        GGTTTGTGAA CTCAGAGGGT TTAAGCGATG AGCAAGGTTT AGAGTTGAAG CAAATTGTGG ACAATGGAGT AAAGATTGGT GCATCACTAT CTATTGCTGA ACACATTCCT TGGCTTCGCT GGATGTTCCC   

Aquco2        GCTTTGTTAA TTCAGAAGGT GTCATGGATA AGCAAGGAGT GGAGTTCAAG GCCATTGTAG CCAATGGCTT GAAGCTTGGT GCGTCACTTG CTATGGCTGA ACATATTCCA TGGCTTCGCT GGATGTTCCC   

LKalma2       GGTTCATGAA TGGAGATGGA GTGATTGACG AACAGGGGCT AGAGTTCAAG GCGATTGTGG CGAATGGGCT CAAGCTTGGC GCTTCCCTAG CTATGGCGGA GCACATCCCG TGGCTACGCT GGATGTTCCC   

LKalma4       GGTTCATGAA TGGAGATGGA GTGATCGACG AACAGGGGCT AGAGTTCAAG GCGATTGTGG CGAATGGGCT CAAGCTTGGC GCTTCCCTAG CTATGGCGGA GCACATCCCG TGGCTACGCT GGATGTTCCC   

Mimgu1        GATTCATGGA CTCGAACGGT GTGGTTGATT CCGAGGGAGA AGAGTTGAAG GCGATTCTCG ACGGTGCTAT TCAAATCGGC TCCAGGAAAT CCTTTGCCGA GTTCCTCCCG TGGCTCCCGT TTCTCTTCAA   
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Mimgu2        GGTTCATGGA CTCAAAAGGA GTGGTCGACG CGCAGGGAGA AGAGCTGAAG GACATTCTAA ACAGCTCGAT TAAACTAAGC AGCAAGAAAT CGATCGCGGA GTTTATTCCG TGGCTGCTGT ATTTGTTCAA   

Mimgu3        GATTTGTAAA TTCGGAAGGT GTAGTAGACA AACAAGGACA AGAGTTTAAG GCCATTGTTG CGAATGGATT AAAGCTCGGT GCATCTCTTG CCATGGCGGA GCATATCCCA TGGCTCCGTT GGATGTTCCC   

Mimgu4        GATTTGTGAA TTCCGAAGGT GTAATAGACA AGCAAGGACA AGAGTTTAAG GCCATTGTTG CGAATGGATT GAAGCGCGGT GCATCTCTTA CCATGGCAGA GCATATCCCA TGGCTCCGTT GGATGTTCCC   

Mimgu5        GATTTGTAAA TTCCGAAGGT GTAATAGACA AACAAGGACA AGAGTTTAAG GCCATTGTTG CGAATGGATT AAAGCTCGGT GCATCTCTTG CCATGGCAGA GCATATCCCA TGGCTCCGTT GGATGTTCCC   

Mimgu6        GATTTGTGAA TTCCAAAGGT ATAACCGACA AGCAAGGCCA CGAGTTGAAC GAGATATTCG AAAAAGAATT CGATTTCGAT TCTTCCTTCA TTGTCGCCGA GCACATTCCG TGGCTCCGTT GGATGTTCCC   

Mimgu7        GATTTGTGAA TTCCGAAGGT ATAACCGACA AGCAAGGCCA CGAGTTGAAC GAGATTTTCG AAAAAGAATT CGATTTCGAT TCGTCCTTTA TTTTCGCCGA GCACATTCCG TGGCTCCGTT GGATGTTCCC   

Solly1        GGTTTATGGA CTCACAAGGT AATGTTGATG AACAAGGTAA AGAACTCAAA GAGATAGTCT CAAATGGAAT GAAAATTGGA GGAAAACTTA ACCTAGGTGA CTTTGTTCCA TGGCTAAGTT GTTTCTTCAA   

Solly2        GGTTTGAAAA CTTCGAAGGT GTAATTGATG AACAAGGAAA TGAGTTCAAG GCGATTGTTG CCAACGGGTT GAAGCTTGGA GCATCCCTTG CCATGGCCGA ACACATCCCA TGGCTTCGCT GGATGTTCCC   

Solly3        GATTTATAAA CTCAAAAGGT GAAGTTGATG AACAAGGTGA AGAGCTTAAA TCCATTGTAA CAGATGGGAT AAGAATATCA GGAAAACCTA ATTTGGGTGA ATTTGTACCA TGGTTACGTT GGGTATTTAA   

Solly4        GATTTATAAA CTCACAAGGT GAAGTTGATG AACAAGGTAA AGAGATGAAA TCCATAGTAA CAAATGGAAT AAAAATTTCA GGCAAACCTA ATTTGGGTGA ATTTGTACCA TGGTTACGTT GGGTATTTAA   

Solly5        GATTCATGAA TGCAGCAGGT GAGATTGATG AACAAGGCCA AGAATTTAAG GGCATTGTAT CTAATGGCAT CAAAATCGGT GGAAAACTTC CCTTGGCAGA GTATGTTCCA TGGCTCCGTT GGTTTTTCTC   

Soltu1        GGTTTGAAAA CTTTGAAGGT GTAATTGATG AACAAGGAAA CGAGTTCAAG GCGATTGTTG CCAATGGATT GAAGCTTGGA GCATCCCTTG CCATGGCCGA ACACATCCCA TGGCTTCGCT GGATGTTCCC   

Soltu2        GATTCATGAA TGCAGCAGGT GAGATTGATG AACAAGGCCA AGAATTTAAG GGCATTGTAT CTAATGGCAT CAAAATCGGT GGAAAACTTC CCTTGGCAGA GTATGTTCCA TGGCTCCGTT GGTTTTTCTC   

Soltu3        GATTCATAAA CTCAAAAGGT GAAGTTGATG AACAAGGTAA AGAGATGAAA GCCATTGTAA CAAATGGGAT AAAAATTTCA GGAAAACCTA ATTTGGGAGA ATTTGTACCA TGGCTACGTT GGGTATTTAA   

Soltu4        GATTTATAAA CTCAAAAGGT GAAGTTGATG AACAAGGTGA AGAGCTCAAA GCCATTGTAA CAGATGGGAT AAGAATTTCA GGAAAACCTA ATTTGGGAGA ATTTGTACCA TGGCTACGTT GGGTATTTAA   

Soltu5        GATTTATAAA CTCAAAAGGT GAAGTTGATG AACAAGGTGA AGAGCTCAGA GCCATTTTAA CAGATGGGAT AAGAATTTCA GGAAAACCTA ATTTGGGAGA ATTTGTACCA TGGCTACGTT GGGTATTTAA   

Soltu6        GGTTTATGGA CTCACAAGGT AAAGTTGATG AACAAGGTAA AGAACTCAAA GAGATAGTCT CCAATGGGAT GAAAATTGGA GGAAAACTTA ACCTAGGTGA CTTTGTTCCA TGGCTAAGTT GTTTTTTCAA   

Soltu7        GGTTTATGGA CTCACAAGGT AAAGTTGATG AACAAGGTAA AGAACTCAAA GAGATAGTCT CCAATGGGAT GAAAATTGGA GGAAAACTTA ACCTAGGTGA CTTTGTTCCA TGGCTACGTT GTTTTTTCAA   

Eucgr1        GGTTCATGAA CGCCGAGGGC GTGATAGAAG GGCAGGGCCT CGAGTTCAAG GCGATCGTGT CAGACGGGCT GAAGCTTGGC GCATCGCTCG TCATGGCAGA GTTCATCCCG TGGCTCTGCT GGATATACCC   

Eucgr2        GGTTCATGAA CGCCGAGGGC GTGATAGAAG GGCAGGGCCT CGAGTTCAAG GGGATCGTGT CCAACGGGGT GAAGCTTGGC GCATCGCTCG TCATGGCGGA GCACATCCCG TGGCTCCGCT GGATGTACCC   

Eucgr3        GGTTCATGAA CGCCGAGGGC GTGATAGACG AGCAGGGCCT CGAGTTCAAG GCGATCGTGT CCAACGGGCT GAAGCTTGGC GCATCGCTCG CCATGGCGGA GCACATCCCG TGGCTTCGCT GGATGTTCCC   

Eucgr4        GGTTCGTGAA TGATGAGGGA GTGATGGACG AGCAAGGACA AGAGTTCAAG GCGATCGTGG CCAACGGTTT GAAGCTCGGG GCATCCCTTG CGATGGCCGA GCACGTCCCA TGGCTCCGCT GGCTCTTCCC   

Vitvi         GGTTTATGAA TTCGGAGGGT GTGATCGACG AGCAGGGTTT GGAATTCAAG GCCATTGTGG CCAATGGGCT AAAGCTCGGT GCATCACTAG CCATGGCCGA GCACATCCCA TGGCTTCGCT GGATGTTTCC   

Linus1        GGTTTGTGAA CTCGGAGGGT GTGATGGACG AACAAGGACT AGAGTTCAAG GCTGTAGTGT CGAATGGGCT TAAGTTAGGA GCATCACTTT CCATGGCAGA GCATATTGAC TGGCTCCGCT GGATGTTCCC   

Linus2        GGTTCGTGAA CTCGGAGGGT GTGATGGACG AACAAGGACT AGAGTTCAAG GCCATAGTGT CGAATGGGAT TAAGAGAGGA GCATCACTTT CCATGGCAGA GCACATTGAC TGGCTCCGCT GGATGTTCCC   

Linus3        GGTTTGTGAA CTCGGAGGGT GTGATGGATG AACAAGGACT AGAGTTCAAG GCTGTAGTGT CGAATGGGAT TAAGATTGGA GCATCACTTT CCATGGCAGA GCATATCGAA TGGCTCCGCT GGATGTTCCC   

Linus4        GGTTTGTGAA CTCGGAGGGT GTGATGGATG AACAAGGACT AGAGTTCAAG GCTGTTGTGT CGAATGGGCT TAAGTTAGGA GCATCACTAT CCATGGCAGA GCATATCGAC TGGCTCCGAT GGATGTTCCC   

Manes         GGTTCGTGAA CTCGGAGGGT ATAATGGACG AACAAGGCAA AGAATTTAAG GCAGTTGTGT CCAATGGTCT TAAGCTAGGT GCATCACTTG CCATGGCAGA GCACATTCCA TGGCTTCGCT GGATGTTCCC   

Poptr1        GATTCGTGAA TGCCGAAGGC GTTATGGATG AGCAAGGGCT AGAATTCAAG GCAATTGTAT CCAATGGACT TAAGTTGGGT GCATCACTTG CAATGGCAGA GCACATTCCA TGGCTTCGTT GGATGTTTCC   

Poptr2        GGTTCATGAA TTCAGAGGGG ATAATTGATG AGCAAGGCCA AGAATTCAAG GCAATTGTTT CCGATGGATT TAGGCTTGGT GCATCACATT CCATGGCCGA GCACATTCCA TGGCTTCAAT GGATGTTTCC   

Poptr3        GATTCATGAA TTCAGAGGGC ATAATTGATG AGCAAGGCCA AGAATTCAAG GCAATTGTTT CCAATGGAGT TAGGCTGGGT GGATCACTGA CCATGGCAGA GCACATTCCA TGGCTTCAAT GGATGTTTCC   

Ricco1        GATTCGTGAA CGAGGAAGGC GTAATGGAGG AGCAAGGCAA AGCATTCAAG GCCAGTGTTG CTAGTGGAAC TAAACTAGGT GCATCACTTT CCATGTCAGA GCACATTCCA TGGCTTCGCT GGATGTTCCC   

Ricco2        GATTTGTGAA TGCTGAAGGC ATAATGGACG AACAAGGCAA AGAATTCAAG GCGATTGTGG CCAATGGACT TAAGCTAGGT GCATCACTTG CCATGGCAGA GCACATTCCC TGGCTTCGTT GGATGTTCCC   

Ricco3        GATTTCTGAC TAGAGAAGGT GTAACGAACG AACTAGGCTC TGAATTTAAA GCAATCTTTG GTGATGAAAT GAAGCTTGCA ACTTCTCTTA CCCCAGCTGA GCATATATGG TGGCTGAACT GGATCTTTCG   

Salpu1        GATTCGTGAA TGCCGAAGGC ATTATAGATG AGCAGGGGCT AGAATTCAAG GCAATTGTAT CCAATGGACT TAAGTTGGGT GCTTCACTTG CAATGGCAGA GCACATTCCA TGGCTGCGTT GGATGTTTCC   

Salpu2        GATTCGTGAA TGCCGAAGGC ATTATAGATG AGCAGGGGCT AGAATTCAAG GCAATTGTAT CCAATGGACT TAAGTTGGGT GCTTCACTTG CAATGGCAGA GCACATTCCA TGGCTGCGTT GGATGTTTCC   

Salpu3        GATTCATGAA TTCAGAGGGG ATAATTGATG AGCAAGGCCA AGAATTGAAG GCAATTGTTA ACGATGGATC TAGGCTGGGT GCATCGCCAA CCATGGCCGA GCACATTCCA TGGCTTCAAT GGATGTTTCC   

Salpu4        GATTCATGAA TTCAGAGGGG ATAATTGATG AGCAAGGCCA AGAATTGAAG GCAATTGTTA ACGATGGATC TAGGCTGGGT GCATCGCCAA CCATGGCCGA GCACATTCCA TGGCTTCAAT GGATGTTTCC   

Salpu5        GATTCATGAA TTCAGAGGGC ATAATTGATG AGCAAGGCCA AGAATTCAAG GCGATTGTTT CCAATGGACT TCGGCTGGGT GCATCCCTGA CCATTTCAGA GCACATCCCA TGGCTTCAAT GGATGTTTCC   

Salpu6        GATTCATGAA TTCAGAGGGG ATAATTGATG AGCAAGGCCA AGAATTGAAG GCAATTGTTA ACGATGGATC TAGGCTGGGT GCATCGCCAA CCATGGCCGA GCACATTCCA TGGCTTCAAT GGATGTTTCC   

Salpu7        GATTCATGAA TTCAGAGGGC ATAATTGATG AGCAAGGCCA AGAATTCAAG GCGATTGTTT CCAATGGACT TCGGCTGGGT GCATCCCTGA CCATTTCAGA GCACATCCCA TGGCTTCAAT GGATGTTTCC   

Citsi1        GATTTGAGAG CGAAGAAGGG GTAGTGGATG GCCAAGGACT GGAATTCAGG GCAATTGTTG CTAACGAGTT CAAGCTTGGA ATCCCACAAG GCCTTGTGGA GCACATCAGC TGGCTAAGGT GGATTTGGCT   

Citsi2        -----ATGAG CCCAGAAGGT GTACTGAACG AGCAAGGTAT TGAGTTCAAG GACATTCTTG GAAATGGAGT CAAGCTCGGG GCTCCTGTAA CATTAGCAGA ATACACTCCA TGGCTAAGAT GGATGTTTCC   

Citcl1        GATTTATGAG CCCAGAAGGT GTACTGAACG AGCAAGGTAT TGAGTTCAAG GACATTCTTG GAAATGGAGT CAAGCTCGGG GCTCCTGTAA CATTAGCAGA ATACACTCCA TGGCTAAGAT GGATGTTTCC   

Citcl2        GATTCGTGAA TTCAGAAGAT GTGATGGACG AGCAAGGGAA AGAATTCAAG GCAATAGTAG CTAATGGGCT GAAGCTTGGG GCATCGCTAG CTATGGCTGA GCACATTCCA TGGCTTCGTT GGATGTTCCC   

Citcl3        GATTTGAGAG CGAAGAAGGG GTAGTGGATG GCCAAGGACT GGAATTCAGG GCAATTGTTG CTAACGAGTT CAAGCTTGGA ATCCCACAAG GCCTTGTGGA GCACATCAGC TGGCTAAGGT GGATTTGGCT   

Carpa         GATTTGTGAA TGCAGAGGGC ATAATGGACG AACAAGGCTT GGAGTTCAAG ACCATTGTTG CCAATGGATT GAAGCTGGGT GCTTCACTGG CCATGGCAGA GCATATCCCC TGGCTTCGCT GGATGTTCCC   

Gosra1        GTTTTGTGAA CCATGAGGAC ATAATGGATG AGCAAGGCCA CGAATTCAAA GCCATTGTGG CTAATGGACT TAAGCTGGGT GCATCTCTAG CCATGGCTGA ACACATTCCA TGGCTACGTT GGATGTTTCC   

Gosra2        GTTTTGTGAA CTCCGATGGC ATAATGGATG AGCAAGGCCA TGAATTCAAG GCCATTGTGT CTAATGGGCT TAAGCTAGGT GCATCACTCG CCATGGCTGA ACACATTCCA TGGCTTCGTT GGATGTTTCC   

Theca         GTTTTGTCAA CTCGGAGGGC ATAATGGACG ACCAAGGCCA AGAATTCAAA GCCATTGTGG CAAACGGACT TAAGCTGGGT GCGTCACTTG CCATGGCAGA GCACATTCCA TGGCTCCGTT GGATGTTTCC   

Araly3        GTTTTATGAA CGCGGAAGGT GTTGTGGACG ATCAAGGGCT TGAATTCAAG GCCATAGTAT CCAACGGTCT GAAGCTAGGT GCTTCACTAT CGATAGCTGA ACACATCCCG TGGCTCAGGT GGATGTTTCC   

Arath3        GTTTTATGAA CGCTGAAGGT GTTGTGGACG AGCAAGGGCT TGAGTTCAAG GCCATAGTAT CCAACGGTCT GAAGCTAGGT GCTTCACTGT CAATAGCTGA ACACATCCCG TGGCTCAGGT GGATGTTTCC   

Boest3        GTTTTATGAA CGAGGAAGGT GTGGTGGACG AGCAAGGGAT TGAGTTCAAG GCCATAGTAT CCAACGGTCT GAAGTTAGGT GCTTCACTGT CGATAGCTGA ACACATCGAG TGGCTCCGGT GGTTGTGTCC   

Brara1        GTTTTATGAA CGCAGAAGGG GTGATGGACG AGCAAGGGCT TGAGTTCAAG GCCATTGTAT CCAACGGCTT AAACCTGGGT GCTTCACTGT CGATAGCTGA ACACATCCCA TGGCTCCGGT GGATGTTTCC   

Brara2        GTTTTGTGAA CGCAGAAGGT GTGATGGACG AGCAAGGGCT TGAGTTCAAG GCCATAGTAT CCAACGGTCT GAAGCTAGGT GCTTCACTGT CGATAGCTGA ACACATCCCC TGGCTCCGGT GGATGTTTCC   

Brara3        GCTTCGTGGA CGCAGACGGT GTGATAGACG AGCAAGGGCT TGAGTTCCAC GCCATAGTCT CCAACGGTCT GAAGCTAGGT GCTTCACTGT CGATAGCTGA ACACATCCCC TGGCTCCGGT GGATGTGTCC   

Capgr3        GTTTTATGGA CGCGGAAGGT GTGGTGGACG AGCAAGGGCT TGAGTTCAAG GCCATAGTAT CCAACGGTCT GAAGATAGGT GCTTCACTGT CGATAGCTGA ACACATCGAG TGGCTCCGGT GGTTGTGTCC   

Capru2        GTTTTATGGA CGCGGAAGGT GTGGTGGACG AGCAAGGGCT TGAGTTCAAG GCCATAGTAT CCAACGGTCT GAAGATAGGT GCTTCACTGT CGATAGCTGA ACACATCGAG TGGCTCCGGT GGTTGTGTCC   

Eutsa1        GTTTTATGAA CGCGGAAGGT GTGATAGACG AGCAAGGGCT TGAGTTCAAG GCCATAGTAT CCAACGGTCT GAAGCTAGGT GCTTCACTTT CGATAGCTGA ACACATCCCC TGGCTCCGGT GGATGTTTCC   

Cucsa1        GATTTGTGAA TTCCGATGGC GTTTTGGACG AACAGGGCTT GGAATTCAAG GCTATTGTCG CCAATGGCCT CAAGCTCGGC GCCTCCCTTG CCATGGCTGA GCACATTCCT TGGCTCCGTT GGATGTTCCC   

Cucsa2        GATTTGTGAA TTCCGATGGC GTTTTGGACG AACAGGGCTT GGAATTCAAG GCTATTGTCG CCAATGGCCT CAAGCTCGGC GCCTCCCTTG CCATGGCTGA GCACATTCCT TGGCTCCGTT GGATGTTCCC   

Frave1        GGTTCGAGAA TGAAGAGGGT GTGCTAAACG AGCAAGGGAA GGAGTTCGTG GGAAATCTGA CTAAAAAATC AGAGGGTGGG ACATTTCTTG CTGTTGTTCA AGAGATTTGG TGGCTTACTT GGGTTTTGTG   

Frave2        GATTTGTAAA CTCAGAGGGT GTGTTAGACA AACAAGGACT GGAATTCAAG GCCATTACTG CCAATGGGCT CAAGCTCGGA GCGTCGCTTG CCATGGCCGA GCATATTCCA TGGCTGCGTT GGATGTTCCC   

Glyma1        GATTTGTGAA CTCAGAAGGT GTTATGGATG AGCAAGGAGT AGAATTCAAG GCCATTGTGG AAAATGGGTT AAAGCTAGGA GCATCTCTAG CCATGGCAGA ACACATCCCT TGGCTGCGCT GGATGTTCCC   

Glyma2        GATTTGTGAA CTCAGAAGGT GTTATGGATG AGCAAGGAGT AGAATTCAAG GCCATTGTGG AAAATGGGTT AAAGCTAGGA GCATCTCTAG CCATGGCAGA ACACATCCCT TGGCTGCGCT GGATGTTCCC   

Glyma3        GATTTGTGAA CTCAGAAGGT GTGATGGATG AGCAAGGAGT AGAATTCAAG GCCATTGTGG AAAATGGGTT AAAGCTAGGA GCATCTCTAG CCATGGCAGA ACACATCCCT TGGCTTCGCT GGATGTTCCC   

Maldo1        GGTTTGAGAA CGAAGAGGGG TTGCTCGACC AGCAAGGTTT AGAGATTGTG GAGATTTTGG ATAGTGAAAA AAACCTCGGT GCATACCTTC CAATTTTGGT AGATATTTGG TGGCTTAACT GGGTTTTTCG   

Maldo2        GTTTCATCAA CTCRGATGAA ATCACAGATG AGCAAGGCAA AGAATTCAGA GCTCTTATTG CCGATGGAGT GAAGAAGAGC GGATCGCTCT CTGTGGCTGA GCACATTTCG TGGTTGCGTT GGGCATGCCC   

Maldo3        GTTTCATCAT CTCTGATGAA ATAACTGATG AGCAAGGGAA ACGATTCAGA GCTCTTATGG CCAACGGGGT GAAAATAAGT GGATCGCTCT CMGTGGCTGA GCACATTTCT TGGTTGCGTT GGGCATGCCC   

Maldo4        GTTTCATCAA CTCYGATGAA ATCACAGATG AGCAAGGCAA AGAATTCAGA GCTCTTATTG CCGATGGAGT GAAGAAGAGC GGATCGCTCT CTGTGGCTGA GCACATTTCG TGGTTGCGTT GGGCATGCCC   

Maldo5        GTTTCATCAA CTCGGATGAA ATCACAGATG AGCAAGGCAA AGAATTCAGA GCTCTTATTG CCGATGGAGT GAAGAAGAGC GGATCGCTCT CTGTGGCTGA GCACATTTCG TGGTTGCGTT GGGCATGCCC   

Maldo6        GTTTCATCAA CTCRGATGAA ATCACAGATG AGCAAGGCAA AGAATTCAGA GCTCTTATTG CCGATGGAGT GAAGAAGAGC GGATCGCTCT CTGTGGCTGA GCACATTTCG TGGTTGCGTT GGGCATGCCC   

Maldo7        GGTTTGAGAA CGAAGAGGGG TTGCTCGACC AGCAAGGTTT AGAGATTGTG GAGATTTTGG ATAGTGAAAA AAACCTCGGT GCATACCTTC CAATTTTGGT AGATATTTGG TGGCTTAACT GGGTTTTTCG   

Maldo8        GTTTCATCAT CTCTGATGAA ATAACTGATG AGCAAGGGAA ACGATTCAGA GCTCTTATGG CCAACGGGGT GAAAATAAGT GGATCGCTCT CKGTGGCTGA GCACATTTCT TGGTTGCGTT GGGCATGCCC   

Maldo9        GTTTCATCAG CTCTGATGAA ATAACTGATG AGCAAGGGAA AAGATTCAGA GCTCTTATYG CCAACGGAGT GAAGATAGGC GGATCGCTCT CGGTGGCTGA GCACATTTCT TGGTTGCGTT GGGCATGCCC   

Maldo10       GTTTCATCAG CTCTGATGAA ATAACTGATG AGCAAGGGAA AAGATTCAGA GCTCTTATRG CCAACGGAGT GAAGATAGGC GGATCGCTCT CGGTGGCTGA GCACATTTCT TGGTTGCGTT GGGCATGCCC   

Maldo11       GTTTCATCAA CTCYGATGAA ATCACAGATG AGCAAGGCAA AGAATTCAGA GCTCTTATTG CCGATGGAGT GAAGAAGAGC GGATCGCTCT CTGTGGCTGA GCACATTTCG TGGTTGCGTT GGGCATGCCC   

Maldo12       GTTTTGTTAA CTCAGAGGAT GTAATTGATG AGCAAGGGCT AGAATTCAAG GCCATCGTAG CCAACGGACT AAAGCTCGGC GCATCGCTTG CCATGGCGGA GCACATTCCG TGGTTGKGGT GGATGTTCCC   

Medtr         GATTTGTGAA CTCAGAAGGT GTAATGGATG AGCAAGGAGT AGAATTCAAG GCTATAGTGG CAAATGGATT AAAGCTAGGA GCATCTCTAG CTATGGCAGA GCACATCCCT TGGTTGCGCT GGATGTTTCC   

Phavu         GATTTGTGAA CTCAGAAGGT GTAATAGACG AACAAGGAGT GGAATTCAAG GGCGTTGTAG AAAATGGGTT AAAACTGGGA GCATCTCTGG CCATGGCAGA ACACATCCCT TGGCTGCGCT GGATGTTCCC   

Prupe1        GTTATGCTAA CTCAGAGGAT GAAATCGATG AGCAAGGCCG AGAATTCAAA GAAATTATTT CCAATGGAGT GCAGATGGGG GGATCTCTTG CCATTGCCGA GTACATTCTA TGGTTGGTTT GGATGTTCCC   

Prupe2        GTTTTGTTAA CTCACAGGAT GAAATGGATG AGCAAGGCCA AGAATTCAAA GCTGTTGTTT CTAATGGAGT GAAGATCGGT GCGTCGCTTT CGATGGCCGA GCACATTCCA TGGCTGCGTT GGATGTTCCC   

Prupe3        GTTTTGTTAA CGCAGAGGAT GAAATGGATG AGCAAGGCCA AGAATTCAAA GCTGTTGTTT CTAATGGAGT GAAGATCGGT GCATCGCTTT CGATGGCCGA GCACATTCCC TGGCTGCGTT GGATGTTCCC   

Prupe4        GTTTTGTTAA CTCAGAGGAC GTAATAGATG AGCAAGGGCT AGAGTTCAAG GCCATTGTAG CCAATGGACT CAAGCTTGGT GCATCGCTTG CCATGGCCGA GCACATTCCA TGGTTGCGAT GGATGTTCCC   

Prupe5        GGTTTGAGAA TGAAGTGGGT GAGCTAAACC AGCAAGGGTT GGAAATTGTG GCAATTCTGG CTAATGAAAG AAAGCTTGGT GCATATCTAC CTATTTTTGA AGAGAATTGG TGGCTCAGAT GGGTTTTGTG   

Lonja         GGTTCATGAA CACAGAGGGA ATAATCGACG AACAAGGCAA GGAGTTTAAA GGGATAGTAT CGAATGGGAT TAAGATCGGG GGTAAAGTTT TCATGGGGGA GACCATACCG TGGCTACGAT GGATGTTCGC   

Rutgr         GATTTGTGAA TTCAGAAGGT GTGATGGACG AACAAGGCCA AGAATTCAAG GCAATTGTGG CCAATGGGTT GAAGCTAGGA GCATCGCTGG CCATGGCTGA NCACATCCCA TGGCTTCGCT GGATGTTCCC   

Salmi         GGTTCGTGAA TTCGGAAGGG GCAGTGGACA AGCAAGGGCA GGAGTTCAAG GCCATTGCTA TAAATGGGCT GAAGCTGGGC GCTTCCCTAG CCATGGCCGA GCACATCCCC TGGCTCCGTT GGGCCTTCCC   

Tripr         GATTTGTGAA CTCAGAAGGT GTAATGGATG AGCAAGGAGT GGAATTCAAG GCTATAGTGG CAAATGGGTT AAAGCTAGGA GCATCTCTTG CCATGGCAGA GCATATTCCT TGGTTGAGGT GGATGTTCCC   
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Triae1        ACTTAATGAG GAGCTTTACA AGACCCACAA TGAGAGGAGG GATCGTCTGA CCAAGAAGAT CATTGAAGAG CATGCACAGG CCCTCCAGGA G---AGAGGT GCCAAACAGC ACTTTGTGGA TGCACTGTTC   

Triae2        ACTTAATGAG GAGCTTTACA ATACCCACAA TGAGAGAAGG GATCGTCTGA CCAAGAAGAT CATTGAAGAG CATGCACAGG CCCTCAGGGA G---AGTGGT GCCAAACAGC ACTTTGTGGA TGCTCTGTTC   

Triae3        CGTCGACGAG GTGGCCTATC AAGCCCACGG CGACCGGCGC GATCGGCTCA CCGTCAAGAT CATGGAGGAG CACGCCAGCG CCCTCGAGCG GAGCGGC--- GCCAAGCAGC ATTTCGTCGA CGCGCTCTTC   

Cofca1        ACTCGATGAA GCTGCTTTCG CGAAGCATGG TGCTCGAAGG GACCGCCTCA CTCGAGCCAT CATGGAAGAG CATAGATTAG CTCGAGAAAA GAGCGGAGGA GCCAAGCAAC ATTTTGTTGA TGCATTGCTC   

Cofca2        AGGCGAAAAT GAGGACCTGG ATAAGCACAA TGCGCGGAGA GACAAACTGA CCAGAATGAT CATGGAAGAG CACACTCTTG CAAGGCAAAA GAGTGGCAAT ACTAAGCAGC ATTTTGTTGA TGCATTGATC   

Nicta1        TATTGACGAG GACGCCTTTG CTAAGCACGG AGCACGTAGA GACCGTCTCA CTCGAGCTAT TATGGAGGAG CACACCCTTG CTCGCCAACA AAGTGGAGG- GCCAAGCAAC ACTTTTTTGA TGCATTATTG   

Nicta2        GGATGACAAC GAAGCTCTCA AGGCTCAAGA TAGTCGTTTG GATAGGTTTA CTAGGGTTAT TATGGAAGAA CACACTATTG CAAGGAAACA AACTGGTGAA ACCAAACAAC ACTTTGTCGA TGCTTTGCTC   

Nicta3        AATGGAAAAC GAGGCACTCG TGAAGCACTC TGCACGTAGA GACCGGTTAA CAAGAATGAT CATGGATGAA CACACACTGG CTCGCAAGAA AACTGGTGAT ACTAAGCAGC ATTTTGTCGA TGCATTGCTT   

Cynca         GCTAGAAGAA GAAGCCTTTG CCAAGCACGG AGCACGTCGT GATCGGCTCA CACGAGCCAT CATGGATGAG CACACCGCTG CTCGTCAAAA GACCGGTGGA ACCAAGCAGC ATTTTGTCGA TGCCTTGCTC   

Liter         GGTCGAACAG GATGCGCTTG ATAAGTTTGC TGCTGATAGA GACCATCTTA CTAGAGTGAT CATGGAAGAG CACATT---- --------AA GAGTGGCAAC ACCAAGCAGC ACTTTGTTGA TGCTTTGCTC   

Solsc         ACTCGATGAA GACGCCTTCA CCCAGCACGG CGTTCGGATG GAGCGTCTCA CCCGAGAAAT CATGCAAGAA CACACCCTCG CCCGCCAGAA AGGCGGC--- GCCAAGCAGC ATTTCTTCGA CGCTTTGCTC   

Ociba1        ACTCGATGAA GACGCTTTTG CCAAACATGG AGCACGCCGC GACCAACTCA CTCGCGAGAT AATGGAAGAG CACACACGTG CTCGTGAAGA AAGTGGAGG- GCCAAACAAC ACTTTTTTGA TGCTTTGCTT   

Ociba2        ACTCGATGAA GACGCTTTCG CCAAACATGG AGCACGCCGC GACCAACTCA CTCGCGAGAT AATGGAAGAG CACACTCGTG CTCGTGAAGA AAGTGGAGG- GCCAAACAAC ACTTTTTTGA TGCTTTGCTT   

Ambtr1        CCTTGAGGAG GAGGCCTTTG CCAAGCATGG GGCCCGAAGG GACCGGCTCA CTCGTGCCAT CATGGACGAG CATACGCGCG CTCGGGAGTC A---GGCAGT GCTAAGCAAC ATTTTGTCGA TGCGTTGCTC   

Ambtr2        ATTAGAGGTA GAGGCCTTTG ATAAACATTG GGACCGTCGT GACCGACTCA CACGCACCAT CATGGAAGAG CACACAAAGG CACGTCTCGA GTCTGGTAGC GAGCAACAGC ACTTTGTGGG TGCACTTCTC   

Musac         GCTCGACGTC GAGGCCTACG ACAAGCACAG CGCTCGCCGG GATCGCCTCA CCAAGATCAT CATGGAGGAG CACACGCAAG CTCGGTACAA GGGCGGC--- GCCAAGGATC ACTTCGTCGA CGCGCTGCTC   

Spipo         CCTCGAGGAG GAGGCCTTTT CCCGGCACAA CGCTCGCCGT GACCGCCTCA CCACCGCCAT CCTGGACGAG CACACCCGCA TCCGCCGGGA CGGCGCC--- GCCAAGCAGC ACTTCGTCGA CGCCCTTCTC   

Bradi         ACTTAATGAG GAGCTTTACA ACACCCACAA TGAGAGAAGG GACCGGCTAA CCAAGAAGAT CATAGATGAG CATGCGACGG CCCTCAAGGA G---AGCGGT GCCAAGCAGC ACTTTGTGGA TGCATTGTTC   

