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ABSTRACT 

Macrophomina phaseolina (M. phaseolina) is a soil-borne fungal pathogen that causes 

charcoal rot disease in many plant species. This disease causes many problems to the soy 

industry as no consistently effective control is available. Using Medicago truncatula as a model, 

we study the molecular interactions between the pathogen and its plant host. In a previous 

study, microarray was used to determine expression of M. truncatula genes that were affected 

by the pathogen at different time points after infection. Data analysis showed that some auxin-

related genes were differentially expressed. Auxin is a phytohormone required for normal 

growth and development and recent research is unveiling the molecular mechanisms of its role 

in plant defense. Based on gene expression profiling results, we hypothesize that M. phaseolina 

attacks its hosts by modulating auxin homeostasis. To test this hypothesis, we investigated if 

exogenous auxin application affected the susceptibility of the plant to M. phaseolina. The results 

demonstrated that the auxin imparted a slight resistance to the fungus indicating a potential 

infection strategy of M. phaseolina. To further identify genes that have potential roles in 

regulating auxin homeostasis and may be affected by M. phaseolina infection, we focused on 

the GH3 gene family in M. truncatula. GH3 genes encode enzymes that covert active hormones 

such as jasmonic acid and auxin into inactive amino acid conjugates. Expression of a GH3 gene 

was modulated by M. phaseolina infection according to microarray data. Using real-time 

quantitative PCR (RT-qPCR), we investigated the expression of 7 annotated GH3 genes in 

response to auxin or to M. phaseolina infection. We hope that better understanding of the 

molecular mechanisms involved in the infection process will help us to develop more effective 

management approaches and identify genes that could potentially be used to engineer disease-

resistant plants in the future.  
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CHAPTER 1 

CHARCOAL ROT AND MACROPHOMINA PHASEOLINA 

1.1 The Disease: Charcoal Rot 

The fungus Macrophomina phaseolina (Tassi) Goid (M. phaseolina) causes charcoal rot 

disease in over 500 plant species worldwide, including agronomically important plants such as 

soybean (Glycine max [L.] Merrill), corn (Zea mays L.), sorghum (Sorghum bicolor [L.] Moench), 

and cotton (Gossypium hirsutum L.)[1]. The disease is also a major pathological and economic 

problem in corn, potatoes, beans, cowpeas, and peanuts with losses reaching 48% in corn and 

5-75% in potatoes [2]. Among  the many diseases that plague the soybean industry, charcoal 

rot is among the top ten ones affecting world production of soybean [3]. The United States is the 

leading producer of soybean, producing 2.96 billion bushels in 2009. The estimated soybean 

yield loss attributable to charcoal rot in 2005 was 495,753 tons valued at $117 million [4]. There 

were cases where infection occurred through a seed [5].  

Symptoms of the disease (also known as dry-weather wilt and summer wilt) arise during 

dry and hot conditions when discoloration of the root and death of seedlings is common. The 

disease is generally identified by the appearance of black pin head like structures all over 

leaves, stems and the root. Stunting was observed with the advancement of the disease [6]. 

Charcoal rot affects the collar and the roots as infected portions of the tap-root is thinner than 

healthy parts [7]. Infection that occurs through the root will often have an evident discoloration at 

the soil line and above where the discolored area turns dark brown to black. Microsclerotia often 

develop in the pith of the stem in such numbers that they give an illusion of finely sprinkled 

charcoal on the stem, hence the name of the disease, charcoal rot. An infected seedling may 

exhibit a reddish brown discoloration at the emerging portion of the hypocotyl [8]. In some 

cases, infected seedlings can continue to grow without exhibiting visible symptoms while older 

plants have smaller leaves and seeds, and senesce early [9, 10]. Infected leaves look as if they 
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were being bleached and would later brown. They also look shrunken, crisp, brittle and have a 

tendency to roll inward. It is observed that this form of infection remains confined to the 

diseased leaf which is ultimately shed from the plant [7]. A severe infection can result in 

yellowing and death of leaves that are still attached to the plant [11].   

The severity of the disease increases with higher temperature. High temperatures along 

with low soil moistures double the disease severity [12, 13]. Soil moisture is an important factor 

in the development of the disease. On many occasions, it has been observed that low moisture 

or water stress is a greater factor than high temperatures in the development of charcoal rot [14-

16]. Greenhouse experiments demonstrated that soybean plants grow vigorously without any 

sign of infection in moist soil infested with M. phaseolina, but plants that were grown with low 

water moisture were stunted and showed symptoms of charcoal rot [14]. Charcoal rot symptoms 

were found to be more severe in sandy soil when compared to heavy soil. Low potassium and 

organic matter in sandy soil were correlated with the disease severity [14, 17]. Others have 

found that sandy soil have less water holding capacity, becoming dry more quickly than clay 

soils. There were explanations regarding survival of inoculum in sandy soil as well. The 

mycelium of M. phaseolina survives longer and is able to grow freely in sandy soils but dies 

quickly in heavy soils [18]. 

1.2 The fungus: Macrophomina phaseolina 

1.2.1 Taxonomy, Gross Morphology and Growth Conditions 

Several plant pathogens exist in this world. Fungi are the source of many different plant 

diseases. To date, there are more than 100,000 known fungal species, of which more than 

10,000 species cause plant diseases. In North America alone, 8,000 fungal species cause 

nearly 100,000 diseases and many more diseases caused by such fungi are discovered every 

year [8, 19]. Fungi are the sources of more economic losses than any other disease causing 

microorganisms, amounting in an annual loss of more than $200 billion [20].  
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Macrophomina phaseolina was first observed in 1890 under a different name, 

Rhizoctonia bataticola [21]. The sporulating stage of R. bataticola was observed before the 

nonsporing stage [18]. Tassi was the first to describe the fungus and named it as Macrophoma 

phaseolina [22]. In the next few decades, several species including Macrophoma cajani, M. 

corchori, and M. sesame, which were thought to be related to M. phaseolina, had been 

discovered [23-25]. A comparison made by Ashby later clarified that all of these were identical 

[26]. However, most of the species of Macrophoma were later transferred to other genera such 

as Dothiorella and Botryodiplodia [18].  Macrophoma phaseoli was proposed by Ashby as the 

pycnidial stage of R. bataticola being unaware of Tassi’s earlier observations [26]. The pycnidial 

stage is the reproduction stage of fungi. Twenty years later, Goidanich examined all original 

material of Tassi, and made comparisons with Macrophoma phaseoli, M. corchori, M. cajani, M. 

sesame, Macrophomina philippinensis, Dothiorella cajani and D. phaseoli, and found them to be 

identical with Macrophoma phaseolina. The authenticity of M. phaseolina was reconfirmed and 

the new binomial Macrophomina phaseolina was proposed [22]. The International Code of 

Botanical Nomenclature states that Macrophomina phaseolina is the valid name for the 

pycnidial stage of R. bataticola [18].  

The fungus grows quick in agar culture but its growth in natural soil is considered 

negligible [18]. This is due to the mycelium of M. phaseolina not being able to survive in soil for 

more than 7 days and is very sensitive to soil-borne bacteria and actinomycetes [27-32]. 

Evidence has been compiled suggesting that M. phaseolina is an unfit competitor for 

colonization because of its sensitivity toward other soil microorganisms [18]. Nutrition 

requirements for M. phaseolina growth include carbon where glucose and fructose are a 

preferred source for some isolates while soluble starch remains preferable to other isolates [33-

37].  It is agreed that the optimum temperature for growth of M. phaseolina is between 25°C and 

37°C [18, 38]. The pH conditions that favor the growth of M. phaseolina is wide, but is generally 

preferred to be in the range of 3.6 to 5.0 [18]. It was found that M. phaseolina could grow in the 
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absence of oxygen, in pure nitrogen and in the presence of high carbon dioxide concentrations 

without affecting the linear growth rate of cultures. Exposure to visible light did not appear to 

have any effect on the vegetative growth and sclerotia formation but direct sunlight was deemed 

harmful to the growth of the fungus [18].  

M. phaseolina produces dark, generally black sclerotia. Although, a nonsclerotia 

producing mutant has also been reported [39]. Colonies produced are of various colors ranging 

from white to brown to gray with the mycelium becoming darker with age [18]. Sclerotia are 

black, smooth and of various shapes [40-44].The cell walls of the sclerotia contain melanin-like 

compounds which makes them extremely resistant to chemical and biological degradation under 

normal circumstances[18, 45, 46]. Sclerotia that remain viable have been shown to persist in 

soil for 3 months to 3 years [47]. Sclerotia in infected tea roots were found to be viable after dry 

storage for 4 years [48]. In wet soils however, the microsclerotia do not survive longer than 7-8 

weeks and the mycelia cannot survive longer than 7 days. These sclerotia are produced in plant 

hosts and released into the soil during decomposition of infected plant material [45].  Crop 

residues become the main carrier of sclerotia which preserves the fungus from season to 

season and increases the population of M. phaseolina in the field [14]. Continuous replanting of 

host plant species in the same field year after year will progressively increase the population of 

M. phaseolina in the soil and the severity of the disease with each successive planting season 

[8, 18].  

Many observations have found that M. phaseolina infection can be associated with many 

other pathogens. M. phaseolina is most commonly associated with Fusarium oxysporum. Black 

root rot of pine is a condition observed when both fungus infections are present. The effects of 

the two fungi are additive producing symptoms that are different as well as typical of the 

respective pathogen. However, the more conspicuous symptoms are those caused by M. 

phaseolina [49, 50]. M. phaseolina along with Xanthomonas phaseoli caused severe damage to 

the common bean foliage and seeds than when each was present alone [51]. The severity of 
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the symptoms are often more severe when M. phaseolina is found in addition to the original 

pathogen. 

1.2.2  Infection Strategies of Macrophomina phaseolina 

Plant pathogens can be categorized into groups based on their modes of obtaining 

nutrition. Biotrophic pathogens obtain nutrients from living cells and therefore must maintain 

host viability. This is opposite of necrotrophic pathogens, which actively kill host tissue as they 

colonize and live on the contents of dead or dying cells [52]. Another group named 

hemibiotrophs exhibit both forms of nutrient acquisition transitioning from a biotrophic lifestyle 

early on to necrotrophy at later stages of disease development [46]. Necrotrophs in general 

have wide range of hosts, cause disease by secreting disease agents that include phytotoxins, 

cell wall degrading enzymes (CWDE) and other extracellular enzymes into host tissue both prior 

to and during colonization [53, 54]. In addition, necrotrophs are found to be controlled by 

quantitative resistance genes [55]. Macrophomina phaseolina is considered a necrotrophic 

pathogen [56, 57]. It is noted that M. phaseolina produces pectic enzymes which break down 

pectin as a source of carbon for the pathogen. In addition, exo- and endopolygalacturonase 

(PG) which are essential in early pathogenesis and colonization of host tissues are produced as 

well [18].  When the host is unable to restrain the initial necrosis, the disease will eventually 

cause the death and decay of the entire plant. M. phaseolina infection begins when its sclerotia 

is in contact with plant tissue. Germination is the next step of the process, which is then followed 

by penetration through active mechanisms such as appressoria formation and enzymatic 

degradation or passively through prior infection or wound sites as well as stomates [58]. Tissue 

is decomposed through the use of many lytic enzymes that were employed for initial penetration 

[46]. It was thought that the fungus produces an exotoxin, phaseolinone, which inhibits 

germination and causes seedling wilt, but a study found otherwise [8]. A study found that M. 

phaseolina produces a low-molecular weight phytotoxic metabolite known as (-)-botryodiplodin 

which may be the phytotoxin that facilitates infection [59].  
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The initiation of germination is facilitated by chemotaxis mechanisms involved in sensing 

primarily the amino acid fraction of root exudates. Once the mycelium has reached the host, the 

fungus colonizes the host surface without penetration [60]. The tips of the main hyphae and its 

lateral branches in contact with the root surface swell to form variously shaped appressoria and 

upon contact, the hyphae become attached to the surface [61]. The most common site of 

penetration observed on the roots of soybean seedlings was between the epidermal cells [62]. 