Brast         ACTTAATGAG GAGCTTTACA ACACCCACAA TGAGAGAAGG GACCGCCTAA CCAAGAAGAT CATAGATGAG CATGCGACGG CTCTCAAGGA G---AGCGGT GCCAAGCAGC ACTTTGTGGA TGCATTGTTC   

Orysa1        ACTTAACGAG GAGCTTTACA AGACCCACAA CGAGAGAAGG GATCGGCTGA CCAAGAAGAT CATAGATGAG CATGCGAAGG CCCTCAAGGA G---AGTGGT GCCAAGCAGC ACTTTGTGGA TGCTCTGTTC   

Orysa2        GGTGGACGAG GAGCTCTATA ACGCCCACAG CGCAAGGCGA GACCGCTTCA CCAGGCGGAT CATGGACGAG CATGCCCGTG AGCTCGAGCG TCACGGT--- GCCAAACAGC ACTTCGTCGA CGCCCTGTTC   

Panha1        ACTTAATGAG GAGCTCTACA AAACTCACAA TGAGAGAAGG GACCGCCTGA CAATGAAGAT CATTGAAGAG CATGCTAAAG CTCTCAAGGA G---AGTGGT GCCAAACAGC ACTTTGTGGA TGCTCTTTTC   



216 
 

Panha2        GGCCGACGAC CAGGTCTTCA AAGCCCACGG CGACCGGCGC GACCGCCTCA CCGTGAAGAT CATGGAGGAG CACGCCAAGG CCCTCAAGCA GCGCGGC--- GCCCAGCAGC ACTTCGTCGA CGCGCTCTTC   

Panvi1        GGCCGACAAC GAGGTCTTCA AAGCCCACGG CGACCGGCGC GATCGCCTCA CCGTGAAGAT CATGGAGGAG CACGCCAAGG CCCGCAAGCA GCGCGGC--- GCCCAGCAGC ACTTCGTCGA CGCGCTCTTC   

Panvi2        ACTTAATGAG GAGCTTTACA AGACTCACAA TGAGAGGAGG GACCACCTGA CAATGAAGAT CATTGAAGAG CATGCTAAAG CTCTCCAGGA G---AGTGGT GCCAAACAGC ACTTTGTGGA TGCTCTTTTC   

Panvi3        GCTTAATGAG GAACTTTACA AAACTCACAA TGAGAGAAGG GACCGCCTGA CAATGAAGAT TATTGAAGAG CATGCTAAGG CTCTCAAGGA G---AGTGGT GCCAAGCAGC ACTTTGTGGA TGCACTGTTC   

Panvi4        GGCCGACGAC CAGGTCTTCA AAGCCCACGG CGACCGGCGC GACCGCCTCA CCGTGAGGAT CATGGACGAG CAGGCCAGGG CCCTCAAGCA GCGCGGC--- GCCCAGCAGC ACTTCATCGA CGCGCTCTTC   

Setit         ACTTAACGAG GAGCTCTACA AAACTCACAA TGAGAGAAGG GACCGCCTGA CAATGAAGAT CATTGAAGAG CATGCTAAGG CTCTCAAGGA G---AGTGGT GCCAAGCAGC ACTTTGTGGA TGCACTTTTC   

Setvi         ACTTAACGAG GAGCTCTACA AAACTCACAA TGAGAGAAGG GACCGCCTGA CAATGAAGAT CATTGAAGAG CATGCTAAGG CTCTCAAGGA G---AGTGGT GCCAAGCAGC ACTTTGTGGA TGCACTTTTC   

Sorbi1        GGTCGACGAG CAGGCCTTCA AAGCCCACGG CGACCGCCGC GACCGCCTCA CCGTGAAGAT CATGGAGGAG CAAGCCAAGG CCCTCAAGCA GCACGGC--- GCCCAGCAGC ATTTCGTCGA CGCGCTCTTC   

Sorbi2        ACTTAATGAG GAGCTTTACA AAACTCACAA TGAGAGAAGG GACCGCTTGA CAATGAAGAT CATTGAGGAG CACGCAAAGT CTCTCAAGGA G---AGTGGT GCCAAGCAGC ACTTTGTGGA TGCACTCTTC   

Zeama1        GGTCGACGAG CAGGCCTTCA AAGCCCACGG CGAACGGCGC GACCGCCTCA CCGTGAAGAT CATGGAGGAG CACGCCAGGG CCCTCAAGCA GCGCGGC--- GCCCAGCAGC ACTTCGTCGA CGCGCTCTTC   

Zeama2        ACTTAATGAG GAGCTTTACA AAACTCACAA TGAGAGAAGG GACCGCCTGA CAATGAAGAT CATTGATGAG CACGCTAAGT CTCTCAAGGA G---AGTGGT GCCAAGCAGC ACTTTGTGGA TGCACTTTTC   

Aquco1        AGTTGATCAG GCAGCCTATG ACAGTCATGC AGCTCGAAGG GACAGACTCA CCAGAGCCAT TATGGAAGAG CATACCCTCG CTCGTCAACA AAA---TGGC GCCAAGCAAC ACTTTGTTGA TGCATTGCTC   

Aquco2        ACTCGAGGAG GAGGCCTTTG CCAAACATGG GGCTCGTAGG GACCTACTTA CTAGAGCCAT CATGGAAGAA CACACGGTTG CCCGTCAAAA GAGTGGTGGT GCTAAACAGC ATTTTGTTGA TGCATTGCTC   

LKalma2       ACTCGAAGAG GAGGCATTCG CCAAACATGG GGCTCGTAGG GACCGATTGA CTAGAGCTAT CATGGATGAG CACACTCGAG CTCGTGAGAA GAGCGGCGGA GCCAAGCAGC ATTTTGTGGA TGCGTTACTT   

LKalma4       ACTCGAAGAG GAGGCATTCG CCAAACATGG GGCTCGTAGG GACCGATTGA CTAGAGCTAT CATGGATGAG CACACTCGAG CTCGTGAGAA GAGCGGCGGA GCCAAGCAGC ATTTTGTGGA TGCGTTACTT   

Mimgu1        GGCCGAAAAC GAAGCGCTAG CTAAGCACGA CTCCCGTGCC GATAACTTCA CCAAGAAGAT AATGGAAGAA CACACGCTTG CGCGGAAGAG AACCGGGAAT ACCAAGAACC ATTTCATCGA CGCGATGCTT   

Mimgu2        GGCCGAAAGC GAGGCACTAG CCAAGAACAA TACTCGTTCG GATGACTTCA CGAAGAAAAT CATGGAGGAG CACAATCTCG CACGCCAGAA AGG---CAAC ACGAAAAGCC ATTTCTTCGA TGCTTTGCTT   

Mimgu3        ACTCGACGAA GAGGCGTTTG CCAAACACGG GGCCCGTAGA GACAGTCTCA CACGGGATAT AATGGAAGAG CACACACTTG CCCGCCAGAA AAGTGGAGGC GCTAAGCAAC ACTTTTTTGA TGCTTTGTTG   

Mimgu4        ACTCGACGAG GAGGCGTTCG CCAAACACGG GGCCCGCAGA GACAATCTCA CACGGGATAT AATGGAAGAG CACACACTTG CTAGCAAGAA AAGTGGAGGC TCTAAGCAAC ATTTTTTCGA TGCTTTGTTA   

Mimgu5        GCTCGACGAA GAGGCGTTTG CCAAACACGG GGCCCGTAGA GACAGTCTCA CACGGGATAT AATGGAAGAG CACACTCTTG CCCGCCAAAA AAGTGGAGGC GCTAAGCAAC ATTTTTTTGA TGCTTTGTTG   

Mimgu6        GATAGACGAG AAAAAGTTTG TCGAACTGGA AGCTCGAAGA GACCGATTCA CGCGTGAAAT AATGGAAGAG CACACGCTCG CGCGCCGGAA AAGTGGTGGC CCCAAACAAC ACTTCTTTGA TGCTTTGGTC   

Mimgu7        GATAGACGAG AAAAAGTTCG TTGAACTGGA AGCTCGAAGA GACCGTTTCA CGCGTGAAAT AATGGAAGAG CACACGCTCG CGCGCCGGAA GAGTGGTGGC GCCAAACAAC ACTTCTTTGA TGCTTTGGTC   

Solly1        GGATGATAAT GAAGCTCTTA AGGCACAAGA TAGTCATGTT GATAGGTTTA CTAGGGTTAT TATGGAGGAA CACACTCTTG CAAGGAAAAA TACTGGTGAA ACCAAACAAC ACTTTGTTGA TGCTTTGCTC   

Solly2        TCTTGATGAG GATGCTTTTT CTAAGCACGG GGAACGTAGA GACCGTCTCA CCCGAGCTAT TATGGAGGAG CACACCCTTG CTCGCCAGAA GAGTGGAGGC GCCAAGCAGC ACTTTTTTGA TGCATTGTTG   

Solly3        AGATGACAAT GAAGCTCTTG AGTCACAAGA TAGACGTTTG AATAAATTTA CAAGACTTAT AATGGAAGAA CACACAATTG CTAGAGAAAA ATCTGGAGAA ACCAAACATC ATTTTGTTGA TGCTTTACTT   

Solly4        AGATGACAAT GAAGCTCTTG AGGCACAAGA TAAACATTTG GATGAATTTA CAAGAATTAT AATGAAAGAA CACACAATTG CTAGAGAAAA ATCTGGAGAA ACAAAACATC ATTTTGTTGA TGCTTTACTT   

Solly5        AATGGAAAAC GAGGCACTTG TGAAACACTC TGAACGTAGA GACCGGTTAA CAAGAATTAT CATGGATGAA CACACTTTGG CTCGCAAACA AACTGGTGAT ACTAAGCAGC ATTTCGTCGA TGCCTTGCTT   

Soltu1        TCTTGATGAG GATGCTTTTT CTAAGCATGG GGAACGTAGA GACCGTCTCA CCCGAGCTAT TATGGAGGAG CACACCCTTG CTCGCCAGAA GAGTGGAGGT GCCAAGCAGC ACTTTTTTGA TGCATTGTTG   

Soltu2        AATGGAAAAC GAGGCACTCG TCAAACACTC TGAACGTAGA GATCGGTTAA CAAGAATTAT CATGGACGAA CACACTTTGG CTCGCAAACA AACTGGTGAT ACTAAGCAGC ATTTCGTTGA TGCCTTGCTT   

Soltu3        AGATGATAAT GAAGCTCTTG AGGCACAAGA TAAGCATTTG GATGAATTTA CAAGACTTAT AATGGAAGAA CACACAATTG CTAGGAAAAT AACTGGGGAA ACCAAACATC ATTTTGTTGA TGCTTTGCTT   

Soltu4        AGATGACAAT GAAGCTCTTG AGTCACAAGA TAGACGTTTG AATAAATTTA CAAGACTTAT AATGGAAGAA CACACAATTG CTAGAGAAAA ATCTGGAGAA ACCAAACATC ATTTTGTTGA TGCTTTGCTT   

Soltu5        AGATGACAAT GAAGCTCTTG AGTCACAAGA TAGACGTTTG AATAAATTTA CAAGACTTAT AATGGAAGAA CACACAATTG CTAGAGAAAA ATCTGGAGAA ACCAAACATC ATTTTGTTGA TGCTTTGCTT   

Soltu6        GGATGATAAT GAAGCTCTTA AGGCTCAAGA TAGTCATGTG GATAGGTTTA CTAGGGTTAT TATGGAAGAA CACACTCTTG CAAGGAAAAA AACTGGTGAA ACCAAACAAC ACTTTGTTGA TGCTTTGCTC   

Soltu7        GGATGATAAT GAAGCTCTTA AGGCTCAAGA TAGTCATGTG GATAGGTTTA CTAGGGTTAT TATGGAAGAA CACACTCTTG CAAGGAAAAA AACTGGTGAA ACCAAACAAC ACTTTGTTGA TGCTTTGCTC   

Eucgr1        GATGGAGGAA AAGGCGTTCG CCAAGCACAG CGCGAGGAGG GACCGCCTCA CCCGGGCCAT CATGGAGGAG CACACGGTAG CCCGCCAGAA GAGCGGG--- GCCAAGCAGC ATTTCGTCGA CGCCCTGCTC   

Eucgr2        GCTGGAGGAG GAGCCGTTCG CCAAGCACAG TGCGAGGAGG GACCGCCTCA CCCGGGCCAT CATGGAGGAG CACACGGTAG CCCGCCAGAA GAGCGGG--- GCCAAGCAGC ATTTCGTCGA CGCCCTGCTC   

Eucgr3        GCTGGAGGAG GAAGCGTTCG CCAAGCACAG CGCGAGGAGG GACCGCCTCA CCCGGGCCAT CATGGAGGAG CACACGGTAG CCCGCCAGAA GAGCGGG--- GCCAAGCAGC ATTTCGTCGA CGCCCTGCTC   

Eucgr4        GCTGGAGGAG GAGGCGTTCG CCAGGCACTG CGCGCGGCGC GACCGCCTCA CCCGGGCCAT CATGGAGGAG CACGCGCTCG CGCGGCAAAA GCCCGGTGGA GCCAAGCAGC ACTTCGTGGA TGCGTTGCTT   

Vitvi         CCTTGAGGAA GAAGCGTTTG CCAAGCACGG TGCGCGTCGC GACCGACTCA CTAGAGCCAT CATGGAAGAG CACACCCTTG CCCGCGAGAA GAGCGGTGGT GCCAAGCAGC ATTTTGTGGA TGCTTTGCTC   

Linus1        ACTAGAAGAA GGTGCGTTCG CCCAGCACGG TGCACGTAGA GACCGCCTTA CCCGGGCCAT CATGGAAGAA CACACCGCTG CTCGCAACAA GAGTGGCAAT ACGAAGGAGC ATTTCGTTGA TGCATTGCTT   

Linus2        ACTAGAAGAA GGTGCGTTCG CCCAGCACAA CGCCCGTAGA GACCGCCTTA CCCATGCCAT CATGGAGGAG CACACCGCTG CTCGCAACAA GAGCGGCGAT ACGAAGCAGC ATTTCGTCGA TGCCTTGCTT   

Linus3        ACTAGAAGAA GGTACGTTCG TCCAGCACAA CGCTCGTCGA GACCGCCTTA CCCAAGCCAT CATGGAGGAA CACACTGCTG CTCGCAACAA GAGTGGCGAT ACGAAGCAGC ATTTCGTCGA TGCGTTGCTT   

Linus4        ATTAGAAGAA GGTGCATTCG CCCAGCATGG TGCCCGTAGA GACCGCCTTA CCCGGGCCAT CATGGAAGAA CACACCGCTG CTCGCAACAA GAGTGGTGAT ACGAAGGAGC ATTTCGTTGA TGCATTGCTT   

Manes         ACTAGAGGAA GAGGCTTTTG CCAAGCATGG AGCTCGAAGG GACCGCCTCA CTCGAGCTAT TATGGAAGAA CATACACTTG CTCGTCAGAA GAGTGGAGGT GCCAAGCAAC ATTTTGTTGA TGCATTGCTT   

Poptr1        GTTAGAGGAA GATGCATTTG CCAAGCATGG GGCTCGTCGG GACCGACTCA CTAGAGCTAT TATGGATGAA CATACCCTTG CCCGGCAGAC GAGTGGCGGT GCCAAGCAGC ATTTTGTTGA TGCATTGCTT   

Poptr2        ACTAGAGGAA GAGGCTTTTG CCAAGCTTAA TGCTCGTCGA GACAGGCTGG TTAGATCTAT CATGGAGGAA CATAACAATG CACGCAAGAA AAGTGGTGGG GTCAAGAATC ATTTTGTTGA TGCATTGCTA   

Poptr3        ACTAGAGGAA GAGGCTGTTG AAAAGCATAA CGCTCGTCGA GATGGGCTAA CTAGAGTTAT CATGGAGGAA CACACCAATG CACGCAAGAA AAGTGGAGGT GCCAAGAAAC ATTTCGTTGA TGCACTGCTT   

Ricco1        ACTTGACAAC GAAGTAATCG ATAAGCATAC GGCTGAAAGG GACCGACTCA CCCGAGAGAT AATGGAAGAG CATACAGTTG CTCGCCGGAA GACTGGGGAT ACCAAGCAGC ATTTCATTGA TGCATTGCTG   

Ricco2        CCTGGAAGAG GACGCATTTG CCAAGCATGG CGCTCGAAGG GACCGACTCA CTCGAGCTAT AATGGAAGAG CATACACTTG CTCGACAGAA GAGTGGGGGT GCGAAACAGC ATTTTGTTGA TGCGTTGCTT   

Ricco3        TTTTCGAAAC AAGGCGTTTT CAGGACTTCT GGCTCGTAGA GACAGCCTCA TTCGAGCAAT AATGGAGGAG CATAAGAA-- ---------- GGTTTGTGAT GCTAAGCAGC ATCTTGTTGA TTCACTTCTC   

Salpu1        GTTGGAGGAA GATGCATTTG CCAAGCATGG GGCTCGCCGG GACCGGCTCA CGAGAGCTAT CATGGATGAA CATACCCTTG CCCGGCAGAC GAGCGGAGGA GCCAAGCACC ATTTTGTCGA TGCATTACTT   

Salpu2        GTTGGAGGAA GATGCATTTG CCAAGCATGG GGCTCGCCGG GACCGACTCA CGAGAGCTAT CATGGATGAA CATACCCTTG CCCGGCAGAC GAGCGGCGGA GCCAAGCAGC ATTTTGTCGA TGCACTACTT   

Salpu3        ACAAGAGGAA GAGGTACTTG CCAAGCTTGA TGCTCGACGA GACAGGCTAG TTAGGTCGAT CATGGAGGAA CATAACAATG CACGGAAGAA AAGTGGCGGT GCCAAGAATC ATTTTGTTGA TGCATTGCTA   

Salpu4        ACTAGAGGAA GAGGCATTTG CCAAGCTAGA TGCTCGACGA GACAGGCTAG TTAGGTCGAT CATGGAGGAA CATAACAATG CACGGAAGAA AAGTGGTGGT GCCAAGAATC ATTTTGTTGA TGCATTGCTA   

Salpu5        ACTAGAGGAA GAAGCTGTTG AAAAGCATAA CGCTCGCCGA GATGGGCTAA CCAGAGTTAT CATGGAGGAG CATACCAATG CGCGCAAGAA AAGTGGAGGT GCCAAGAAAC ATTTCGTCGA TGCATTGCTG   

Salpu6        ACTAGAGGAA GAGGTATTTG CCAAGCTTGA TGCTCGACGA GACAGGCTAG TTAGGTCGAT CATGGAGGAA CATAACAATG CACGGAAGAA AAGTGGTGGT GCCAAGAATC ATTTTGTTGA TGCATTGCTA   

Salpu7        ACTAGAGGAA GAAGCTGTTG AAAAGCATAA CGCTCGCCGA GATGGGCTAA CCAGAGTTAT CATGGAGGAG CATACCAATG CGCGCAAGAA AAGTGGAGGT GCCAAGAAAC ATTTCGTCGA TGCATTGCTG   

Citsi1        TGGCGACGAC GAGGCATTTA CGAAGCATTT AGCACATAAG GATGGATTAA CTCGAGCCAT CATGGAAGAA CACAAGGCTA AAAGTATGAA GAGTGGTGTT GTGAAGCAAC ATTTTGTTGA TGCATTGCTT   

Citsi2        ACTAGAGGAA GAGAAATATG TGAAGCACAA TGAACGCAGA GATAAGCTTA CGAAAACCAT AATGGCAGAA CATACCCTTG CTCGTCAAAA GGGTGGAGGT GCTAAGCCAC ACTTCGTTGA TGCGTTGCTC   

Citcl1        ACTAGAGGAA GAGAAATATG TGAAGCACAA TGAACGCAGA GATAAGCTTA CGAAAACCAT AATGGCAGAA CATACCCTTG CTCGTCAAAA GGGTGGAGGT GCTAAGCCAC ACTTCGTTGA TGCGTTGCTC   

Citcl2        ATTAGAGGAA GGGGCATTTG CCAAGCACGG CGAACGCCGA GACCGTCTTA CTCGAGCTAT CATGGAAGAG CACACACTTG CTCGCCAGAA GAGCGGTGGT ACCAAGCAAC ACTTTGTTGA TGCTTTGCTT   

Citcl3        TGGCGACGAC GAGGCATTTA CGAAGCATTT AGCACATAAG GATGGATTAA CTCGAGCCAT CATGGAAGAA CACAAGGCTA AAAGTATGAA GAGTGGTGTT GTGAAGCAAC ATTTTGTTGA TGCATTGCTT   

Carpa         ATTAGAGGAA GAGGCCTTTG CCAAGCATGG TGCACGAAGG GACCGTCTGA CTCGAGCCAT CATGGAGGAG CACACCCTTG CTCGCCAAAA GTCTGGTGGT GCCAAACAAC ACTTTGTTGA TGCATTGCTC   

Gosra1        ATTGGAAGAA GAAGCATTCG CCAAGCACGG GGCAAGGAGA GATCGTCTCA CCAGAGCTAT AATGGAGGAA CACATCGTTG CTCGCCAAAA AAGCGGCGAT ACCAAGCAGC ATTTCGTTGA TGCCTTGCTT   

Gosra2        ATTGGAGGAG GAGGCTTTCG CCAAGCATGG GGCAAGGAGG GATCGTCTCA CCCGAGCTAT CATGGAGGAG CACACCCTAG CCCGCCAAAA GAGCGGCGGA GCCAAGCAGC ATTTTGTTGA TGCCTTGCTT   

Theca         TCTGGAAGAG GAGGCATTCG CCAAGCATGG GGCTCGGAGG GACCGTCTCA CCAGAGCTAT CATGGAGGAG CACACCCTCG CGCGCCACAA GAGCGGCGGT GCCAAGCAGC ACTTTGTTGA TGCCTTGCTC   

Araly3        GGCCGATGAG AAGGCGTTTG CTGAGCATGG GGCTCGTCGC GACCGCCTCA CGAGAGCTAT CATGGAGGAG CACACTTTGG CCCGTCAAAA GTCTAGCGGA GCGAAACAGC ATTTCGTTGA TGCGTTGCTT   

Arath3        GGCTGATGAG AAGGCGTTTG CTGAGCACGG GGCTCGTCGT GACCGCCTCA CTCGAGCTAT CATGGAGGAG CATACTTTGG CCCGTCAAAA GTCTAGTGGA GCGAAACAGC ATTTCGTTGA TGCGTTGCTA   

Boest3        GGCTGATGAG AAGGCGTTTG CTGAGCATGG GGCTCGTCGC GACCGCCTCA CGCGAGCTAT CATGGAGGAA CACACTTTGG CCCGTGAAAA GTCTAGCGGA TCGAAACAGC ATTTCGTTGA TGCGTTGCTT   

Brara1        AGCCGATGAG AAGGCTTTTG CTAAGCACGG AGCTCGCCGT GACATCCTCA CGCGAGCTAT CATGGAGGAA CACACTTTGG CCCGTCAAAA GTCTAGTGGA GCTAAGCAGC ATTTCGTTGA TGCGTTGCTT   

Brara2        GGCGGATGAG AAGGCGTTTG CTAAGCACGG AGCTCGTAGG GACCTCCTCA CGCGAGCTAT CATGGAGGAG CACACTTTGG CACGTCAAAA GTCTAGTGGA GCCAAACAGC ATTTCGTTGA TGCGTTGCTT   

Brara3        GGCTGATGAG AAGGCGTTTG CTGAGCATGG TGCTCGCCGC GACCTCCTGA CTCGAGCTAT CATGGAAGAG CACACTTTGG CCCGTCAAAA GTTTAGTGGA CCTAAGCAGC ATTTTGTTGG TGCGTTGCTT   

Capgr3        CGCCGATGAG AAGTCGTTTG CTGAGCATGG TGCTCGTCGC GACCGCCTCA CGCGAGCAAT CATGGAGGAG CACACTTTGG CCCGTGAAAA GTCTAGCGGA GCGAAACAGC ATTTCGTTGA TGCGTTGCTT   

Capru2        GGCCGATGAG AAGTCGTTTG CTGAGCATGG TGCTCGTCGC GACCGCCTCA CGCGAGCAAT CATGGAGGAG CACACTTTGG CCCGTGAAAA GTCTAGCGGA ACGAAACAGC ATTTCGTTGA CGCGTTGCTT   

Eutsa1        GGCCGATGAG AAAGCGTTTG CGAAGCATGG TGCTCGTCGT GACCTCCTCA CGCGAGCTAT CATGGAGGAG CACACTTTGG CTCGTCAAAA CTCTAGCGGA GCAAAACAGC ATTTCGTGGA TGCGTTGCTT   

Cucsa1        TCTCGAAGAA GAAGCTTTCG CCAAGCATGG CGCCCGTCGC GACCGTCTCA CTCGAGCTAT CATGGATGAG CATACCACAG CTCGTACTTT GAGCGGCAAT GTCCAGAATC ACTTCGTTGA TGCTCTCCTC   

Cucsa2        TCTCGAAGAA GAAGCTTTCG CCAAGCATGG CGCCCGTCGC GACCGTCTCA CTCGAGCTAT CATGGATGAG CATACCACAG CTCGTACTTT GAGCGGCAAT GTCCAGAATC ACTTCGTTGA TGCTCTCCTC   

Frave1        GCCTCAACGT ATAGCACTTA ctaaaatgag GGCAGAGGAA GACGATCTAA AACGAGCAAT CATGGAGGAT CACATAGG-- ---------- G---AAGGGG GAAGAGAAAC ATTTTTTGGG CGCATTGCTA   

Frave2        ACTCGAGGAA GAGGCATTTG CCAAGCATGG GGAACGGCGA GACCGTCTAA CAAGGGAAAT CATGGAAGAG CATACACAAA AACGCAACAA AGGTGGTGTT GCCAAGCAGC ATTTTGTGGA TGCCTTGCTT   

Glyma1        ACTGGAAGAA GGAGCTTTTG CCAAGCATGG AGCCCGCCGC GACCGACTCA CCAGAGCCAT CATGACGGAG CACACTGAAG CACGCAAGAA ATCTGGTGGT GCCAAGCAAC ATTTTGTTGA TGCCCTCCTC   

Glyma2        ACTGGAAGAA GGAGCTTTTG CCAAGCATGG AGCCCGCCGC GACCGACTCA CCAGAGCCAT CATGACGGAG CACACTGAAG CACGCAAGAA ATCTGGTGGT GCCAAGCAAC ATTTTGTTGA TGCCCTCCTC   

Glyma3        ACTGGAAGAA GGAGCTTTTG CCAAGCATGG AGCCCGCCGC GACCGACTCA CCAGAGCCAT CATGGCAGAG CACACTGAAG CACGCAAGAA ATCTGGTGGT GCCAAGCAAC ATTTTGTTGA TGCCCTCCTC   

Maldo1        GTTTCGGAAC ACGGAGATTT CGAGACACGT GGCGCGCAAA GACAGATTCG TACAAGCGAT TAAGGAGGAG CATGCKGTTA AGGGTGACAG TGTTGCCGGT GCCAAGCAAC ATTTCATGGG AGSATTRCTT   

Maldo2        GTTTGACGAA GAGGCGTTTG CTCGACATGA GGCGAACAGA GACAAACTCA CCAAGGAAAT CATGGACGAA CACACTCAGG CACGCTCCAR AGGTGGCGTT GCCAAGAGCC ATTTCGTGGA TGCATTGTTT   

Maldo3        GTTTGACGAA GAGGCGTTTG CTAGACACGG AGCAAACAGA GACAAACTCA CCAAGGAAAT CATGGACGAA CACACTCTGG CACGCTCCAA GGGCGGCGTT GCCAAYAGCR ACTTTGTGGA TGCATTGTTT   

Maldo4        GTTTGACGAA GAGGCGTTTG CTCGACATGA GGCGAACAGA GACAAACTCA CCAAGGAAAT CATGGACGAA CACACTCAGG CACGCTCCAY AGGTGGCGTT GCCAAGAGCC ATTTCGTGGA TGCATTGTTT   

Maldo5        GTTTGACGAA GAGGCGTTTG CTCGACATGA GGCGAACAGA GACAAACTCA CCAAGGAAAT CATGGACGAA CACACTCAGG CACGCTCCAA AGGTGGCGTT GCCAAGAGCC ATTTCGTGGA TGCATTGTTT   

Maldo6        GTTTGACGAA GAGGCGTTTG CTCGACATGA GGCGAACAGA GACAAACTCA CCAAGGAAAT CATGGACGAA CACACTCAGG CACGCTCCAR AGGTGGCGTT GCCAAGAGCC ATTTCGTGGA TGCATTGTTT   

Maldo7        GTTTCGGAAC ACGGAGATTT CGAGACACGT GGCGCGCAAA GACAGATTCG TACAAGCGAT TAAGGAGGAG CATGCMGTTA AGGGTGACAG TGTTGCCGGT GCCAAGCAAC ATTTCATGGG AGSATTYCTT   

Maldo8        GTTTGACGAA GAGGCGTTTG CTAGACACGG AGCAAACAGA GACAAACTCA CCAAGGAAAT CATGGACGAA CACACTCTGG CACGCTCCAA GGGCGGCGTT GCCAARASCY ACTTTGTGGA TGCWTTGTTT   

Maldo9        GTTTGACGAA GAGGCGTTTG CTCGACACGG AGCAAACAGA GACAGACTCA CCAAGGAAAT CATGGACGAA CACGCTCTGG CACGCTCCAA GGGTGGCGTT GCTAAGAGCC ACTTTGTGGA TGCATTGTTT   

Maldo10       GTTTGACGAA GAGGCGTTTG CTCGACACGG AGCAAACAGA GACAGACTCA CCAAGGAAAT CATGGACGAA CACGCTCTGG CACGCTCCAA GGGTGGCGTT GCTAAGAGCC ACTTTGTGGA TGCATTGTTT   

Maldo11       GTTTGACGAA GAGGCGTTTG CTCGACATGA GGCGAACAGA GACAAACTCA CCAAGGAAAT CATGGACGAA CACACTCAGG CACGCTCCAY AGGTGGCGTT GCCAAGAGCC ATTTCGTGGA TGCATTGTTT   

Maldo12       CCTGGAGGAA GAGGCATTTG CCAAGCACGG GGCACGACGA GACCGGCTCA CTAGGGCTAT CATGGAGGAG CACACACAAG CACGCAACGA GAGCGGTGGT GCCAAGCAAC ATTTTGTGGA TGCGTTGCTT   

Medtr         ACTTGAAGAG GAGGCTTTTG CTAAGCACGG TGCTCGTAGG GACCGGCTCA ACAGAGCCAT CATGGAAGAG CATACGCAGG CACGTCAGAA ATCCGGTGGT GCCAAACAAC ATTTTGTAGA TGCACTTCTC   

Phavu         TCTCGAAGAA GAGGCTTTTG CCAAGCATGG AGCTCGCCGT GACAGACTCA CCAGAGCCAT CATGGAAGAG CACACCGAAG CACGCAAGAA ATCTGGTGGG GCCAAGCATC ATTTTGTTGA TGCCCTCCTC   

Prupe1        TCAACAGGAA AAGGCCCTTG TTCAACATTT TGCTCGAAGA GACCGGCTCA CTAGGGAAAT CATGGTAGAG CACACACAGG CTCGCACCAA GACCGGTGAT GCCAAGCAAC ATTTCGTCGA TGCATTGCTT   

Prupe2        GCTGGAGGAA AAGGCGTTTG CTCAGCATGG GGCACGAAGA GACCGACTCA CTAGGGCAAT CATGGAGGAG CACACACAGG CTCGCACCAA GAGTGGCGGT GCCAAGCAGC ATTTTGTCGA TGCGTTGCTT   

Prupe3        GCTGGAGGAA GAGGCGTTTG CTCAGCATGG GGCACGAAGA GACCGACTCA CTAGGGCAAT CATGGAGGAG CACACACAGG CTCGCACCAA GAGTGGCGGT GCCAAGCAGC ATTTTGTCGA TGCATTGCTT   

Prupe4        GCTCGAGGAA GAGGCATTTG CCAAGCACGG GGCACGAAGG GACCGGCTCA CTAGGGCAAT CATGGAGGAG CACACACAGG CACGAAACAA GAGTGGTGGT GCCAAGCAAC ATTTTGTAGA TGCATTGCTC   

Prupe5        GTTTCAAAGT ACTGCAATTT CCAGACATTT GGCAAGGAAA GAGAAATTCA CACAAGCAAT CAAGGAGGAG CATATGCTTG AGAGTAAGtc tGTTGGTGGT GTCAAGCAGC ATTTTTTGGG TGCATTGCTT   

Lonja         CGGAGAAAAT GAGATTCTTG AAAAGCACGA GAGCCGTAGG GCTAAACTCA CAAGGGAGAT CATGGAAGAG CATACACTCG CACGAAAGAA AACCGGTGGT GCTAAGGAGC ATTTTGTTGA TGCATTGCTC   

Rutgr         GTTGGAGGAA GAAGCCTTCG CCAAGCACGG GGAGCACCGG GACCGCCTCA CTCGAGCTAT CATGGAAGAG CACACACTCG CTCGGCAGAA GAGCGGCGGT GCCAAGCAAC ATTTTGTGGA TGCTTTGCTT   

Salmi         CCTCGACGAG GACGCCTTCA CCCAGCACGG AGCTCGCATG GAGCGCCTCA CTCGAGAGAT CATGCAAGAG CACACCCTTC TCCGCCAGAA AGGAGGC--- GCCAAGAACC ACTTCTTCGA CGCCCTCCTC   

Tripr         ATTAGAAGAG GAGGCTTTTG CCAAGCACGG TGCTCGTCGG GACCGACTTA CTCGAGCTAT CATGGATGAG CATACTCAGG CACGTCAGAA ATCTGGTGGT GCCAAGCAAC ATTTTGTAGA TGCTCTTCTC   
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Triae1        ACTCTCAGAG AGAAGTATGA CCTTAGTGAT GACACAGTTT TCGGACTTCT ATGGGACATG ATCACCGCCG GAATGGACAC GACAGTCATA TCAGTCGAGT GGGCCATGGC AGAGCTGGTG AGGAACCCCA   

Triae2        ACTCTCAGAG AGAAGTATGA CCTTAGTGAT GACACAGTTT TCGGACTTCT ATGGGACATG ATCACCGCCG GAATGGACAC GACAGTCATA TCAGTCGAAT GGGCCATGGC AGAGCTGGTC CGGAACCCCA   

Triae3        ACGCTCCGGG ACAAGTACGA CCTCAGCGAC GACACCGTCA TTGGCCTCCT CTGGGACATG ATCACCGCCG GCACGGACAC GACGGTGATA ACCGTGGAGT GGGCGGTAGC GGAGCTGGTG AGGAACCCGA   

Cofca1        ACCCTCAAAG ATAAGTATGA TCTCAGTGAG GACACCATCA TTGGCCTCCT TTGGGACATG ATCACTGCTG GAATGGACAC CACTGCAATA TCTGTTGAAT GGGCAATGGC AGAAGTAATT AAAAATCCAA   

Cofca2        ACTCTTCAAA AGCAATATGA ATTGAGCGAT GACACTGTCA TTGGACTCCT TTGGGACATG ATTACTGCTG GCATGGATAC AACCACAATC TCAGTAGAAT GGGCAATGGC AGAGCTGGTG AAGAATCCAA   

Nicta1        ACCCTCCAAC AGAAATATGA CCTAAGTGAA GACACTCTCA TTGGCTTACT TTGGGATATG ATCACAGCTG GAATGGACAC AACTGCAATC TCTGTTGAAT GGGCAATGGC TGAGGTGATC AAGAACCCAA   
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Nicta2        ACTCTTCAGA AAGAATATGA TCTTAGCGAT GACACCGTTA TTGGCCTCCT TTGGGATATG GTAACAGCAG GGATGGATAC AGTTGCTATA ACAGTTGAAT GGGCTATGGC AGAAGTAGTG AAGAACCCAA   

Nicta3        ACTCTTCAGA AGCAGTATGA TCTTAGTGAT GACACTGTTA TTGGCCTCCT CTGGGATATG ATTACAGCAG GAATGGACAC AACAACCATA ACAGTGGAAT GGGCAATGGC AGAACTAGTT AAGAACCCAA   

Cynca         ACCCTTCAAC AACAATATGA TCTGAGTGAA GACACCATTA TCGGCCTTCT TTGGGACATG ATCACAGCAG GAATGGACAC AACCGCCATC TCCGTTGAGT GGGCGATGGC CGAGCTTATC AAGAACCCGA   

Liter         ACTCTTCAGA AGCAATATGA TATCAGTGAA GATACCATTA TTGGACTTCT TTGGGATATG ATTGCTGCTG GCATGGACAC GGCTACGATC TCCACTGAAT GGGCAATGGC TGAACTGGTA AGGAACCCAA   

Solsc         ACTCTCAAGG ATGAATACGA TCTCAGCGAG GACACCATCA TCGCCCTTCT GTGGGATATG ATCGCGGCGG GGATGGACAC GCCGGCGATA TCGGTGGAGT GGGCGATGGC GGAGCTGGTG AGGAACCCGA   

Ociba1        ACACTTAAAG ATAAATACGA CCTAAGTGAG GACACCATCA TTGGTCTTCT CTGGGACATG ATAACTGCAG GGATGGACAC AACTGCAATA TCTGTTGAAT GGGCCATGGC CGAACTGATC AAGAATCCTC   

Ociba2        ACACTTAAAG ATAAATACGA CCTAAGTGAG GACACCATCA TTGGTCTTCT CTGGGACATG ATAACTGCAG GGATGGACAC AACTGCAATA TCTGTCGAAT GGGCCATGGC CGAACTGATC AAGAATCCGC   

Ambtr1        ACGCTACAAG AGCAGTATGA CCTGAGTGAG GACACCATCA TCGGCTTGCT CTGGGATATG ATAACAGCAG GCATGGACAC GACGGCCATA TCGGTTGAGT GGGCAATGGC AGAGCTAATC CGAAACCCTA   

Ambtr2        TCGTTGCGTG ATGAATACGA TCTTAGCGAC GATACAGTCA CAGGCCTACT TTGGGACATG ATCCAGGCCG GCATGGACAC AATAGCCATA ACATGTGAGT GGGGCATGGC AGAGCTCATT CGGAACCCTC   

Musac         ACGCTCAAGG ACCAGTACGA CCTCAGCGAG GACACCATCA TCGGCCTCCT TTGGGACATG ATCACGGCGG GGATGGACAC GACGGTGATA TCAGTGGAAT GGGCGATGTC TGAGATCGTG AGGAACCCGA   

Spipo         ACCCTGCAGA AAAAGTACGA CCTCAGCGAC GACACCGTCA CTGGCCTCCT CTGGGACATG ATAACGGCGG GGATGGACAC GACTGTGATC GTGGTGGAGT GGGCGATGGC GGAGGTGATC AGGAATCCGA   

Bradi         ACTCTCAGAG AACAGTATGA CCTTAGCGAC GACACAGTTT TCGGACTTCT ATGGGACATG ATCACTGCTG GAATGGACAC AACAGTTATA TCAGTGGAGT GGGCAATGGC AGAGCTGGTC AGGAACCCCA   

Brast         ACTCTCAGAG AGCAGTATGA CCTTAGCGAC GACACAGTTT TCGGACTTCT ATGGGACATG ATCACTGCTG GAATGGACAC AACAGTTATC TCAGTGGAGT GGGCAATGGC AGAGCTGGTC AGGAACCCCA   

Orysa1        ACTCTCAGAG AACAGTATGA CCTTAGTGAC GACACAGTTA TTGGGCTTCT ATGGGACATG ATCACTGCTG GAATGGACAC CACAGTGATA TCAGTCGAGT GGGCAATGGC AGAGCTGGTC AGGAACCCCA   

Orysa2        ACCCTCAGGG ACAAGTACGA CCTCAGCGAC GACACCGTCA TCGGCCTCCT CTGCGATATG ATTGCCGCCG GCACGGACAC GACGGTGATA ACGGTGGAGT GGGCGATGGC GGAGCTGGTG AGGAATCCAA   

Panha1        ACCCTCAAAG AGCAGTATGA TCTTAGCGAA GACACGGTTA TTGGACTTCT ATGGGATATG ATCACTGCAG GAATGGACAC AACAGTCATC TCAGTCGAGT GGGCGATGGC AGAGCTGGTC AGGAACCCCA   

Panha2        ACCCTCAGGA AACAGTACGA CCTCAGCGAC GACACCGTCA TCGGCCTCCT CTGGGACATG ATCACCGCTG GCACGGACAC GACGGTGATC TCGGTGGAGT GGGCGATGGC GGAGCTGGTG AGGAACCCCA   

Panvi1        ACCCTCAGGG AACAGTACGA CCTCAGCGAC GACACCGTCA TCGGCCTCCT CTGGGACATG ATCACCGCTG GCACGGACAC GACGGTGATC TCGGTGGAGT GGGCGATGGC GGAGCTGGTG CGGAACCCCA   

Panvi2        ACCCTCAAAC AGCAGTATGA TCTTAGCGAA GACACAGTTA TTGGACTTCT ATGGGACATG ATCACTGCTG GAATGGACAC AACAGTCATC TCAGTCGAGT GGGCGATGGC AGAGCTGGTC AGGAACCCCA   

Panvi3        ACCCTGAAAG AGCAGTATGA CCTTAGTGAA GACACGGTTA TTGGACTTCT GTGGGACATG ATCACTGCTG GAATGGACAC AACAGTCATC TCAGTTGAGT GGGCGATGGC AGAGCTGGTC AGGAACCCCA   

Panvi4        ACCCTCAGGG AGCAGTACGA CCTCAGCGAC GACACCGTCA TCGGCCTCCT CTGGGACATG ATCGCCGCCG GCACGGACAC GACGGTGATC TCGGTGGAGT GGGCGATGGC GGAGCTGGTG CGGAACCCCC   

Setit         ACCCTCAAAG AGCAGTATGA CCTTAGCGAA GACACGGTTA TTGGACTTCT ATGGGACATG ATCACTGCTG GAATGGACAC GACAGTCATC TCAGTCGAGT GGGCGATGGC AGAGCTGGTG AGGAACCCCA   

Setvi         ACCCTCAAAG AGCAGTATGA CCTTAGCGAA GACACGGTTA TTGGACTTCT ATGGGACATG ATCACTGCTG GAATGGACAC GACAGTCATC TCAGTCGAGT GGGCGATGGC AGAGCTGGTG AGGAACCCCA   

Sorbi1        ACTCTCAGGG ACAAGTACGA CCTCAGCGAC GACACCGTCA TTGGCCTCCT CTGGGACATG ATCACCGCCG GCACTGACAC GACGGTGATC TCGGTGGAGT GGGCAATGGC GGAGCTGCTG AGGAACCCCA   

Sorbi2        ACCCTCAAAC AACAGTACGA CCTTAGTGAA GACACAGTTA TTGGACTTCT ATGGGACATG ATCACTGCTG GAATGGACAC AACAGTCATC TCCGTTGAGT GGGCAATGGC AGAGCTGGTC AGGAACCCCA   

Zeama1        ACTCTCAGGG ACAAGTACGA CCTCAGCGAT GACACCGTCA TAGGCCTCCT CTGGGACATG ATCACCGCCG GCACGGACAC GACGGTGATC TCGGTGGAGT GGGCGATGGC GGAGCTGCTG AGGAACCCCA   

Zeama2        ACTCTCAAAC AACAGTATGA CCTTAGTGAA GACACAGTTA TTGGACTTCT ATGGGATATG ATCACTGCTG GAATGGACAC AACAGTCATC TCAGTCGAGT GGGCGATGGC AGAACTGGTC AGGAACCCTA   

Aquco1        ACTCTTCAAG AAAAGTATGA TCTTAGTGAT GACACTATCA TTGGCCTTCT ATGGGACATG ATTACTGCGG GTATGGATAC TACTGTAATT ACAACAGAAT GGGCGATGGC AGAACTAGTC AGGAATCCCA   

Aquco2        ACTCTCCAGG ACAAATATGA TCTTAGTGAC GACACTGTCA TTGGCCTTCT TTGGGATATG ATCACTGCAG GGATGGATAC AACCGCTATT TCGGTTGAGT GGGCAATGGC AGAGCTGATT AAGAATCCTA   

LKalma2       ACTTTGAAGG ACAAATATGA TCTCCGCGAG GATACCATCA TCGGACTTCT ATGGGACATG ATCACTGCGG GGATGGATAC AACAGCGATC TCCGTCGAAT GGGCTATGGC TGAGATTGTG AGGAATCCGA   

LKalma4       ACTTTGAAGG ACAAATATGA TCTCAGCGAG GATACCATCA TCGGACTTCT ATGGGACATG ATCACTGCGG GGATGGATAC AACAGCGATC TCCGTCGAAT GGGCTATGGC TGAGATTGTG AGGAATCCGA   

Mimgu1        AGTCTTCAGA AGGATTACGA CATTAGCGAC GACACGATTA TTGGACTCCT TTGGGACATG ATATCAGCTG GTATGGACAC AACAATCATA ACGGTCGAGT GGGCATTAGC CGAGATGGTA AGAAACCCTC   

Mimgu2        ACTTTGCAAA AGGAGTATGA CCTCGTCGAG GACACCGTTA TTGGCCTCCT TTGGGACATG ATATCAGCTG GGATGGACAC AACCACGATA GTAGTCGAAT GGGGTATGGC GGAGATGGTG CGAAACCCTA   

Mimgu3        ACCCTTAAAG ATAAGTACGA TCTGAGTGAG GACACAATCA TCGGCCTTCT TTGGGACATG ATCACGGCAG GAATGGACAC AACCGCAATA TCCGTGGAGT GGGCCATGGC GGAACTAATC AAGAACCCGC   

Mimgu4        ACTCTTAAAG ATAAGTACGA TCTCAGCGAG GACACAATCA TCGGCCTTCT TTGGGACATG ATCACTGCTG GAATGGACAC AACAACAGTA TCCGTGGAGT GGGCCATGGC GGAACTAATT AAGAACCCGC   

Mimgu5        ACGCTTAAAG ATAAGTACGA TCTCAGTGAA GACACCATTG TTGGCCTTCT TTGGGACATG ATCACTGCAG GAATGGACAC AACAGCAGTA TCCGTGGAGT GGGCCATGGC GGAACTAATC AAGAACCCGC   

Mimgu6        ACGTTAAAAG ACCAATATGA CCTCAGTGAG GACACCATCA TCGGCCTTCT TTGGGACATG CTCGTTGCAG GAATAGACAC GATTGCAATA TCCGTCGAGT GGGCGATGGC CGAACTAATC AAGAACCCGA   

Mimgu7        ACACTAAAAG ACCAATATGA CCTCAGTGAG GACACCATCA TCGGCCTTCT TTGGGACATG CTCGTTGCAG GAATAGACAC GATTGCAATA TCCGTCGAGT GGGCGATGGC CGAACTAATC AAGAACCCGA   

Solly1        ACTCTACAAA AAGAATATGA GCTAAGTGAT GACACTGTTA TTGGCCTCCT TTGGGATATG GTGACAGCTG GAATGGATAC AGTGGCTATA ACTGTTGAAT GGGCTATGGC TGAATTAGTC AAGAACACAA   

Solly2        ACCCTCCAAC AGAAATATGA CCTAAGTGAA GACACTCTCA TTGGTTTACT TTGGGACATG ATCACAGCAG GAATGGACAC AACTGCAATC TCTGTTGAAT GGGCAATGGC TGAGGTGATC AAGAACCCAA   

Solly3        ACCCTTCAAA AGGAATATGA TCTTAGTGAT GACTCTATTA TTAGCCTCTT TTGGGATATG GTACAAGCAG GGACAGATAC AATAGCTATA ACAGTTGAAT GGGCTATGGC TGAACTTGTA AGGAATCCAA   

Solly4        ACCCTTCAAA AGGAGTATGA TCTTAGTGAT GACTCTATTA TAAGCCTCTT TTGGGATATG ATAGCAGCAG GAATGGATAC AGTAGCTATA ACAGTTGAAT GGGCTATGGC TGAACTAGTA AGGAATCCAA   

Solly5        ACTCTTCAGA AGCAGTATGA TCTTAGTGAT GACACTGTTA TCGGCCTCCT ATGGGATATG ATCACAGCAG GAATGGACAC GACAACGATA ACAGTAGAAT GGGCAATGGC AGAGCTAGTT AGGAACCCAA   

Soltu1        ACTCTCCAAC AGAAATATGA CCTAAGTGAC GACACTCTCA TTGGCTTACT TTGGGACATG ATCACAGCAG GAATGGACAC AACTGCAATC TCTGTTGAAT GGGCAATGGC TGAGGTGATC AAGAACCCAA   

Soltu2        ACTCTTCAGA AGCAGTATGA TCTTAGTGAT GACACTGTTA TCGGCCTCCT CTGGGATATG ATTACAGCAG GAATGGACAC AACAACCATA ACCGTAGAAT GGGCAATGGC AGAGCTAGTT AGGAACCCAA   

Soltu3        ACCCTTCAAA AGGAGTATGA TCTTAGTGAT GACACTATTA TAAGCCTTTT TTGGGATATG ATAGCAGCAG GGATGGACAC AGTAGCTATA ACAGTTGAAT GGGCTATGAC AGAACTTGCA AAGAATCCAA   

Soltu4        ACCCTTCAAA AGGAGTATGA TCTTAGCGAT GACTCTATTA TTAGCCTTTT TTGGGATATG GTACAAGCAG GGACAGACAC AGTAGCCATA ACAGTTGAAT GGGCTATGGC AGAACTGGTA AGGAATCCAA   

Soltu5        ACCCTTCAAA AGGAGTATGA TCTTAGCGAT GACTCTATTA TTAGCCTTTT TTGGG----- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Soltu6        ACTCTACAAA AAGAATATGA GTTAAGTGAT GACACTGTTA TTGGCCTCCT TTGGGATATG GTGACAGCTG GAATGGATAC AGTGGCTATA ACTGTTGAAT GGGCTATGGC TGAATTAGTC AAGAACACAA   

Soltu7        ACTCTAAAAA AAGAATATGA GCTAAGTGAT GACACTGTTA TCGGCCTCCT TTGGGATATG GTGACAGCTG GAATGGATAC AGTGGCTATA ACTGTTGAAT GGGCTATGGC TGAATTAGTC AAGAACACAA   

Eucgr1        ACCCTCAAGG ACAAATACGA CCTCAGCGAA GATAACATCA TAGGACTCCT CTGGGACATG ATCACAGCAG GCATGGACAC TACTGTTATT TCAGTGGAGT GGGCAATGGC CGAGCTGATC AAGAACCCGA   

Eucgr2        ACCCTCAAGG ACAAATACGA CCTCAGCGAA GATACCATCA TAGGACTCCT CTGGGACATG ATCACAGCAG GCATGGACAC TACTGTTATT TCAGTGGAGT GGGCGATGGC CGAGCTGATC AAGAACCCGA   

Eucgr3        ACCCTCAAGG ACAAATACGA CCTCAGCGAA GATACCATCA TAGGACTCCT CTGGGACATG ATCACAGCAG GCATGGACAC TACTGCTATT TCAGTGGAGT GGGCGATGGC GGAGCTGATC AAGAACCCGA   

Eucgr4        ACTTTCCAAG GAAGTTATGA CCTGAGCGAG GACACCATTA TTGGCCTCCT TTGGGACATG ATCACTGGCG GCATGGACAC CACGGCAATA TCGGTCGAGT GGGCCATGGC CGAGCTCATT AGGAACCCGA   

Vitvi         ACTCTCCAAG ATAAATATGA TCTAAGTGAG GACACCATTA TTGGGCTGCT TTGGGATATG ATTACTGCCG GCATGGACAC AACTGCTATT TCAGTTGAAT GGGCCATGGC CGAGCTGATC AAGAACCCTA   

Linus1        ACATTGAAGG AGAAGTACGA TCTCAGCGAC GACACAATTA TCGGACTTCT TTGGGACATG ATCACGGCTG GCACAGACAC GACTGCAATT TCAGCTGAAT GGGCTATGGC CGAGATTCTC AAGCACCCAA   

Linus2        ACATTGAAGG AGAAGTACGA CCTCAGCCAG GACACAATCA TAGGCCTTCT TTGGGACATG ATCACGGCTG GCACGGACAC GACTGCAATT TCAGCGGAAT GGGCTATGGC CGAGATTGTC AAGCACCCAA   

Linus3        ACATTGAAGG AGAAGTACGA CCTCAGCCAG GACACTATCA TCGGCCTTCT TTGGGACATG ATCACGGCTG GCACAGACAC GACTGCAATT TCAGCTGAAT GGGCTATGGC CGAGATTCTC AAGCACCCAA   

Linus4        ACATTGAAGG AGAAGTATGA CCTCAGCGAC GACACAATCA TTGGCCTTCT TTGGGACATG ATCACGGCTG GTATGGACAC GACTGCGATT TCATCAGAAT GGGCTATGGC CGAGATCGTC AAGCACCCAA   

Manes         ACTTTGCAGG AGAAATATGA CCTTAGTGAG GATACAATCA TTGGACTCCT TTGGGACATG ATTACTGCAG GAATGGACAC AACTGCAATA ACAGTAGAAT GGACAATGGC TGAGCTAATT AAGAACCCAA   

Poptr1        ACATTGAAGG AGAAGTATGA CCTTAGTGAA GACACAATCA TTGGACTGCT TTGGGACATG ATTACTGCGG GCATGGACAC AACTGCAATC TCAGTAGAAT GGGCAATGGC AGAGCTAATC AAGAACCCAA   

Poptr2        ACACTGCAAG AAAAATATGA CCTCAGTGAG GTCACATTTA TTAGTCTCCT ATGGGACATG ATCAGTGCTG GCATGGATAC AACAGCAATC TCAGTGGAGT GGGCAATGGC TGAGCTAATC AAGAACCCAA   

Poptr3        ACATTGCAAG AAAAATATGA CCTTAGTGAG GTTACAATTG CTGGTCTCCT ATGGGACATG ATTACTGCTG GCATGGATAC AACAGCAATC ACAGTGGAGT GGGCAATGGC TGAGCTAATC AAGAACCCAA   

Ricco1        ACCCTCAAGG AGGAATACGA TCTTAGTGAA GATACTGTTA TTGGGCTCCT CTGGGATATG ATAGTTGCAG GCACGGACAC AACTGCAATT GCAGTAGAAT GGACAATGGC TGAGCTAGTT AAGAACCCAA   

Ricco2        ACATTGCAGC AGAAATACGA CCTTAGTGAG GACACAATTA TTGGACTCCT TTGGGATATG ATCACTGCAG GCATGGATAC AACTGCAATC ACAGTAGAGT GGGCAATGGC TGAACTAATT AAGAACCCGA   

Ricco3        AATTTGCAAG AGAcatATGG AATTTGCGAT GAGGACATTA CAGGATTACT TTGGGATGTG ACAACCGCAG GCATGGAGAC TAGTACTGTA GTTGTTGAAT ACACCATGGC TCAGCTTGTC AAGAATCCAA   

Salpu1        ACATTGCAGG AGAAGTATGA CCTTAGTGAA GACACCATCA TCGGGCTCCT CTGGGACATG ATTACTGCGG GCATGGACAC AACTGCAATC TCAGTAGAAT GGGCGATGGC AGAGCTCATC AAGAACCCTA   

Salpu2        ACATTGCAGG AGAAGTATGA CCTAAGTGAA GACACCATCA TCGGGCTCCT ATGGGACATG ATCACTGCGG GCATGGACAC AACTGCAATC TCAGTAGAAT GGGCGATGGC AGAGCTCATC AAGAACCCTA   

Salpu3        ACACTGCAAG AAAAATATGA CCTCAGTGAG GTCACATTTA TTAGTCTCCT ATGGGACATG ATATTTGCTG GCATGGATAC GACAGCAATC TCGGTGGAGT GGGCAATGGC TGAGCTAATC AAGAACCCGA   

Salpu4        ACACTGCAAG AAAAATATGA CCTCAGTGAG GTCACATTTA TTAGTCTCCT ATGGGACATG ATAAGTGCTG GCATGGATAC CACAGCAATC TCGGTGGAGT GGGCAATGGC TGAGCTAATC AAGAACCCGA   

Salpu5        ACATTGCAGG AAAAATATGA CCTTAGTGAG GTTACAATTA TTGGTCTTTT ATGGGACATG ATTACTGCTG GCACGGATAC AACAGCAATC TCAGTGGAGT GGGCAATGGC TGAGCTAATC AAGAACCCTA   

Salpu6        ACACTGCAAG AAAAATATGA CCTCAGTGAG GTCACATTTA TTAGTCTCCT ATGGGACATG ATATTTGCTG GCATGGATAC TACAGCAATC TCGGTGGAGT GGGCAATGGC TGAGCTAATC AAGAACCCGA   

Salpu7        ACATTGCAGG AAAAATATGA CCTTAGTGAG GTTACAATTA TTGGTCTTTT ATGGGACATG ATTACTGCTG GCACGGATAC AACAGCAATC TCAGTGGAGT GGGCAATGGC TGAGCTAATC AAGAACCCTA   

Citsi1        AGCCGGAGAG AGATTCATGG TCTGAGTGAG GACACTATAA TGGGACTACT TTGGAACATG ATCACTGCAG GCATGGACAC TGTTGCCATC ACGGTTGAAT GGGCCATGGC TGAATTGGTC ATGAACCCAA   

Citsi2        AATTTGCAAG AGGAATATGA ACTTAGTGAT GATACAATTA TTGGGCTACT TTGGAACATG ATAATAGCAG GCATGGACAC CACAACAATA ACTGTAGAAT GGGCAATGGC AGAGCTCATA AAAAACCCTA   

Citcl1        AATTTGCAAG AGGAATATGA ACTTAGTGAT GATACAATTA TTGGGCTACT TTGGAACATG ATAATAGCAG GCATGGACAC CACAACAATA ACTGTAGAAT GGGCAATGGC AGAGCTCATA AAAAACCCTA   

Citcl2        ACACTGCAAG AAAAATATGA CCTAAGTGAA GACACTATCA TTGGACTCCT CTGGGACATG ATCACAGCGG GCATGGACAC AACTGCAATC TCAACAGAAT GGGGAATGGC CGAGCTCATT AAGAACCCTA   

Citcl3        AGCCGGAGAG AGATTCATGG TCTGAGTGAG GACACTATAA TGGGACTACT TTGGAACATG ATCACTGCAG GCATGGACAC TGTTGCCATC ACGGTTGAAT GGGCCATGGC TGAATTGGTC ATGAACCCAA   

Carpa         ACTATGAAGG ATAAATATGA CCTCAGCGAA GACACCATTA TTGGACTCTT GTGGGACATG ATCACTGCAG GAATGGACAC GACAGCTATC TCAGTAGAGT GGGCAATGGC CGAGCTAATC AAGAACCCAA   

Gosra1        ACATTGCAAG ACAAGTATGA CCTTAGTGAA GATACAATTA TTGGACTACT TTGGGACATG ATCACAGCAG GCATGGACAC AACAGCAATC TCAGTAGAAT GGGCAATGGC TGAACTAATT AGAAACCCAA   

Gosra2        ACGTTGCAAG ACAAGTATGA CCTTAGCGAG GACACTATTA TTGGACTTCT TTGGGACATG ATTACTGCAG GCATGGACAC AACAGCAATC TCAGTCGAGT GGGCAATGGC TGAGCTTATT AGGAATCCAA   

Theca         ACATTGCAAG ACAAGTATGA CCTTAGCGAG GACACCATTA TTGGACTTCT TTGGGACATG ATCACTGCAG GCATGGACAC AACAGTAATC TCAGTGGAGT GGGCAATGGC TGAGATAATC AGAAATCCGA   

Araly3        ACGTTGAAGG ATCAGTATGA TCTTAGTGAG GATACTATCA TTGGTCTTCT ATGGGATATG ATCACGGCAG GGATGGACAC AACAGCGATA ACAGCGGAGT GGGCGATGGC GGAAATGATC AAGAATCCAA   

Arath3        ACGTTGAAGG ATCAGTATGA TCTTAGTGAG GATACTATCA TTGGTCTTCT ATGGGATATG ATCACGGCAG GGATGGACAC GACAGCGATA ACAGCGGAAT GGGCGATGGC GGAAATGATC AAGAATCCAA   

Boest3        ACGTTGAAGG ATCAGTATGA TCTTAGTGAG GATACTATCA TTGGTCTTCT ATGGGATATG ATCACGGCAG GGATGGACAC GACAGCGATA ACAGCTGAAT GGGCGATGGC TGAAATGATC AAGAATCCAG   

Brara1        ACGTTAAAGG ATCAGTATGA TCTTAGTGAA GACACCATCA TTGGTCTTCT ATGGGACATG ATCACAGCGG GTATGGACAC AACAGCTATA ACAGCAGAAT GGGCCATGGC AGAGATGATC AAGAACCCAA   

Brara2        ACATTGAAGG ATCAGTATGA TCTTAGTGAA GACACCATCA TTGGTCTATT ATGGGATATG ATCACGGCGG GGATGGACAC AACAGCTATA ACGGCCGAAT GGGGCATGGC GGAGATGATC AAGAATCCAA   

Brara3        ACGTTGAAGG ATCAGTATGA TCTTAGCGAG GACACCATCA TTGGTCTTTT ATGGGATATG ATCACGGCAG GGATGGACAC GGCAGCGATA ACAACAGAAT GGGCCATGGC GGAAATGATC AAGAATCCAA   

Capgr3        ACTTTGAAAG ATCAGTATGA TCTTAGTGAT GATACTATCA TTGGCCTTCT TTGGGATATG ATCACGGCAG GGATGGACAC GACAGCGATT ACAGCTGAAT GGGGGATGGC TGAAATGATC AAGAATCCAG   

Capru2        ACTTTGAAAG ATCAGTATGA TCTTAGTGAT GATACTATCA TTGGCCTTCT TTGGGATATG ATCACGGCAG GGATGGACAC GACAGCGATT ACAGCTGAAT GGGGGATGGC TGAAATGATC AAGAATCCGG   

Eutsa1        ACGTTGAAGG ATAAGTATGA TCTTAGCGAG GATACTATCA TTGGTCTTCT ATGGGATATG ATCACGGCGG GGATGGACAC GTCAGCGATA ACAGCTGAAT GGGCCATGGC GGAAATGATA AAGAGTCCAA   

Cucsa1        ACTCTTAAAG ACAAGTACGA TCTCAGCGAA GATACTATCA TTGGCCTCCT TTGGGATATG ATCACAGCCG GCATGGACAC GACAGCGATT TCAGTGGAAT GGGCAATGGC GGAGATCGTA AGAAGCCCTA   

Cucsa2        ACTCTTAAAG ACAAGTACGA TCTCAGCGAA GATACTATCA TTGGCCTCCT TTGGGATATG ATCACAGCCG GCATGGACAC GACAGCGATT TCAGTGGAAT GGGCAATGGC GGAGATCGTA AGAAGCCCTA   

Frave1        AGTATTCAAG AGAAATATGA TCTCACCCAG GATGATATTG GAGGATTACT TTGGGGACAG GTCAGTGCTG GCTTGGATAC AGTTGCAATA TCAGCAGAAT GGGCCATGGC AGAGATGATC AAGAACCCGA   

Frave2        ACCTTGCAGG AGAAGTACGA CCTTTCTGAG GACACTATTA TTGGACTTCT TTGGGATATG ATTACGGCAG GCATGGACAC CACGGCCATT TCTGGTGAAT GGGCCATGGC TGAGTTGATC AAGAACCCAA   

Glyma1        ACATTGCAAG ACAAGTATGA CCTTAGTGAA GACACCATCA TTGGTCTCCT TTGGGATATG ATCACAGCAG GGATGGACAC AACTGCAATT TCAGTTGAGT GGGCCATGGC TGAATTGATA AGAAACCCAA   

Glyma2        ACATTGCAAG ACAAGTATGA CCTTAGTGAA GACACCATCA TTGGTCTCCT TTGGGATATG ATCACAGCAG GGATGGACAC AACTGCAATT TCAGTTGAGT GGGCCATGGC TGAATTGATA AGAAACCCAA   

Glyma3        ACATTGCAAG ACAAATATGA CCTTAGTGAA GACACCATCA TTGGTCTCCT TTGGGATATG ATCACAGCAG GGATGGACAC AACTGCAATT TCAGTTGAGT GGGCCATGGC TGAGTTGATA AGAAACCCAA   

Maldo1        GATCTTCAAG AAAAGTATGA ACTTGGTAAG GAYAATGTTG GAGGATTGRT TTGGGATATG GTCATTGCAG GTATGGACAC AGTTGCTGTC TCAGTTGAAT GGGCCATGGC CGAGTTGATC AAGAACCCCA   

Maldo2        ACCTTGAAGG ACAAGTATGA CCTTAGTATG GACACTATTA TAGGACTTCT TTGGGATATG ATGGCTGCCG GTACAGACAC CACAGCTATT ACAGCTGAAT GGGGCATGGC CGAACTGATT AAGAACCCAA   

Maldo3        ACCTTGAAGG ACAAGTATGA CCTTAGTATG GACACTGTTA TTGGACTTCT TTGGGATATG ATGGCTGCCG GTACAGACAC CACAGCAATT TCAGTTGAAT GGGCCATGGC MGAGCTGATT AAGAACCCYA   

Maldo4        ACCTTGAAGG ACAAGTATGA CCTTAGTATG GACACTATTA TAGGACTTCT TTGGGATATG ATGGCTGCCG GTACAGACAC CACAGCTATT ACAGCTGAAT GGGGCATGGC CGAACTGATT AAGAACCCAA   

Maldo5        ACCTTGAAGG ACAAGTATGA CCTTAGTATG GACACTATTA TAGGACTTCT TTGGGATATG ATGGCTGCCG GTACAGACAC CACAGCTATT ACAGCTGAAT GGGGCATGGC CGAACTGATT AAGAACCCAA   

Maldo6        ACCTTGAAGG ACAAGTATGA CCTTAGTATG GACACTATTA TAGGACTTCT TTGGGATATG ATGGCTGCCG GTACAGACAC CACAGCTATT ACAGCTGAAT GGGGCATGGC CGAACTGATT AAGAACCCAA   

Maldo7        GATCTTCAAG AAAAGTATGA ACTTGGTAAG GARAATGTTG GAGGATTGYT TTGGGATATG GTCATTGCAG GTATGGACAC AGTTGCTGTC TCAGTTGAAT GGGCCATGGC CGAGTTGATC AAGAACCCCA   

Maldo8        ACCTTGAAGG ACAAGTATGA CCTTAGTATG GACACTGTTA TTGGACTTCT TTG-GATATG ATGGCTGCCG GTACAGACAC CACAGCAATT TCAGTTGAAT GGGCCATGGC KGAGCTGATT AAGAACCCRA   

Maldo9        ACCTTGAAGG ACAAGTATGA CCTAAGYATG GACACTATTA TTGGACTTCT TTG-GATATG ATGACTGCCG GTACAGACAC CACAGCAATT TCAGTTGAAT GGGCCATGGC TGAGCTGATT AAGAACCCGA   

Maldo10       ACCTTGAAGG ACAAGTATGA CCTAAGRATG GACACTATTA TTGGACTTCT TTG-GATATG ATGACTGCCG GTACAGACAC CACAGCAATT TCAGTTGAAT GGGCCATGGC TGAGCTGATT AAGAACCCGA   

Maldo11       ACCTTGAAGG ACAAGTATGA CCTTAGTATG GACACTATTA TAGGACTTCT TTGGGATATG ATGGCTGCCG GTACAGACAC CACAGCTATT ACAGCTGAAT GGGGCATGGC CGAACTGATT AAGAACCCAA   

Maldo12       ACATTGCAAG ATAAGTATGA CCTTAGTGAG GACACTATCA TTGGACTTCT TTGGGACATG ATTACTGCGG GTATGGACAC CACAGCCATT TCTGTTGAAT GGGCCATGGC CGAGCTGATC AAGAACCCAA   

Medtr         ACTTTGCAAG AGAAATATGA CCTTAGTGAA GACACCATCA TTGGTCTCCT TTGGGACATG ATTACAGCTG GGATGGACAC AACTGCAATA TCAGTTGAGT GGGCCATGGC AGAGCTGATA AAGAATCCAA   