After penetration, it is still unknown if the fungus grows inter- or intracellularly. 

Studies of fungal infection strategies and secondary metabolism at a molecular level are 

important due to the economic damage caused by this pathogen. Much is still unknown about 

the infection strategies of M. phaseolina. M. phaseolina is thought to actively manipulate its host 

cellular machinery and physiological environment throughout the infection process in order to 

suppress defenses and/or aid in disease progression. This is based on the hypothesis that 

some necrotrophs influence host phytohormone levels or employ their own hormone 

biosynthesis and therefore disrupts defense signaling in the host [58, 63]. Due to their defense 

functions, plant hormones are often targeted by many pathogens for manipulation [64-66]. The 

balance and interaction of plant hormones play a pivotal role in the resistance to particular 

pathogens and pests [67]. According to Mobius and Hertweck, many necrotrophic fungi secrete 

plant hormones that may interfere with host developmental and defense responses [68, 69]. For 

example, Botrytis cinerea produces ethylene and abcisic acid that may interfere with host 

response pathways by promoting senescence and cell death [63]. Many different bacterial and 

fungal pathogens manipulate jasmonic acid levels to enhance their virulence [66, 70, 71]. 

Studies have shown that host plant resistance or susceptibility to pathogens can be influenced 

by changes in hormonal homeostasis [72].  

1.3  Efforts to Control the Charcoal Rot Disease  

There are several efforts to control the disease in soybean. Rotation of crops is of little 

benefit because of the vast variety of hosts that the fungus can infect. However, it was proven 
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that the fungus is found in lower densities when soybean is planted in rotation with cotton or 

corn which are both non-hosts [73, 74]. When control of the disease was expanded to tillage, it 

did not have an effect on charcoal rot incidence or severity [75]. Researchers have suggested 

using blends or mixtures of pure lines as a way to control this disease but did not produce any 

significant results [76]. Diphenyl vapors were found to be toxic to M. phaseolina [77]. Methanol 

and n-hexane extracts of three Chenopodium species were found to significantly suppress 

fungal growth, but there was marked variation among the treatments [45]. Javaid later found 

that there were natural antifungal compound in the n-hexane fraction of the methanol extracts of 

Datura metel that was effective against controlling M. phaseolina [56]. The most successful 

strategy for managing this disease was soil fumigation with methyl bromide [78]. It is true that 

controlling soil-borne diseases and pests of agronomically important crops via the use of 

pesticides has been a practice for many years.  However, the use of such chemicals has 

decreased for reasons such as pollution, cost, and side effects to beneficial organisms in the 

soil.  As of now, no fungicides are registered for the management of charcoal rot [45]. 

Like other organisms, M. phaseolina suffers from antagonistic effects of some soil 

bacteria, actinomycetes and fungi. Among them, Aracniotus sp. and Aspergillus aculeatus killed 

M. phaseolina in agar culture discs but did not have the same effect in an in vivo assay [27]. 

The in vivo treatment with either Aracniotus sp. or A. aculeatus increased seed germination 

percentage and decreased post-emergence seedling blight and crown rot but did not impart any 

resistance to M. phaseolina. Vasuveda and Sikka found that the hyphae of Aspergillus niger 

directly parasitized on the hyphae of M. phaseolina which coagulated the protoplasmic contents 

of the hyphal cells and dissolved the cell wall [79]. However, results of the antagonistic effect of 

A. niger has not been confirmed due to conflicting results from further observations [80, 81]. A 

fluorescent Pseudomonas reduced the charcoal rot in peanut by inhibiting growth of the fungus 

[82]. Another potential biological control is Bacillus subtilis BN1 which produces lytic enzymes 

that degrade hyphae and digest the cell wall of M. phaseolina. However, the study was limited 
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to chir-pine (Pinus roxburghii Sarg.) and the effects of BN1 are unknown on agricultural crops 

[83]. A study of 4 fungi, Trichoderma hamatum, T. harzianum, T. polysporum and T. viride 

revealed that these fungi inhibited the growth of M. phaseolina by a small percentage [84]. It is 

inevitable that the best approach to manage the disease is through host resistance. The 

soybean cultivar Hill is by far the least susceptible to the disease but no truly resistant strain is 

available [85]. To explore the possibility of engineering a disease-resistant strain, we 

established a pathosystem using Medicago truncatula (M. truncatula) to study molecular 

interactions between the pathogen, M. phaseolina and its plant hosts. 

 

  

8



CHAPTER 2 

CURRENT FINDINGS BASED ON M. TRUNCATULA-M. PHASEOLINA PATHOSYSTEM 

2.1  Medicago truncatula 

2.1.1 Gross Morphology and Key Attributes 

For the purposes of the experiment, there was a need to utilize a plant model to study 

the interactions between the fungus and its host plant. As the pathogen poses a huge problem 

to soybean, a legume, it became important to choose a model plant that would serve as a 

molecular genetic system for legume biology. Although legumes are considered the second 

most important food source for humans, livestock feed and industrial raw materials, there was a 

lack of good model systems in this category. The ability of legumes to ‘fix’ nitrogen via 

symbiosis has excluded the preferred plant model Arabidopsis thaliana in the selection of a 

model plant. A. thaliana cannot nodulate and would provide no insight on symbiotic nitrogen 

fixation [86]. Advances in Medicago truncatula have caused it to be proposed as model plants 

for studying legume biology. 

M. truncatula (also known as barrel medic, or barrel clover) is a small legume native to 

the Mediteranean region and is cultivated as a forage crop in Australia. It is a low growing plant 

that can have a main axis organized in a rosette or as an elongated axis. Each axis is 

composed of an internode, leaf and an axillary meristem. One of its key attributes is its small 

diploid genome that is almost completely sequenced through the Medicago truncatula 

Sequencing Consortium. Another key attribute that makes M. truncatula a great model plant is 

its comprehensive gene expression atlas which provides a global view of gene expression in all 

major organ systems of the plant with special emphasis on nodule and seed development [86]. 

M. truncatula is self-fertilized with small inflorescences of 1-5 yellow flowers that are 5-8mm 

long and has a rapid reproductive cycle making it an excellent candidate for a model system. M. 

truncatula is a good model plant for research on symbiotic processes as it can be conveniently 
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colonized by model microbial symbionts such as Sinorhizobium meliloti. In addition, the roots of 

M. truncatula are also colonized by beneficial arbuscular mycorrhizal fungi which provide the 

plant with an additional supply of phosphorus in exchange for carbon from the plant. This 

symbiosis with arbuscular mycorrhizal fungus is associated with many additional benefits to the 

plant including the acquisition of other mineral nutrients and resistance to a variety of stresses.  

In Figure 1, it can be observed that M. truncatula is related to many important crop legumes 

such as alfalfa, pea, faba bean, chickpea, lentil, and clover.  

 

Figure 1. A dendrogram depicting the phylogenetic relationship between agronomically 
important crops and M. truncatula [87]. 
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As such, M. truncatula exhibits a high level of gene conservation and similar genetic 

organization with these plants. It is found that genes in M. truncatula share a very high 

sequence identity to their counterparts in alfalfa [88]. Figure 2 demonstrates the degree of 

synteny of eight legume species.  

 

Figure 2. A simple consensus map of synteny between eight legume species where syntenic 
blocks are drawn to scare based on genetic distance [89]. Mt in figure 5 refers to M. truncatula, 
Ms for alfalfa, Lj for L. japonicas, Ps for pea, Ca for chickpea, Vr for mungbean, Pv, for the 
common bean, Gm for soybean whereas the S and L refer to the long and short arms of each 
chromosome in M. truncatula. 
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Nucleotide sequences between M. truncatula and alfalfa are highly conserved and 

demonstrate nearly perfect synteny. Choi et al noted that although the pea genome is much 

larger than that of M. truncatula, the colinearity of the genes is remarkably conserved between 

the two with the biggest difference attributed to interchromosomal rearrangements [90]. In 

addition to macrosynteny, microsynteny which is defined as conserved gene content and order 

over a short stretch of DNA was also found between M. truncatula and soybean. A hybridization 

strategy involving bacterial artificial chromosome (BAC) contigs allowed the researchers to 

determine that 27 of 50 soybean contigs (54%) possess some level of microsynteny with M. 

truncatula [91]. This allows us to transfer genome information found in M. truncatula to these 

crop legumes [92]. Although many resistance mechanisms to pathogens have been found in A. 

thaliana, it is difficult to translate such findings to legumes due to genetic differences between 

them. M. truncatula is a more realistic model among legume crops to identify and isolate genes 

involved in disease response pathways [93]. Many genomic tools were also developed for M. 

truncatula including 250,000 expressed sequence tags (ESTs) in Genbank and an Affymetrix 

GeneChip with approximately 51,000 probe sets for M. truncatula genes.  

2.1.2 Establishment of Pathosystem 

M. truncatula is not particularly susceptible to many plant pathogens but nonetheless 

represents a good model system due to its phylogenetic distance with other legumes. As with 

these other crop legumes, M. truncatula is affected by many plant pathogens such as those 

belonging to the genera Phytophthora, Pythium, Aphanomyces or those in the order 

Dothideomycetes. Prior to my experiment, there was little research done using a model plant to 

study the molecular interactions between M. phaseolina and its plants host.  An inoculation 

procedure was established using M. truncatula. Previous study has shown that M. truncatula is 

a susceptible host to M. phaseolina, and infected plants displayed charcoal rot symptoms [94]. 