Phavu         ACATTGCAGG ACAAATATGA CCTTAGTGAA GACACCATCA TTGGCCTCCT TTGGGACATG ATCACAGCAG GGACGGACAC ATCTGCAATC TCTGTGGAAT GGGCAATGGC CGAGTTAATA AGAAACCCAA   

Prupe1        ACATTGAAGG ACGAGTATGA CCTTAGTGAG GACACTGTTA TCGGACTTCT CTGGGACATG ATTACTGCGG GTACAGACAC CACAGCTATT ACAGTTGAAT GGGCTATGGC CGAGCTAATC AAGAACCCTA   

Prupe2        ACATTGAAGG ACAAGTATGA CCTTAGTGAA GACACTATTA TCGGACTTCT TTGGGATATG ATTACTGCGG GCACAGACAC CACAGCTATT TCAGTTGAAT GGGCTATGGC TGAGTTGATT AAGAACCCGA   
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Prupe3        ACATTGAAGG ACAAGTATGA CCTTAGTGAA GACACAATTA TCGGACTTCT TTGGGACATG ATTACTGCGG GCACAGACAC CACAGCTATT TCAGTTGAAT GGGCTATGGC TGAGTTGATT AAGAACCCGA   

Prupe4        ACATTGCAGG ACAAGTATGA CCTTAGTGAG GACACTATTA TTGGACTTCT TTGGGATATG ATTACTGCCG GCATGGACAC CACAGCCATA ACCGTTGAAT GGACCATGGC CGAGCTGATC AAGAACCCAA   

Prupe5        GGTGATCAAG AAAAATACGA ACTCACTGAG GATAGTGTTG AAGGACTACT TTGGGATATG ATCACTGCAG GCACGGACAC AATTGCTATC TCAGCTGAAT GGGCCTTGGC GCAGTTGATC AAGAACCCGA   

Lonja         ACTCTTCAAA AGCAATATGA TCTTAGTGAT GACACTGTTA TATCTCTACT TTGGGACATG ATAACAGCAG GAATGGACAC AACCTCAATC TCAGTGGAGT GGGGCCATGG CCGACTAGTC CGAAACCCGC   

Rutgr         ACGCTCCAAG AAAAGTATGA CCTAAGTGAA GACACCATCA TTGGCCTCTT ATGGGACATG ATCACAGCAG GAATGGACAC AACTGCGATC ACAGCAGAGT GGGCAATGGC AGAGCTCATC AAGAACCCTA   

Salmi         ACCCTCAAGG ACGAGTACGA CCTCAGCGAG GACACCATCA TCGCCCTTCT TTGGGACATG ATCGCGGCAG GAATGGACAC CCCTGCAATA TCCGTGGAGT GGGCGATGGC GGAGCTGGTG AGGAATCCGA   

Tripr         ACTTTGCAAG ATAAATATGA CCTTAGTGAA GACACCATCA TTGGTCTACT TTGGGACATG ATTACAGCTG GGATGGACAC AACTGCAATA TCAGTTGAGT GGGCTATGGC TGAGTTGATA AAGAACCCAA   
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Triae1        GGGTGCAGAA GAAGCTGCAG GAGGAGCTGG ACAGCGTGGT CGGCCGCGAT CGCGTCATGT CCGAGACCGA CTTCCCGAAC CTGCCCTACC TGATGGCCGT CGTGAAGGAG TCCCTCCGCC TGCACCCGCC   

Triae2        GGGTGCAGAA GAAGCTGCAA GAGGAGCTGG ACAGCGTGGT CGGCCGCGAC CGCGTCATGT CCGAGACCGA CTTCCAGAAC CTGCCCTACC TGATGGCCGT CGTGAAGGAG TCCCTCCGCC TGCACCCGCC   

Triae3        CGGTGCAGCA CAAGGTGCAG GAGGAGCTGG ACCGGGTGGT CGGCCGCGAC CGGGTGCTGT CGGAGACGGA CTTCCCCAAC CTGCCCTACC TGCAGGCCAT CGTCAAGGAG TCGCTCCGGC TGCACCCGCC   

Cofca1        GAGTCCAACA AAAGGTCCAA GAGGAACTGG ACCAAGTTAT CGGGTACGAG CGTGTTATGA TCGAGACGGA CTTCTCAAAC CTCCCCTATC TACAAAGTGT GGCTAAGGAA TCTCTGCGAT TACACCCTCC   

Cofca2        GGGTGCAGCA TAAGGCGCAA GAGGAACTTG ACCGAGTCAT TGGCTCCGAT AGAATCATGA CTGAAGCTGA TTTTGCAAAG CTCCCATACT TACAGTGTGT AGCTAAGGAA GCTCTAAGGC TGCACCCTCC   

Nicta1        GGGTGCAGCA GAAGGCCCAA GAAGAGCTCG ACCGAGTGGT TGGCTACGAG CGTGTGATGA ACGAAACAGA CTTCCCCAGC CTCCCATACA TACAATGCGT GGCCAAGGAA GCACTAAGGC TGCACCCTCC   

Nicta2        GGGTTCAACA AAAGGTCCAA GAGGAGCTAG ACCGGATTAT TGGGTCGGAC CGTATCTTAA CCGAACCGGA TATATCCAAA CTGTCCTACC TACAAAGTGT AGCCAAGGAA TCACTAAGGT TGCACCCTCC   

Nicta3        GAGTGCAACT AAAAGCTCAA GAGGAGCTTG ACAGGGTAAT CGGAACGGAT CGAATCATGT CAGAAACCGA TTTCTCTAAA CTTCCTTACC TACAATGTGT AGCCAAAGAG GCTCTAAGGT TGCACCCTCC   

Cynca         GGGTGCAACA AAAAGCTCAA GAGGAGTTGG ATCGTGTGAT CGGATACGAA CGTGTGCTCA CCGAACCAGA TTTCTCCAGC CTCCCATACC TTCAATGCGT AGCAAAAGAA GCATTGCGGT TGCACCCTCC   

Liter         GAGTGCAACG AAAGGCTCAA GAGGAACTAG ACCGTGTGGT TGGACCTGAT CGCATTATGA CTGAAGCTGA TGTCCCCAAA TTGCCCTACT TGCAATGCAT TGTCAAAGAA TCACTAAGGT TACATCCCCC   

Solsc         GGGTGCAAGA GAAAGTGCAG GAGGAGTTGG ACCGTGTGAT AGGCCATGAA CGGATCATGA CGGAGCTAGA CATTCCAAAC CTTCCATACC TACAATGCGT GGTGAAGGAG TCTCTCAGAC TGCACCCTCC   

Ociba1        GAGTCCAACA AAAGGCTCAG GAGGAGCTAG ACCGTGTAAT TGGTTATGAA CGCGTGATGA CTGAATTGGA CTTTTCAAAC CTTCCTTATC TGCAATGTGT GGCCAAGGAA GCACTGAGGT TGCACCCTCC   

Ociba2        GAGTCCAACA AAAGGCTCAG GAGGAGCTAG ACCGCGTAAT TGGTTACGAA CGCGTGATGA CTGAATTGGA CTTTTCAAAC CTTCCTTATC TGCAATGTGT GGCCAAGGAA GCACTGAGGT TGCACCCTCC   

Ambtr1        GAGTCCAAGC TAAGGCTCAG GAGGAGCTCG ACTCAGTCAT CGGTCATGAG CGTGTGATGA CAGAGGCCGA CTTTCCTCGC CTTCCATACC TCCATTGCGT CACTAAGGAG GCCCTGCGCC TTCACCCCCC   

Ambtr2        AAGTACAAGC CAAAGCGCAA GAGGAGCTCG ATAGAGTCAT CGGAGACAAG CGCGCAATGA CAGAGTCTGA CTTCTCGCAG CTCCCATATC TGAGGTGCAT TGCCAAGGAG TCCTTACGTC TCCATCCCCC   

Musac         GGGTCCAGCG GAAGATCCAG GACGAACTGG ACCGCGTCAT CGGGCAGGAG CGGATCATGA ACGAGACGGA CTTCGCCAGC CTCCGCTACC TGCAATGCGT CGTCAAGGAG TCGCTCCGGC TGCACCCCCC   

Spipo         GGGTGCAGGC GAAGGCGCAG GAGGAGCTGG ACAGGGTGGT GGGCACGGAG AGGGTCCTCT CAGAGACGGA CTTCCCCAAC CTGCCGTACC TTCAGTGGGT GGCGAAGGAG GCTCTGCGCC TCCACCCGCC   

Bradi         GGGTGCAAAA GAAGCTGCAA GAAGAGCTGG ACTCTGTCGT TGGCCGTGAC CGTGTCATGT CCGAGACCGA TTTCCAAAAC CTCCCATACC TGCTAGCTGT TGTCAAGGAG TCCCTCCGTC TACACCCGCC   

Brast         GGGTGCAAAA GAAGCTGCAA GAAGAGTTGG ACTGTGTCGT TGGCCGTGAC CGTGTCATGT CCGAGACTGA CTTCCAAAAC CTCCCCTACC TGCTAGCTGT GGTCAAGGAG TCCCTCCGTC TACACCCGCC   

Orysa1        GGGTGCAGAA GAAGCTGCAG GAGGAGCTGG ACCGCGTCGT CGGCCGCGAC CGCGTCATGT CGGAGACCGA CTTCCAGAGC CTCCCTTACC TGAACGCCGT CGTCAAGGAG TCGCTCCGGC TGCACCCGCC   

Orysa2        GGGTGCAGAT GAAGGCGCAA GAGGAGCTGG ACCGCGTCAT CGGCCGCGGT CGCGTCATGT TGGAGGCAGA CATCCCGAAC TTGCCCTACC TGCAGGCCGT CGTGAAGGAG TCGTTCCGGC TGCACCCACC   

Panha1        GGGTGCAGAA GAAGCTGCAA GAGGAGCTCG ACCGTGTCGT CGGCCGTGAC CGCGTCATGT CCGAGACCGA CTTCCAGAAC CTCCCCTACC TGCAAGCCGT CGTCAAGGAG TCGCTCCGGC TGCACCCGCC   

Panha2        GGGTGCAGGA GAAGGCGCAG GAGGAGCTGG ACCGCGTCGT CGGCCGCGAC CGGGTCCTGC TGGAGACGGA CTTCCCGAAC CTGCCCTACC TGCAGGCCCT CGTCAAGGAG TCGCTCCGGC TGCACCCGCC   

Panvi1        GGGTGCAGGA GAAGGCGCAG GAGGAGCTGG ACCGCGTCGT CGGCCGCGAC CGGGTGTTGC TGGAGACGGA CTTCCCGAAC CTGCCCTACC TGCAGGCCCT CGTCAAGGAG TCGCTCCGGC TGCACCCGCC   

Panvi2        GGGTGCAGAA GAAGCTGCAA GAGGAGCTGG ACCGTGTCGT CGGCCGTGAC CGCGTCATGT CGGAGACCGA CTTCCAGAAC CTCCCCTACC TGCAAGCCGT CGTCAAGGAG TCGCTCCGGC TGCACCCGCC   

Panvi3        GGGTGCAGAA GAAACTGCAA GAGGAGCTCG ACCGTGTCGT CGGACGTGAC CGCATCATGT CCGAGACCGA CTTCCAGAAC CTCCCCTACC TGCAAGCCGT TGTCAAGGAG TCCCTCCGGC TGCACCCGCC   

Panvi4        GGGTGCAGGA GAAGGTGCAG GAGGAGCTGG ACCGCGTCGT CGGCCGCGAC CGGGTCCTGC TGGAGACGGA CTTCCCCAAC CTGCCCTACC TGCAGGCGCT CGTCAAGGAG TCGCTCCGGC TGCACCCGCC   

Setit         GGGTGCAGAA GAAGCTGCAA GAGGAGCTCG ACCGCGTCGT CGGCCGCGAC CGCGTCATGT TGGAGACCGA CTTCCAGAGC CTCCCCTACC TGCAGGCCGT CGTCAAGGAG TCGCTCCGGC TGCACCCGCC   

Setvi         GGGTGCAGAA GAAGCTGCAA GAGGAGCTCG ACCGCGTCGT CGGCCGCGAC CGCGTCATGT TGGAGACCGA CTTCCAGAGC CTCCCCTACC TGCAGGCCGT CGTCAAGGAG TCGCTCCGGC TGCACCCGCC   

Sorbi1        GGGTGCAGGA GAAGCTGCAG GAGGAGCTGG ACGATGTCGT CGGCCGCGAC CGTGTCCTGT CGGAGACGGA CTTCCCGAAC CTGCCGTACC TGCAGGCCGT CGTCAAGGAG TCCCTCCGCC TGCACCCGCC   

Sorbi2        GGGTGCAGAA GAAGCTGCAA GAGGAGCTCG ACCGTGTGGT TGGCCGTGAC CGCGTCATGT TAGAGACCGA CTTCCAGAAC CTCCCGTACC TACAGGCCGT CGTCAAGGAG TCGCTCCGGC TGCACCCGCC   

Zeama1        GAGTGCAGGA GAAGCTGCAG GAGGAGCTGG ACCGTGTCGT CGGCCGCGAC CGGGTCCTGT CGGAGACGGA CTTCCCGAAC CTGCCTTACC TGCAGGCCGT CGTCAAGGAG TCCCTGCGCC TGCACCCGCC   

Zeama2        GGGTGCAGAA GAAGCTGCAA GAGGAGCTCG ACCGTGTGGT TGGCCGTGAC CGCGTCATGC TAGAGACCGA CTTCCAGAAC CTCCCCTACC TACAGGCCGT TGTCAAGGAA TCACTCCGGC TGCACCCGCC   

Aquco1        GGGTACAAGA AAAGGCCCAG GAAGAACTGG ACCGAGTAAT TGGAATTGAC CGTGTAATGA CTGAGGCAGA CATTAGCAAC CTCCACTACC TCCAATGTGT GGCGAAAGAG GCCTTAAGGT TGCACCCCCC   

Aquco2        GGGTGCAACA GAAAGCCCAG GAGGAAATGG ATCGTGTGAT TGGCTTTGAG CGTGTCATTG CAGAGACTGA CTTTTCAAGT CTCCCATATC TACAATGCAT AGCCAAGGAG GCATTACGAT TGCATCCTCC   

LKalma2       GAGTGCAACA AAAGGTTCAA GAGGAGCTAG ACCGAGTAAT CGGGCATGAA AGAGTGATGG TAGAATCCGA CTTCCCAAAC CTTCCATACC TCCAATGCAT AGCCAAGGAA GCAATGAGGC TTCACCCACC   

LKalma4       GAGTGCAACA AAAGGTTCAA CAGGAGCTAG ACCGAGTAAT CGGGCATGAA AGAGTGATGG TAGAATCCGA CTTCCCAAAC CTTCCATACC TCCAATGCAT AGCCAAGGAA GCAATGAGGC TTCACCCACC   

Mimgu1        ACGTGCAGCA AAAGGTACAA GAGGAGCTCG ATCGTGTGGT CGGAAAAGAC CGAGTCATGA CCGAAGCCGA CATCCCGAAG CTGCCGTACC TGCAGTGCGT GACAAAGGAG TGCTTTAGGG TGCACCCTCC   

Mimgu2        GGGTGCAACA AAAAGTACAA GAGGAGCTCG ATCGTGTGGT CGGAAAAGAC CGAATCATGA CCGAATCCGA CATCCCCAAT CTGCCGTACC TGCAGTGCAT GGTAAAGGAG TGCTTCCGGA TGCACCCCCC   

Mimgu3        GGGTCCAACA TAAGGCCCAC GAGGAGCTCG ACCGTGTGAT CGGAACCCAA CGCATCATAA CCGAACTCGA CTTCCCAAAT CTCCCATATC TCCAATACAT CGCTAAAGAA GCAATGCGAT TGCACCCACC   

Mimgu4        GGGTCCAACA TAAGGTCCAC GAGGAGCTCG ACCGTGTGAT CGGAACCCAA CGCATAATAA CCGAACTCGA CTTCCCAAAC CTTCCATATC TCCAATACAT AGCCAAAGAA GCAATGCGAT TGCACCCACC   

Mimgu5        GGGTCCAACA TACGGCCCAC GAGGAGCTCG ACCGTGTGAT CGGAACCCAA CGCATAATAA CTGAACTCGA CTTCCCAAAC CTCCCATATC TCCAATACAT AGCCAAAGAA GCAATGCGGT TGCACCCAGC   

Mimgu6        GGGTGCAGCG TAAGGCCCGC GAGGAGCTCG ACCGTGTAAT CGGAACCCAA CGCATAATGA ACGAACCCGA CTTGTCAAAC CTCCCATATC TACAAAGCAT AGTCAAAGAG TCACTAAGAT TGCACCCACC   

Mimgu7        GGGTGCAGCG TAAGGCCCAG GAGGAGCTCG ACCGTGTGAT CGGAACCCAA CGCATAATGA ACGAACTTGA CTTCTCAAAC CTCCCCTATC TACAAAGCAC AGTCAAAGAG TCATAA---- ----------   

Solly1        GGGTTCAACA AAAGGCCCAA GAAGAACTGG ACCGGGTTAT CGGGTCGGAC CGGGTCATAA CCGAGTCCGA TATGTCGAAA CTCACCTATC TACAAAGTGT AGTTAAAGAA TCACTAAGGC TACACCCTCC   

Solly2        GAGTGCAGCA GAAGGCCCAA GAAGAACTCG ACCAAGTGAT TGGGTACGAG CGAGTAATGA ACGAAACAGA CTTCCCCAAC CTCCCATACC TGCAATGCGT GGCCAAGGAA GCGCTAAGGC TACACCCTCC   

Solly3        GAGTTCAACA AAAGGTTCAA GAGGAGTTAG ATCGAGTTAT TGGATCGGAT CGAATCATAG ATGAAACAGA TATCTCTAAT CTCTCCTATC TACAACATGT TGTCAAAGAA TCACTAAGAT TGCACCCTCC   

Solly4        GAGTACAACA AAAGGTTCAA GAAGAGCTAG ACAAAGTTAT TGGATCGAAT CGAATCATAA ATGAAACAGA TATCTCTAAT CTCTCCTATC TACAACATGT AGTCAAAGAA TCACTAAGAA TGCACCCTCC   

Solly5        GGGTGCAACA AAAGGCTCAA GAGGAACTTG ACAGGGTTAT TGGATCGGAC CGAATCATGT CAGAAACCGA TTTCTCTAGA CTTCCTTACC TTCAATGTGT AGCCAAAGAA GCTTTAAGGT TGCACCCTCC   

Soltu1        GAGTGCAGCA GAAGGCCCAA GAAGAACTTG ACCAAGTGAT CGGCTACGAG CGTGTGATGA ACGAAACAGA CTTCCCCAAC CTCCCATATC TGCAATGCGT GGCCAAGGAA GCGCTAAGGC TACACCCTCC   

Soltu2        GGGTGCAACA AAAGGCTCAA GAAGAGCTTG ACAGGGTAAT TGGATCGGAC CGAATCATGT CAGAAACTGA TTTCTCTGGA CTTCCTTACC TTCAATGTGT AGCCAAAGAG GCTCTAAGGT TGCACCCACC   

Soltu3        GAGTTCAACA AAAGGTTCAA GAAGAGCTAG ATCGAGTTAT TGGATCGGAT CGAATCGTAA ACGAAACAGA TATCTCCAAT CTCTCCTATC TACAACATGT TGTCAAAGAA TCACTAAGGA TGCACCCTCC   

Soltu4        GAGTTCAACA AAAAGTTCAA GAGGAGCTAG ATCGAGTTAT TGGATCAGAT CGAATCGTAA ACGAAACCGA TATCTCTAAT CTCTCCTATC TACAACATGT AGTCAAAGAA TCACTAAGGT TGCACCCTCC   

Soltu5        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Soltu6        GGGTTCAACA AAAAGCCCAA GAAGAGTTGG ACCGGGTTAT CGGGTCGGAC CGGGTCATAA CCGAATCCGA TATGTCCAAA CTCTCCTATC TACAAAGTGT AGTTAAAGAA TCACTAAGGT TACACCCTCC   

Soltu7        GGGTTCAACA AAAAGCCCAA GAAGAGTTGG ACCGGGTTAT CGGGTCGGAC CGGGTCATAA CCGAATCCGA TATGTCCAAA CTCTCCTATC TACAAAGTGT AGTTAAAGAA TCACTAAGGT TACACCCTCC   

Eucgr1        GGGTTCAACA GAAGGCCCAA GAGGAGCTCG ACCGGGTCGT CGGGTTCGAG CGTGTGGTGA CTGAGTCCGA CTTCTCGAAC CTCCCTTACC TCCAGTGCAT TGTTAAGGAA GCGCTCCGGC TGCACCCTCC   

Eucgr2        GGGTTCAACA GAAGGCCCAA GAGGAGCTCG ACCGGGTCGT CGGGTTCGAG CGTGTGGTGA CTGAGTCCGA CTTCTCGAAC CTCCCTTACC TCCAGTGCAT TGCTAAGGAA GCGCTCCGGC TGCACCCTCC   

Eucgr3        GGGTGCAACA GAAGGCCCAA GAGGAGCTCG ACCGGGTCGT CGGGTTCGAG CGTGTGGTGA CTGAGTCCGA CTTCTCGAAC CTCCCTTACC TCCAGTGCAT TGCTAAGGAA GCGCTCCGGC TGCACCCTCC   

Eucgr4        GAGCCCAACG AAAGGCCCAG GAAGAATTGG ACAGCGTGAT TGGACCCTCC CGTGTCATGA CGGAATCCGA CATCCCAAAC CTACCATATC TTCATTGCGT CGCCAAAGAG GCCCTCCGGC TACACCCGCC   

Vitvi         GGGTCCAACA AAAGGTTCAA GCAGAGTTAG ACCATGTAAT TGGGCTGGAC CGCGTCATGA GCGAATCTGA CTTCTCCAAC CTCCCTTACC TACAATCTGT AGCCAAGGAG GCACTGAGGC TGCACCCTCC   

Linus1        GGGTTCAACA GAAGCTCCAC GACGAGATGG ACCGTGTTAT AGGCTTTGAA CGAGTCATGA CTGAATTCGA TTTCTCCAGC CTAACTTACC TCCAATGCGT GGTCAAGGAG GCACTCAGGA TGCACCCTCC   

Linus2        GGGTTCAACA GAAGCTCCAC GACGAGATGG ACCGTGTTAT AGGCTTTGAA CGGGTCATGA CTGAGTCTGA TTTCTCCAGC CTAACTTACC TCCAATGCGT GGTCAAGGAG GCACTCAGGA TGCACCCTCC   

Linus3        GGGTTCAACA GAAGCTCCAC GACGAGATGG ACCGTGTTAT AGGCTTCGAA CGAGTCATGA CAGAGTCCGA TTTCTCCAGC CTAAGTTACC TCCATTGCGT GGTCAAGGAG GCACTCAGGC TGCACCCACC   

Linus4        GGGTCCAACA GAAGCTCCAC GACGAGATGG ACCGTGTTAT AGGCTTTGAA CGAGTCATGA CTGAATTCGA TTTCTCCAGC CTAACTTACC TCCAATGTGT GGTGAAGGAG GCACTCAGGA TGCACCCTCC   

Manes         GAGTGCAACA GAAGGCTCAA GAGGAGCTAG ACCGTGTCGT TGGGTTTGAA CGTGTGATGA CCGAGGCTGA TTTCTCAAAT CTACCTTACC TACAATGTGT GGCTAAAGAA GGACTAAGGT TGCACCCTCC   

Poptr1        GGGTGCAACA GAAGGCTCAG GAAGAGTTGG ACAGTGTTGT TGGATTTGAA CGTGTCATGA CCGAGGCTGA TTTCTCAGGC CTTCCTTACT TACAATGTGT AGCCAAGGAG GCGCTAAGGT TGCACCCCCC   

Poptr2        GGGTTCAACA GAAGGCTCAA GATGAGCTAG ACCGAGTGGT TGGGTTCGAA CGTGTCATGA CTGAAGCAGA TTTCCCAAAT CTCCCTTACC TGCAAGCTGT AGTCAAGGAA TCGCTGAGGT TGCACCCACC   

Poptr3        GGGTTCAACA GAAGGCTCAA GATGAGCTAG ACCGAGTGGT TGGGTTCGAA CGTGTCATGA CTGAGGCAGA TTTCCCAAAT CTCCCTTACC TGCAAGCTGT AGTCAAGGAA TCGCTGAGGT TGCACCCACC   

Ricco1        GAGTACAACA GAAGGCTCAA GAGGAGCTAG ACCGTGTTAT TGGTTCCAAA CGTGTCTTGA ATGAGTCTGA TTTCTCAAGT CTCCCTTACC TGCAATGTGT AGCCAAAGAG GGACTAAGGT TGCACCCCCC   

Ricco2        GAGTGCAACA GAAGGTTCAA GAGGAGCTAG ACCGTGTCAT TGGTTTTGAA CGTGTCTTGA CTGAGGCTGA CTTCTCAAGT CTCCCTTACC TACAATGTAT AGCCAAAGAG GGGCTACGGT TGCACCCCCC   

Ricco3        GGTTACAGTT GAAAGCACAA GAAGAACTTG ACCATGTAAT TGGAAACAAA CGGGTTATGT CTGAATCAGA CATCTCAAAC CTCCCTTACC TCCGATGCGT AGTGAAGGAA GCGCTAAGAT TGCACCCTCC   

Salpu1        GGGTGCAGCA GAAGGCTCAG GAAGAGCTGG ACAGTGTTGT TGGATTTGAA CGGGTGATGA CCGAGGCTGA TTTCTCAGGC CTGCCTTACT TGCAATGTGT AGCCAAGGAG GCACTAAGGT TGCACCCCCC   

Salpu2        GGGTGCAGCA GAAGGCTCAG GAAGAGCTGG ACAGTGTTGT TGGATTTGAA CGGGTGATGA CCGAGGCTGA TTTCTCAGGC CTGCCTTACT TGCAATGTGT AGCCAAGGAG GCACTAAGGT TGCACCCCCC   

Salpu3        GGGTTCAGCA GAAGGCTCGA GATGAGCTAG ACCGAGTGGT TGGGCTCGAA CGTGTCATGA CAGAAGCAGA TTTCCCGAAT CTCCCTTACC TGCAAGCTAT AGTCAAGGAA TCGCTGAGGT TGCACCCGCC   

Salpu4        GGGTTCAGCA GAAGGCTCGA GATGAGCTAG ACCGAGTGGT TGGGCTCGAA CGTGTAATGA CCGAAGCAGA TTTCCCGAAT CTCCCTTACC TGCAAGCTAT AGTCAAGGAA TCGCTGAGGT TGCACCCGCC   

Salpu5        GGGTTCAACA GAAGGCTCAA GATGAGCTAG ACCGCGTGGT TGGGCTCGAA CGTGTAATGA CCGAAGCAGA TTTCCCGAAT CTCCCTTACC TGCAAGCTAT AGTCAAGGAA TCACTGAGGT TGCACCCGCC   

Salpu6        GGGTTCAGCA GAAGGCTCGA GATGAGCTAG ACCGAGTGGT TGGGCTCGAA CGTGTCATGA CAGAAGCAGA TTTCCCGAAT CTCCCTTACC TGCAAGCTAT AGTCAAGGAA TCGCTGAGGT TGCACCCGCC   

Salpu7        GGGTTCAACA GAAGGCTCAA GATGAGCTAG ACCGCGTGGT TGGGCTCGAA CGTGTAATGA CCGAAGCAGA TTTCCCGAAT CTCCCTTACC TGCAAGCTAT AGTCAAGGAA TCACTGAGGT TGCACCCGCC   

Citsi1        GGGTCCAACA TAAAGCCCAA GAAGAGCTGG ACCGTGTTAT TGGGCTGAAC CGTGGGATGA ACGAGTCCGA CACCTTGAAC CTACCTTACC TTCGGTCCGT TGCTAAGGAG GCACTGAGGC TGCACCCACC   

Citsi2        GAGTGCAACA AAAAGCTCAG GAAGAACTAG ACCAAGTAGT AGGCCCTAAT CGCGTCATGA CAGAAGCAGA CTTTCAAAAC CTGCACTATC TCCAGTGCGT GGTCAAAGAA TCAATGCGGC TACACCCACC   

Citcl1        GAGTGCAACA AAAAGCTCAG GAAGAACTAG ACCAAGTAGT AGGCCCTAAT CGCGTCATGA CAGAAGCAGA CTTTCAAAAC CTGCACTATC TCCAGTGCGT GGTCAAAGAA TCAATGCGGC TACACCCACC   

Citcl2        GAGTGCAACA AAAGGCTCAA GAGGAACTAG ACCGTGTGAT AGGATTTGAA CGTGTGATGA CGGAAACCGA TTTCTCAAAC CTTCCTTACT TACAAGCTGT AGCCAAGGAG GCTCTAAGGT TGCACCCACC   

Citcl3        GGGTCCAACA TAAAGCCCAA GAAGAGCTGG ACCGTGTTAT TGGGCTGAAC CGTGGGATGA ACGAGTCCGA CACCTTGAAC CTACCTTACC TTCGGTCCGT TGCTAAGGAG GCACTGAGGC TGCACCCACC   

Carpa         GAGTACAACA AAAGGCTCAG GAGGAGCTAG ATCGAGTGAT CGGATTTGAA CGGGTAATGA CAGAAACTGA CTTCTCAAGC CTACCCTACC TCCAATGTGT AGCAAAAGAG GCATTAAGGA TGCACCCACC   

Gosra1        GAGTACAACA AAAGGCACAA GAGGAGCTAG ATCTTGTTAT AGGATCCGAA AGGGTGATGT CCGAAACTGA TTTCTCGAAT CTCCCTTACC TTCTAAGTGT AGCCAAGGAA GCACTAAGGT TACATCCCCC   

Gosra2        GAGTGCAGAA AAAGGCACAA GAGGAGCTAG ATCGTGTGAT AGGATTCGAA AGGGTGATGT CTGAAACTGA TTTCTCTAAT CTGCCTTACC TTCAAAGCGT AGCCAAGGAA GCACTAAGAC TGCACCCCCC   

Theca         GAGTGCAGCA AAAGGCACAA GAGGAGCTAG ATCGTGTGAT AGGGTTCGAA CGGGTGATGT CTGAAACTGA TTTCTCAAGC CTGCCTTACC TGCAAAGCGT AGCCAAGGAG GCACTAAGAT TGCACCCTCC   

Araly3        GAGTGCAACA AAAAGTGCAA GAAGAGTTCG ACCGAGTGGT TGGACTTGAC CGGATCTTAA CCGAGCCAGA TTTCTCCCGC TTACCTTACT TGCAATGCGT GGTTAAAGAG TCATTCAGGC TGCACCCTCC   

Arath3        GAGTGCAACA AAAAGTGCAA GAAGAGTTCG ACAGAGTGGT TGGACTTGAC CGGATCTTAA CCGAGGCAGA TTTCTCCCGC TTACCTTACT TGCAATGCGT GGTGAAAGAG TCATTCAGGC TGCATCCTCC   

Boest3        GAGTGCAACA AAAGGTGCAA GAAGAGTTTG ACCGAGTGGT TGGACTTGAC CGGATCTTAA CTGAGCAAGA TTTCTCCCGC TTACCTTACT TGCAATGTGT GGTGAAAGAG TCATTCAGGC TGCACCCTCC   

Brara1        GAGTGCAACA AAAGGTACAA GAAGAGTTCG ACAGAGTTGT TGGACTAGAC CGGGTCGTAA CCGAGCCAGA CTTCTCACGC TTACCCTACC TCCAATGCGT GGTTAAAGAA TCATTCAGAC TCCACCCTCC   

Brara2        GAGTACAACA AAAAGTACAA GAAGAATTCG ACCGTGTTAT CGGACTTGCC CGGGTCCTAA CCGAGCCAGA CTTCTCACGC TTACCCTACT TGCAATGCGT GGTTAAAGAA TCATTCAGAC TCCACCCTCC   

Brara3        GAGTGCAACA AAAGGTTCAA GAAGAACTAG ACAGAGTCAT TGGCCTTGAC CGGGTCTTAA CCGAGCCAGA CTTCACACGC TTACCCTACT TGAAATGCGT GGTTAAAGAA TCATTCAGGC TGCACCCGCC   

Capgr3        AAGTGCAACA AAAGGTGCAA GAAGAGTTTG ACCGAGTGGT TGGACTTGAT CGGATCTTAA CTGAGCAAGA TTTCTCCCGC TTACCTTACT TGCAATGTGT GGTGAAAGAG TCATTCAGGC TGCACCCTCC   

Capru2        AAGTGCAACA AAAGGTGCAA GAAGAGTTTG ACCGAGTGGT TGGACTTGAT CGGATCTTAA CTGAGCAAGA TTTCTCCCGC TTACCTTACT TGCAATGTGT GGTGAAAGAG TCATTCAGGC TGCACCCTCC   

Eutsa1        GAGTGCAACA AAAGGTGCAG GAAGAATTCG ACCGTGTGGT TGGACTTGAC CGGGTCTTAA CCGAGCAAGA TTTCTCACGC TTACCATACC TCCAATGCGT GGTGAAAGAA TCATTCAGGC TGCACCCTCC   

Cucsa1        GAGTTCAGAA GAAAGTTCAG GAAGAACTAG ACAAAGTGAT TGGAGTAAAA CGAATCATGA CAGAGAACGA TTTCTCAAAT CTTCCATATC TCCAATGCGT CGTAAAAGAG GCAATGAGAT TACATCCACC   

Cucsa2        GAGTTCAGAA GAAAGTTCAG GAAGAACTAG ACAAAGTGAT TGGAGTAAAA CGAATCATGA CAGAGAACGA TTTCTCAAAT CTTCCATATC TCCAATGCGT CGTAAAAGAG GCAATGAGAT TACATCCACC   

Frave1        GGGTGCTGCG AAAGGCGCAA GAGGAGCTTG ACCGTGTAAT AGGGCTGGAA CGGCCAATGA CGGAGGCTGA TATTTCAAAC CTTCCATACC TGAAATGTGT TGCCAAAGAG GCACTGAGGC TTCACCCTCC   

Frave2        GGGTGCAACA AAAAGCCCAA AAGGAGCTAG ACCGGGTCAT TGGGTTGGAA CGCGTCATGA CCGAAACTGA TTTCTCGGGT CTACCCTACC TACAATGTGT AGCTAAGGAA GCCCTACGGA TGCACCCTCC   

Glyma1        GGGTGCAACA AAAGGTCCAA GAAGAGCTAG ACAGGGTAAT TGGGCTTGAA AGGGTGATGA CTGAAGCTGA CTTCTCAAGC CTGCCTTATC TACAATGTGT GATCAAGGAA GCAATGAGGC TTCACCCACC   

Glyma2        GGGTGCAACA AAAGGTCCAA GAAGAGCTAG ACAGGGTAAT TGGGCTTGAA AGGGTGATGA CTGAAGCTGA CTTCTCAAGC CTGCCTTATC TACAATGTGT GATCAAGGAA GCAATGAGGC TTCACCCACC   

Glyma3        GGGTGCAACA AAAGGTCCAA GAGGAGCTAG ACAGGGTAAT TGGGCTTGAA AGGGTGATGA CTGAAGCAGA CTTCTCAAAT CTCCCTTACC TACAATGTGT GACCAAAGAA GCAATGAGGC TTCACCCACC   
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Maldo1        GGGTGCAGCA GAAGGCCCAA GAGGAGCTCA ACCGCGTTAT CGGGCTCAAT CGGGTAATGA CCGAATCCGA TATCTCAAGC CTTCCTTACC TAAAATGTGT AGTCAAGGAG GCACTGAGGC TGCACCCTCC   

Maldo2        GGGTGCAACA AAAGGCTCAA GAGGAGCTAG ATAAGGTTAT TGGGGTCGAC CGGGTCTTGA CCGAAAACGA TTTCTCAAAC CTCCCTTACC TACAATGTGT TGCAAAGGAA GCACTACGTT TGCACCCACC   

Maldo3        GGGTGCAACA YAAGGCTCAA GAGGAGCTAG ATCGGGTTAT TGGGCACGAY CG-------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Maldo4        GGGTGCAACA AAAGGCTCAA GAGGAGCTAG ATAAGGTTAT TGGGGTCGAC CGGGTCTTGA CCGAAAACGA TTTCTCAAAC CTCCCTTACC TACAATGTGT TGCAAAGGAA GCACTACGTT TGCACCCACC   

Maldo5        GGGTGCAACA AAAGGCTCAA GAGGAGCTAG ATAAGGTTAT TGGGGTCGAC CGGGTCTTGA CCGAAAACGA TTTCTCAAAC CTCCCTTACC TACAATGTGT TGCAAAGGAA GCACTACGTT TGCACCCACC   

Maldo6        GGGTGCAACA AAAGGCTCAA GAGGAGCTAG ATAAGGTTAT TGGGGTCGAC CGGGTCTTGA CCGAAAACGA TTTCTCAAAC CTCCCTTACC TACAATGTGT TGCAAAGGAA GCACTACGTT TGCACCCACC   

Maldo7        GGGTGCAGCA GAAGGCCCAA GAGGAGCTCA ACCGCGTTAT CGGGCTCAAT CGGGTAATGA CCGAATCCGA TATCTCAAGC CTTCCTTACC TAAAATGTGT AGTCAAGGAG GCACTGAGGC TGCACCCTCC   

Maldo8        GGGTGCAACA RAAGGCTCAR GAGGAGCTAG ATCGGGTTAT TGGGCACGAR CGGGTCATGA CAGAAAATGA TTTCTCAAAC CTCCCTTACC TACAATGTGT AGCAAAGGAA GCACTGCGGT TGCACCCTCC   

Maldo9        GGGTGCAACA AAAGGCTCRG GAGGAGCTAG ATCGGGTTAT TGGGCACGAA CGGGTCATGA CAGAAAATGA TTTCTCAAAC CTCCCTTACC TACAATGTGT AGCAAAGGAA GCACTGCGGT TGCACCCTCC   

Maldo10       GGGTGCAACA AAAGGCTCYG GAGGAGCTAG ATCGGGTTAT TGGGCACGAA CGGGTCATGA CAGAAAATGA TTTCTCAAAC CTCCCTTACC TACAATGTGT AGCAAAGGAA GCACTGCGGT TGCACCCTCC   

Maldo11       GGGTGCAACA AAAGGCTCAA GAGGAGCTAG ATAAGGTTAT TGGGGTCGAC CGGGTCTTGA CCGAAAACGA TTTCTCAAAC CTCCCTTACC TACAATGTGT TGCAAAGGAA GCACTACGTT TGCACCCACC   

Maldo12       GGGTGCAACA GAAGGCTCAA CAGGAGCTGG ATGGGGTTAT TGGGGTCGAA CGGGTCATGA CCGAAGTTGA TTTCTCCAGC CTCCCTTACT TACAATGTGT AGCAAAGGAA GCCCTACGGT TGCACCCTCC   

Medtr         GAGTGCAACA GAAGGCACAA GAGGAGCTAG ACAAGGTCAT TGGTTTTGAA AGAGTCATGA CTGAAACTGA CTTCTCAAGC CTCCCTTATT TACAATGTGT AGCCAAGGAG GCTCTAAGGC TGCACCCCCC   

Phavu         GAGTGCAGCA AAAGGCTCAA GAGGAGCTAG ACAAGGTGAT TGGGCTTGTA AGGGTGATGA CTGAAGCAGA CTTCTTAAGC CTGCCATATC TGCAATGTGT GGCGAAGGAG GCAATGAGGC TCCACCCACC   

Prupe1        GGGTGCAAGA AAAGGCCCAA GAGGAGCTAG ACCGGGTTAT TGGGTTCGAA CGGGTCATGA CCGAAGACGA TTTCCCAAAC CTCCCTTACC TCCATTGTGT AGCAAAGGAA GCTCTACGGT TGCACCCTCC   

Prupe2        GGGTGCAAAA AAAGGCACAA GAGGAGCTGG ACCGTGTCAT CGGGTTCGAA CGGGTCATGA CCGAAGACGA TTTCTCAAAT CTCCCTTACC TACAATGTGT AGCAAAGGAA GCGTTGCGGT TGCACCCTCC   

Prupe3        GGGTGCAAAA CAAGGCACAA GAGGAGCTAG ACCGAGTCAT CGGGTTCGAA CGGGTCATGA CCGAAGACGA TTTCTCAAAT CTCCCTTACC TGCAATGTGT AGCAAAGGAA GCGTTGCGGT TGCACCCTCC   

Prupe4        GAGTGCAACA AAAGGCCCAA GAGGAGCTAG ACCGGGTCAT CGGGTTCGAA CGGGTCATGA CCGAAACCGA TTTCTCAAAC CTCCCTTACC TACAATGTGT AGCAAAGGAA GGCATGCGGT TGCACCCTCC   

Prupe5        GGGTGCAACG AAAGTCCCAA GAGGAGCTTG ATCGCGTAAT TGGGCTGGAC CGCACGATGA CAGAATCCGA TATTTCAAGC CTTCCTTACC TAAAATGTGT AGCCAAGGAG GCACTGAGGC TGCACCCTCC   

Lonja         GGGTCCAACA AAAAGCCCAA GAAGAACTGG ATCGGGTCAT TGGGTCCGAG CGGATCATGA CTGAATCCGA CTTCTCGAAT CTCCCTTACC TCCAATCCGT AGCCAAAGAA GCCCTAAGGC TCCACCCACC   

Rutgr         GAGTGCAACA CAAAGCACAG GAGGAACTAG ATCGTGTGGT GGGTCTTGAA CGTGTGTTGA CAGAACCAGG TTTCTCAAAC CTTCCATACT TGCAAGCTGT GGCCAAGGAG GCTCTGAGGT TGCACCCACC   

Salmi         GGGTGCAACA GAAGGTGCAG GAGGAGCTGG ACCGCGTGAT AGGCCGTGAT CGTGTGATGA CGGAAGTGGA CATCCCGAAC CTGCCCTACT TGCAGTGTGT GGTGAAGGAG TCATTGAGGT TGCACCCGCC   

Tripr         GAGTGCAAAA GAAGGCACAA GAGGAGCTAG ACAAGGTAAT TGGTTTTGAA AGGGTGATGA CTGAAACTGA CTTCTCAAGC CTCCCTTATC TACAATCTGT AGCCAAAGAG GCTCTAAGGT TGCACCCCCC   

 

                      1050       1060       1070       1080       1090       1100       1110       1120       1130       1140       1150       1160       1170                        

              ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

Triae1        GACGCCGCTC ATGCTGCCCC ACAAGGCCAG CGCGAGCGTC AAGGTCGGCG GCTACAGCAT CCCCAAGGGC GCCAACGTGA TGGTGAACGT GTGGGCGGTG GCCCGGGACC CCAAGGTGTG GAGCAGCCCG   

Triae2        GACGCCGCTC ATGCTGCCCC ACAAGGCCAG CGCGAGCGTC AAGGTCGGCG GCTACAGCAT CCCCAAGGGC GCCAACGTGA TGGTGAACGT GTGGGCGGTG GCCCGGGACC CCAAGGTGTG GAGCAGCCCG   

Triae3        GACGCCGCTG ATGCTGCCGC ACAGGGCCAG CGCCGCCGTG AAGGTCGCCG GCTACGACAT CCCCAAGGGA GCCAGCGTCA CGGTGAACGT GTGGGCGATC GCGCGCGACC CGGAGGCGTG GGACAGCCCG   

Cofca1        TACCCCTTTG ATGCTACCTC ACCGGTCCAA TGCCAGCGTC AAGATTGGTG GCTACGACAT TCCCAAGGGC TCAAATGTGC ATGTCAATGT CTGGGCAGTG GCTCGTGATC CTGCCGTGTG GAGAAATCCG   

Cofca2        AACTCCACTA ATGCTTCCTC ATAGAGCCAA TGCCAATGTG AAGATCGGTG GTTATGACAT CCCTAAAGGG TCTATCGTGC ACGTTAACGT CTGGGCGATT GCTCGTGATC CTGCAGCCTG GAAAAATCCA   

Nicta1        AACTCCTCTA ATGCTCCCAC ACAGAGCCAA CGCCAACGTC AAGATTGGTG GCTACGACAT TCCCAAGGGC TCCAACGTGC ACGTGAACGT CTGGGCAGTT GCTCGTGATC CCGAGGTGTG GAAAAACCCA   

Nicta2        AACTCCACTA ATGCTTCCAC ACATGGCTGG TGCCAGTGTC AAAGTTGGTG GTTACAACAT TCCTAAAGGT TCAATTGTAC ACGTAAATGT TTGGGCACTT GGACGTGATC CAAAGGTGTG GAAGGATCCT   

Nicta3        AACTCCTCTA ATGCTTCCTC ATAAGGCCAG TGCCAGTGTC AAAATTGGTG GTTATGACAT TCCTAAGGGG TCCATCGTGC ACGTGAACGT TTGGGCTGTC GCTCGTGACC CAGCCGTGTG GAAGAACCCG   

Cynca         GACCCCACTC ATGCTCCCTC ACAAAGCCAA TTCCAATGTC AAGATTGGTG GCTACGACAT CCCTAAGGGC TCGAATGTGC ATGTAAATGT TTGGGCTGTG GCTCGAGACC CTGCAACATG GAAAAATCCA   

Liter         AACCCCATTG ATGCTCCCAC ACAGAGCCAG CGCTAATGTG AAAATTGGCG GGTATGACAT CCCTAAAGGA TCAATCGTCC ATGTTAATGT CTGGGCCATT GCGCGTGATC CAGCATATTG GAAAAACCCT   

Solsc         AACTCCTCTC ATGCTCCCCC ACCGCTCCAA CGCCGATGTC AAGATCGGTG GCTACGACAT CCCAAAGGGC TCAAATGTGC ACGTGAATGT ATGGGCCATC GCACGTGACC CCAAGTCATG GAAGGATCCA   

Ociba1        AACTCCACTT ATGCTCCCTC ACCGATCGAA TTCAAACGTG AAGATTGGTG GCTACGATAT ACCCAAGGGA TCAAATGTGC ATGTCAATGT GTGGGCGGTA GCCCGTGATC CTGCTGTGTG GAAGAACCCT   

Ociba2        AACTCCACTT ATGCTCCCTC ACCGATCGAA TTCAAACGTG AAGATTGGTG GCTACGATAT ACCCAAGGGA TCAAATGTGC ATGTCAATGT GTGGGCGGTA GCCCGTGATC CTGCTGTGTG GAAGAACCCT   

Ambtr1        AACCCCTCTC ATGCTTCCTC ACAAAGCCTC TGCAAACGTG AAAATCGGTG GCTATGACAT CCCTAAAGGC TCTAACGTGC TCGTGAACGT TTGGGCCATA GCACGAGACC CAACTGCATG GAAGGAGCCC   

Ambtr2        CACCCCCCTA ATGCTCCCAC ACAGAGCCTC AAAGCACATC AAGCTCGGCG GCTATGACGT GCCTAAGGGT TCCAACGTGC ACGTGAACGC CTGGGCGATC GCTAGGCATC CGGATACCTG GAAGGACCCT   

Musac         GACGCCGCTC ATGCTTCCGC ACAAGGCCAA CGCCGACGTC AAGATCGGCG GCTACGACAT ACCCAAGGGC TCCAACGTGA TCGTCAACGT CTGGGCCATC GCCCGTGACC CCAAGACGTG GAAAAACCCG   

Spipo         GACGCCGCTG ATGCTCCCCC ACAAGGCCGC CGCCGCCGTG AAGCTCGGCG GCTACGACAT TCCCAAGGGC TCCAACGTGC TGGTCAACGT CTGGGCCATC GCTCGGGACC CTGCGGTGTG GAAGGATCCT   

Bradi         AACACCGCTT ATGCTGCCTC ACAAGGCCAG CACGAGTGTC AAGGTCGGCG GCTACAACAT CCCCAAGGGT GCCAACGTCA TGGTGAATGT TTGGGCGGTC GCTCGTGACC CCAAGGTGTG GAGCAACCCA   

Brast         AACGCCGCTT ATGCTGCCCC ACAAGGCCAG CACAAGCGTC AAGGTTGGTG GCTACAACAT CCCCAAGGGT GCCAACGTCA TGGTGAATGT TTGGGCAGTC GCTCGTGACC CCAAGGTGTG GAGCAACCCA   

Orysa1        GACGCCGCTG ATGCTCCCGC ACAAGGCCAG CACGAACGTC AAGATCGGCG GGTACAACAT CCCCAAGGGC GCCAACGTGA TGGTGAACGT GTGGGCGATC GCCAGGGACC CCAAGGTGTG GAGCAACCCG   

Orysa2        GACGCCGCTG ATGCTCCCGC ACAAGGCCAG CACCAGCGTC AAGATCGCCG GCTACGATGT CCCAAAGGAC GCCAGCGTCG TCGTCAACGT GTGGGCCGTA GCACGTGACC CCGGTGTCTG GGACAACCCG   

Panha1        GACGCCGCTC ATGCTCCCGC ACAAGGCCAG CACAAACGTC AAGATCGGCG GCTACAGCAT CCCCAAGGGC GCCAACGTGA TGGTGAACGT CTGGGCGGTG GCGCGCGACC CCAAGGTGTG GAGCAACCCG   

Panha2        GACGCCGCTG ATGCTCCCGC ACAAGGCCAG CGCCGGCGTC AAGATCGCCG GGTACGACAT CCCCAGGGGC GCCAACGTCA TCGTGAACGT GTGGGCGGTG GCGCGCGACC CCAAGGTCTG GGACGACCCG   

Panvi1        GACGCCGCTG ATGCTCCCGC ACAAGGCCAG CGCCAGCGTC AAGATCGCCG GGTACGACAT CCCCAAGGGC GCCACCGTCA TCGTCAACGT GTGGGCGGTG GCGCGCGACC CCGAGGTCTG GGACGACCCG   

Panvi2        GACGCCGCTC ATGCTCCCTC ACAAAGCCAG CACGAACGTC AAGATCGGTG GTTACAACAT CCCCAAGGGC GCCAACGTGA TGGTGAACGT CTGGGCTGTG GCGCGTGACC CCAAGGTGTG GAGCAACCCG   

Panvi3        GACGCCGCTC ATGCTCCCGC ACAAGGCCAG CACGAACGTC AAGATCGGCG GCTACAACAT CCCCAAGGGC GCCAACGTGA TGGTGAACGT CTGGGCGGTG GCGCGCGACC CCAAGGTGTG GAGCAACCCG   

Panvi4        GACGCCGCTC ATGCTCCCGC ACAAGGCCAG CGCCGGCGTC AAGATCGCCG GCTACGATGT GCCCAAGGGC GCCAACATCA TCGTCAACGT GTGGGCGCTG GCGCGCGACC CCGAGGTCTG GGAGGACCCG   

Setit         GACGCCGCTC ATGCTCCCGC ACAAGGCCAG CACGAGCGTC AAGATCGGCG GCTACGACAT CCCCAAGGGC ACCAACGTGA TGGTGAACGT GTGGGCGGTG GCGCGCGACC CCAAGGTGTG GAGCAACCCG   

Setvi         GACGCCGCTC ATGCTCCCGC ACAAGGCCAG CACGAGCGTC AAGATCGGCG GCTACGACAT CCCCAAGGGC ACCAACGTGA TGGTGAACGT GTGGGCGGTG GCGCGCGACC CCAAGGTGTG GAGCAACCCG   

Sorbi1        GACGCCGCTG ATGCTGCCCC ACAGGGCCAG CGCCAGCGTC AAGATCGCCG GCTACGACAT CCCCAAGGGC GCCAACGTCG TCGTCAACGT GTGGGCGGTG GCGCGGGACC CCGCGGTGTG GGACGACCCG   

Sorbi2        GACGCCACTC ATGCTCCCCC ACAAGGCCAG CACGAATGTC AAGATCGGTG GCTACGACAT CCCCAAGGGC GCCAACGTGA TGGTGAACGT GTGGGCAGTG GCACGCGATC CCAAGGTCTG GAGCAACCCG   

Zeama1        GACGCCGCTG ATGCTCCCCC ACAGGGCCAG CGCCAGCGTC AAGATCGCCG GCTACGACAT CCCCAAGGGC GCCAACGTCG TCGTCAACGT GTGGGCGGTG GCGCGCGACC CCGAGGTGTG GGACAGCCCG   

Zeama2        GACGCCACTC ATGCTCCCGC ACAAGGCCAG CTCGAACGTC AAGATCGGAG GTTACAACAT CCCCAAGGGC GCCAACGTGA TGGTGAACGT GTGGGCGGTG GCGCGTGATC CCAAGGTCTG GAGCAACCCG   

Aquco1        TACTCCACTT ATGCTCCCCC ACAAGGCCAA TGCAAATGTC AAGATAGGTG GCTATGACAT ACCTAAGGGA TCCAATATAC ACGTAAATGT GTGGGCCATT GGTCGTGATC CAGCTGTATG GAAAGAGCCA   

Aquco2        AACCCCACTT ATGCTTCCTC ACAAAGCCAG CGCTAATGTG AAAGTTGGTG GGTATGATAT TCCAAAAGGG TCCAACGTTC ATGTAAATGT ATGGGCTGTT GGCCGTGATC CAGCTGTGTG GAAAGAAGCA   

LKalma2       AACCCCGCTC ATGCTCCCGC ACCGAGCCAA TGCCAACGTC AAGATCGGAG GCTACGACAT CCCAAAAGGC TCAAACGTCC ATGTCAACGT CTGGGCCATA GCTCGTGACC CCACCGTGTG GAAAAACCCG   

LKalma4       AACCCCGCTC ATGCTCCCGC ACCGAGCCAA TGCCAACGTC AAGATCGGAG GCTACGACAT CCCAAAAGGG TCAAACGTCC ATGTCAACGT CTGGGCCATA GCTCGTGACC CCGCCGTGTG GAAAAACCCG   

Mimgu1        GACACCCTTA CTCCTCCCCC ACAAGGCCGT CACGGACGTC AAGGTCGGCG GCTACGACAT CCCGAAGGAC TCCACGGTGA GCGTCAACGT GTGGGCCCTC GCGCGGGACC CGTCCGTGTG GAAGAATCCG   

Mimgu2        GACCCCACTA ATGCTCCCCC ACAAGGCGGG CACGGACGTC AAAATCGGGG GCTACGATAT CCCGCAGGGC GCCACGGTGA GGGTTAACGT GTGGTCCCTC GCGAGGGACC CCAAGTTGTG GGATGCGCCC   

Mimgu3        AACTCCTCTG ATGCTCCCTC ACCGATCCAA CGCAAACGTC AAAATCAACG GATACGACAT TCCCAAGGGG TCCAACGTCC ACGTCAACGT GTGGGCCATA GGGCGGGACC CACAAGTGTG GAAGAATGCT   

Mimgu4        AACTCCTCTC ATGCTCCCTC ACCGATCCAA CGCAAACGTC AAAATCAACG GATACGATAT TCCCAAGGGA TCCAACGTCC ATGTCAACGT GTGGGCCATA GGGCGGGACC CGAAAATATG GAAGAATGCT   

Mimgu5        AACTCCTCTC ATGCTCCCTC ACCGATCCAA TTCAAACGTC AAAATCAACG GATACGATAT TCCCAAGGGA TCCAACGTCC ACGTCAATGT GTGGGCCATA GGGCGGGACC CACAAGTGTG GAAGAATGCA   

Mimgu6        GACTCCTCTC ATGCTCCCAC ACCAACCGAA CGAAAACGTC AAAATCGGCG GCTACGATAT CCCGGCAGGG TCCGTCGTCC ACGTCAACGT GTGGACCATA GGGCGGGACC CACAGGTGTG GGAGAACACT   

Mimgu7        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Solly1        AACTCCACTA ATGCTCCCTC ACTTGGCTAG TGCTAATGTC AAAATTGGTG GTTACAACAT ACCTAAGGGT ACAATCGTAC ATGTTAACGT ATGGGCACTT GGACGAGATC CTAAAGTATG GAAAAATCCT   

Solly2        AACTCCTCTA ATGCTCCCAC ATAGAGCCAA CGCCAACGTC AAGATCGGTG GCTACGACAT TCCAAAGGGC TCCAACGTGC ATGTGAATGT CTGGGCTGTT GCTCGCGACC TCAAGGTGTG GAATAACCCA   

Solly3        AACTCCACTA ATGTTGCCTC ATATGGCAAG TAACAATGTC AAAGTAGGTG GTTACAATAT TCCTAAAGGT TCAATTGTAC ATGTTAACGT GTGGGCGTTA GGTCGCGATC CAAATATTTG GAGAGAGCCA   

Solly4        AACTCCACTA ATGTTGCCTC ATATGGCAAG TAACAATGTC AAAGTAGGTG GTTACAATAT TCCTAAAGGT TCAATTGTAC ATGTTAACGT GTGGGCGTTA GGTCGCGATC CAAATACTTG GAAAGAGCCA   

Solly5        AACGCCCCTA ATGCTTCCAC ACAAGGCCAG TGCCGGTGTC AAAATCGGCG GTTATGACAT TCCCAAGGGA GCCATTGTAC ACGTGAATGT TTGGGCTGTG GCTCGTGATC CAGCAGTGTG GAAGGACCCG   

Soltu1        AACTCCTCTA ATGCTCCCAC ATAGAGCCAA CGCCAACGTC AAGATTGGTG GCTACGACAT TCCTAAGGGC TCCAACGTGC ACGTGAACGT CTGGGCTGTT GCTCGCGACC CCAAGGTGTG GAATAACCCG   

Soltu2        AACTCCCCTA ATGCTTCCAC ATAAGGCCAG TGCCAGTGTC AAAATCGGCG GTTATGACAT TCCTAAGGGA GCCATTGTGC ACGTGAATGT TTGGGCTGTG GCTCGTGATC CAGCAGTGTG GAAGGACCCA   

Soltu3        AACTCCCCTA ATGTTGCCAC ACATGGCAGG TAACAATGTC AAAGTGGGTG GTTACAACAT TCCAAAAGGT TCAATTGTAC ATGTTAATGT TTGGGCGTTA GGTCGTGATC CAAAAATATG GAAAGAACCA   

Soltu4        AACTCCCCTA ATGTTGCCTC ACATGGCAGG TAACGATGTC AAAGTGGGTG GTTACAAAAT TCCTAAAGAT TCAATTGTAC ATGTTAATGT GTGGGCGTTA GGTCGTGATC CAAAAATTTG GAAAGAGCCA   

Soltu5        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Soltu6        AACTCCACTA ATGCTCCCTC ACTTGGCTAG TGCTAATGTC AAAATTGGTG GTTACAACAT TCCTAAGGGT ACAATCGTAC ATGTCAATGT ATGGGCACTT GGACGAGATC CTAAAGTATG GAAGGATCCT   

Soltu7        AACTCCACTA ATGCTCCCTC ACTTGGCTAG TGCTAATGTC AAAATTGGTG GTTACAACAT TCCTAAGGGT ACAATCGTAC ATGTTAATGT ATGGGCACTT GGACGAGATC CTAAAGTATG GAAGGATCCT   

Eucgr1        GACCCCGCTG ATGCTCCCCC ACCGGTCCAA CTCCCACGTC AAGATCGGCA GCTACGACAT CCCCAAGGAG TCGAACGTCC ACGTGAATGT GTGGGCCATC GCCCGCGACC CGGCCGTCTG GAATAGCCCG   

Eucgr2        GACCCCGCTG ATGCTCCCCC ACCGGTCCAA CTCCCACGTC AAGATCGGCG GCTACGACAT TCCCAAGGGG TCGAGCGTCC ACGTGAATGT GTGGGCCATC GCCCGCGACC CGGCCGTCTG GAATAGCCCG   

Eucgr3        GACCCCGCTG ATGCTCCCCC ACCGGTCCAA CTCCCACGTC AAGATCGGCG GCTACGACAT CCCCAAGGGG TCGAACGTCC ACGTGAATGT ATGGGCCATC GCCCGCGACC CGGCCGTCTG GAATAGCCCG   

Eucgr4        GACGCCGCTG ATGCTGCCCC ATCGGACCAA TGTAGATGTG AAGATCGGCG GCCATGACAT TCCCAAGGGC TCGAATGTGC ACGTAAACGT ATGGGCCATA GCCCGCGATC CAACAGTCTG GGAAAGGCCG   

Vitvi         AACCCCATTG ATGCTCCCCC ATCGGGCCAA TGCCAATGTT AAGATCGGTG GCTATGACAT TCCAAAGGGA TCCAATGTTC ATGTAAATGT ATGGGCTGTG GCACGTGATC CAGCGGTGTG GAAAGATCCA   

Linus1        AACCCCGCTA ATGCTCCCTC ACCGGTCCAA TGCCAACGTG AAGATCGGTG GTTATGACAT ACCGAAAGGA TCAAATGTCC ACGTGAACGT CTGGGCAGTG GCACGCGATC CAGCAGTGTG GAAGGATCCA   

Linus2        AACCCCGCTA ATGCTCCCTC ACCGGTCCAA TGCCAACGTG AAGATCGGTG GTTATGACAT ACCAAAAGGA TCCAATGTCC ACGTGAACGT CTGGGCAGTG GCACGCGATC CAGCAGTGTG GAAGGATGCT   

Linus3        AACCCCGCTA ATGCTCCCTC ACCGGTCCAA CGCCAACATG AAGATCGGCG GTTATGACAT ACCGAAAGGA TCAAATGTCC ACGTGAAAGT ATGGGAAGTG GCACGCAATC CAGCCGTGTG GAAGGAGACA   

Linus4        AACCCCGCTA ATGCTCCCTC ACCGGTCCAA TGCCAACGTG AAAATCGGCG GTTATGACAT ACCAAAAGGA TCGAACGTCC ATGTGAACGT CTGGGCAGTG GCACGCGATC CAGCCGTGTG GAAGGATCCA   

Manes         AACACCATTA ATGCTTCCTC ACCGTGCCAA TGCTAATGTC AAGCTTGGTG GCTATGACAT ACCTAAGGGA TCAAATGTCC ATGTAAACGT ATGGGCCGTA GCTCGTGATC CGGCAGCCTG GAAGAACCCA   

Poptr1        AACACCACTT ATGCTCCCGC ACCGTGCCAA TGCCAATGTG AAAGTTGGTG GCTACGACAT TCCTAAGGGA TCAAATGTTC ACGTCAATGT ATGGGCCGTA GCTCGCGATC CGGCCACCTG GAAGAAACCC   

Poptr2        AACACCACTG ATGCTACCTC ATCGTGCCAA TACTACTGTT AAAATCGGCG GCTATGACAT CCCTAAGGGA TCAGTTGTTC ACGTAAACGT ATGGGCTGTG GCTCGTGATC CGGCTTTGTG GAAGAACCCT   

Poptr3        AACACCACTG ATGCTACCTC ATCGTGCCAG TACTACTGTT AAAATCGGCG GCTATGACAT CCCTAAGGGA TCAGTTGTTC ACGTAAACGT ATGGGCTGTG GCTCGTGATC CAGCTTTGTG GAAGAACCCT   

Ricco1        AACACCACTA ATGCTCCCTC ATCGTGCTAG TGATAGCGTC AAAATTGGAG GCTATGATAT ACCAAAGGGA TCAATTGTTC AGGTAAATGT ATGGGCTATA GCGCGCGATC CGACTGTTTG GAAGAACCCT   

Ricco2        AACACCACTA ATGCTCCCTC ACCGTGCCAA TTCCAATGTC AAAATCGGTG GCTATGATAT ACCAAAGGGA TCGAATGTCC ATGTAAATGT ATGGGCTGTA GCTCGCGATC CGGCTATCTG GAAAAGCCCA   

Ricco3        AGCTCCATTT CTACAACCGC ACAAGGCAAA TGCCGATGTC AAGATTGGCG GATACGACAT TCCTGAAGGA ACAAACATTC ACGTTAATGT AAGAGCTATA GGACGTGATC CTGAAATTTG GAAAGACTCA   

Salpu1        AACACCACTT ATGCTCCCGC ACCGTGCCAA CGCTAATGTA AAAGTCGGTG GCTACGACAT TCCGAAGGGA TCGAATGTTC ATGTCAATGT ATGGGCCATA GCTCGCGATC CAGCCGCCTG GAAGAACCCG   

Salpu2        AACACCACTT ATGCTCCCGC ACCGTGCCAA CGCTAATGTA AAAGTCGGTG GCTACGACAT TCCGAAGGGA TCGAATGTTC ATGTCAATGT ATGGGCCATA GCTCGCGATC CAGCCGCCTG GAAGAACCCG   

Salpu3        AACACCACTG ATGCTACCTC ATCGAGCCAA AACTAGTGTT AAAATCGGTG GCTATGACAT CCCTGAGGGA TCAATTGTTC ACGTAAACGT ATGGGCCGTG GCTCGAGATC CGGCTCTGTG GAAGAACCCT   

Salpu4        AACACCACTG ATGCTACCTC ATCGAGCCAA AACTATTGTT AAAATCGGTG GCTATGACAT CCCCGAGGGA TCAATTGTTC ACGTAAACGT ATGGGCCGTG GCTCGAGATC CGGCACTGTG GAAGAACCCT   

Salpu5        AACACCACTG ATGCTACCTC ATCGAGCCAA AACTACTGTT AAAATCGGTG GCTATGACAT CCCCGAGGGA TCAATTGTTC ACGTAAACGT ATGGGCCGTG GCTCGTGATC CGGCTCTGTG GAATAACCCT   

Salpu6        AACACCACTG ATGCTACCTC ATCGAGCCAA AACTAGTGTT AAAATCGGTG GCTATGACAT CCCTGAGGGA TCAATTGTTC ACGTAAACGT ATGGGCCGTG GCTCGAGATC CGGCTCTGTG GAAGAACCCT   

Salpu7        AACACCACTG ATGCTACCTC ATCGAGCCAA AACTACTGTT AAAATCGGTG GCTATGACAT CCCCGAGGGA TCAATTGTTC ACGTAAACGT ATGGGCCGTG GCTCGTGATC CGGCTCTGTG GAATAACCCT   

Citsi1        AACACCGTTG ATGCTGCCCC ACAAAGCCAA TGCCCATGTC AAAATTGGTG GATTTGACAT TCCTAGAGAA ACAATTGTGT CTGTAAACGT TTGGGCCATT GCTCGTGATT CATCAATATG GGAGGACCCA   

Citsi2        AACGCCTCTA ATGCTGCCCC ACAAAGCCAA CGCCGATGTA AAAATCAGCG GCTACAACGT CCCGAAAGGA TCAGTCGTAC ATGTAAACGT TTGGGCCATA GGCAGAGACC CTGCTGATTG GAAAAACCCG   

Citcl1        AACGCCTCTA ATGCTGCCCC ACAAAGCCAA CGCCGATGTA AAAATCAGCG GCTACAACGT CCCGAAAGGA TCAGTCGTAC ATGTAAACGT TTGGGCCATA GGCAGAGACC CTGCTGATTG GAAAAACCCG   

Citcl2        AACTCCCCTG ATGCTTCCTC ACCGTGCCAA TGCCAATGTT AAGATAGGTG GCTACGATGT TCCTAAGGGA TCAAACATTC ACGTCAACGT ATGGGCAGTA GCTCGGGATC CTGCAGTCTG GAAGGACCCG   

Citcl3        AACACCGTTG ATGCTGCCCC ACAAAGCCAA TGCCCATGTC AAAATTGGTG GATTTGACAT TCCTAAAGAC ACAATTGTGT CTGTAAACGT TTGGGCCATT GCTCGTGATT CATCAATATG GGAGGACCCA   

Carpa         AACCCCTCTG ATGCTCCCCC ACCGAGCCAA TGCTGACGTC AAGATTGGCG GCTATGACAT CCCAAAAGGC TCCAACGTTC ATGTGAATGT CTGGGCAGTG GCACGAGACC CGGCAGTGTG GAAGAACCCA   

Gosra1        GACACCATTA ATGCTACCCC ACCGTGCGAA TGCTAACGTC AAAATCGGTG GCTACGACAT CCCGAAGGGA TCAAACGTGC ATGTTAACGT ATGGACGATA GCCCATGATC CGGTTGTGTG GAAAGACCCT   

Gosra2        AACTCCTCTA ATGTTACCCC ATCGTGCCAA TGCAAATGTG AAAATCGGTG GCTACGACAT CCCCAAGGGA TCAAACGTGC ATGTTAACGT ATGGGCAGTA GCCCGAGATC CAGCTGTGTG GAAGGACCCT   