One approach we have taken to study host-pathogen interaction at the molecular level is 

to explore changes in host gene expression caused by this pathogen. Using Affymetrix Gene 
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Chip Medicago Genome Array, we analyzed the expression profiles of 50,900 probe sets on the 

chip at several time points after M. phaseolina infection. These time points represent the initial 

entry stage (24 hours-post-inoculation, hpi) and colonization (36, 48 and 72 hpi) stages of the 

infection process.  The 50,900 probe sets on the Affymetrix chip represent probe sets for 32,167 

M. truncatula EST/mRNA-based and chloroplast gene-based genes, as well as 18,733 

predicted genes based M. truncatula IMGAG and phase 2/3 BAC clones. Using 2-fold cutoff 

relative to the control samples, 96 genes were found upregulated at 24hpi, 473 genes at 36hpi, 

and 718 genes at 48hpi. As for downregulation, 36 genes were downregulated at 24hpi, 311 

genes at 36hpi and 173 genes at 48hpi. The genes that were up or downregulated at 72hpi 

were discounted as there were several factors that could have attributed to the differential 

expression of these genes such as cellular processes due to death of the plant rather than the 

effect of the pathogen infection. To better understand the impact of the pathogen on different 

biological processes in the host plant, MAPMAN program was used to group these differentially 

expressed genes into separate metabolic pathways [95]. 

 The microarray study generated results that were consistent with our previous study, 

demonstrating that jasmonic acid (JA) and ethylene (ET) were involved in disease development 

[94, 96]. Interestingly, we also found that genes involved in auxin pathway were differentially 

regulated.  

2.2 Plant Hormone Auxin 

It is a known fact that major plant hormones have some role in plant immune response 

especially salicylic acid (SA), jasmonic acid and ethylene which were the main focus for a long 

time. Jasmonic acid and ethylene have been proven to work together in defense against 

necrotrophs and antagonistically to salicylic acid-mediated defenses. Recently, abscisic acid, 

auxin and gibberellins have emerged as critical factors of host resistance. Published studies are 

abundant with results that are hard to draw concrete conclusions from due to the highly complex 
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nature of interactions between hormone responses and biosynthesis as well as the external and 

endogenous signals that regulate them [46].  

Auxins are plant hormones that are commonly associated with many plant 

developmental processes including embryogenesis, phototropism, gravitropism, root initiation, 

and apical dominance through direct interaction with transport inhibitor response 1 (TIR-1) like 

F-box receptor proteins [97]. Auxin binding to SCFTIR1 leads to enhanced removal of members of 

the AUX/IAA family of transcription factor repressors through the SCF (Skp1-Cullin-F-box) E3-

ubiquitin ligase proteasome pathway which leads to activation of auxin-response genes [98-

100]. Auxin also plays a role in plant defense, but the molecular mechanisms involved are not 

completely understood. In recent years, more and more evidence suggests a direct role of auxin 

signaling and responses in disease resistance and susceptibility to separate pathogen groups 

as well as influencing disease outcome through effects on development [101]. Auxin is 

synthesized in meristematic tissues and transported to target cells through either the vascular 

system or from one cell to another based on a polar auxin transport (PAT) mechanism [102]. 

Active auxin controls various biological processes by either activating or inactivating 

downstream target genes through auxin-responsive transcription factors. The most active form 

of endogenous auxin is indole-3-acetic acid (IAA). The amount of free IAA present in a cell is 

regulated by many processes including IAA biosynthesis, and IAA metabolism [103]. 

 IAA can be synthesized in plants through tryptophan (Trp)-dependent or Trp-

independent pathways. Many genes involved in the Trp-dependent pathway were identified in 

recent years, mostly based on genetics studies. Figure 3 depicts proposed pathways for Trp-

dependent IAA biosynthesis and metabolism.  
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Figure 3. Proposed routes of IAA biosynthesis and metabolism. [102, 104, 105]. The red box 
highlights IAA metabolism. 

 
There are three means by which plants synthesize IAA in the Trp-dependent pathway, 

which includes the indole-3-pyruvate pathway, the indole-3-acetaldoxine pathway and the 

tryptamine pathway (Figure 3). IAA can exist in many modified forms such as glycosyl esters 

and amide-linked conjugates. These IAA conjugates are not active forms of auxin. However, 

they help to maintain IAA homeostasis inside the plant cells by balancing the amount of active 

hormone through conjugation and hydrolysis. Figure 4 further elaborates on the intricacies of 

IAA metabolism and the genes involved. The aux1 mutant is susceptible to Pythium irregulare 

infection and demonstrates compromised Trichoderma-mediated induced systemic resistance 

against B. cinerea [106, 107]. The increase of auxin response through overexpression of TIR1 

auxin receptor made plants more susceptible to Pst DC3000 (P. syringae pv tomato DC3000) 

and, conversely, weakening of auxin signaling through miR393 overexpression imparted 
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resistance to bacteria [108]. This indicates that suppression of auxin signaling is part of a 

bacterial-induced plant immune response [109]. 

 

Figure 4. Detailed potential pathways of IAA metabolism highlighted in Figure 3 [110]. 
 

Several studies demonstrated the role of GH3 genes in controlling the level of free auxin 

in a plant [111]. GH3 genes belong to a multigene family, with many of them involved in 

hormone homeostasis. GH3 proteins are categorized into three groups. Groups I and II are 

involved in the maintenance of JA and IAA homeostasis through conjugation of hormone to 

amino acid [103]. Several GH3 genes encoding IAA-synthetases which help balance auxin 

concentration by converting excess IAA to inactive amino acids conjugates were characterized 

in Arabidopsis and rice [112]. GH3.5 in Arabidopsis acts as a functional modulator in both 

salicylic acid and auxin signaling during a pathogen attack [113]. In addition, overexpression of 

GH3-8 in rice lowered the expression of expansins that are responsible for loosening of cell wall 

(which potentiate pathogen growth), leading to an increased resistance to the rice pathogen 

Xanthomonas oryzae pv. oryzae (Xoo). This resistance was shown to be independent of 
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salicylic acid and jasmonic acid signaling which suggests that the suppression of auxin signaling 

blocks expansin expression and it might be able to lower Xoo infection in rice [114]. However, 

GH3 genes encoded in the M. truncatula genome are not well studied. In contrast to the action 

of GH3 proteins, IAA-conjugate hydrolases can release free IAA by hydrolyzing the conjugate 

forms of IAA (Figure 3 and 4).These proteins are encoded by IAA-conjugate hydrolase genes 

(IAR3, ILL1, ILL2, and ILR1) that were characterized in several plant species, including 

Medicago [115, 116].  

 When auxin is bound to the SCF complex, it leads to the removal of the members of the 

AUX/IAA family of transcription factors (TF) repressors through the SCF 23-ubiquitin ligase 

proteasome pathway. The degradation of AUX/IAA then activates Auxin Response Factors 

(ARFs) and leads to the expression of auxin responsive genes. An experiment using 

Arabidopsis mutants axr1, axr2 and axr6 which are impaired in the auxin signaling pathway 

showed that the mutant plants displayed increased susceptibility to two different necrotrophs, 

Plectosphaerella cucumerina and B. cinerea. These mutants are unable to degrade AUX/IAA 

and activate downstream events such as ARF and auxin response genes due to the defective 

genes [109]. Based on their study, the authors proposed a model to illustrate how auxin 

signaling pathway functions to regulate plant resistance to necrotrophs (Figure 5) [109]. This 

observation suggests that necrotrophs promote disease by actively suppressing auxin-

responses. Arabidopsis G-Protein Beta 1 (AGB1) is required for G-protein-mediated defense 

against necrotrophs and physically interacts with N-MYC Downregulated-Like 1 (NDL1), a 

positive regulator of auxin transport. Transcriptional analysis of the mutant agb1 which exhibited 

increased susceptibility to several fungal necrotrophs demonstrated an increased repression of 

auxin-inducible genes [117-119]. Loss of axr6 upsets JA-responses through the prevention of 

coronatine-insensitive 1 (COI1) association with SCF which is required for ubiquitin-mediated 

degradation of repressors of this pathway. 
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Figure 5. Scheme of auxin signaling function in regulation of resistance to necrotrophic fungus 
[109]. 
 

The molecular processes activated upon M. phaseolina infection are not well 

understood. The microarray data showed that some auxin-related genes were differentially 

expressed after M. phaseolina infection. Based on the functions of these differentially expressed 

genes, we hypothesize that M. phaseolina invades its host by suppressing the auxin pathway. 

To test this hypothesis, exogenous IAA was applied to M. truncatula plants and the plants were 

inoculated with M. phaseolina using both in vitro and in vivo assays. If our hypothesis is correct, 

then IAA-treated plants should show resistance to M. phaseolina. Results for these experiments 

are presented in Chapter 4. 

M. phaseolina infection changed the expression of genes involved in several stages of 

auxin pathway. For example, some GH3 genes, whose products convert active IAA to inactive 

IAA-amino acid conjugate, were up-regulated. Therefore, we reason that one of the 

mechanisms for suppressing host auxin response by M. phaseolina is to affect auxin 
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homeostasis. To investigate this possibility, I studied the expression of M. truncatula GH3 genes 

in response to IAA treatment and M. phaseolina infection. Since GH3 genes in M. truncatula 

genome are not well characterized, we first identified all potential GH3 genes using BLAST with 

homologous sequences of Arabidopsis GH3 genes. RT-qPCR primers were designed and 

tested for 7 potential Medicago GH3 genes, namely MtGH3.1 to MtGH3.7.   
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CHAPTER 3 

MATERIALS AND METHODS 

3.1  Effects of Exogenous Auxin on Host Plant Resistance 

3.1.1  Preparation of fungal inoculum   

The M. phaseolina isolate used in this study was kindly provided by Dr. Nancy Brooker 

(Pittsburg State University, Pittsburg, KS, USA). The fungal inoculum stock was maintained on 

potato dextrose agarose (PDA) (BD DifcoTM Potato Dextrose Agar) plates. The plates were 

usually inoculated with sclerotia or with mycelium obtained from another plate, then incubated in 

the dark for 2-3 days. Agar plugs cutting out from the PDA plates were used to prepare the 

wheat inoculum and the liquid culture.  

To prepare wheat inoculum for in vitro assay, approximately 50g of wheat seed were 

rinsed several times with deionized (DI) water and hydrated by submerging the seeds in DI 

water overnight. The seeds were then placed in an Erlenmeyer flask and autoclaved using a dry 

cycle parameter for 20 minutes in Steris (Amsco) SV-120 Autoclaver Sterilizer. Agar plugs 

around 1cm2 were cut out from the PDA plates and used to inoculate the sterilized wheat seed. 

The fungus was allowed to fully colonize the wheat seed by incubating them in the dark at 27°C 

for 3-4 days. The wheat seeds were occasionally agitated to allow even colonization of the 

wheat seed by the fungus. 