Theca         AACTCCCCTA ATGCTGCCCC ACCGTGCCAA TGCCAATGTT AAAATTGGTG GCTACGACAT CCCCAAGGGA TCAAATGTGC ACGTTAACGT CTGGGCCGTC GCCCGTGATC CGGCTGTGTG GAAGGACCCT   
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Araly3        GACGCCTCTA ATGCTCCCTC ACCGATCTAA CGCAGATGTC AAGATCGGTG GCTATGATAT TCCCAAAGGA TCAAACGTTC ATGTGAATGT TTGGGCTGTG GCTAGAGACC CGGCTGTATG GAAAAATCCA   

Arath3        AACGCCTCTA ATGCTACCTC ACCGAAGCAA CGCAGATGTC AAGATCGGAG GCTATGATAT TCCCAAAGGA TCAAACGTTC ATGTGAATGT GTGGGCTGTG GCTAGAGACC CGGCTGTATG GAAAAATCCA   

Boest3        GACGCCTCTA ATGCTCCCTC ACCGAAGCAA CGCAGACGTC AAGATTGGAG GCTACGACAT TCCCAAAGGA TCAAACGTCC ATGTGAACGT TTGGGCGGTG GCTAGAGACC CTGCCGTATG GAAAGATCCA   

Brara1        AACGCCTCTA ATGCTTCCTC ACAGATCCAA CGCACACGTC AAGATCGGAG GCTACGACAT CCCCAAAGGC TCAAACGTCC ACGTGAACGT CTGGGCGGTG GCTAGAGACC CGGCCGTGTG GAAAAACCCA   

Brara2        AACGCCTCTG ATGCTTCCTC ACCGATCCAA CGCAGACGTC AAGATAGGAG GCTACGACAT TCCCAAAGGA TCTAACGTCC ATGTGAACGT TTGGGCGGTG GCTAGAGACC CATCCGTATG GGAAAACCCA   

Brara3        AACGCCTCTA ATGGTTCCTC ACCGAGCCAG AGCAGACGTC AAGATAGGAG GCTACACCAT TCCAAAAGGT TCAAACGTTC ATGTGAACGT TTGGGCGGTG GGTAGAGACC CGGCCGTATG GAAAGACCCA   

Capgr3        GACGCCTCTA ATGCTCCCTC ACCGTAGCAA CGCAGACGTC AAGATCGGAG GCTACGACAT TCCCAAAGGA TCAAACGTCC ATGTGAATGT TTGGGCGGTG GCTAGAGACC CTGCCGTATG GAAAGATCCA   

Capru2        GACGCCTCTA ATGCTCCCTC ACCGTAGCAA CGCAGACGTC AAGATCGGAG GCTACGACAT TCCCAAAGGA TCAAACGTCC ATGTGAATGT TTGGGCGGTG GCTAGAGACC CCGCCGTATG GAAAGATCCA   

Eutsa1        TACGCCTCTA ATGCTTCCTC ACCGATCCAA CGCAGACGTC AAGATCGGAG GCTACGACAT TCCCAAAGGA TCAAACGTTC ATGTAAACGT TTGGGCGGTG GCTAGAGACC CGGCCGTGTG GAAAAACCCA   

Cucsa1        GACGCCATTG ATGCTGCCAC ACCGATCCAA CGCCAACGTC AAGATCGGCG GATACGACAT CCCCAAAGGC TCAAACGTGC ACGTGAACGT CTGGGCAGTA GCACGTGACC CAGCAGTATG GAAGAACCCG   

Cucsa2        GACGCCATTG ATGCTGCCAC ACCGATCCAA CGCCAACGTC AAGATCGGCG GATACGACAT CCCCAAAGGC TCAAACGTGC ACGTGAACGT CTGGGCAGTA GCACGTGACC CAGCAGTATG GAAGAACCCG   

Frave1        AACCCCATTG ATGCTGCCTC ACAGAGCCAG TGCCAATGTT AAGATTGGTG GCTATGACAT TCCTAAGGGA ACTGCTGTTC ATGTAAACGT CTGGGCCATC GGGCGGGACT CAAATGTGTG GGAAGACCCA   

Frave2        AACGCCATTG ATGCTCCCCC ACCGAGCCAA TGCCAATGTC AAGATCGGCG GCTACGACAT CCCCAAGGGT TCAAACGTAC ATGTGAACGT TTGGGCCGTA GCCCGTGACC CAGCAGCATG GAAAGATCCA   

Glyma1        AACCCCACTA ATGCTCCCAC ACCGTGCCAA TGCCAATGTC AAAGTTGGAG GCTATGATAT TCCAAAAGGG TCCAATGTGC ATGTGAATGT GTGGGCCGTG GCCCGTGACC CGGCAGTGTG GAAGGATCCG   

Glyma2        AACCCCACTA ATGCTCCCAC ACCGTGCCAA TGCCAATGTC AAAGTTGGAG ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Glyma3        AACCCCACTA ATGCTCCCAC ACCGTGCCAA TGCCAATGTC AAAGTTGGAG GCTATGACAT TCCCAAAGGG TCCAATGTGC ATGTGAATGT GTGGGCGGTG GCCCGCGACC CGGCCGTGTG GAAGGATCCA   

Maldo1        AACCCCACTG ATGCTACCCC ACAAGGCAAA TGCCAATGTC AAGATTGGTG GCTATGATGT TCCTAAGGGA ACAATTGTTC ATGTAAATGT TTGGGGAATA GGGCGCGATC CGACACAGTG GTCCGACCCA   

Maldo2        AGCACCACTA ATGCTCCCCC ACCGAGCCAA TGCCGATGTC AAGATTGGTG GCTACGACGT CCCCAAGGGT TCGATCGTTC ATGTCAATAT TTGGGCTATA GCACGTGACC CGGCTGTCTG GAAAAGCCCA   

Maldo3        ---------- ---------- ---------- ---------- --GATTGGTG GCTACGACAT CCCCAAGGGT TCGACTGTTC ATGTTAATGT TTGGGCTATA GCGCGTGATC CCGCTGTCTG GAAAAKCCCA   

Maldo4        AGCACCACTA ATGCTCCCCC ACCGAGCCAA TGCCGATGTC AAGATTGGTG GCTACGACGT CCCCAAGGGT TCGATCGTTC ATGTCAATAT TTGGGCTATA GCACGTGACC CGGCTGTCTG GAAAAGCCCA   

Maldo5        AGCACCACTA ATGCTCCCCC ACCGAGCCAA TGCCGATGTC AAGATTGGTG GCTACGACGT CCCCAAGGGT TCGATCGTTC ATGTCAATAT TTGGGCTATA GCACGTGACC CGGCTGTCTG GAAAAGCCCA   

Maldo6        AGCACCACTA ATGCTCCCCC ACCGAGCCAA TGCCGATGTC AAGATTGGTG GCTACGACGT CCCCAAGGGT TCGATCGTTC ATGTCAATAT TTGGGCTATA GCACGTGACC CGGCTGTCTG GAAAAGCCCA   

Maldo7        AACCCCACTG ATGCTACCCC ACAAGGCAAA TGCCAATGTC AAGATTGGTG GCTATGATGT TCCTAAGGGA ACAATTGTTC ATGTAAATGT TTGGGGAATA GGGCGCGATC CGACACAGTG GTCCGACCCA   

Maldo8        AACACCACTA ATGCTCCCCC ACCGAGCCAA TGCCGATGTC AAGATTGGTG GCTACGACAT CCCCAAGGGT TCGACTGTTC ATGTTAATGT TTGGGCTATA GCGCGTGATC CCGCTGTCTG GAAAAACCCA   

Maldo9        AACACCACTA ATGCTCCCCC ACCGAGCCAA TGCCGATGTC AAGATTGGTG GTTACGACAT CCCCAAGGGT TCGAATGTTC ATGTTAATGT TTGGGCTATA GCGCGTGACC CCGCTGTCTG GAAAAACCCA   

Maldo10       AACACCACTA ATGCTCCCCC ACCGAGCCAA TGCCGATGTC AAGATTGGTG GTTACGACAT CCCCAAGGGT TCGAATGTTC ATGTTAATGT TTGGGCTATA GCGCGTGACC CCGCTGTCTG GAAAAACCCA   

Maldo11       AGCACCACTA ATGCTCCCCC ACCGAGCCAA TGCCGATGTC AAGATTGGTG GCTACGACGT CCCCAAGGGT TCGATCGTTC ATGTCAATAT TTGGGCTATA GCACGTGACC CGGCTGTCTG GAAAAGCCCA   

Maldo12       AACACCACTA ATGCTCCCCC ACCGAGCCAA TGCCAACGTT AACATCGGCG GCTACGACAT CCCCAAGGGT TCGAACGTTC ACGTAAATGT TTGGGCAGTA GCGCGTGACC CAGCGGTTTG GAAAGKCCCA   

Medtr         AACACCATTA ATGCTCCCAC ATCGTGCTAA CACCAATGTC AAAATCGGGG GCTATGATAT TCCCAAAGGG TCAAATGTCC ACGTAAATGT ATGGGCTGTT GCGCGTGATC CAGCTGTTTG GAAAGACGCA   

Phavu         AACACCACTA ATGCTCCCAC ACAGAGCAAA TGCCGATGTA AAAGTTGGAG GGTATGACAT CCCCAAAGGG TCCAATGTGC ATGTGAATGT GTGGGCAGTG GCCCGTGACC CGGCCGTGTG GAAGGAGCCG   

Prupe1        AACTCCACTA ATGCTCCCCC ACCGAGCCAA TTCCCATGTC AAGATCGGTG GCTACGACAT CCCCAAGGGT GCAAGTGTTC ATGTAAACGT CTGGGCCGTA GCGCGTGACC CGGCGGTTTG GAAAGACCCA   

Prupe2        AACTCCTCTA ATGCTCCCCC ACCGAGCTAA TGCCAATGTC AAGATCGGCG GCTACGACAT CCCCAAGGGT GCGAGTGTTC ATGTAAATGT CTGGGCCGTA GCGCGTGACC CCGCTGTTTG GAAAGACCCG   

Prupe3        AACTCCTCTA ATGCTTCCCC ACCGAGCTAA TGCCAATGTC AAGATCGGCG GCTACGACAT CCCCAAGGGT GCGAGTGTTC ACGTAAACGT GTGGGCCGTA GCGCGTGACC CGGCGGTTTG GAAAGACCCG   

Prupe4        AACCCCGTTG ATGCTCCCCC ACCGAGCCAA TGCCAATGTC CAGATCGGTG GCTACGACAT CCCCAAGGGA TCCAACGTTC ACGTGAATGT TTGGGCCGTA GCGCGTGATC CGGAGGTATG GAAAAACCCG   

Prupe5        AACCCCACTA ATGCTACCTC ACAAGGCCAA TGCCAGAGTC AAGATTGGTG GGTATGATAT CCCTAAGGGA ACCACTGTTC ATGTAAATGT TTGGGCCATA GGGCGTGATC CGAAAGCGTG GCCCAACCCG   

Lonja         AACCCCACTA ATGCTGCCCC ACAAGGCCAA CACCAACATC AAGATCGGAG GCTATGATGT CCCCAAGGGG TCCATCGTCC ATGTCAACGT ATGGGCCATA GCCCGTGACC CGGCCACGTG GAAGGAACCC   

Rutgr         AACTCCCCTG ATGCTCCCTC ACCGCGCCAA CGCCAACGTC AAGATAGGTG GCTACGACAT TCCAAAAGGA TCAAACGTTC ACGTTAACGT GTGGGCAGTA GCTAGGGATC CGGCTGTCTG GAAGAACCCC   

Salmi         CACCCCTCTC ATGCTCCCGC ACCGCGCCAA CACCAATGTC GAGATCGGTG GCTACGACAT CCCCAAGGGC TCCAACGTAA ACGTGAACGT GTGGGCTGTA GCACGCGACC CGGCAGTGTG GAAGAACCCG   

Tripr         AACACCATTA ATGCTCCCAC ATCGCGCTAA TGCCAATGTC AAAATCGGTG GCTATGATAT TCCCAAAGGA TCCAATGTCC ATGTAAATGT ATGGGCTGTC GCCCGTGATC CAGCTGTGTG GAAAAACGCA   

 

                      1180       1190       1200       1210       1220       1230       1240       1250       1260       1270       1280       1290       1300                        
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Triae1        CTGGAGTTCC GGCCGGAGCG GTTCCTGGAG GAGAGCATCG ACATCAAGGG CAGCGACTTC AGGGTGCTGC CCTTCGGCGC GGGCCGGAGG GTGTGCCCCG GCGCGCAGCT CGGGATCAAC CTCGTCGCCT   

Triae2        CTGGAGTTCC GGCCGGAGCG GTTCCTGGAG GAGAGCATCG ACATCAAGGG CAGCGACTTC AGGGTGCTGC CCTTCGGCGC CGGCCGGAGG GTGTGCCCCG GCGCGCAGCT CGGGATCAAC CTCGTCGCCT   

Triae3        CTCGAGTTCC GGCCCGAGCG CTTCCTCCAC GACAACATCG ACATCAAGGG GTGCGACTAC CGCGTGCTGC CGTTCGGCGC CGGCCGCCGG GTGTGCCCCG GCGCGCAGCT CGGGATCAAC CTCGTGGCGT   

Cofca1        TTAGAATTCC GGCCGGAGAG GTTCTTGGAA GAGGATGTTG ATATGAAAGG GCATGATTTC CGACTACTTC CATTTGGTGC AGGAAGGAGG GTTTGCCCCG GAGCCCAATT AGGCATCAAT CTGGTAACTT   

Cofca2        CTGGAATTCC GACCTGAGAG ATTCCTGGAG GAAGATGTTG ACATCAAGGG CCACGATTAT CGGCTCCTGC CTTTTGGTGC TGGAAGGAGG ATCTGCCCTG GTGCACAACT TGCACTCAAT CTGGTCACTT   

Nicta1        TTGGAGTTCA GACCGGAGAG GTTCCTTGAG GAAGATGTGG ACATGAAGGG ACATGATTTT AGGCTACTCC CATTTGGTGC AGGTAGAAGA GTATGTCCAG GGGCACAATT GGGTATCAAC TTGGTCACCT   

Nicta2        TTGCAATTCA GACCCGAAAG GTTCATAGAG GAGGATGTTG ACATGAAGGG TCATGATTTT CGACTGTTAC CTTTTGGTGC TGGTAGGCGT ATTTGTCCTG GTACGAATCT TGCCATCAAT TTGGTCACCT   

Nicta3        TTGGAGTTCA GACCAGAGCG CTTCCTTGAG GAAGACGTTG ACATGAAGGG TCACGACTAT CGGTTATTGC CCTTTGGTGC AGGAAGGCGT GTTTGCCCCG GTGCACAACT TGCTATCAAC TTGGTCACAT   

Cynca         TTGGAGTTTC GGCCCGAACG GTTTCTAGAA GAAGATGTGG ACATGAAAGG ACATGATTAC CGACTACTGC CATTTGGTGC CGGAAGGAGA GTGTGCCCGG GTGCACAATT AGGGATCAAT TTGGTGACGT   

Liter         GAGGAATTCA GACCTGAAAG ATTCATGGAG GAAGATATAG ACATGAAAGG CACAGATTAC AGATTGCTAC CATTTGGTGC TGGAAGGAGG ATATGTCCTG GAGCTCAGCT AGCTATTAAC CTGATCACAT   

Solsc         CTGGAGTTCC GGCCGGAGAG GTTCTTGGAG GAGGATGTGG ATATCAAGGG GCATGATTTC CGGCTTCTGC CGTTTGGTGC TGGGAGAAGA GTGTGCCCCG GTGCGCAGCT AGGTATCGAC CTCGCCACTT   

Ociba1        TGTGAGTTTA GGCCGGAGAG ATTCTTGGAA GAGGATGTTG ACATGAAAGG GCACGATTTT CGACTTCTTC CATTTGGTGC GGGAAGAAGA GTGTGCCCAG GTGCCCAACT GGGTATAAAT TTGGTGACAT   

Ociba2        TCTGAGTTTA GGCCGGAGAG ATTCTTGGAA GAGGATGTTG ACATGAAAGG GCACGATTTT CGACTTCTTC CATTTGGTGC GGGAAGAAGA GTGTGCCCGG GTGCCCAACT GGGTATAAAT TTGGTGACAT   

Ambtr1        TTAGAATTCC GACCTGAGAG GTTTCTAGAA GAGGATGTAG ATATCAAGGG CCATGACTTT AGGCTCCTAC CGTTTGGAGC GGGTCGAAGA GTCTGTCCTG GAGCTCAGCT CGGGCTCAAC CTCGTCCAAT   

Ambtr2        ACAGTATTTC GTCCTGAGAG GTTCCTAGAA GATGATGTCG ACATGAAAGG CCAGGACTTT AGGCTCCTGC CATTCGGATC TGGTAGGAGA ATTTGCCCTG GAGCCACATT GGGGACTTAC CTTCTTCAAT   

Musac         CTCGAGTTCC GGCCCGAGCG GTTCCTGGAG GAGGACATCG ACATCAAGGG ACACGACTTC CGGGTGCTAC CGTTCGGCAC CGGCCGCCGG GTCTGCCCCG GGGCGCAGCT GGGCATCAAC CTGGTCACCT   

Spipo         CTGGTTTTCC GGCCGGAGAG GTTCTCCGAG GAGGACGTCA ATGCCAAGGG GCACGACTTC CGGCTGCTTC CCTTCGGCGC CGGGCGGCGG GTCTGCCCGG GGGCGCAGCT GGGGATCAAC ATGGTTCAGT   

Bradi         CTGGAGTTCA GGCCCGAGCG CTTCCTGGAG GAGAGCATCG ACATCAAAGG CAGTGACTTC AGAGTGCTGC CCTTTGGCGC GGGACGGAGG GTGTGCCCCG GTGCGCAGCT TGGGATCAAC CTCGTGGCCT   

Brast         CTGGAGTTCA GGCCCGAACG CTTCCTGGAG GAGAGCATCG ACATCAAGGG CAGTGACTTC AGAGTGCTGC CCTTTGGCGC AGGACGGAGG GTGTGCCCCG GTGCGCAGCT TGGGATCAAC CTCGTGGCCT   

Orysa1        CTGGAGTACA GGCCGGAGCG GTTCATCGAG GAGAACATCG ACATCAAGGG CAGCGACTTC AGGGTGCTCC CCTTCGGCGC CGGCCGCCGC GTGTGCCCCG GCGCCCAGCT CGGCATCAAC CTCGTCGCCT   

Orysa2        CTCGAGTAg- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Panha1        CTGGAGTACA GGCCGGAGCG CTTCCTGGAG GAGAACATCG ACATCAAGGG CAGCGACTTC AGGGTGCTGC CGTTCGGCGC GGGCCGGCGG GTGTGCCCCG GCGCGCAGCT CGGCATCAAC CTCGTGGCCT   

Panha2        CTCGAGTTCC GGCCGGAGCG CTTCCTCCGG GAGAACATCG ACATCAAGGG CGCCGACTTC CGCGTGCTCC CGTTCGGCGC CGGCCGGCGG GTGTGCCCCG GCGCGCAGCT CGGGATCAAC CTCGTGGCGT   

Panvi1        CTCGAGTTCC GGCCGGAGCG CTTCCTCCAG GAGAACATCG ACATCAAGGG CGCCGACTTC CGCGTGCTCC CGTTCGGCGC CGGCCGGCGG GTGTGCCCCG GCGCGCAGCT CGGGATCAAC CTCGTGACGA   

Panvi2        CTGGAGTACA GGCCGGAGCG CTTCCTGGAG GAGAACATCG ACATCAAGGG CAGCGACTTC AGGGTGCTGC CGTTCGGCGC GGGCCGGCGG GTGTGCCCCG GCGCGCAGCT CGGCATCAAC CTCGTGGCCT   

Panvi3        CTGGAGTACA GGCCGGAGCG CTTCCTGGAG GAGAGCATCG ACATCAAGGG CAGCGACTTC AGGGTGCTGC CGTTCGGCGC GGGCCGGCGG GTGTGCCCTG GCGCGCAGCT CGGCATCAAC CTCGTGACCT   

Panvi4        CTCGCGTTCC GGCCGGAGCG CTTCCTCCGG GAGAACATCG ACATCAAGGG CGCCGACTTC CGCGTGCTCC CGTTCGGCGC CGGCCGGCGG GTGTGCCCCG GCGCGCAGCT CGGGATCAAC CTGGTGGCGT   

Setit         CTGGAGTACA GGCCGGAGCG CTTCATGGAG GAGAGCATCG ACATCAAGGG CAGCGACTTC AGGGTGCTGC CGTTCGGCGC CGGCCGGCGG GTGTGCCCCG GCGCGCAGCT TGGCATCAAC CTCGTGGCCT   

Setvi         CTGGAGTACA GGCCGGAGCG CTTCATGGAG GAGAGCATCG ACATCAAGGG CAGCGACTTC AGGGTGCTGC CGTTCGGCGC CGGCCGGCGG GTGTGCCCCG GCGCGCAGCT CGGCATCAAC CTCGTGGCCT   

Sorbi1        CTCGAGTTCC GGCCGGAGCG GTTCCTCCGG GAGAACATCG ACATCAAGGG CGCCGACTTC CGCGTGCTGC CGTTCGGCGC CGGCCGGCGG GTGTGCCCCG GCGCGCAGCT CGGGATCAAC CTCGTGGCGT   

Sorbi2        CTGGAGTACA GGCCGGAGCG CTTCCTGGAG GAGAACATCG ACATCAAGGG CAGCGACTTC AGGGTGTTGC CGTTTGGTGC CGGCCGGCGT GTCTGCCCTG GTGCGCAGCT CGGCATCAAC CTCGTGGCCT   

Zeama1        CTCGAGTTCC GGCCGGAGCG GTTCCTCCGG GAGAACATCG ACATCAAGGG CGCCGACTTC CGCGTGCTGC CGTTCGGCGC CGGCCGCCGG GTGTGCCCCG GCGCGCAGCT CGGGATCAAC CTCGTGGCGT   

Zeama2        CTGGAGTACA GACCGGAGCG CTTCCTGGAG GAGAACATCG ACATCAAGGG CAGCGACTTC AGGGTGCTGC CGTTCGGTGC TGGCCGGCGT GTGTGCCCGG GCGCGCAGCT CGGCATCAAC CTCGTGGCCT   

Aquco1        TTAGAATTCC GCCCTGAAAG ATTCATGGAG GAAGACATTG ACATGAAAGG GCACGATTTC CGGCTATTGC CATTTGGTGC TGGGCGACGT GTTTGCCCAG GAGCACAGTT AGCCATCACT TTAGTGACTT   

Aquco2        TCTGAATTTC GACCTGAACG ATTCATGGAA GAAGACATTG ACATGAAAGG GCATGATTTT CGACTACTAC CATTTGGTGC AGGACGGAGG GTGTGTCCTG GTGCACAGTT AGGAATAAAT TTGGTGACAT   

LKalma2       CTCGAGTTCC GCCCTGAACG GTTCTTGGAA GAGGATGTGG ACATGAAGGG CCATGACTTC AGGCTGCTCC CATTTGGCGC AGGCAGGCGT GTGTGCCCCG GGGCGCAACT GGGGATCAAC TTGGTGACAT   

LKalma4       CTCGAGTTCC GCCCTGAACG GTTCTTGGAA GAGGATGTGG ACATGAAGGG CCATGACTTC AGGCTGCTCC CATTTGGCGC AGGCAGGCGT GTGTGCCCCG GGGCGCAACT GGGGATCAAC TTGGTGACAT   

Mimgu1        CTCGAGTTCA GGCCGGAGAG ATTCCAAGAA GAGGATATAG ATATGAAGGG GACGGATTAC AGGCTGCTTC CGTTTGGTTC CGGAAGGAGA ATATGCCCCG GCGCACAGCT GGCGATTAAT TTGGTCACCT   

Mimgu2        CTCGAGTTCA GGCCCGAGCG GTTCCAGGAA GAGGATATAG ATATTAAGGG GACGGATTAT CGGTTCCTTC CATTTGGTTC CGGAAGGAGA ATATGCCCCG GAGCACAGCT GGCGATTAAT TTGGTGACTT   

Mimgu3        TCGGAATTTA GGCCCGAGAG GTTTATTGAG GAAGATGTTG ATATGAAGGG CCACGATTTT CGACTGCTCC CGTTTGGTGC GGGGAGAAGA GTTTGCCCCG GTGCGCAATT GGGGATTAAT TTGGTGACGT   

Mimgu4        TTGGAATTTA GGCCCGAAAG ATTTATTGAG GAAGATGTTG ATATGAAGGG CCACGATTTT CGACTACTCC CGTTTGGTGC TGGGAGAAGA GTTTGCCCTG GTGCGCAATT GGGAATTAAT TTGGTGACAT   

Mimgu5        TTGGAATTTA GGCCCGAGAG GTTTATTGAG GAAGATGTTG ATATGAAGGG CCATGATTTT CGACTGCTCC CGTTTGGTGC GGGGAGAAGA GTTTGCCCCG GTGCGCAATT GGGGATTAAT TTGGTGACGT   

Mimgu6        ACAGAATTTA GGCCCGAGAG GTACGTTGAG GAGGATGTTG ATATGAAGGG CCACGATTTC CGACTGCTCC CGTTTGGTGC CGGGAGAAGA GTGTGCCCCG GTTCGCAGCT GGGCGTAAAT TTGGTGACAT   

Mimgu7        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Solly1        TTACAATTTA GACCCGAAAG GTTCATTGAA GAGGATATTG ACATGAAGGG ACATGATTTT CGACTTTTAC CTTTTGGTGC TGGTAGACGT ATATGTCCCG GTACAAACCT TGCTATCAAT ATGGTTACTT   

Solly2        TTGGAGTTCA GACCGGAGAG GTTCCTTGAG GAAGACGTGG ACATGAAGGG TCATGATTAT AGGCTACTCC CATTTGGTGC TGGTAGAAGA GTGTGTCCAG GGGCACAATT AGGTATCAAC TTGGTGACCT   

Solly3        TTGCAATTTA GGCCAGAGAG ATTTGTTGAA GAGGATGTTG ACATGAAGGG ACATGACTAT AAGTTATTAC CATTTGGTGC TGGTAGACGT ATATGTCCAG GAATGAACCT TGCAATTAAT TTGGTGACAT   

Solly4        TTGCAATTTA GGCCAGAGAG ATTTGTTGAA GAGGATGTTG ACATGAAGGG ACATGACTAT AAGTTATTAC CATTTGGTGC TGGTAGACGT ATATGTCCAG GAATGAACCT TGCTATCAAT TTGGTGACAT   

Solly5        TTGGAGTTCA GACCAGAACG CTTCCTTGAG GAAGACGTTG ACATGAAGGG ACACGACTAT CGGCTACTAC CATTTGGTGC AGGAAGGCGT GTCTGCCCTG GTGCACAACT TGCTATCAAC TTGGTCACTT   

Soltu1        TTGGAGTTCA GACCAGAGAG GTTCCTCGAG GAAGATGTGG ACATGAAGGG TCATGATTTT AGGCTACTCC CATTTGGTGC TGGTAGAAGA GTGTGTCCAG GGGCACAATT AGGTATCAAC TTGGTGACCT   

Soltu2        TTGGAGTTCA GACCAGAACG CTTCCTTGAG GAAGACGTTG ACATGAAGGG ACACGACTAT CGGCTACTAC CATTTGGTGC AGGAAGGCGT GTTTGCCCTG GTGCACAACT TGCTATCAAC TTGGTCACTT   

Soltu3        TTGCAATTTA GGCCAGAAAG ATTTATAGAA GAAGATGTTG ACATGAAGGG ACATGACTAT AAGTTATTAC CATTTGGTGC TGGTAGACGT ATATGTCCAG GAATGAACCT TGCTGTTAAT TTGGTTACGT   

Soltu4        TTGCAATTTT GGCCAGAAAG ATTTATGGAA GAGGATGTTG ACATGAAGGG ACATGATTAT AAGTTTTTAC CATTTGGTGC TGGTAGACGT ATG------- ---------- ---------- ----------   

Soltu5        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Soltu6        TTGCAATTTA GACCTGAAAG ATTCATTGAA GAGGATATTG ACATGAAGGG GCATGATTTT CGACTTTTAC CTTTTGGTGC TGGTAGACGT ATTTGTCCTG GTACAAATCT AGCTATCAAT ATGGTTACTT   

Soltu7        TTGCAATTTA GACCTGAAAG ATTCATTGAA GAGGATATTG ACATGAAGGG GCATGATTTT CGACTTTTAC CTTTTGGTGC TGGTAGACGT ATTTGTCCTG GTACAAATCT AGCTATCAAT ATGGTTACTT   

Eucgr1        CTCGAGTTCA GGCCCGAGCG GTTCCTCGAG GAAGATGTGG ACATGAAGGG CCACGACTTC AGGCTGCTCC CGTTCGGCGC GGGCAGGCGG ATGTGCCCCG GCGCACAGCT CGGGATCAAC CTGGTCACGT   

Eucgr2        CTCGAGTTCA GGCCCGAGCG GTTCCTCGAG GAAGATGTGG ACATGAAGGG CCACGACTTC AGGCTGCTCC CGTTTGGCGC GGGCAGGCGG GTGTGCCCTG GCGCACAGCT CGGGATCAAC CTGGTCACGT   

Eucgr3        CTCGAGTTCA GGCCCGAGCG GTTCCTCGAG GAAGATGTGG ACATGAAGGG CCACGACTTC AGGCTGCTCC CGTTCGGCGC AGGCAGGAGG GTGTGCCCTG GCGCACAGCT CGGGATCAAC CTGGTCACGT   

Eucgr4        CTGGAGTTCC GGCCCGAGAG GTTCATGAAG GAGGATGTGG ACATGAAGGG CCATGACTTT CGGCTTTTAC CATTCGGAGC GGGGAGACGG GTTTGCCCCG GAGCTCAATT GGGAATAAGC TTGGTGATGT   

Vitvi         GAAGAGTTCC GACCCGAACG GTTCCTGGAG GAGGATGTTG ATATGAAGGG TCATGATTTT AGGCTACTGC CTTTTGGTGC TGGGAGACGT GTGTGCCCAG GTGCACAACT TGGTATCAAT TTGGTTACGT   

Linus1        TTGGAGTTCA AACCTGAGAG GTTCTTGGAG GAGGATGTGG ACATGAAGGG ACACGATTAT CGGCTGCTCC CATTCGGGGC AGGGAGGCGG GTTTGCCCCG GGGCACAACT AGGGATCAAC TTGGTAACGT   

Linus2        TTGGAGTTCA AGCGTGAGTG TTTCGGGGAG GAGGATGTGa ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Linus3        TTGGAGTTCA AACCCGAGAG GTTCCTAGAG GAGGATGTGG ACATGAAGGG ACACGATTAC CGGCTGCTCC CATTCGGGGC AGGGAAGCGG GCTTGCCTCG GGGCACAGCT AGCGATCAAC ATGGTAACGT   

Linus4        TTGGAGTTCA AACCAGAGAG GTTTTTGGAG GAGGATGTGG ACATGAAGGG ACACGATTAC CGGCTGCTCC CATTCGGGGC AGGAAGGCGG GTTTGCCCTG GGGCACAACT AGGGATCAAC TTGGTAACAT   

Manes         GAAGAGTTCC GACCGGAGAG GTTCCTCGAG GAGGATGTTG ACATGAAGGG TCATGATTTC CGGCTGCTTC CATTTGGTGC TGGAAGGAGG GTGTGCCCTG GTGCACAGCT TGGTATCAAT TTGGTCACAT   

Poptr1        TTAGAGTTCC GGCCAGAGAG GTTCCTGGAG GAGGATGTTG ACATGAAGGG TCATGATTTC AGGCTACTTC CATTTGGTGC AGGAAGGAGA GTGTGCCCTG GTGCACAACT TGGTATCAAT TTGGTCACAT   

Poptr2        TTAGAGTTCC GGCCGGAGAG GTTCTTTGAG GAGGATGTCG ACATGAGAGG TCATGATTTC AGGCTACTTC CATTCGGAGC TGGAAGAAGG GTGTGTCCTG GTGCACAGCT TGGTATCAAT CTGGTCACGT   

Poptr3        TTAGAGTTCC GGCCGGAGAG GTTCTTTGAG GAGGATGTCG ACATGAAGGG TCATGATTTC AGGCTACTTC CATTCGGCGC TGGAAGAAGG GTGTGCCCTG GTGCACAGCT TGCCATCAAT CTGGTCACGT   

Ricco1        GAAGAGTTCT GGCCGGAAAG ATTCCTCGAA GAGGATGTCG ACATGAAGGG GCACGATTTC AGATTACTTC CATTTGGTGC TGGGAGGAGG GTGTGCCCCG GTGCACAACT TAGTATCAGT TTGGTCACGT   

Ricco2        GAAGAATTCC GGCCTGAGAG GTTCCTCGAG GAGGACGTTG ACATGAAAGG GCATGATTTT CGTCTGCTAC CATTTGGTGC AGGAAGGAGA ATATGTCCTG GGGCACAGCT TGGTATCAAT TTGGTCACAT   

Ricco3        CTAGAGTTTA AACCTGAAAG ATTCTTGGAG GAAGACGTTG AAATGAAAGG TTATGATTTT CGATTGTTGC CATTTGGTGC AGGGAGGCGT ATGTGCCCTG CTGCCCAGCT TGGTATCAAT TTGGCGACGT   
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Salpu1        TTAGAGTTCC GGCCGGAGAG GTTCCTGGAG GAGGATGTTG ACATGAAGGG TCATGATTTC AGGCTGCTTC CATTTGGTGC TGGAAGGAGA GTGTGCCCTG GTGCACAACT TGGTATCAAT CTGGTCACAT   

Salpu2        TTAGAGTTCC GGCCGGAGAG GTTCCTGGAG GAGGATGTTG ACATGAAGGG TCATGATTTC AGGCTGCTTC CATTTGGTGC TGGAAGGAGA GTGTGCCCTG GTGCACAACT TGGTATCAAT CTGGTCACAT   

Salpu3        TTAGAGTTCC GGCCAGAGAG GTTCTTCGAG GAGGATGTAG ACATGAGGGG ACATGATTTC AGGCTACTTC CATTCGGAGC TGGAAGAAGG GTGTGTCCCG GTGCACAGCT CGGTATCAAT CTAGTCACGT   

Salpu4        TTAGAGTTCC GGCCAGAGAG GTTCTTCGAG GAGGATGTAG ACATGAGGGG ACATGATTTC AGGCTACTTC CATTCGGAGC TGGAAGAAGG GTGTGTCCCG GTGCGCAGCT CGGTATCAAT CTGGTCACCT   

Salpu5        TTAGAGTTCC GGCCAGAGAG GTTCTTCGAG GAGGATGTAG ACATGAGGGG ACATGATTTC AGGCTACTTC CATTCGGAGC TGGAAGAAGG GTGTGTCCCG GTGCACAGCT CGGAATCAAT CTGGTCACGT   

Salpu6        TTAGAGTTCC GGCCAGAGAG GTTCTTCGAG GAGGATGTAG ACATGAGGGG ACATGATTTC AGGCTACTTC CATTCGGAGC TGGAAGAAGG GTGTGTCCCG GTGCACAGCT CGGTATCAAT CTAGTCACGT   

Salpu7        TTAGAGTTCC GGCCAGAGAG GTTCTTCGAG GAGGATGTAG ACATGAGGGG ACATGATTTC AGGCTACTTC CATTCGGAGC TGGAAGAAGG GTGTGTCCCG GTGCACAGCT CGGAATCAAT CTGGTCACGT   

Citsi1        TTAGAGTTTA AGCCTGAAAG GTTCTTACAA AGAGATGTTG ATATCGGGGG TCACGATTTT CGACTGCTAC CATTTGGAGC AGGGAGGCGC ATATGCCCAG CTACGCAGCT TTCTATCAAT TTGGTCACCT   

Citsi2        TTGGAATTTA GGCCTGAGAG GTTCTTAGAG GAGGACATTG ACATGAAAGG ACACGATTAT CGATTGTTAC CATTTGGTTC GGGGAGAAGA ATTTGTCCCG GCATACAACT TGGCATAAAT TTAGTGACCT   

Citcl1        TTGGAATTTA GGCCTGAGAG GTTCTTAGAG GAGGACATTG ACATGAAAGG ACACGATTAT CGATTGTTAC CATTTGGTTC GGGGAGAAGA ATTTGTCCCG GCATACAACT TGGCATAAAT TTAGTGACCT   

Citcl2        TTAGAGTTCC GGCCTGAGCG GTTCTTCGAG GAGGATGTGG ACATGAAAGG CCATGATTTT AGGCTACTAC CATTTGGTGC TGGTAGGAGA GTGTGCCCAG GTGCACAACT TGGTATAAAT TTGGTCACGT   

Citcl3        TTAGAGTTCA AGCCTGAAAG GTTCTTACAA AGAGATGTTG ATATCGGGGG TCACGATTTT CGACTGCTAC CATTTGGAGC AGGGAGGCGC ATATGCCCAG CTACGCAGCT TTCTATCAAT TTGGTCACCT   

Carpa         TTGGAGTTCA GGCCGGAGAG ATTTCTGGAG GAGGATGTAG ACATGAAGGG TCATGATTTC AGGCTGCTGC CATTTGGAGC AGGGAGGAGG GTGTGCCCTG GTGCGCAGCT GGGCATAAAC CTGGTCACCT   

Gosra1        GAATCGTTCC GACCAGAACG ATTCCTTGAA GAGGACGTGG ATATGAAAGG CCATGATTTT CGTTTACTTC CGTTCGGTGC GGGGAGAAGG GTTTGCCCCG GTGCACAACT TGGGATCAAT CTAGTAACAT   

Gosra2        GAAGAGTTCC GGCCAGAACG GTTCCTAGAG GAGGACGTGG ATATGAAGGG TCATGATTTC CGATTGCTTC CATTTGGTGC AGGGAGGAGG GTGTGCCCTG GTGCACAGCT CGGGATCAAC CTGGTGACAT   

Theca         GAAGAGTTCC GGCCCGAGAG ATTCCTGGAG GAGGACGTGG ATATGAAGGG TCATGATTTC CGGCTACTTC CGTTTGGTGC AGGGAGGAGG ATATGCCCCG GTACACAACT TGGGATCAAT CTGGTCACGT   

Araly3        TTAGAGTTTA GACCAGAGAG ATTCTTGGAA GAAGATGTTG ACATGAAGGG TCATGATTTT AGGCTGCTTC CGTTTGGAGC TGGAAGACGG GTTTGTCCCG GTGCACAACT TGGTATCAAT TTGGTGACTT   

Arath3        TTTGAGTTTA GACCAGAGAG ATTCTTGGAA GAAGATGTTG ACATGAAGGG TCATGATTTT AGGCTGCTTC CGTTTGGAGC TGGAAGACGG GTTTGTCCCG GTGCACAACT TGGTATCAAT TTGGTAACTT   

Boest3        TTTGAGTTTA GACCAGAGAG ATTCTTGGAA GAAGATGTTG ACATGAAGGG ACATGACTTT AGGCTGCTTC CGTTTGGAGC AGGACGACGG GTTTGTCCCG GTGCACAACT TGGTATCAAC TTGGTGACTT   

Brara1        TTAGAGTTTA GACCAGAGAG GTTCTTGGAA GAAGATGTTG ACATGAAAGG TCATGATTTT AGGCTGCTTC CGTTCGGAGC AGGAAGAAGG GTTTGTCCCG GTGCACAACT TGGGATTAAC TTGGTGACTT   

Brara2        TTAGAGTTTA GACCAGAGAG GTTCTTGGAA GAAGATGTTG AC-------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Brara3        TTAGAGTTTA GACCAGAGAG GTTCTTGGAG GAAGATGTTG ACATGAAAGG TCATGATTTT AGGCTGCTTC CGTTTGGAGC AGGGAGACGA GTTTGTCCTG GTGCACAACT TGGTATCAGC TTGGTGACTT   

Capgr3        TTGGAGTTTA GACCAGAGAG ATTCTTGGAA GAAGATGTTG ACATGAAGGG ACATGACTTT AGGCTGCTTC CGTTTGGAGC AGGACGACGG GTTTGTCCTG GTGCACAACT TGGTATCAAC TTGGTGACTT   

Capru2        TTGGAGTTTA GACCAGAGAG ATTCTTGGAA GAAGATGTTG ACATGAAGGG ACATGACTTT AGGCTGCTTC CGTTTGGAGC AGGACGACGG GTTTGTCCCG GTGCACAACT TGGTATCAAC TTGGTGACTT   

Eutsa1        TTGGAGTTTA GACCAGAGAG GTTCTTGGAA GAAGATGTTG ACATGAAAGG TCATGATTTT AGGCTGCTTC CGTTTGGAGC AGGAAGACGG GTTTGTCCCG GTGCACAACT TGGTATCAAT TTGGTGACTT   

Cucsa1        GAGGAATTCC GGCCGGAGCG ATTCCTAGAA GAGGATATTG ACATGAAAGG ACACGATCTC CGACTGCTGC CGTTCGGAGC AGGGCGGAGG GTTTGTCCAG GGGCTCAATT GGGGATCAAT TTGGTGACAT   

Cucsa2        GAGGAATTCC GGCCGGAGCG ATTCCTAGAA GAGGATATTG ACATGAAAGG ACACGATCTC CGACTGCTGC CGTTCGGAGC AGGGCGGAGG GTTTGTCCAG GGGCTCAATT GGGGATCAAT TTGGTGACAT   

Frave1        CAGAGTTTCC GACCTGAGAG GTTCATCGAG ---------- --ACAAAGGA GCATGGTTTT GGGTATCTGC CATTTGGTGC AGGAAAGCGT ACGTGCCCAG CAGCACAAGT AGCCACCAAC TTGGTCATAC   

Frave2        CATGAGTTCC GACCCGAAAG GTTCCTAGAG GAGGATGTGG ACATGAAGGG ACATGATTTT AGACTGCTTC CATTTGGAGC GGGACGACGG GTTTGTCCTG GAGCCCAACT TGGTATCAAC TTGGTGGCAT   

Glyma1        TTGGAGTTCC GACCCGAGAG GTTCCTTGAG GAGGATGTGG ACATGAAGGG CCATGACTTT AGGCTACTTC CATTCGGGGC GGGTCGCCGG GTATGCCCGG GTGCCCAACT TGGTATCAAC TTGGTAACAT   

Glyma2        ------TTCC GACCCGAGAG GTTCCTTGA- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Glyma3        TTGGAGTTCC GACCCGAAAG GTTCCTTGAG GAGGATGTAG ACATGAAGGG CCATGACTTT AGGCTACTTC CATTCGGGTC GGGTCGACGA GTATGCCCGG GTGCCCAACT TGGTATCAAC TTGGCAGCAT   

Maldo1        TTCGATTTTC GCCCTGAAAG GTTCATCGAA GAAGACATTG AGACGAAGGG TCACGATTTC CGGCTTCTTC CGTTTGGTGC AGGAAGACGC GCGTGCCCTG CAGCACAGGG AGGCACCACC CTTGTTACAT   

Maldo2        AATGMATTTC GTCCTGAAAG GTTCCTGGAA GAAGACTTTG ACATCAAAGG CCATGACTTC AGACTACTTC CATTTGGATC AGGCAGGCGA GTATGCCCTG GAGCCCAACT CGGTATCAAC TTGGTKGCCT   

Maldo3        AATGAATTTC GACCTGAAAG GTTCCTAGAG GAAGATGTTG ACATGAAAGG CCATGATTTT AGACTACTTC CATTTGGAGC AGGCAGGCGA GTATGTCCCG GAGCTCAACT TGGTATCAAC TTGGTTGCCT   

Maldo4        AATGKATTTC GTCCTGAAAG GTTCCTGGAA GAAGACTTTG ACATCAAAGG CCATGACTTC AGACTACTTC CATTTGGATC AGGCAGGCGA GTATGCCCTG GAGCCCAACT CGGTATCAAC TTGGTMGCCT   

Maldo5        AATGCATTTC GTCCTGAAAG GTTCCTGGAA GAAGACTTTG ACATCAAAGG CCATGACTTC AGACTACTTC CATTTGGATC AGGCAGGCGA GTATGCCCTG GAGCCCAACT C--------- ----------   

Maldo6        AATGMATTTC GTCCTGAAAG GTTCCTGGAA GAAGACTTTG ACATCAAAGG CCATGACTTC AGACTACTTC CATTTGGATC AGGCAGGCGA GTATGCCCTG GAGCCCAACT CGGTATCAAC TTGGTKGCCT   

Maldo7        TTCYATTTTC GCCCTGAAAG GTTCATCGAA GAAGACATTG AGYCGAAGGG TCACGATTTC CGGCTTCTTC CGTTTGGTGC AGGAAGACGC GCGTGCCCMG CAGCACAGGS AGGCACCACC CTTGTTACAT   

Maldo8        AATGAATTTC GACCTGAAAG GTTCCTAGAG GAAGATGTTG ACATGAAAGG CCATGATTTT AGACTACTTC CATTTGGAGC AGGCAGGCGA GTATGTCCCG GAGCTCAACT TGGTATCAAC TTGGTTGCCT   

Maldo9        AATGAGTTTC GACCGGAAAG GTTCTTAGAG GAAGATGTTG ACATGAAAGG CCATGATTTT AGACTACTTC CATTTGGAGC AGGCAGGMGA GTGTGTCCCG GAGCTCAACT TGGTATCAAC TTGGTTACCT   

Maldo10       AATGAGTTTC GACCGGAAAG GTTCTTAGAG GAAGATGTTG ACATGAAAGG CCATGATTTT AGACTACTTC CATTTGGAGC AGGCAGGKGA GTGTGTCCCG GAGCTCAACT TGGTATCAAC TTGGTTACCT   

Maldo11       AATGKATTTC GTCCTGAAAG GTTCCTGGAA GAAGACTTTG ACATCAAAGG CCATGACTTC AGACTACTTC CATTTGGATC AGGCAGGCGA GTATGCCCTG GAGCCCAACT CGGTATCAAC TTGGTMGCCT   

Maldo12       AATGAGTTCC GACCCGAAAG GTTCCTCGAG GAGGATGTGG ARATGAAGGG GCATGATTTT AGACTACTTC CATTTGGAGC GGGAAGGCGA GTATGCCCCG GAGCCCAACT TGGTATCAAC TTGGTGACCT   

Medtr         ACAGAGTTTA GACCCGAGAG GTTTCTTGAG GAGGATGTAG ACATGAAGGG TCATGACTTT AGGCTACTTC CATTTGGAGC AGGTCGTCGA GTATGTCCAG GGGCACAACT TGGGATCAAT ATGGTGACAT   

Phavu         TTGGAGTTCC GACCGGAGAG GTTTCTTGAG GAGGATGTGG ACATGAAAGG CCATGACTAT AGACTGCTTC CATTCGGGGC GGGTCGTCGG GTTTGCCCGG GTGCCCAACT CGGAATAAAC TTAGTGACTT   

Prupe1        CATGAGTTCC GACCAGAAAG GTTCCTAGAG GAGGATGTTG ACATGAAGGG GCATGATTTC AGACTACTTC CGTTTGGAGC CGGCAGGCGA GTATGCCCTG GAGCACAACT TAGTGTGAAT TTGGTAGAGT   

Prupe2        CATGAGTTCC GACCAGAAAG GTTCCTAGAG GAGGATGTTG ACATGAAGGG GCATGATTTC AGACTACTTC CGTTTGGAGC CGGTAGGCGA GTATGCCCGG GAGCACAACT TAGTGTGAAT TTGGTGGTGT   

Prupe3        CATGAGTTCC GACCAGAAAG GTTCCTAGAG GAGGATGTTG ACATGAAGGG GCATGATTTC AGACTACTTC CGTTTGGAGC AGGCAGGCGA GTATGCCCGG GAGCACAACT TAGTGTGAAT TTGGTGGTGT   

Prupe4        TATGAATTCC GGCCCGAGAG GTTCCTTGAG GAGGACGTTG ACATGAAGGG CCATGATTTT AGACTACTTC CGTTTGGGGC GGGTAGGCGG GTATGCCCGG GAGCCCAACT TGGCATCAAC TTGGTGACCT   

Prupe5        GTTGATTTTC GACCCGAAAG GTTCATTGAA GAAGACATTG ATGCAAAGCG TCATAATTTT CAGCTTCTAC CATTTGGTGC AGGAAGGCGT GTGTGCCCAG CAGCACAACT AGGCACCAAT TTGGTCACCT   

Lonja         CTTGAGTTCC GGCCCGAGAG GTTCTTGGAG GATGATGTGG ACATGAAGGG CCACGATTTC AGGCTACTGC CATTCGGCGC TGGGCGCCGA ATCTGTCCTG GTGCCCAGCT GGCGATTAAT TTGGTGACTT   

Rutgr         TTGGAGTTCC GGCCTGAGAG GTATTTCGAG GAGGATGTGG ACATGAAAGG ACATGATTTT AGGTTACTGC CGTTCGGGGC TGGTAGAAGA GTCTGCCCAG GTGCACAGCT TGGAATCAAT TTGGTAACGT   

Salmi         TTGGAGTTCA GGCCGGAGAG GTTCGTGGAG GAAGGTATTG ATATAAAGGG GCATGATTTC CGGGTTCTGC CGTTTGGTGC CGGGAGAAGA GTGTGCCCCG GGGCGCAGCT AGGGATTGAC CTCACCACGT   

Tripr         ACTGAGTTTA GACCCGAGAG GTTTCTTGAG GAGGACGTAG ACATGAAGGG CCATGATTTT AGACTACTGC CATTTGGAGC AGGTCGTCGG GTATGCCCGG GTGCACAACT TGGAATTAAT ATGGTGACAT   
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Triae1        CCATGATCGG GCACATGCTG CACCACTTCG AGTGGTCTCT GCCGGAGGGC GCCAGGCCGG AGGACATCAG CATGATGGAG TCCCCCGGGC TCGTCACCTT CATGGGCACG CCGCTGCAGG CCGTCGCCAC   

Triae2        CCATGATCGG CCACATGCTG CACCACTTCG AGTGGTCTCT GCCGGAGGGC GCCAGGCCGG AGGACATCAG CATGATGGAG TCCCCCGGGC TCGTCACCTT CATGGGCACG CTGCTGCAGG CCGTCGCCAC   

Triae3        CCATGATCGG CCACCTCCTG CACCACTTCA CCTGGGCGCT GCCGGACGGG ACCCGGCCGG AGGACATCGA CATGATGGAG TCCCCCGGGC TCATCACCTT CATGCGCACG CCGCTGCAGG TCGTCGCCAC   

Cofca1        CTATGTTGGG CCATCTCTTG CACCATTTCA ATTGGGCTCC TCCTCATGGA CTTAGCCCAG ATGAGATTGA CATGGGAGAG AGCCCTGGAC TAGTCACCTA CATGAGGACT GCACTGCGGG CCGTGCCCAC   

Cofca2        CTATGCTGGG GCATTTGTTG CACCACTTTA CTTGGTCTCC ACCAACTGGG GTCAGCCCTG AAGAGATTGA CCTGGAAGAG AGCCCTGGAA CAGTTACTTA TATGAGAACC CCTTTGCAAG CTGTTGCAAC   

Nicta1        CTATGTTGGG CCATCTTTTG CACCATTTTC ATTGGGCTCC TTCTAATGGA TTGAGCCCAG AGGAGATTGA TATGGGTGAG AACCCCGGGC TTGTTACCTA CATGAGGACT CCATTACAGG CTGATGCCAC   

Nicta2        CTATGTTAGC TCACTTATTG CACCATTTTA AATGGTCTCC ACCTGCTGGA GTCAAGCTTG AGGACATTGA CATGTTGGAG AGCCCTGGAA CTGTCACTTA CATGCTAACG CCTCTACAAG CTGTGCCTAC   

Nicta3        CTATGTTGGG TCATTTGTTG CATCATTTTA CATGGGCTCC GGCCCCGGGG GTTAACCCGG AGGATATTGA CTTGGAGGAG AGCCCTGGAA CAGTAACTTA CATGAAAAAT CCAATACAAG CTATTCCAAC   

Cynca         CGATGTTGGG TCACCTTGTG CACCACTTTT CCTGGGCTCC GGCTGATGGT TTGAGCCCGG AAGAAATCGA CATGTCGGAA AACCCGGGGC TGGTGACGTA CATGCGAACT CCGCTACAAG CCATCCCCAC   

Liter         CTAGTCTTGG CCATTTATTG CATCAGTTTA CTTGGTCGCC ACAGCCAGGG GTGAAGCCGG AGGAGATTGA CTTATCGGAG AACCCCGGTA CAGTTACATA CATGCGCAAC CCGGTGAAGG CTGTTGTTTC   

Solsc         CGATGATAGG TCACCTTCTG CACCACTTCC GGTGGACTCC TCCGGCTGGA GTGAGGGCGG AGGACATCGA CATGGGGGAG AATCCGGGGA CGGTGACGTA CATGAGGACT CCGGTGGAGG CAGTTCCTAC   

Ociba1        CTATGATAGG ACACCTCTTG CACCACTTCA ACTGGGCTCC TCCCAGTGGA GTGAGCAGCG ACGAGTTGGA CATGGGAGAG AACCCGGGTC TCGTTACCTA TATGAGGACT CCATTGGAGG CAGTGCCTAC   

Ociba2        CTATGATAGG ACACCTCTTG CACCACTTCA ACTGGGCTCC TCCCAGTGGA GTGAGCACCG ACGAGTTGGA CATGGGAGAG AACCCGGGTC TCGTTACCTA TATGAGGACT CCATTGGAAG CGGTGCCTAC   

Ambtr1        CAATGTTAGG GCACTTACTC CACCATTTCA AATGGGCCCC GCCAGATGGT GTGGACCCCT CTAGCATTGA CATGTCGGAA AATCCTGGCC TGGTGACGTA CATGATGcac TCAGTTAAGG CAATAGCCAC   

Ambtr2        TGATGCTAGG CAGGATGTTA CATGGTTTCA GATGGACCAC AATAGATG-- -------CCT CGAGCATCGA TATGTCCGAG GACCCGGGCC TAGTGGCCTT CATGACCACT CCACTGGTGG CTGTGGCCAC   

Musac         CCATGCTCGG CCACCTGCTG CACCACTTCA GCTGGACTCT GCCGGACGGT GTCAAGCCGG AGGACGTCGA CATGACGGAG ACTCCGGGGA TGGTCACCTT CATGCAGACT CCCTTGCGGG TTGTGGCCAC   

Spipo         CGATGCTCGG CCACCTGCTG CACCAGTTCC GGTGGGAGCT GGCGGAGGGA GTCTCGCCGG AGGAGATGGA CATGGTGGAG AGCCCCGGAG TGGTCACCTT CATGAGGACG CCCCTGCGGG CGGTGGCCAC   

Bradi         CCATGATCGG GCACCTCCTG CACCATTTTG AGTGGTCTCT GCCGGAAGGC ACCAGGCCGG AGGACGTCAA CATGATGGAG TCCCCTGGGC TCGTCACGTT CATGGGCACG CCACTGCAGG CCGTTGCCAA   

Brast         CCATGATCGG GCACCTCCTG CACCATTTTG AGTGGTCTCT GCCGGAAGGC ACCAGGCCAG AGGACGTCAA CATGATGGAG TCCCCTGGGC TCGTCACGTT CATGGGCACG CCGCTGCAGG CCGTTGCGAA   

Orysa1        CCATGATCGG GCACCTCCTC CACCAGTTCG AGTGGTCTCT CCCCGAGGGC ACCAGGCCGG AGGACGTCAA CATGATGGAG TCCAACGGCG TCGTCACGTT CATGAGCACG TCGCTGCAGG TCATCGCCAA   

Orysa2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Panha1        CCATGATCGG GCACCTCCTG CACCACTTCG AGTGGTCCCT GCCGAGCGGC ACCAGGCCGG AGGACGTCAA CATGATGGAG TCCGCCGGGC TCGTCACGTT CATGGGCACG CCGCTGCAGG CCGTCGCCAA   

Panha2        CCATGCTCGG GCACATGCTG CACCACTTCA GCTGGTCGCT GCCGGAGGGG ACCCGGCCCG AGGACCTCGA GATGATGGAG ACCCCCGGGC TCGTCACCTT CATGGCCACG CCGCTCAAGG CCGTCGCCAC   

Panvi1        CCATGCTCGG GCACATGCTG CACCACTTCA GCTGGTCGCT GCCGGAGGGG ACCCGGCCCG AGGACGTGGA GATGATGGAG ACCCCAGGGC TCGTCACCTT CATGGCCACG CCGCTCAAGG CCGTCGCCAC   

Panvi2        CCATGATCGG GCACCTCCTG CACCACTTCG AGTGGTCGCT GCCGAGCGGC ACCAGACCGG AGGACGTCAA CATGATGGAA TCCCCCGGGC TCGTCACGTT CATGGGCACT TCGCTGCAGG CCGTCGCCAA   

Panvi3        CCATGATCGG GCACCTCCTG CACCACTTCG AGTGGTCCCT GCCGAGCGGC ACCAGGCCGG AGGACGTCAA CATGATGGAG TCCCCCGGGC TCGTCACGTT CATGGGCACG CCGCTGCAGG CTGTCGCCAA   

Panvi4        CCATGCTCGG GCACATGCTG CACCACTTCA GCTGGTCGCT GCCGGAGGGG ACCCGGCCCG AGGACGTGGA GATGATGGAG ACGCCCGGCC TCGTCACCTT CATGGCCACG CCGCTCAAGG CCGTCGCCAC   

Setit         CCATGATCGG GCACCTGCTG CACCACTTCG AGTGGTCCCT GCCGGAGGGC ACCAGGCCGG AGGACGTCGA CATGATGGAG TCCCCCGGGC TCGTCACGTT CATGGGCACG CCGCTGCAGG CCGTCGCCAG   

Setvi         CCATGATCGG GCACCTGCTG CACCACTTCG AGTGGTCCCT GCCGGAGGGC ACCAGGCCGG AGGACGTCGA CATGATTGAG TCCCCCGGGC TCGTCACGTT CATGGGCACG CCGCTGCAGG CCGTCGCCAG   

Sorbi1        CCATGATCGG CCACATGGTT CACCACTTCA GGTGGACGCT GCCGGAGGGG ACACGGCCCG AGGACGTGAG GATGGTGGAG TCCCCCGGGC TCGTCACCTT CATGGACACG CCGCTGCAGG CCGTCGCCAC   

Sorbi2        CCATGATCGG GCACCTTCTG CACCACTTCG AGTGGTCCCT GCCGGAAGGC ACCAGACCGG AGGACGTCAA CATGATGGAG TCCCCCGGGC TCGTCACGTT CATGGGCACA CCACTACAAG CTGTCGCCAA   

Zeama1        CCATGATCGG CCACATGCTG CACCACTTCA CGTGGACGCT GCCGAGCGGG ACCTGTCCCG AGGACGTGAG CATGATGGAG TCCCCCGGGC TCGTCACCTT CATGGCCACG CCGCTGCAGG CCGTCGCCAC   

Zeama2        CCATGATCGG ACACCTTCTG CATCACTTCG AGTGGTCCCT GCCGGAGGGC ACTAGACCAG AGGACGTCAA CATGATGGAG TCCCCCGGTC TCGTCACGTT CATGGGCACA CCGCTGCAAG CTGTCGTCAA   

Aquco1        CAATGCTGGG ACACCTATTG CACCATTTCA GTTGGACACC TCCTCCTGGG GTAAAACCAG AGGAGATGGA TATGACAGAG AACCCAGGAT TAGTCACTTA CATGCGAACC CCAGTACAAG CCATACCTAC   

Aquco2        CCATGTTGGC TCACCTATTG CACCATTTTG TTTGGAGTCC ATCTGAAGGG GTGAAGGCAG AAGAAATCGA CATGGCAGAG AACCCTGGGT TGGTGACATA CATGAAGACA CCAGTACAAG CTGTGGCAAT   

LKalma2       CCATGCTAGG CCATCTTTTG CACCACTTTA GCTGGAGTCC TCCGGAGGGA GTCAAGACTG AGGAGATCAA TATGTCGGAA AATCCAGGCA TGGTGACGTA CATGAGCTCG CCTTTGCAAG CCGTGCCATC   

LKalma4       CGATGCTAGG CCATCTTTTG CACCACTTTA GCTGGAGTCC TCCGGAGGGA GTCAAGACTG AGGAGATCAA TATGTCGGAG AATCCAGGCA TGGTGACGTA CATGAGCTCG CCTTTGCAAG CCGTGCCATC   

Mimgu1        CGATGTTGGG GCACATGGTG CACCATTTTA CGATGACGCC ACCGGATGGG GTTCGGGTCG AGGATATTGA TATGATGGAG CAAGCCGGTT TGACTACTTA TATGAGAACC CCGGTTCGTA TCGTTCCTAC   

Mimgu2        CGACTTTAGG GCATATGTTG CACCACTTCG AGCTGGCCCC ACCGAATGGA GTTAGGGTTG AAGATATCGA CTTGATGGAA CAACCTGGTA CGGTTACTTA CTTGCGAACT CCGTTGGAAG CCGTGCTTAC   

Mimgu3        CTATGATTGG GCATCTTTTG CATCACTTCG AGTGGGCCCC GCGTGAGGGT ATGCTTGCGG AGGAGATTGA TATGGGTGAG AATCCTGGTC TGGTGACGTA TATGAGGACT CCGTTGGAGG CTGTGGCTAC   

Mimgu4        CTATGATCGG GCATCTTTTG CACCACTTCG AGTGGGCCCC GCATGAGGGT TTGCTTGCGG AGGAGATTGA TATGGGTGAG AATCCTGGTC TAGTGACGTA TATGAGGACT CCGTTCGAGG CTGTGGCTAC   

Mimgu5        CTATGATTGG GCATCTTTTG CACCACTTCG AGTGGGCCCC GCGTGAGGGT GTGCTTGCGG AGGAGATTGA TATGGGTGAG AATCCTGGTC TGGTGACGTA TATGAGGACT CCGTTGGAGG CTGTGGCTAC   

Mimgu6        CGATGATTGG TCATCTTCTG CACCACTTCG AGTGGGCCCC ACCTAAGGGC GTGTCTGGGA AGGAGATCGA TATGGAAGAA ACTCCCGGTT TGGTGACTTA CATGCGGACT CCGTTGGAGG CCGTGGCTAC   

Mimgu7        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Solly1        CTATGTTAGC TCACTTGTTA CACCATTTTG AATGGTCTCC ACCAATTGGA ATCGAGCGCG ATGGCATCGA CATGTTGGAG AGTCCTGGAA CTGTTACTTA TATGCAAACA CCTCTACAAG TTGTTCCTAC   

Solly2        CTATGTTGGG CCATCTATTG CACCATTTTC GTTGGACTCC TTCTAATGGA TTGAGCCCAG AGGAGATTGA TATGGGTGAG AACCCAGGGC TTGTTACCTA CATGAGGACT CCATTACAGG CCGTTGCCAC   

Solly3        CTATGTTAGC ACATTTGTTG CACCATTTTG TTTGGTCACT TCCTAATGGT GTTAAGGTGG AAGATATTGA TATGATGGAG AGTCCTGGCA CAGTAACATA TATGCAAACT CCATTACATG TGGTTCCTAC   

Solly4        CTATGTTAGC TCATTTGTTG CACCATTTTG TTTGGTCACT TCCTAATGGT GTTAAGGTGG AAGATATTGA TATGATGGAG AGTCCTGGCA CAGTAACATA TATGCAAACT CCATTACATG TGGTTCCTAC   

Solly5        CTATGTTGGG TCACTTGTTG CATCATTTTA CGTGGTCTCC GCCCCCAGGT GTCAGCCCCA AGGATATCGA CTTGACGGAG AACCCCGGAA CAGTGACTTA CATGAAAAAT CCAATACAAG CTATTCCTAC   

Soltu1        CTATGTTGGG CCATCTGTTG CACCATTTTC ATTGGACTCC TTCTAATGGA TTGAGCCCAG AGGAGATTGA TATGGGTGAA AACCCTGGAC TTGTTACCTA CATGAGGACT CCATTACAGG CCGTTGCCAC   

Soltu2        CTATGTTGGG TCATTTGTTG CATCATTTTA CATGGTCTCC GCCCCCGGGT GTTAGCCCGG AGGATATCGA CTTGACGGAG AACCCCGGAA CAGTTACTTA CATGAAAAAT CCAATACAAG CTATTCCTAC   

Soltu3        CTATGTTAGC CCATTTGTTG CACCATTTTG TTTGGTCACT GCCTAATGGT GTTAAGGCTG AAGATGTTGA TATGATGGAG AGTCCTGGCA CAGTGACATA CATGCAAACT CCATTACATG TTGTTCCTAC   

Soltu4        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Soltu5        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Soltu6        CTATGTTAGC TCACTTGTTA CACCATTTTG AATGGTCTCC ACCTATTGGA ATTGAGCGCG ATGACATTGA CATGTTGGAG AGTCCTGGAA CTGTTACTTA TATGCAAACA CCTCTACAAG TTGTTCCTAC   

Soltu7        CTATGTTAGC TCACTTGTTA CACCATTTTG AATGGTCTCC ACCTATTGGA ATTGAGCGCG ATGACATTGA CATGTTGGAG AGTCCTGGAA CTGTTACTTA TATGCAAACA CCTCTACAAG TTGTTCCTAC   
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Eucgr1        CCATGCTGGG CCACCTGCTG CACCATTTCG TCTGGACTCC GCCGCAAGGG ACAAAGCCAG AGGAGATCGA CATGTCCGAG AACCCCGGGC TGGTCACGTA CATGTCGACG CCTGTGCAAG CCGTGGCCAC   

Eucgr2        CCATGCTGGG CCATCTGCTG CACCATTTCG TCTGGACTCC ACCGCAAGGG ACAAAGCCGG AGGAGATCGA CATGTCCGAG AACCCTGGGC TGGTCATGTA CATGTCGACG CCTGTGCAAT CCGTGGCCAC   

Eucgr3        CCATGCTGGG CCACCTGCTG CACCACTTCG TCTGGACTCC GCCGCAAGGG ACAAAGCCGG AGGAGATCGA CATGTCCGAG AACCCCGGGC TGGTCACGTA CATGTCGACG CCTGTGCAAG CCGTGGCCAC   

Eucgr4        CGATGTTGGG CCATCTCCTG CACCACTTTT CTTGGGCTCC GACCATCGGG GTGAGGCCCG AGGAGATCGA CATGGGCGAG AACCCGGGAC TGGTTGCATT CATGAGGACT CCTCTTGAAG CCGTTCCTAC   

Vitvi         CAATGTTGGG TCACCTACTG CACCATTTTA ACTGGGCTCC ACCCGAGGGG GTTAACCCAG AGGATCTGGA CATGTCGGAG AACCCTGGAT TGGTCAGTTA CATGAGGACT CCGCTACAGG CTATTCCTAC   

Linus1        CTATGTTGGG ACACTTGCTG CACCATTTCC AATGGAGTCC GCCAGAAGGT GTGAAGGCAG AGGAGATTGA CATGTCGGAG AACCCGGGGC TGGTGACTTA CATGCGAACG CCATTGCAGG CTGTGGCTAC   

Linus2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Linus3        CTATGTTGGG ACACTTGTTG CACCATTTCC AATGGAGTCC ACCGGAAGGT GTGAAGCTGG AGGAGATCGA CATGTCGGAG AACCTGGGGC TGGTGACTTA CATGCGGACG CCATTGCTGG CCGTGGATAC   

Linus4        CTATGTTGGG ACACTTGCTG CACCATTTCC AATGGAGTCC GCCGGAAGGT GTGAAGCCGG AGGAGATCGA CATGTCGGAG AACCCGGGAC TGGTGACTTA CATGCGGACG CCATTGCAGG CTGTGGCTAC   

Manes         CTATGTTAGG TCACTTGTTG CACCATTTTC GTTGGACACC AGCTGATGGC GTGAAGCCAG AGGAAATTGA TATGTCAGAA AATCCAGGAT TGGTCACATA CATGAGAACC CCATTACAAG CTGTGGCCAC   