To obtain enough fungal inoculum for the in vivo assay, agar plugs obtained from PDA 

plates were used to inoculate potato dextrose broth (PDB). The beakers containing PDB (BD 

DifcoTM Potato Dextrose Broth) prepared as per manufacturer’s instructions (24g in 1L of 

distilled water followed by autoclaving) were incubated at 27°C for 14 days. The fungal mat that 

grew in the PDB were then collected and dried at room temperature for 24-48 hours. The fungal 

mat was then ground up to obtain sclerotia. 
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3.1.2  Preparation of Plant Material 

M. truncatula ecotype A17 seeds were prepared for germination through scarification by 

concentrated sulfuric acid for 8 minutes, followed by 5 rinses with double-distilled water. The 

seeds were then surface sterilized with 20% bleach with a drop of Tween-20 for 15 minutes 

followed by 3 more rinses with sterilized double-distilled water. The seeds were then placed 

onto the 1% (w/v) agar plates prepared using a half strength Murashige and Skoog (MS) Basal 

Salt Media (Sigma) solution supplemented with 1% (w/v) sucrose. This solution is adjusted to 

pH 5.7 with 1 N potassium hydroxide (KOH). Seeds were allowed to germinate on the agar 

plates in the dark for 3 days.  

3.1.3  In vitro Assay 

Plants used in in vitro assay were grown in Magenta boxes containing half strength MS 

media with 1% sucrose and 0.2% phytagel (Sigma)(pH5.7). The media were poured into 

Magenta® GA-7 culture vessels and autoclaved as per manufacturer’s instructions. When the 

Magenta culture vessels were cooled to about 50-60°C, IAA were added to obtain final 

concentrations of 50nM and 5nM of IAA supplemented media respectively. Magenta culture 

vessels for IAA treatment control did not contain any IAA. 3-day-old seedlings were transplanted 

to Magenta culture vessels and allowed to grow in growth chambers (27°C, 12-h photoperiod, 

44% of relative humidity [RH], photon flux density 150-200 µmol m-2 s-1) for 14 days before 

inoculation.  

Plants for the in vitro assay were inoculated using a single wheat seed that has been 

colonized by the fungus. Control plants were inoculated using a single sterilized wheat seed. 

Plants were monitored from 1dpi till death of plant using digital imaging.  

3.1.4  In vivo assay 

Three-day-old seedlings for the in vivo assay were transplanted to plastic pots filled with 

wet sterilized soil and grown in the growth chambers (conditions as described above) for 4 

weeks before inoculation. At 4-weeks-old, the plants were inoculated by submerging the plant 
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roots in M. phaseolina sclerotia suspension and re-potted. This sclerotia suspension was 

prepared by using 1g of sclerotia in 10ml of 0.015% agarose solution.  The low percentage of 

agarose helps to evenly suspend the sclerotia and also keeps the sclerotia sticking onto plant 

roots. The IAA treatment involves dipping the plants in a sclerotia suspension containing IAA at 

0µM, 10µM and 100µM concentrations. Plants for in vivo assays were monitored from 1dpi till 

death of plants using digital imaging. 

3.2  GH3 Gene Expression Analysis 

3.2.1 GH3 Gene Family Primer Specificity Confirmation 

The GH3 genes used in this study were based on the annotation from a previous study. 

Primers designed for these genes are listed in Table 1.  

TABLE 1. GH3 Gene Family Primer Sequences and Expected Product Size 

Gene Primer Sequence (5’ – 3’) Expected Product 
Size (Base Pairs) 

GH3.1 forward 
GH3.1 reverse 

gggccattggaaattaaggt 
atgaccaggaacccaatgtg 195  

GH3.2 forward 
GH3.2 reverse 

actacgcaagggaagccaaa 
atggattgcgaaacacgttg 211 

GH3.3 forward 
GH3.3 reverse 

aagtgggttagtggcacgtc 
aggccacaaagcatctgagt 159 

GH3.4 forward 
GH3.4 reverse 

cccaaatgaagccatctcat 
tgggcccaattaagttgaag 156 

GH3.5 forward 
GH3.5 reverse 

tgaattcacaagccatgtcg 
ggagttctaaggccccgata 188 

GH3.6 forward 
GH3.6 reverse 

tcgacaaggtcgtgtttcag 
gctccaccataggtgcaaat 161 

GH3.7 forward 
GH3.7 reverse 

gggactcactgaggtgaagg 
cgatgttaacgctcagcaaa 170 

 

Polymerase chain reaction (PCR) using cDNA prepared with RNA isolated from M. 

truncatula root was performed for each GH3 genes with its gene-specific primers. Gel 
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electrophoresis was used to analyze the fragments amplified by loading 5μl of the PCR reaction 

on a 1% agarose gel. The gel was run at 100V for 65 minutes to allow for separation of the 

fragments. The gel was imaged and analyzed to ensure that amplicons of expected sizes were 

obtained. PCR products were cloned into pGEM-T Easy vector and followed by sequencing to 

confirm the amplicon sequences. . To clone the amplicon, a ligation reaction was set up using 

3μl of the PCR reaction, 1μl T4 DNA Ligase, 0.5μl pGem®-T Easy Vector (Promega), 5μl 2X 

Rapid Ligation Buffer, and 0.5μl double distilled water. The ligation reaction was incubated 

overnight at 16°C and was used for transformation the following day. JM-109 competent cells 

(Promega) were used for transformation. The competent cells were thawed on ice and 3-5μl 

(depending on DNA concentration) of the ligation reaction was added to 20μl of competent cells. 

The tube was flicked gently to mix contents. The tube was then incubated on ice for 30 minutes. 

The tube was heat pulsed in a 42°C water bath for exactly 42 seconds. The tubes were then put 

back on ice for 2 minutes. 900μl of SOC medium (0.5% Yeast Extract, 2% Tryptone, 10 mM 

NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM Glucose [added after sterilization]) 

was then added to the tube. The tube was incubated with slight shaking at 37°C for an hour. 

After the incubation period, 300μl of transformed cells were spread onto the LB (Luria Broth, 

Miller) plate supplemented with 0.01% Ampicillin (Amp). LB/Amp 1.5% agar plates were 

prepared with LB Broth, Miller (Fisher Scientific) as per manufacturer’s instructions. The 

LB/Amp plates were spread with 100μl of 100mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

and 40μl of 25mg/ml X-GAL an hour prior to plating the transformed cells. The plate was 

inverted and incubated at 37°C overnight. Colony PCR was performed to select white colonies 

that were transformed with plasmids containing the cloned PCR fragment. Colony PCR was set 

up as 10 μl reaction using 0.5μl each of Universal forward and Reverse primers (10μM each), 

1μl 10X PCR buffer, 1μl dNTP (2mM each), 1 unit Taq DNA Polymerase, and 6μl of double 

distilled water. A small amount of colony was added to each tube containing the PCR reaction 

by touching a 0.1-10µl pipette tip attached to a pipette to the colony and pipetting up and down 
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in the PCR tube. The thermal cycler conditions for the colony PCR were as follows: 1) initial 

denaturation for 3 minutes at 90°C, 2) 30 cycles of 30 seconds at 90°C for denaturation, 30 

seconds at 57°C for annealing, 1 minute of extension at 72°C,  and 3) final elongation for 5 

minutes at 72°C.  

Colonies that were confirmed using colony PCR were then cultured overnight in liquid 

LB/Amp medium at 37°C with vigorous shaking. The liquid culture was then subjected to 

plasmid preparation as per manufacturer’s instructions using QIAprep® Spin Miniprep Kit 

(Qiagen) the following day. The plasmid DNA was then digested using the restriction enzyme 

EcoRI (New England Biolabs) to confirm the size of the cloned fragment. A 10μl reaction was 

set up using 1μl 10X EcoRI buffer, 0.5μl EcoRI, 7.5μl double distilled water and 1μl plasmid 

DNA. The reaction was incubated at 37°C for 2 hours and analyzed by running 5μl of the 

digestion reaction through gel electrophoresis. Samples confirmed to contain inserts were then 

sent for sequencing at University of California-Berkeley. Sequencing samples included 2μl 

plasmid DNA, 1μl Universal primer (3.2 pmol/μl) and 10μl of double distilled water. After 

obtaining the sequencing results the sequences were first analyzed to identify and remove the 

vector sequence flanking the insert. The insert sequence was then used as a query in Basic 

Local Alignment Search Tool 2 Sequences (BLAST2) using the BLASTN program with the 

expected product sequence as the subject. Default settings were used in all other fields.  

3.2.2  RNA Isolation 

Plants used for RNA isolation were grown in Magenta boxes as described above to allow 

for a cleaner sample. Roots of 6 plants representing 6 biological replicates at 24 hours-post 

inoculation (hpi), 36hpi, and 48hpi were harvested from each media condition (no IAA, 5nM and 

50nM IAA). The root samples from these plants were subjected to RNA isolation using TRIzol 

(Invitrogen) according to the manufacturer’s manual. Analysis of quality and quantity of the RNA 

samples were done using a spectrophotometer. The RNA samples underwent DNase treatment 

with TURBO DNase (Ambion). Reactions were set up using 5µl of 10X TURBO DNase buffer, 
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1µl of TURBO DNase, 10µg of RNA, and reaction volume was brought up to 50µl using RNase 

free water. The reactions were incubated at 37°C for half an hour. The enzyme was then 

deactivated using phenol-chloroform extraction as follow. The volume of the reaction was 

brought up to 200μl using RNase free water and an equal volume of 25:24:1, 

(Phenol:Chloroform:Isoamyl alcohol) (Fisher Scientific) was added to the tube. The tube was 

then vortexed briefly and incubated at room temperature for one minute. The tube was 

centrifuged at maximum speed for 2 minutes to allow for phase separation. The aqueous phase 

was carefully recovered into a new tube without disturbing the interphase or organic phase. 

One-third volume of a high-salt solution (0.8M sodium citrate, 1.2M sodium chloride) and two-

thirds volume of isopropanol were added to the tube. The tube was allowed to incubate at room 

temperature for 10 minutes. The tube was then centrifuged at 12,000g for 10 minutes at room 

temperature. The supernatant was decanted and 1ml of 75% ethanol prepared with DEPC 

water was used to wash the RNA pellet. The tube was vortexed briefly to dislodge the pellet and 

centrifuged at 7,500g for 5 minutes. The supernatant was then discarded and the pellet was 

resuspended in 20μl of RNase free water. 

3.2.3 Real Time Quantitative Polymerase Chain Reaction 

To produce cDNAs,  total RNAs (2µg) were mixed with 1µl Oligo dT primer (20µM) and 

the reaction volume was brought up to 11μl using RNase free water in a 0.2ml thin-wall PCR 

tube.  Samples were heated at 65°C for 5 minutes and then chilled on ice. After that, 1µl of 

Superscript II Reverse Transcriptase (Invitrogen), 2µl DTT (100mM), 1μl dNTPs (10mM), 4µl 5X 

First strand buffer, and 1µl of RNasin (Promega) were added to the PCR tube and the tube was 

incubated at 42°C for an hour, followed by incubation at 70°C for 15 minutes to denature the 

enzyme. Primers used in RT-qPCR were designed using GH3 genes that were identified 

through BLAST search using homologs from Arabidopsis GH3 protein sequences. RT-qPCR 

reactions were set up as 10 μl reactions containing 5 μl of Power SYBR Green PCR master mix 
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(Applied Biosystems), 1 μl of each primers (1 μM), and 1 μl diluted cDNA sample (1:10). All RT-

qPCR reactions were performed in a StepOnePlus real-time PCR machine with 96-wells 

(Applied Biosystems). Ubiquitin (UBQ) is used as the endogenous control gene and the control 

(no IAA treatment) is used as the calibrator. The primers for the UBQ gene are listed in Table 2.  

TABLE 2. UBQ Gene Primer Sequences and Expected Product Size 

Gene Primer Sequence (5’- 3’) Expected Product 
Size (Base Pairs) 

UBQ forward 
UBQ reverse 

GAACTTGTTGCATGGGTCTTGA 
CATTAAGTTTGACAAAGAGAAAGAGACAGA 88 

 

The comparative CT method was used to analyze the relative abundance of each GH3 

gene under different experiment conditions. This involves comparing the CT values (cycle 

threshold, which is the number of cycles required for the fluorescent signal to cross the 

background level) of the genes of interest obtained from treated samples with that of control 

samples (a.k.a. calibrator). The CT values for target genes from both the calibrator and the 

treatment group are normalized to an appropriate endogenous housekeeping gene which is the 

UBQ gene in this study.  Formulas for calculating the values are as follows: 

∆CT sample= CT (Gene of interest) - CT (UBQ) 

∆CT calibrator = CT (Gene of interest) - CT (UBQ) 

∆∆CT = ∆CT sample - ∆CT calibrator 

Relative quantity = 2 ^ (-∆∆CT) 

The relative quantity (RQ) of each gene was analyzed using the formulas described above in 

which the relative quantity of the target gene in the calibrator was set to 1. Each treatment group 

had 3 biological replicates and each sample had triplicates reactions. GraphPad Prism 

(GraphPad Software, Inc.) was used to generate the graphs and perform the statistical analysis.  
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3.2.4  Construction of a Phylogenetic Tree 

A phylogenetic tree depicting the evolutionary relationships between Arabidopsis and 

Medicago GH3 genes was computed through analysis of each individual nucleotide sequence 

(Appendix A). The evolutionary history was inferred using the Neighbor-Joining method [120]. 

The percentage of replicate trees in which the associated taxa clustered together in the 

bootstrap test (1000 replicates) were computed and shown next to the branches [121]. The tree 

is drawn to scale, with branch lengths in the same units as those of the evolutionary distances 

used to infer the phylogenetic tree. The evolutionary distances were computed using the 

Maximum Composite Likelihood method [122] and are in the units of the number of base 

substitutions per site. The analysis involved 26 nucleotide sequences. All positions containing 

gaps and missing data were eliminated. There were a total of 1141 positions in the final dataset. 

Evolutionary analyses were conducted in MEGA5 [123]. 

  

27



CHAPTER 4 

RESULTS AND DISCUSSION 

4.1  Effects of Exogenous Auxin on Host Plant Resistance 

To test the hypothesis that the pathogen invades its host plants by suppressing the 

auxin response pathway, two sets of experiments (in vitro and in vivo) were designed to 

investigate if application of exogenous auxin can lead to reduced disease symptoms. 

 Plants were grown in auxin supplemented media in Magenta boxes as part of the in 

vitro assay to determine the effects of auxin on host plant resistance. 3-day-old seedlings were 

transplanted to Magenta boxes filled with growth media supplied with 5nM or 50nM IAA. Control 

plants were grown in regular media without addition of IAA. Two-week-old plants were 

inoculated with a wheat seed colonized by M. phaseolina. Control inoculation was done using a 

single sterilized wheat seed. The plants were monitored using digital imaging from 1 day-post-

inoculation (dpi) till death of plant. Results from 3 repetitions of the in vitro assay demonstrated 

that IAA has some effect on plant resistance against M. phaseolina (Figure 6). Plants treated 

with IAA were healthier than mock-treated plants after inoculation. Mock-treated plants started 

displaying disease symptoms at 3dpi, but plants treated with 5nM and 50nM IAA only displayed 

symptoms starting from 5dpi and 4 dpi respectively. Mock-treated plants were dead by day 5, 

while IAA-treated plants remain alive until days 7 (50nM) and 8(5nM). However, the slight 

increase in disease tolerance in IAA-treated plants could be due to an indirect effect of the 

hormone since plants grown in media supplied with low concentration IAA were generally 

healthier. Previous experiments have shown that high concentrations of IAA (10mM to 100mM) 

affected plant growth and development, whereas the lower concentrations promoted growth. In 

order to further clarify the role of auxin in the resistance of M. truncatula, an in vivo assay using 

soil-grown plants was performed. 
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Figure 6: In vitro assay demonstrates increased resistance to M. phaseolina in IAA-treated 
plants. In vitro condition plants were grown in Magenta boxes supplemented with 0 nM 
(Control), 5nM IAA or 50nM IAA and inoculated with a wheat seed colonized by M. phaseolina.  
Pictures shown were taken from 3 day-post-inoculation (dpi) to 6 dpi. Control plants are visibly 
less healthy than plants in 5nM and 50nM IAA supplemented media. 
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In the in vivo assay, 3-day-old seedlings were transplanted to sterilized soil and grown in 

the growth chamber. Four-weeks-old plants were inoculated with the root-dipping method. IAA 

was included in the fugal inoculum at a final concentration of 100μM for treated plants. Mock-

treated control plants were inoculated using fungal inoculum without IAA. Plants dipped in 

agarose suspension with or without IAA were used as negative controls.  The results of the in 

vivo assay suggest the potential role of auxin in host plant resistance (Figure 7). Mock-treated 

plants displayed symptoms of the disease as early as 2dpi, while IAA-treated plants only 

displayed symptoms at 3dpi. The disease progressed more rapidly in the mock-treated plants, 

leading to the death of the plants by 6dpi. IAA treated plants were partially resistant to the 

fungus as it did not start displaying symptoms till later and even produced young shoots that 

were green during the duration of the infection. Using lower concentration of IAA (10μM) in the 

in vivo assay did not result in any increase in plant resistance to the fungus.  

It is demonstrated that different concentrations of auxin can affect whether the hormone 

acts as a growth retardant, growth stimulator, or herbicide. In this experiment, it seems that 

there is a range of auxin concentrations (in vitro: 5-50nM IAA; in vivo: 100μM) that impart 

resistance to the fungus. Higher concentrations are required in the in vivo studies as the plants 

were only exposed to IAA for a very short period of time (~30 seconds) during inoculation.  

Studies have shown that external application of synthetic auxins such as 2,4-

dichlorophenoxyacetic acid (2,4-D) and 1-naphthaleneacetic acid (1-NAA) can alter growth and 

development. It is unknown if the plants treated with 2,4-D and 1-NAA will also have increased 

resistance to M. phaseolina, however that is entirely possible and might be a direction for future 

studies [124]. 
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Figure 7. IAA-treated plants displayed increased resistance against M. phaseolina in in vivo 
conditions. Panels A – 1dpi, B – 2dpi, C – 3dpi, D – 4dpi, E – 5dpi, F – 6dpi. The in vivo assay 
plants were treated with IAA at the time of inoculation. Inoculation was done using a fungal 
sclerotia suspension containing 1 g of sclerotia per 10 ml of 0.015% agarose. IAA was added 
into the inoculum at the final concentration of 100 uM. Pictures shown depict plants in treated 
and mock-treated conditions from 1dpi till 6dpi. Plants treated with auxin are visibly healthier 
than mock treated plants. It is also observed that mock-treated plants completely died by day 6, 
whereas young shoots in IAA-treated plants remained green. 
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 Studies have shown that resistance to pathogens is highly dependent on the 

interactions between different hormone systems in the host. It is found that many pathogens 

have evolved the ability to produce compounds that interfere with the host plant’s 

developmental processes and defense responses [69]. A well-studied example is the AvrRpt2 

effector protein, produced by a pathogenic bacterium Pseudomonas syringae, which promotes 

auxin production in plants. AvrRpt2 was found based on its ability to trigger pathogen 

recognition in resistant host plants. It is found that AvrRpt2 is able to actively suppress plant 

defense response conferred by the disease resistance gene RPM1 (Resistance to 

Pseudomonas maculicula 1). AvrRpt2 is a cysteine protease, which is responsible for the 

degradation of RPM1-interacting protein (RIN4), a plant protein required for the stability of the 

RPM1 protein and hence required for RPM1 mediated resistance responses. An Arabidopsis 

rps2 (RESISTANT TO P.SYRINGAE2) mutant constitutively producing AvrRpt2 exhibits longer 

primary roots, increased number of lateral roots, reduced gravitropism and increased sensitivity 

to exogenous auxin. On the other hand, mutant plants with increased levels of IAA displayed 

increased susceptibility to P. syringae. Application of exogenous IAA to wild-type Arabidopsis 

caused the disease symptoms to intensify. It is possible that this is due to the interplay between 

auxin and SA, in which the addition of IAA suppressed the SA-dependent defense and promote 

disease development [101]. Auxin responsive genes are repressed by treatments with a SA 

functional analog benzothiadiazole (BTH). BTH functions by downregulating genes involved in 

auxin transport, reception and response. SA also stabilizes AUX/IAA repressor proteins leading 

to the depression of auxin signaling which then contributes to bacterial resistance [109]. SA 

treatment in DR5: GUS plants, represses the β-glucuronidase reporter gene expression driven 

by auxin-responsive DR5 promoter, suggesting that SA suppresses auxin responses. 

Arabidopsis mutants with exceptionally high levels of endogenous SA showed less sensitivity to 

IAA and have low levels of endogenous IAA. However, in our previous study, it was found that 

SA treatment did not affect the interaction between M. phaseolina and Medicago, and genes 
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involved in the systemic acquired resistance (SAR) pathway were not affected by M. phaseolina 

infection,  suggesting that SA may not be critical in the interaction between M. phaseolina and 

its plant host [94, 125]. 

In addition to the interplay between SA and auxin, JA and auxin share many similarities 

in the protein degradation pathway and interact positively with one another in many 

mechanisms. Both JA and auxin go through similar signaling pathways. TIR1 (for auxin) and 

COI1 (CORONATINE INSENSITIVE1) (for JA) are the F-box proteins involved in the 

ubiquitination of repressors (AUX/IAA and JAZ (JASMONATE ZIM DOMAIN respectively), 

which are required for downstream responses [126]. Both TIR1 and COI1 are involved in the 

resistance against necrotrophic fungus [108]. When mutations occur in genes encoding 

components of the core SCF complex such as AXR1, SGT1b (SUPPRESSOR OF G2 ALLELE 

OF SKP1, or AXR6/CUL1 (CULLIN1), both JA and auxin signaling are affected [103]. For 

example, the axr1 and axr2 mutants that are defective in auxin signaling are also impaired in JA 

signaling pathways [109].  It can be postulated that as auxin interacts with the JA signaling 

pathway that imparts resistance to many necrotrophic fungus, the partial resistance exhibited by 

the plants to M. phaseolina might be a display of the interplay of auxin acting on JA’s signaling 

pathway. This is consistent with our previous finding that JA-treated plants exhibit slight 

increase in resistance to M. phaseolina [94]. Cross talk between certain hormones aid the plants 

through the minimization of energy costs and the formation of a flexible signaling network that 

allows the plant to fine tune its defense response to various pathogens [127].   