Poptr1        CCATGCTGGG TCACTTGCTG CACCATTTTT GTTGGACCCC TCCTGAAGGA ATGAAGCCAG AGGAAATTGA CATGTCGGAA AATCCTGGGC TTGTCACTTA CATGAGGACT CCATTACAAG CAGTGGCCAC   

Poptr2        CTATAATCGG TCATCTGCTT CACCATTTTC ATTGGACCAC CCCTGATGGT GTCAAGCCAG AGGAAATTGA CATGTCAGAA AGACCTGGAC TTGTCACTTA TATGATGACC CCATTACAAG CAGTGGCCAC   

Poptr3        CTATGATCGG TCATCTGCTC CACCATTTTC ATTGGACCAC CCCTGATGGT GTCAAGCCGG AGGAAATTGA CATGTCAGAA AGACCTGGAA TTGTCACTTA TATGATGACC CCACTACAAG CAGTGGCCAC   

Ricco1        CTATGTTAGG TCACTTATTG CACCATTTTC ATTGGACACT TCCCAGTGGA GTGAAGGCAG AGGACATTGA CATGTCCGAA AGTCCTGGAC GAGTCACCTA CATGCGAACT CCATTACAAG CAGTTGCCAC   

Ricco2        CTATGTTGGG TCACTTGTTG CACCATTTTC GTTGGACACC ACCTGAGGGT GTTAAGCCAG AGGAAATCGA CATGTCAGAA AATCCTGGAT TGGTCACCTA CATGCGGACT CCATTACAGG CAGTGGCCAC   

Ricco3        CCATGATTGG TCATTTGTTG CATCATTTCA ACTGGAGCTT GCCTGATGCC GTAGTGCCTG AAGAGATCGA CTTATCCGCG ATACCAGGAT CACCAAGTTT CTTAAAAACC CCACTACAAG TAGTGCCTAC   

Salpu1        CTATGCTGGG TCACTTGCTG CACCATTTTT GCTGGACCCC TCCTGAAGGT GTGAAGCCAG AGGAAATTGA CATGTCAGAA AATCCTGGAC TGGTCACTTA CATGAGGACT CCATTACAAG CAGTGGCCGC   

Salpu2        CTATGCTGGG TCACTTGCTG CACCATTTTT GCTGGACCCC TCCTGAAGGT GTGAAGCCAG AGGAAATTGA CATGTCAGAA AATCCTGGAC TGGTCACTTA CATGAGGACT CCATTACAAG CAGTGGCCGC   

Salpu3        CTATGATCGG TCATCTTCTT CACCATTTTC ATTGGACCAC CCCTGATGGT GTCGAGCCTG AGGAAATTGA CATGTCAGAA ACACCTGGAC TTGTCACTTA CATGATGACT CCATTACAAG CAGTGGCTAC   

Salpu4        CAATAATCGG TCATCTTCTT CACCATTTTC ATTGGACCAC CCCTGATGGT GTCGAGCCTG AGGATATTGA CATGTCAGAA ACACCTGGAC TTGTCACTTA CATGATGACT CCATTACAAG CAGTGGCTAC   

Salpu5        CTATGATCGG TCATCTGCTT CACCATTTTC ATTGGACAAC CCCTGATGGT GTCGAGCCCG AGGAAATTGA CATGTCAGAA AGACCTGGAG TTGTCACTTA CATGATGACT CCACTACAAG CAGAGGCTAC   

Salpu6        CTATGATCGG TCATCTTCTT CACCATTTTC ATTGGACCAC CCCTGATGGT GTCGAGCCTG AGGAAATTGA CATGTCAGAA ACACCTGGAC TTGTCACTTA CATGATGACT CCATTGCAAG CAGTGGCTAC   

Salpu7        CTATGATCGG TCATCTGCTT CACCATTTTC ATTGGACAAC CCCTGATGGT GTCGAGCCCG AGGAAATTGA CATGTCAGAA AGACCTGGAG TTGTCACTTA CATGATGACT CCACTACAAG CAGAGGCTAC   

Citsi1        TGATGCTTGG TCAATTATTG CATCATTTTG AATGGACTCC GCCTCTGGGG GTCCGGTCGG AGGAGATTGA CATGACGGAT AGCCCGGGAT TGGTCAATTA TATGCGAACC CCGTTACAAA TTGTTCCCAC   

Citsi2        CGATGTTGGG TCATCTTTTG CACCATTTTT GGTGGGCACC GGCTAAAGGA GTGAAGCCTG AGGAAATTGA TATGGCCGGG AACCCTGGAC AGGTCACGTA CATGACCACA CCCCTTGAGG TTGTGGCTAC   

Citcl1        CGATGTTGGG TCATCTTTTG CACCATTTTT GGTGGGCACC GGCTAAAGGA GTGAAGCCTG AGGAAATTGA TATGGCCGGG AACCCTGGAC AGGTCACGTA CATGACCACA CCCCTTGAGG TTGTGGCTAC   

Citcl2        CAATGTTGGG GCATCTATTA CACCATTTTG CTTGGGCGCC ACCAGAGGGA GTGAAGCCAG AGGAAATTGA CATGTCAGAA AATCCTGGAT TGGTTACATA TATGAAGACA CCAGTACAGG CTGTGCCAAC   

Citcl3        TGATGCTTGG TCAATTATTG CATCATTTTG AATGGACTCC GCCTCTGGGG GTCCGGTCGG AGGAGATTGA CATGACGGAT AGCCCGGGAT TGGTCAATTA TATGCGAACC CCGTTACAAA TTGTTCCCAC   

Carpa         CCATGTTGGG TCATTTGTTG CACCATTTCG TCTGGTCTCC GGCCGAGGGT CTGAGCGCAG ATGAGATTGA CATGGCTGAA AACCCTGGAT TGGTTACTTA CATGAGGACG CCTATACAAG CTGTGGCCAC   

Gosra1        CCATGTTGGG TCATTTATTA CACCATTTTT GTTGGACACC ACCTGAGGCA ATGAAGGTTG AGGAAATTGA CATGCTTGAA AATCCTGGTT TGGTTGCTTA CATGAGGACT CCATTGCAGG CAATGGCAAC   

Gosra2        CCATGTTGGG TCACTTGTTG CACCACTTTT GTTGGACAAC AGCGGAGGGA GTGAAGGCTG AGGAAATTGA CTTGCTTGAA AACCCTGGAC TGGTTGCTTA TATGCGGACT CCATTGCAAG CTATTGCCAC   

Theca         CCATGCTGGG TCACCTGTTG CACCATTTTA GCTGGACGCC GGCTGAGGGA GTCAAGCCTG AGGAAATCGA CATGCTTGAA AATCCTGGAA TGGTTGCTTA TATGAGGACT CCATTGCAGG CTATGGCCAC   

Araly3        CGATGATGAG TCATTTGCTT CACCATTTTG TTTGGACACC TCCTCAAGGG ACTAAACCGG AGGATATTGA CATGTCTGAA AACCCTGGAC TCGTAACTTA CATGCGTACC CCTGTTCAAG CCTTTGCAAC   

Arath3        CGATGATGAG TCATTTGCTT CACCATTTTG TTTGGACACC TCCTCAAGGG ACTAAACCGG AGGAGATTGA CATGTCTGAA AACCCTGGAC TCGTTACTTA CATGCGTACC CCTGTGCAAG CGGTTGCAAC   

Boest3        CGATGATGAG TCATTTGCTT CACCATTTTG TTTGGACACC GCCTCAAGGG ACTAAACCGG AAGAGATTGA CATGTCTGAA AACCCTGGAC TCGTTACTTA CATGCGTACC CCTGTTCAAG CCGTTGCAAC   

Brara1        CTATGATGAG TCATTTGCTT CACCATTTCG TTTGGACACC GCCTCAGGGG ACTAAACTAG ATGAGATTGA CATGTCTGAA AACCCTGGAC TCGTTACTTA CATGCGTGTT CCTGTTCAAG CCGTGGCCAC   

Brara2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Brara3        CGATGTTGAG TCATTTGCTT CACCACTTTG TTTGGACACT GCCTCAAGGG ACTAATACAG ATGAGATTGA CATGTCTGGA AACCCTGGAA TAGTTACTTT CATGCGTACT CCTGTTCAAG CCGTTGCCAC   

Capgr3        CGATGATGAG TCATTTGCTT CACCATTTTG TTTGGACACC TCCTCAAGGG ACTAAACCGG AAGAGATTGA CATGTCTGAA AACCCCGGAC TCGTTACTTA CATGCGTACC CCTGTTCAAG CAGTTGCAAC   

Capru2        CGATGATGAG TCATTTGCTT CACCATTTTG TTTGGACACC GCCTCAAGGG ACTAAACCGG AAGAGATTGA TATGTCCGAA AACCCCGGAC TCGTTACTTA CATGCGTACC CCTGTTCAAG CGGTTGCAAC   

Eutsa1        CGATGATGAG TCATTTGCTT CACCATTTCG TTTGGACACC TCCTCAAGGG ATTAAACCGG AGGAGATTGA CATGTCTGAA AACCCTGGAC TTGTTACTTA CATGCGCACC CCTGTTCACG CCGTTGCCAC   

Cucsa1        CGATGTTGGG GCATCTACTT CATCACTTTG AATGGACGGT GGGGCCGGAG AAGAAGAAGG AGGAGATAGA CATGTCAGAG AGCCCTGGAT TGGTGTCATA CATGAAGACG CCGTTGGAGG CTGTGGCGAC   

Cucsa2        CGATGTTGGG GCATCTACTT CATCACTTTG AATGGACGGT GGGGCCGGAG AAGAAGAAGG AGGAGATAGA CATGTCAGAG AGCCCTGGAT TGGTGTCATA CATGAAGACG CCGTTGGAGG CTGTGGCGAC   

Frave1        TGATGTTGGG AAACCTTTTG CATAGCTTTG CTTGGAGCTT GCCCGAAGGC GTCCCGTCAA AGGAGATTGA CATGTCAGAG AGCCCAGGAT TGGTCTGCTA TATGAAGACT CCTCTGATAG CAGTCCCTCA   

Frave2        CCATGTTGGG CCATCTATTG CACCATTTTT GTTGGGCCCC TGCTGAGGGG GTGAATCCAC AAGAGATTGA CATGTCAGAA AATCCAGGGC TTGTGACTTA CATGAGAACC CCGTTGCATG CTCTaaacat   

Glyma1        CCATGTTGGG CCACCTCTTG CACCATTTTT GTTGGACCCC ACCTGAAGGA ATGAAGCCTG AGGAAATTGA CATGGGAGAG AATCCAGGGT TAGTCACATA CATGAGGACT CCAATACAAG CTTTGGCTTC   

Glyma2        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Glyma3        CCATGTTGGG CCACCTCTTG CACCATTTCT GTTGGACCCC ACCTGAAGGA ATGAAGCCTG AGGAAATTGA CATGGGAGAG AATCCAGGGC TAGTCACATA CATGAGGACT CCAATACAAG CTGTGGTTTC   

Maldo1        CAATGCTGGG TCACCTTTTG CATGGCTTTT GTTGGACATT GCCTGAAGGG GTACAGCCCA AGGAGATCGA CATGTCCGAG GGCACAGGTT TGGTGAGCTA CATGCTGATC CCTTTACAGG CGGTCCCTAA   

Maldo2        CCATGTTGGG TCATCTGTTG CACCATTTCA GTTGGGCTCC GCCCSAAGGA GTGAACCCAG AGGAGATTGA CATGTCCGAA AATCCAGGGA CGGTCACTTA CATGGCAACC CCAGTAGAAG TTGTGCCTAC   

Maldo3        CCATGTTGGG TCATCTGTTG CACCATTTCA GTTGGGCTCC TCCTGAAGGG GTGAAACCAG AGGAGATTGA CTTGTCGGAA AATCCAGGGA TAGTCACTTA CATGGCTACC CCGGTACATG TAGTGCCTAC   

Maldo4        CCATGTTGGG TCATCTGTTG CACCATTTCA GTTGGGCTCC GCCCSAAGGA GTGAACCCAG AGGAGATTGA CATGTCCGAA AATCCAGGGA CGGTCACTTA CATGGCAACC CCAGTAGAAG TTGTGCCTAC   

Maldo5        ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

Maldo6        CCATGTTGGG TCATCTGTTG CACCATTTCA GTTGGGCTCC GCCCSAAGGA GTGAACCCAG AGGAGATTGA CATGTCCGAA AATCCAGGGA CGGTCACTTA CATGGCAACC CCAGTAGAAG TTGTGCCTAC   

Maldo7        CAATGCTGGG TRACCTTTTG CATGGCTTTT GTTGGACATT GCCTGAAGGG GTACAGCCCA AGGAGATCGA CATGTCCGAG GGCACAGGTT TGGTGAGCTA CATGCTGATC CCTTTACAGG CGGTCCCTAA   

Maldo8        CCATGTTGGG TCATCTGTTG CACCATTTCA GTTGGGCTCC TCCTGAAGGG GTGAAACCAG AGGAGATTGA CTTGTCGGAA AATCCAGGGA TAGTCACTTA CATGGCTACC CCGGTACATG TAGTGCCTAC   

Maldo9        CCATGYTGGG CCATCTGTTG CACCATTTCA GTTGGGCTCC KCCCGAAGGG GTGAAACCAG AGGAGATTGA CTTGTCAGAA AATCCAGGGA TGGTCACWTA CATGGCAWCC CCAGTSCAAG TCGTGCCTAC   

Maldo10       CCATGRTGGG CCATCTGTTG CACCATTTCA GTTGGGCTCC MCCCGAAGGG GTGAAACCAG AGGAGATTGA CTTGTCAGAA AATCCAGGGA TGGTCACWTA CATGGCAWCC CCAGTSCAAG TCGTGCCTAC   

Maldo11       CCATGTTGGG TCATCTGTTG CACCATTTCA GTTGGGCTCC GCCCSAAGGA GTGAACCCAG AGGAGATTGA CATGTCCGAA AATCCAGGGA CGGTCACTTA CATGGCAACC CCAGTAGAAG TTGTGCCTAC   

Maldo12       CTATGTTGGG CCACCTATTA CACCATTTTA ATTGGACTCC GGCYGAAGGG GCGAAGCCGG AGGAGATTGA CATGTCGGAA AATCCAGGGC TCGTCACATA CATGAGAACC CCGTTACAAG CCGTGCCTAC   

Medtr         CCATGTTGGG TCATCTATTG CACCATTTCT GCTGGGCACC ACCCGAGGGA GTGAACCCAG CGGAGATTGA CATGGCAGAG AACCCTGGAA TGGTTACATA CATGAGGACT CCATTACAGG TTGTGGCCTC   

Phavu         CCATGTTGGG CCACCTTTTG CACCATTTCT GTTGGAGTCC AGGTGAGGGA ATGAAGGGTG AAGATATTGA CATGGGTGAG AGTCCTGGGT TGGTCACATA CATGAGGACA CCACTAAAAG CTGTGGCTTC   

Prupe1        CCATGTTGGG GCATTTATTG CACCATTTCA GTTGGGCTCT AGCTGAAGGA GTTAATTCAA AGGAAGTTGA CATGTCAGAA AATCCAGGGA TTGTCACTTA CATGACAACC CCATTACAAG CCGTGCCTAC   

Prupe2        CCATGTTGGG GCATCTATTG CACCATTTCA GTTGGGCTCC GGCTGAAGGG ATGAATCCAA AGGAGATAGA CATGTCGGAA AATCCAGGGC TTGTGACTTA CATGAGAACC CCATTACAAG CCGTGCCTAC   

Prupe3        CCATGTTGGG GCATCTATTG CACCATTTCA GTTGGGCTCC AGCTGAAGGG ATGAATCCAA AGGAGATTGA CATGTCAGAA AATCCAGGGC TTGTGACTTA CATGAGAACC CCATTACAAG CCGTGCCTAC   

Prupe4        CCATGTTGGG GCATCTACTG CACCATTTCA GTTGGACCCC GGCAGAAGGA GCAAAACCAG AGGAGATTGA CATGTCGGAA AATCCAGGAC TTGTTACTTA CATGAGAACC CCATTACAAG CCGTGCCTAC   

Prupe5        ACATGCTGGG GCAACTTTTG CATAGCTTTT GTTGGACATT GCCTGAAGGG ATCCAGCCCA AGGATATTGA CACGTCAGAG GGCCCAGGAT TGGTAAGCTA TATGCAGACC CCTCTACAAG GGGTCCCAAA   

Lonja         CAATGTTGGG GCACCTTTTG CACCACTTCA CGTGGGCGCC CCCGGCCGGA GTGAGGCCGG AGGAGCTTGA CATGGCAGAG AATCCAGGGA TGGTGACCTA CATGAAGACG CCGTTGCAGG CGGTTCCAAC   

Rutgr         CAATGCTGGG GCATCTACTG CACCATTTTA CTTGGGTGCC ACCACCAGGA GTGGTGCCCG AGGAAATTGA CATGGCTGAA AATCCTGGAT TGGTAACCTA TATGAAGACA CCATTACAGG CTGTGGCAAC   

Salmi         CGATGATAGG CCATCTGCTG CACCACTTCA GCTGGGCTCC TCCAGCCGGA ATGAGAACGG AGGAGATCAA CTTGGACGAG AATCCAGGTA CCGTCACCTA CATGAAGAAT CCGGTGGAGG CGCTTCCGAC   

Tripr         CCATGTTGGG TCATCTGTTG CACCATTTCT GTTGGGCAGC ACCTGAGGGA GTGAATCCTG AGGATATTGA CATGACAGAG AACCCTGGAA TGGTTACATA TATGAGGACG CCCTTACAGG TTGTGGCTTC   
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Triae1        GCCGCGCCTG GATGAGGAGC TGTACAAGAG GGTCCCGGTT GAGATCT  

Triae2        GCCGCGCCTG GATGAGGAGC TCTACAAGAG GGTCCCGGTC GAGATCT  

Triae3        GCCGCGCCTC GAGGAGGAGC TCTACAAGCG GGTGGCCGCC GAGATGT  

Cofca1        ACCAAGATTA CCATCTCATC TATATGAACG TGTGGCTGTG GATATGT  

Cofca2        ACCAAGATTG CCTGCACATT TGTACAATCG TGTGCCAGTA GAGCTGT  

Nicta1        TCCCAGATTG CCAGCGGAGT TGTATAAACG AATTGCAGTG GACATGT  

Nicta2        TCCTAGATTG TCTGCACACT TGTATCAACG TCTTCCTATT TTTATAT  

Nicta3        TCCAAGATTG CCTGCACACT TGTATGGACG TGTGCCAGTG GATATGT  

Cynca         ACCCCGGTTA CCTGCCATGT TGTACAAACG TGTGGCCGTG GATGTGT  

Liter         ACCTCGTTTA GCTGTTCACT TATACAAACG AGTCGAGTCG GACATGT  

Solsc         TCCCAGGTTA CCGGCCGACT TGTATAAGCG TGTGGCTGTG GTGGATA  

Ociba1        TCCTAGATTG CCCTCCGATC TCTACAAGCG TATTGCTGTG GACTTGT  

Ociba2        TCCTAGATTG CCCTCCGATC TCTACAAGCG TATTGCTGTG GACTTGT  

Ambtr1        CCCTAGACTG CCCCCCCACC TGTACACACG TGTGCCCACA CAAATGT  

Ambtr2        CCCAAGGCTG CCTTCTGATT TATACTCATG TCAGTCCATG AAAGTGT  

Musac         GCCGAGGTTG CCGTCCCACC TGTACCTGCG CGTTCCTTCA GAGATAT  

Spipo         GCCCAGGTTG CCCAGCGAGC TCTACAAGCG TGTGCCGGCG GAGATCT  

Bradi         GCCGCGCCTG GAGGAGGAGT TGTACAAAAG AATCCCGTTT GAAATGT  

Brast         GCCGCGCCTG GAGGAGGAGT TGTACAAGAG AATCCCGGTT GAGATGT  

Orysa1        GCCCAGGCTC GACCCGGACC TGTACAAGAG GTTCCCTGTC GAGATGT  

Orysa2        ---------- ---------- ---------- ---------- -------  

Panha1        GCCACGCCTG GACGAGGAGC TGTACAAGAG GGTCCCCGTC GAGATGT  

Panha2        GCCGCGCCTC GGGGAGGAGC TGTACAGGCG CGTGCCGTCC GAGATGT  

Panvi1        GCCGCGCCTC GAGGAGGAGC TGTACAGGCG TGTGCCGTCC GAGATGT  

Panvi2        GCCGCGCCTG GACGAGGAGC TGTACAAGAG GGTCCCCGTC GAGATGT  

Panvi3        GCCGCGCCTG GACGAGGAGC TGTACAAGAG GGTCCCCGTC GAGATGT  

Panvi4        GCCGCGCCTC GAGGAGGAGC TCTACAGGCG TGTGCCGTCC GAGATGT  

Setit         GCCGCGCCTG GACGAGGAGC TGTACAAGAG GGTCCCTGTC GAGATGT  

Setvi         GCCGCGCCTG GACGAGGAGC TGTACAAGAG GGTCCCTGTC GAGATGT  

Sorbi1        GCCGCGCCTG GAGGAGGAGC TGTACCGGCG TGTCCCTTCG GAGATCT  

Sorbi2        GCCGCGCCTG GAGGAGGAGC TGTACAATAG GGTCCCCGTT GAGATGT  

Zeama1        GCCGCGCCTG GAGGAGGAAC TGTACAGGCG TGTCCCTTCG GACGTGT  

Zeama2        GCCGCGCCTG GAGGAGGAGC TGTACAATAG GGTCCCAGTT GAGATGT  

Aquco1        ACGAAGGCTG CCTTCACAGT TATACAAACG TCTGCCAGCA TGA----  

Aquco2        ACCAAGGTTA CCCCCACATT TATATAAACG TGTGGCTGTT GATATGT  

LKalma2       GCCTAGGTTG CCTTCCCATC TGTACAAACG CATCCCTGCA GACATTT  

LKalma4       GCTTAGGTTG CCTTCCCATC TGTACAAACG CATCCCTGCA GATATTT  

Mimgu1        TCCGAGATTG TCTGCTGATT TGTTCAAGCG CGTCGCTGTC GGCAg--  

Mimgu2        GCCGAGGTTG CCTGCTGACC TGTACAAGCG CGTGGCTGTG GGGAATA  

Mimgu3        TCCTCGATTG CCCGAGTTTC TGTACAAACG TGTGGCGGTC GATATGT  



Appendix 

223 

 

Mimgu4        TCCTCGATTG CCCGAGTTTC TATACAAGCG TGTGGCGGTC GATATGT  

Mimgu5        TCCTCGATTA CCCAAGTTTC TGTACAAGCG TGTGGCGGTC GATATGT  

Mimgu6        TCCTCGATTG CCCGAGTTTC TATACAAGCG CACGGCTGCG GACTTGT  

Mimgu7        ---------- ---------- ---------- ---------- -------  

Solly1        TCCTAGGTTG CCTCAACACT TGTATGAACG CAGTCCTATC GTTATAT  

Solly2        TCCCAGATTA CCAGCTGAGT TGTATAAACG AATTGCAGTC GACATGT  

Solly3        TCCTAGGTTA CCTAGAAACC TATATACACA TGTTGAGTga -------  

Solly4        TCCTAGGTTA CCTAGAAACT TATACAACAC ATGTTCAATG AACATGT  

Solly5        TCCAAGATTG CCTGCACACT TGTATAAACG TGTGCCGATG GATATGT  

Soltu1        TCCCAGATTG CCAGCTGAGT TGTATAAACG AATTGCAGTC GACATGT  

Soltu2        TCCAAGATTG CCTGCACACT TGTATAAACG TGTGCCAATG GATATGT  

Soltu3        TCCTAGGTTA CCTATACACT TATACAACAC ATGTTCAATG AACATGT  

Soltu4        ---------- ---------- ---------- ---------- -------  

Soltu5        ---------- ---------- ---------- ---------- -------  

Soltu6        TCCTAGATTG CCTCTACACT TATATGAACG CGGTCCTATC GTTATAT  

Soltu7        TCCTAGATTG CCTCTACACT TATATGAACG CGGTCCTATC GTTATAT  

Eucgr1        GCCTAGGCTA CCCCCCGAAC TGTACAAACG CATGCCGTAT GAAATGT  

Eucgr2        GCCTAGGCTA CCCTCCGAAC TGTACAAACG CGTGCCGTAT GAAATGT  

Eucgr3        GCCTAGGCTA CCCTCCGAAC TGTACAAACG CGTGCCGTAT GAAATGT  

Eucgr4        TCCAAGGTTG GCCGCAGAGT TGTACAAGCG TGTACCTGTG GACATAT  

Vitvi         TTCAAGGTTA CCTGCAAGCT TATACAAAAG GATGGCTGTG GATATTT  

Linus1        TCCTCGGCTG CCGTCTCACT TGTACAAACG TGTAGCCGTC GACATGT  

Linus2        ---------- ---------- ---------- ---------- -------  

Linus3        TCCTCGGCTA CCGTCTCACT TGTACAAACG TGTAGCCGTC GACATGT  

Linus4        TCCCCGGCTG CCGTCTCATT TGTACAAACG TGTAGCCGTC GACATGT  

Manes         ACCTCGGCTG CCTTCAGATT TGTACAAACG AGTGGCTGTA GATATGT  

Poptr1        TCCTCGGTTG CCTTCACATT TGTACAAACG TGTTGCTGTT GATATTT  

Poptr2        TCCTCGCCTG CCTTCACACT TGTACAAACG GATGGCTTCA GATATGT  

Poptr3        TCCTCGCCTG CCTCCACACT TGTACAAGCG GGTGGCTTCA GATATGT  

Ricco1        CCCTCGTCTT CCTTGA---- ---------- ---------- -------  

Ricco2        TCCTCGACTC CCTTCAGAAT TGTACAAACG CGTGGCTGTG GATATGT  

Ricco3        ATTGAGATTG CCAGCCCACT TATACAAACA TGAGAGTTAT GATGc--  

Salpu1        TCCTCGGTTG CCTTCACATT TGTACAAACG TGTTGCTGTT GATATTT  

Salpu2        TCCTCGGTTG CCTTCACATT TGTACAAACG TGTTGCTGTT GATATTT  

Salpu3        TCCACGCCTG CCTCCACACT TGCACAAACG GATGGCTTCA GATATGT  

Salpu4        TCCACGCCTG CCTCCACACT TGCACAAACG GATGGCTTCA GATATGT  

Salpu5        TCCTCGCCTG CCTCCACACT TGCACAAACG GATGGCATCA GATATGT  

Salpu6        TCCACGCCTG CCTCCACACT TGCACAAACG GATGGCTTCA GATATGT  

Salpu7        TCCTCGCCTG CCTCCACACT TGCACAAACG GATGGCATCA GATATGT  

Citsi1        ACCGAGGTTA CCTGCACAAG TGTATGAACG TGTGTGA--- -------  

Citsi2        CCCGCGGTTG GCTGATGGCC TGTACAAACG TGTCCTTGTG GACATGT  

Citcl1        CCCGCGGTTG GCTGATGGCC TGTACAAACG TGTCCTTGTG GACATGT  

Citcl2        TCCTAGGCTG CCTTCGCACT TGTATAAACG TGTGGCCGCT GATATGT  

Citcl3        ACCGAGGTTA CCTGCACAAG TGTATGAACG TGTGTGA--- -------  

Carpa         TCCACGGTTG CCTTCTCATT TGTACAAACG GGTGCCTGCG GATATCT  

Gosra1        TCCTAGGTTG CCTTATCATC TTTACAAACG CATTGCTGTT GATATGT  

Gosra2        TCCTAGGCTG CCTTCTCATC TCTACAAACG TGTGGCCGCG GATATGT  

Theca         TCCTAGGTTG CCTTCCCATC TGTACAAACG TGTGGCTGTG GATGTCT  

Araly3        GCCTCGGTTG CCTTCAGATC TGTACAAAAG GGTGCCTTTT GATATGT  

Arath3        GCCTCGGTTG CCTTCGGATC TGTACAAACG CGTGCCTTAC GATATGT  

Boest3        GCCTCGGTTG CCTTCGGATC TGTACAAACG CGTGCCTTTC GATATGT  

Brara1        GCCTCGGTTG CCTTCTGATC TGTATAAACG TGTGCCTTAT GAAATGT  

Brara2        ---------- ---------- ---------- ---------- -------  

Brara3        GCCTCGGTTG GCTTCGGATC TGTATAAACG TGTGCCTTTT GATATGT  

Capgr3        ACCACGGTTG CCTTCGGACC TGTACAAACG CGTGCCTTAC TATATGT  

Capru2        GCCACGGTTG CCTTCGGACC TGTACAAACG CGTGCCTTAC TATATGT  

Eutsa1        GCCTCGGTTG CCTTCGGATC TGTGTAAACG CGTGCCTTTC GATATGT  

Cucsa1        TCCAAGGCTG ACGAAATTGT TGTACAAACG AGTGGCTGTG GACATGT  

Cucsa2        TCCAAGGCTG ACGAAATTGT TGTACAAACG AGTGGCTGTG GACATGT  

Frave1        ATTGAGATTG CCAGAGCACT CTTACAAGCA TATGCTTTGA -------  

Frave2        ttgTCTGCTG CCTCTTGGTT TCAACAAATt aagtctt--- -------  

Glyma1        TCCTAGGCTC CCCTCACATT TGTACAAACG TGTGCCTGCT GAGATCT  

Glyma2        ---------- ---------- ---------- ---------- -------  

Glyma3        TCCTAGGCTC CCCTCACATT TATACAAACG TGTGCCTGCT GAGATCT  

Maldo1        AGAGAGATTG CCAGCACACT TGTACATGAA TTAG------ -------  

Maldo2        TCCAAGGCTG CCATCACACT TGTACAAGCG TGTGGAGGCG ACTATAA  

Maldo3        TCCGAGGKTC CCTTCACACT TGTACAAGCG TGTGGCCGCG AATATAT  

Maldo4        TCCAAGGCTG CCATCACACT TGTACAAGCG TGTGGAGGCG ACTATAA  

Maldo5        ---------- ---------- ---------- ---------- -------  

Maldo6        TCCAAGGCTG CCATCACACT TGTACAAGCG TGTGGAGGCG ACTATAA  

Maldo7        AGAGAGATTG CCAGCACACT TGTACATGAA TTAG------ -------  

Maldo8        TCCGAGGATC CCTTCACACT TGTACAAGCG TTcttgcaaa attgg--  

Maldo9        TCCGAGGCTC CCTTCACACT TGTACAAGCG AGTGGCSGCG AATATGT  

Maldo10       TCCGAGGCTC CCTTCACACT TGTACAAGCG AGTGGCSGCG AATATGT  

Maldo11       TCCAAGGCTG CCATCACACT TGTACAAGCG TGTGGAGGCG ACTATGT  

Maldo12       TCCTAGGCTG CCATCACAGT TATACAAACG TGTCGCTGCA GATATGT  

Medtr         TCCTAGGCTT CCGTCGGAGT TGTACAAACG TGTGACAGCT GATATCT  

Phavu         TCCTAGGCTC CCTTCACACT TGTACAAACG TCTACCTGCT GAGATTT  

Prupe1        ACCAAGGCTT CCTTCGCACT TGTACAAACG CGTCGCCGCA GAAATCT  

Prupe2        TCCAAGGCTC CCCTCGCATT TGTACAAACG TGTTGCCGCA GATATGT  

Prupe3        TCCAAGGCTC CCCTCGCATT TGTACAAACG TGTTGCCGCA GAAATGT  

Prupe4        TCCAAGGCTT CCATCGCACT TGTACAAACG TGTGGCTGCA GATATGT  

Prupe5        TTTGAGATTG CCACCACACT TGTACAAGCA GTCCCAAGAT TGA----  

Lonja         GCCGAGGTTG CCGTCAAGGT TGTACGCGCG TGTCCCAGTG GATtaCA  

Rutgr         TCCTAGGCTT CCTTCACAAT TGTACAAACG TGTTGCTGCT GATTTGT  

Salmi         GCCAAGACTA GCGCCTCACT TGTACAAGCG CGTTGCTGTC GACACCA  

Tripr         TCCTAGGCTT CCCTCAGAAT TGTACAAACG TGTGCCAGCT GATATCT  
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Les plantes produisent une grande variété de produits naturels pour faire face aux conditions 

environnementales. Les enzymes de la famille CYP98 des cytochromes P450 sont des enzymes 

clés dans la production des composés dérivés de la voie des phénylpropanoïdes. Ces enzymes 

sont impliquées dans l'hydroxylation des esters phénoliques pour la biosynthèse des 

monolignols chez les angiospermes, mais elles sont également impliquées dans la production 

de divers autres composés phénoliques solubles. Nous avons caractérisé des CYP98 

représentatifs des mousses, Lycopodes, fougères, Gymnospermes, Angiospermes basales, 

Monocotylédones et Eudicotylédones et démontré que leur préférence de substrat a changé au 

cours de l'évolution. Un mutant knock-out de CYP98 de mousse a révélé un phénotype sévère 

et que le p-coumaroyl-thréonate est substrat de l’enzyme in vivo. Une duplication des CYP98s 

ne peut être observée que dans le génome des Angiospermes, qui présentent généralement 

une isoforme potentiellement impliquée dans la biosynthèse de la lignine et autres isoformes, 

résultant de duplications indépendantes, dont le spectre de substrats est plus large in vitro. 

 

Plants produce a rich variety of natural products to face environmental constraints. Enzymes of 

the cytochrome P450 CYP98 family are key actors in the production of phenolic bioactive 

compounds. They hydroxylate phenolic esters for lignin biosynthesis in angiosperms, but also 

produce various other bioactive phenolics. We characterized CYP98s from a moss, a lycopod, a 

fern, a conifer, a basal angiosperm, a monocot and from two eudicots. We found that substrate 

preference of the enzymes has changed during evolution of land plants with typical lignin-

related activities only appearing in angiosperms, suggesting that ferns, similar to lycopods, 

produce lignin through an alternative route. A moss CYP98 knock-out mutant revealed 

coumaroyl-threonate as CYP98 substrate in vivo and showed a severe phenotype. Multiple 

CYP98s per species exist only in the angiosperms, where we generally found one isoform 

presumably involved in the biosynthesis of monolignols, and additional isoforms, resulting from 

independent duplications, with a broad range of functions in vitro.  
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