On the other hand, some evidences suggest that auxin can be another factor that is 

directly involved in disease responses to necrotrophs including M. phaseolina. The mechanism 

of how auxins activate transcription is hypothesized as follows: IAA molecules enter the cell 

through an active transport mechanism and diffuses into the nucleus where it is detected by a 

protein that could directly or indirectly interacts with an auxin response element. An alternative 

theory suggests that auxin is detected by a receptor in the plasma membrane which activates 
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an intracellular signal transduction pathway and leads to activation of transcription factors that 

regulate the expression of  auxin-related gene [128]. Auxin response elements consist of an 

intrinsic element or coupling element that lies bordering to or overlaps with a TGTCTC element 

which endows auxin responsiveness [124]. Such elements are found in a variety of genes such 

as AUX1 (AUXIN RESISTANT 1), AXR2 (AUXIN RESISTANT2), AXR3 (AUXIN RESISTANT3), 

GH3.5/WES1, GH3.6/DFL1 (DWARF IN LIGHT1), OsGH3.1, OsGH3.8, TIR1 (TRANSPORT 

INHIBITOR RESPONSE1). These genes were found to be involved in regulating plant defense 

and disease resistance in Arabidopsis thaliana and rice (Table 3).  

 Pathogens can also interfere with plant hormone balance by affecting the expression of 

genes involved in hormone biosynthesis and/or metabolism. Genetic studies of GH3 genes in 

Arabidopsis and rice have shown that these genes, which are responsible for maintaining auxin 

homeostasis in plant cells, are important for plant defense against bacteria and 

biotrophic/hemibiotrophic fungi (Table 3). Normanly et. al. found that external application of 

auxins generally increases the level of IAA conjugate due to the need for the plant to maintain 

the level of endogenous pool of IAA at an appropriate level [129]. Exogenous application of 

auxin imparted a slight resistance to M. phaseolina in Medicago plants, suggesting that M. 

phaseolina might employ a similar infection strategy as B. cinerea or P. cucumerina, both of 

which manipulate the auxin signaling in its infected hosts through the control of auxin response 

genes. One of the mechanisms that lead to suppression of auxin responses by M. phaseolina 

may be through the GH3 gene family, since the microarray data has shown that one of the GH3 

genes was upregulated by M. phaseolina infection [125]. 
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Table 3. List of Auxin Responsive Genes and Their Functions in Auxin Signaling and Plant 
Defense. 

Gene Function in Auxin 
Signaling Function in Plant Defense Reference 

AUX1 

Encodes an auxin influx 
carrier involved in polar 
auxin transport 

aux1 mutant shows increased 
susceptibility to B.cinerea and P. 
irregulare, but increased resistance to P. 
syringae, Agrobacterium tumefaciens, A. 
rhizogenes 

[130] 

AXR2 
Encodes IAA7, a 
member of the AUX/IAA 
protein family 

Increased susceptibility to the necrotrophic 
fungi P. cucumerina and B. cinerea. [131] 

AXR3 
Encodes the AUX/IAA 
protein IAA7 

Increased tolerance to clubroot caused by 
P. brassicae [132] 

GH3.5/W
ES1 

Encodes an IAA-amido 
synthase that 
conjugates IAA to 
amino acids 

Required for elevated accumulation of SA 
and increased expression of PR-1 in 
response to pathogens, wes-D/gh3.5-1D 
activation mutant accumulates high levels 
of free IAA and shows increased 
resistance to P. syringae. 

[113] 

GH3.6 

Encodes an IAA-amido 
synthase that 
conjugates IAA to 
amino acid 

dfl1-d with an activated GH3.6 gene 
shows upregulated expression of PR 
genes and increased resistance to P. 
syringae 

[113] 

OsGH3.1 

Encodes an IAA-amido 
synthase that conjugate 
IAA to amino acids 

Required for pathogen-inducible PR1 
expression and resistance to the fungal 
pathogen M. grisea, overexpression of 
GH3.1 results in enhanced disease 
resistance to the bacterial pathogen 
Xanthomonas oryzae pv oryzae 

[133] 

OsGH3.8 

Encodes a putative IAA-
amido synthetase  

Required for pathogen-inducible PR1 
expression and resistance to the fungal 
pathogen M. grisea, overexpression of 
GH3.8 results in enhanced disease 
resistance to the bacterial pathogen 
Xanthomonas oryzae pv oryzae 

[114] 

TIR1 
Encodes an F-box 
protein involved in auxin 
reception 

Required for susceptibility to P. syringae 
[134] 

 
As GH3 genes in Arabidopsis and rice have been found to be involved in plant-pathogen 

interactions, their orthologs in Medicago are likely to play a similar role. However, the role of 

GH3 genes in plant defense against necrotrophic fungi has not been characterized. Based on 
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our hypothesis that M. phaseolina infects host plants by affecting auxin homeostasis through 

upregulation of GH3 gene, GH3 may be required for the compatible interaction between M. 

phaseolina with its host. In another word, upregulation of GH3 genes will make the plants more 

susceptible to M. phaseolina.  

4.2  Analyses of Medicago truncatula GH3 Genes  

4.2.1  GH3 gene sequences analyses 

Exogenous IAA application resulted in slight increase in plant tolerance to M. 

phaseolina, which supported our first hypothesis. To better understand the mechanism that 

leads to auxin suppression by M. phaseolina infection, we tested the second hypothesis that M. 

phaseolina suppresses the auxin response pathway by upregulating GH3 genes and affecting 

auxin homeostasis. GH3 genes in Medicago genome have not been fully characterized. To 

identify all members of GH3 family in Medicago, genes from Arabidopsis and rice were used as 

query sequences in BLAST search to find homologous sequences in Medicago genome. To 

date, seven GH3 genes were annotated based on genomic sequences and ESTs. To confirm 

that these annotated genes are really functional, gene-specific primers were designed and 

PCRs were performed using cDNAs made from one of the control root RNA samples. 

Fragments amplified with gene-specific primers were analyzed on a gel (Figure 8). PCR 

products run on an agarose gel matched the sizes expected for each primer pair as described in 

Table 1 (See Chapter 3, Materials and Methods). 
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Figure 8. PCR products amplified using gene-specific primers confirmed the expression of 7 
annotated GH3 genes. 

The PCR products were cloned into the TA cloning vector pGEM-T EASY, and 

sequenced. Results obtained from sequencing were compared to the annotated sequences by 

using BLAST2 program which generates alignment for two sequences. . The sequence 

alignments showed that the PCR products had 99-100% matched to the annotated sequences, 

confirming that the PCR primers were gene-specific. The 99% match was most likely due to 

misreads from the sequencing. All sequencing results and sequence alignment are included in 

Appendix A. 
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Figure 9. Phylogenetic analysis of Arabidopsis GH3 genes and Medicago GH3 genes. Numbers 
on branches indicate the percentage of replicate trees of the specific taxa that are clustered 
together in 1000 rounds of comparison. Numbers next to bracket indicate the three clades 
generated based on this analysis. 
 

A phylogenetic tree depicting the evolutionary relationships of 26 GH3 genes found in 

Arabidopsis and Medicago was computed through analysis of each individual nucleotide 

sequence (all sequences are included in Appendix B). The evolutionary history was inferred 

using the Neighbor-Joining method [120]. The optimal tree with the sum of branch length = 

II 

I 

III 
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4.88058027 is shown. The percentage of replicate trees in which the associated taxa clustered 

together in the bootstrap test (1000 replicates) are shown next to the branches [121] (Figure 9). 

The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary 

distances used to infer the phylogenetic relationship. The evolutionary distances were computed 

using the Maximum Composite Likelihood method [122] and are in the units of the number of 

base substitutions per site.  

 It can be observed that clade III consists of solely Arabidopsis GH3 (AtGH3) genes.  

Genes in this clade belong to Group III genes which have unknown functions. Interestingly, no 

Medicago GH3 (MtGH3) genes were found in this branch. All seven MtGH3 genes fall into 2 

clades. In general, the MtGH3 genes are sister genes to themselves, but they are also related to 

AtGH3 genes. MtGH3.3 and MtGH3.4 are most closely related to AtGH3.1 to AtGH3.4, and 

MtGH3.1 and MtGH3.6 are related to AtGH3.5 and AtGH3.6.All of these four AtGH3 genes are 

members of Group II genes that encode IAA-amido synthetases that conjugate amino acids to 

IAA [112]. In a separate clade, MtGH3.2, MtGH3.5 and MtGH3.7 are most closely related to 

AtGH3.10 and AtGH3.11, which are members of Group I GH3 genes that have been shown to 

adenylate JA [103].  

4.2.2  The effect of M. phaseolina infection and application of auxin on GH3 gene 

expression 

To test the effect of M. phaseolina infection on GH3 gene expression, root samples from 

individual plants inoculated with either a control wheat seed or M. phaseolina sclerotia covered 

wheat seed were used. To test the effect of IAA on GH3 gene expression, root samples were 

obtained from individual plants grown in 5nM and 50nM IAA supplemented media. Total RNAs 

were isolated from the samples and used to produce cDNAs by reverse transcription. Real-time 

quantitative PCR (RT-qPCR) was performed with these cDNA samples to determine the effects 

of M. phaseolina infection or IAA treatment on the expression of GH3 genes. 
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Results of the RT-qPCR showed that the GH3.3 gene was upregulated upon pathogen 

infection (Figure 10). The gene was steadily upregulated from 24hpi to 48hpi. Unlike GH3.3, 

GH3.2, GH3.6 and GH3.7 displayed a different expression pattern during the pathogen attack 

(Figure 10). These three genes were first upregulated during the initial entry stage of the 

infection (24hpi) and then subsequently downregulated at the colonization stage (36-48hpi). 

GH3.2 and GH3.7 are less closely related but display a similar expression pattern. On the other 

hand, GH3.4 was upregulated from 24hpi till 36hpi but was downregulated at 48hpi. It is 

interesting to note that although GH3.3 and GH3.4 are closely related based on the 

phylogenetic tree, they did not exhibit a similar response to M. phaseolina infection. GH3.4 

instead, displays a similar change in expression to a less closely related GH3.6. In the case of 

GH3.5, its expression increased about 2.5-fold at 24hpi. However, its expression at 36hpi did 

not differ from that in the control sample but increased slightly at 48hpi. GH3.5 is the sister gene 

to GH3.7 and yet do not exhibit similar changes in expression.   
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Figure 10. The effect of M. phaseolina infection on the expression of 6 GH3 genes.  Relative 
quantity of gene of interest was determined using comparative Ct method, where control sample 
was used as the calibrator. The expression of GH3 genes was analyzed using Medicago plants 
infected with M. phaseolina at 24, 36, and 48 hour-post-inoculation (hpi).  Error bars indicate 
SE.  Statistical significance was analyzed using Student’s t-test. * and **  indicate P-value 
<0.05,  and  <0.01 respectively. 
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RT-qPCR using IAA-treated samples showed that expression of five out of 6 tested GH3 

genes were affected by auxin (Figure 11). GH3.2 and GH3.3 display a linear trend where an 

increase in concentration of auxin leads to an upregulation in expression. For GH3.5 and 

GH3.4, samples treated with lower IAA concentration had higher expression levels. The results 

are surprising as GH3.2 and GH3.5 belong to group I Arabidopsis GH3 genes which have not 

been shown to be responsive to exogenous auxin. The genes that did not seem to be affected 

by auxin application were GH3.6 and GH3.7. Once again, closely related genes do not exhibit 

similar patterns in expression. It would appear that phylogenetic relationships were not able to 

predict the gene expression patterns of these genes. GH3.1 was one of the genes that were 

tested in this study as well. However, we were not able to detect the expression of this gene 

consistently due to its low abundance in testing samples.   

It should be noted that not all GH3 genes that are affected by exogenous auxin are 

affected by pathogen infection. Different regulatory elements are present in these genes that are 

responsive to the pathogen or to IAA. These elements are not always present together and 

hence it is possible that genes exhibit different responses to different treatments. As for genes 

that are induced at one concentration of IAA and not at another, it is hypothesized that the auxin 

response elements in these genes have different sensitivities towards IAA. As mentioned 

before, many GH3 genes encode enzymes that conjugate IAA to amino acids. Induction of GH3 

genes by auxin is part of a regulatory process to restore auxin homeostasis. In Arabidopsis, 

AtGH3.1 to AtGH3.6 are auxin inducible. AtGH3.1-4 are more sensitive to IAA as they were 

elevated by more than 10-fold within an hour or two of IAA treatment, whereas AtGH3.5 and 

AtGH3.6 were elevated between 2.5 fold to 8 fold after treatment [112]. Studies also found that 

when there is no external auxin treatment, the mRNA level of soybean GH3 is low. With 

exogenous auxin applied, GH3 expression is induced within 5 minutes in every major organ and 

tissue type throughout the plant [135].  
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Figure 11. The effect of auxin on the expression of 6 GH3 genes.  Relative quantity of gene of 
interest was determined using comparative CT method, where control sample was used as 
calibrator. The expression of GH3 genes was analyzed using Medicago plants treated with 5nM 
and 50nM IAA respectively.  Error bars indicate S.E.  Statistical significance was analyzed using 
Student’s t-test. * and **  indicate P-value <0.05,  and  <0.01 respectively. 
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A functional analysis of GH3 promoters identified three independently acting AuxREs that 

contribute to the overall auxin inducibility of this gene family. Its auxin inducibility is mediated by 

a 76-bp promoter region that consists of two independent AuxREs, domain D1 and domain D4. 

Both domains contain the core sequence TGTCTC(nnn)AATAAG. The element TGTCTC 

confers auxin inducibility only in the presence of the upstream variable which confers 

constitutive expression [128]. However, not all GH3 that function in auxin metabolism are 

induced by auxin [136].  This explains why it is possible that MtGH3.6 and MtGH3.7 are not 

induced after auxin treatment.  

Plants that overexpress GH3 genes encoding IAA conjugating enzymes show elevated 

defense responses to certain types of pathogens. As an example, the wes1-D Arabidopsis 

mutant that overexpresses WES1/GH3.5 gene shows growth retardation and increased 

resistance to P. syringae. Hormone analysis showed that the mutant has increased IAA-Asp 

and SA levels and reduced free IAA. It is interesting to note that IAA-Ala and IAA-Leu levels 

were not affected in this mutant, both of which can be metabolized to release free IAA [137]. It is 

suggested that WES1 and other related GH3 genes function to direct excess IAA to the IAA 

catabolic pathway involving IAA-Asp thereby reducing free IAA in the plant.  Another member of 

the GH3 gene family member in Arabidopsis that was found to positively regulate disease 

resistance was GH3.12. The disease resistance in question was mediated by SA. However, this 

gene is not a member of the Group II GH3 gene, this reinforces the idea that GH3 gene family 

members may play a more important role in SA signaling and defense responses than realized. 

Several GH3 genes in rice (OsGH3) was found to play a role in SA- and JA-independent basal 

immunity by way of suppressing expansin expression, suggesting that the cell wall is an active 

component of plant immunity as well [114].  Overexpressing OsGH3.1 in rice causes dwarfism 

and significantly reduced levels of free IAA in the plants. It also led to the activation of a 

significant number of defense genes. Hence, these mutant plants exhibited increased resistance 

to the fungal pathogen, Magnaporthe grisea. Studies that characterize the function of GH3 
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genes in plant defense have involved mostly bacteria or biotrophic/hemibiotrophic fungi. The 

role of GH3 genes in disease resistance against necrotrophic pathogens has remained relatively 

obscure. 

Some genes tested in current study did not show any difference in expression 

regardless of treatment. Namely, GH3.6 was not affected by M. phaseolina, while GH3.6 and 

GH3.7 were not affected by exogenous auxin. It was observed that several IAA-amido 

synthetases in Arabidopsis do not exhibit substrate specificity, which suggests that there is 

functional redundancy in the GH3 gene family. Other studies have found only slight increases in 

sensitivity to IAA or morphological changes in GH3 insertion mutants that reinforces this notion 

of functional redundancy for these genes [112]. There could be another reason behind this 

indifference in expression that was observed. Staswick et al found that some GH3 proteins are 

also SA- or JA-amido synthetases which mean that they could possibly be more affected by 

application of SA or JA instead of IAA [103]. 

So how exactly does the regulation of these genes relate to the resistance that was 

observed in the first part of the experiment? The results observed suggest that the pathogen 

upregulates some GH3 genes leading to decreased levels of free IAA, hence repressing the 

auxin response pathway. Application of exogenous IAA may present itself as a way to 

counteract the action of the fungus and to some extent, restore the auxin response pathway. 

This then leads to the partial resistance that was observed in IAA-treated plants. Future studies 

using loss-of-function or gain-of-function GH3 mutants will help elucidate the role of these genes 

in disease resistance against necrotrophic pathogens including M. phaseolina. Characterizing 

the enzymatic activities of MtGH3 genes may also help to identify the ones that are specific to 

IAA. 

4.3  Conclusion 

Soybean is a legume which originated from East Asia. To date, there has been a wide 

array of uses for this crop from its edible bean to the oil that is produced. The United States is 
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the world’s leading soybean producer and exporter. Soybean is the 2nd most planted field crop 

in the United States, trailing only corn. Charcoal rot poses a huge problem for soybean farmers 

in the United States. It was and remains one of the top ten diseases affecting soybean 

production in the United States. There is a need for the establishment of a better biological 

control in order to maximize production and minimize losses in the agricultural industry. 

The aim of this study was to use the established pathosystem in Medicago truncatula to 

investigate the role of auxin in the compatible interactions between M. phaseolina and its plant 

host. The first part of the study, we found that exogenous auxin was able to impart partial 

resistance to the fungus in both in vitro and in vivo assay. The second part of the study 

investigated the expression of MtGH3 genes in response to M. phaseolina infection or auxin. 

Although GH3 genes have been studied previously in Arabidopsis, there was little to no 

information on these genes in Medicago. Using RT-qPCR, we were able to determine that 

GH3.2, GH3.3 and GH3.5 are responsive to both pathogen infection and auxin application. 

These genes are of interest for further studies to further clarify the mechanisms involved in 

Charcoal rot disease. In conclusion, the results from this study are starting to shed some light 

on the molecular interactions between the pathogen, M. phaseolina and its host plants. The 

pathogen may somehow hijack the plant’s regulation of GH3 genes and manipulate the level of 

free auxin in the plant. In this case, the plant hormone auxin may play a bigger role than 

originally expected in disease resistance against necrotrophic pathogens. We hope that through 

better understanding of the molecular interactions between the two, we will be able to find a 

better management approach or engineer disease-resistant plants in the future. 
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APPENDIX A 

SEQUENCES OF PCR-AMPLIFIED GH3 FRAGMENTS AND SEQUENCE ANALYSES 
 
The following are sequences obtained for PCR fragments cloned into pGEM®-T Easy Vector 

and used as query in BLAST2 program (the pGEM®-T Easy Vector sequences were already 

removed). The subject used in each analysis was the corresponding fragments in predicted 

MtGH3 genes. Yellow highlight indicates mismatches found.  

 
>KM-1 (3.1) 
TATGACCAGGAACCCAATGTGGACATTTTGTACTAAAGAAACTAGAAACTGTCTTGGAGTTAAGAAGCT 
CAATAATAGGAGCATATTTTACACAACGAGGTGTCTTATATTGATTTATTGATGCACCTTGACTAAGAGCAAAATCCATA 
ACCTTATCAAATGTTCCATTCTCAACAACCTTAATTTCCAATGGCCCA 
  
 
Sequence Alignment: 
 
 Score =  291 bits (157),  Expect = 7e-84 
 Identities = 157/157 (100%), Gaps = 0/157 (0%) 
 Strand=Plus/Minus 
 
Query  20   TGGACATTTTGTACTAAAGAAACTAGAAACTGTCTTGGAGTTAAGAAGCTCAATAATAGG  79 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  157  TGGACATTTTGTACTAAAGAAACTAGAAACTGTCTTGGAGTTAAGAAGCTCAATAATAGG  98 
 
Query  80   AGCATATTTTACACAACGAGGTGTCTTATATTGATTTATTGATGCACCTTGACTAAGAGC  139 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  97   AGCATATTTTACACAACGAGGTGTCTTATATTGATTTATTGATGCACCTTGACTAAGAGC  38 
 
Query  140  AAAATCCATAACCTTATCAAATGTTCCATTCTCAACA  176 
            ||||||||||||||||||||||||||||||||||||| 
Sbjct  37   AAAATCCATAACCTTATCAAATGTTCCATTCTCAACA  1 
 
>KM-2 (GH3.2) 
TATGGATTGCGAAACACGTTGCTTGTAGCAGTTGTAGCTATGAGACCCCCTTTTGTTTTGAACTGTTTGCTA 
CCGTATATGAAGTTTAAAGCCTTCCCATTTTTTATAGGAAACTCTCTGTTCCTATAGGCAAAAGAGGTCCGATATATCTG 
CATCGTAGTTTCAAACAATTCATCATTCCATGGTATATATTTTGGCTTCCCTTGCGTAGTA 
 
Sequence Alignment: 
 
 Score =  390 bits (211),  Expect = 1e-113 
 Identities = 211/211 (100%), Gaps = 0/211 (0%) 
 Strand=Plus/Minus 
 
Query  2    ATGGATTGCGAAACACGTTGCTTGTAGCAGTTGTAGCTATGAGACCCCCTTTTGTTTTGA  61 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  211  ATGGATTGCGAAACACGTTGCTTGTAGCAGTTGTAGCTATGAGACCCCCTTTTGTTTTGA  152 
 
Query  62   ACTGTTTGCTACCGTATATGAAGTTTAAAGCCTTCCCATTTTTTATAGGAAACTCTCTGT  121 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  151  ACTGTTTGCTACCGTATATGAAGTTTAAAGCCTTCCCATTTTTTATAGGAAACTCTCTGT  92 
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Query  122  TCCTATAGGCAAAAGAGGTCCGATATATCTGCATCGTAGTTTCAAACAATTCATCATTCC  181 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  91   TCCTATAGGCAAAAGAGGTCCGATATATCTGCATCGTAGTTTCAAACAATTCATCATTCC  32 
 
Query  182  ATGGTATATATTTTGGCTTCCCTTGCGTAGT  212 
            ||||||||||||||||||||||||||||||| 
Sbjct  31   ATGGTATATATTTTGGCTTCCCTTGCGTAGT  1 
 
>KM-3 (GH3.3) 
TAAGTGGGTTAGTGGCACGTCCAGTTCTAACAGCCTACTACAAAAGTGAACAATTTAAGAAAAGACCATT 
TGACCCTTGCAATGTGTTAACAAGTCCAGATGAAGCTATCCTTTGTCCTGATTCATTTCAAAGCATGTATACTCAGATGC 
TTTGTGGCCTA 

 
Sequence Alignment: 
 
 Score =  283 bits (153),  Expect = 9e-82 
 Identities = 157/159 (99%), Gaps = 0/159 (0%) 
 Strand=Plus/Plus 
 
Query  2    AAGTGGGTTAGTGGCACGTCCAGTTCTAACAGCCTACTACAAAAGTGAACAATTTAAGAA  61 
            ||||||||||||||||||||||||||||||||||||||||||||||||||| |||||||| 
Sbjct  1    AAGTGGGTTAGTGGCACGTCCAGTTCTAACAGCCTACTACAAAAGTGAACAGTTTAAGAA  60 
 
Query  62   AAGACCATTTGACCCTTGCAATGTGTTAACAAGTCCAGATGAAGCTATCCTTTGTCCTGA  121 
            ||||||||||||||||| |||||||||||||||||||||||||||||||||||||||||| 
Sbjct  61   AAGACCATTTGACCCTTACAATGTGTTAACAAGTCCAGATGAAGCTATCCTTTGTCCTGA  120 
 
Query  122  TTCATTTCAAAGCATGTATACTCAGATGCTTTGTGGCCT  160 
            ||||||||||||||||||||||||||||||||||||||| 
Sbjct  121  TTCATTTCAAAGCATGTATACTCAGATGCTTTGTGGCCT  159 
 
 
>KM-4 (GH3.4) 
TTGGGCCCAATTAAGTTGAAGGAATTTTATGGCTCTTAAAAGCCCAGAAGCAAAAATAGCTCCAACTCTTAG 
AACTTCATGGCGCATGATAAGGCCACATAGCATCTGAGTGTACATGCTTTGGAATGAATCTAAACATGAGATGGCTTCAT 
TTGGGA 

 
Sequence Alignment: 
 
 Score =  289 bits (156),  Expect = 2e-83 
 Identities = 156/156 (100%), Gaps = 0/156 (0%) 
 Strand=Plus/Minus 
 
Query  2    TGGGCCCAATTAAGTTGAAGGAATTTTATGGCTCTTAAAAGCCCAGAAGCAAAAATAGCT  61 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  156  TGGGCCCAATTAAGTTGAAGGAATTTTATGGCTCTTAAAAGCCCAGAAGCAAAAATAGCT  97 
 
Query  62   CCAACTCTTAGAACTTCATGGCGCATGATAAGGCCACATAGCATCTGAGTGTACATGCTT  121 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  96   CCAACTCTTAGAACTTCATGGCGCATGATAAGGCCACATAGCATCTGAGTGTACATGCTT  37 
 
Query  122  TGGAATGAATCTAAACATGAGATGGCTTCATTTGGG  157 
            |||||||||||||||||||||||||||||||||||| 
Sbjct  36   TGGAATGAATCTAAACATGAGATGGCTTCATTTGGG  1 
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>KM-5 (GH3.5) 
TTGAATTCACAAGCCATGTCGATTTATCTAAAGAGCCCGGGCACTATGTAATATTCTGGGAAATCAACGGGGA 
AGCAAGCGAACAAGTGTTGATTATATTGAATGTTGCAACTGTTTGGATAAGTCTTTCATCGATGCAGGATACACTAGTTC 
TCGTAAATTCAACACTATCGGGGCCTTAGAACTCCA 

 
Sequence Alignment: 
 
 Score =  340 bits (184),  Expect = 8e-99 
 Identities = 187/188 (99%), Gaps = 1/188 (1%) 
 Strand=Plus/Plus 
 
Query  2    TGAATTCACAAGCCATGTCGATTTATCTAAAGAGCCCGGGCACTATGTAATATTCTGGGA  61 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1    TGAATTCACAAGCCATGTCGATTTATCTAAAGAGCCCGGGCACTATGTAATATTCTGGGA  60 
 
Query  62   AATCAACGGGGAAGCAAGCGAACAAGTGTTGATT-ATATTGAATGTTGCAACTGTTTGGA  120 
            |||||||||||||||||||||||||||||||||| ||||||||||||||||||||||||| 
Sbjct  61   AATCAACGGGGAAGCAAGCGAACAAGTGTTGATTTATATTGAATGTTGCAACTGTTTGGA  120 
 
Query  121  TAAGTCTTTCATCGATGCAGGATACACTAGTTCTCGTAAATTCAACACTATCGGGGCCTT  180 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  121  TAAGTCTTTCATCGATGCAGGATACACTAGTTCTCGTAAATTCAACACTATCGGGGCCTT  180 
 
Query  181  AGAACTCC  188 
            |||||||| 
Sbjct  181  AGAACTCC  188 
 
>KM-6 3.6  
TTCGACAAGGTCGTGTTTCAGATCCAGAATTTGCACCTATGGTGGAGCGCTCCACCATAGGTGCAAATTT 
CACACACCTAGGAGTCTTGTATTGATTAATTGAAGCCCCCAAATTAATAGCATAATCCATAAGCTTATCAAATGTACCTT 
GCTCAACAATCTTAATCTCAAGTGGACCAATTGATTTATCTGAAACACGACCTTGTCGA 
 
Sequence Alignment: 
 
 Score =  298 bits (161),  Expect = 5e-86 
 Identities = 161/161 (100%), Gaps = 0/161 (0%) 
 Strand=Plus/Minus 
 
Query  59   GCTCCACCATAGGTGCAAATTTCACACACCTAGGAGTCTTGTATTGATTAATTGAAGCCC  118 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  161  GCTCCACCATAGGTGCAAATTTCACACACCTAGGAGTCTTGTATTGATTAATTGAAGCCC  102 
 
Query  119  CCAAATTAATAGCATAATCCATAAGCTTATCAAATGTACCTTGCTCAACAATCTTAATCT  178 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  101  CCAAATTAATAGCATAATCCATAAGCTTATCAAATGTACCTTGCTCAACAATCTTAATCT  42 
 
Query  179  CAAGTGGACCAATTGATTTATCTGAAACACGACCTTGTCGA  219 
            ||||||||||||||||||||||||||||||||||||||||| 
Sbjct  41   CAAGTGGACCAATTGATTTATCTGAAACACGACCTTGTCGA  1 
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>KM-7 (GH3.7) 
TGGGACTCACTGAGGTGAAGGTTGGTGAAGAATATGAAATTGTTCTGACCAATTCAGCAGGGTTATACCGGTA 
TAGGCTAGGAGATGTGGTAAATATTATGGGATTCAGTAACTCAACACTGAAACTCAAGTTTATTCGTAGGAGTAGTGTTT 
TGCTGAGCGTTAACATCGA 

 
Sequence Alignment: 
 
 Score =  309 bits (167),  Expect = 2e-89 
 Identities = 169/170 (99%), Gaps = 0/170 (0%) 
 Strand=Plus/Plus 
 
Query  2    GGGACTCACTGAGGTGAAGGTTGGTGAAGAATATGAAATTGTTCTGACCAATTCAGCAGG  61 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1    GGGACTCACTGAGGTGAAGGTTGGTGAAGAATATGAAATTGTTCTGACCAATTCAGCAGG  60 
 
Query  62   GTTATACCGGTATAGGCTAGGAGATGTGGTAAATATTATGGGATTCAGTAACTCAACACT  121 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  61   TTTATACCGGTATAGGCTAGGAGATGTGGTAAATATTATGGGATTCAGTAACTCAACACT  120 
 
Query  122  GAAACTCAAGTTTATTCGTAGGAGTAGTGTTTTGCTGAGCGTTAACATCG  171 
            |||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  121  GAAACTCAAGTTTATTCGTAGGAGTAGTGTTTTGCTGAGCGTTAACATCG  170 
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APPENDIX B 

ARABIDOPSIS AND MEDICAGO GH3 GENE SEQUENCES USED IN PHYLOGENETIC 
ANALYSIS 

 
>AT2G14960/AtGH3.1 
ATGGCGGTAGACTCCAACCTCTCTTCGCCCTTGGGACCTCCGGCGTGTGAGAAGGACGCAAAAGCCCTTC 
GTTTCATCGAGGAAATGACCCGAAACGCCGACACCGTTCAAGAAAACCTTTTGGCGGAGATTCTCGCTCG 
CAACGCTGACACCGAGTACCTCCGCCGCTTCAACCTATGCGGCGCCACCGACCGTGATACCTTTAAAACG 
AAGATTCCAGTCATTACATACGAAGATCTCCAGCCAGAGATTCAACGCATTGCTGATGGAGACCGCTCTC 
CCATCTTATCTGCCCATCCCATCTCTGAGTTCCTCACTAGCTCTGGAACATCAGCCGGAGAGAGGAAACT 
TATGCCGACCATTAAAGAAGAGCTCGATCGTCGCCAGCTTCTTTACAGTCTCCTCATGCCCGTAATGAAT 
TTGTATGTGCCGGGTCTAGATAAAGGAAAGGGAATGTACTTTTTGTTCGTTAAGTCCGAAACAAAGACAC 
CGGGTGGGCTACCAGCTCGACCGGTTTTGACCAGTTATTACAAGAGTGAACACTTTCGGTCACGGCCGTA 
CGACCCCTACAACGTCTACACAAGTCCCAACGAAGCCATTCTCTGTCCCGATTCATTTCAAAGTATGTAC 
ACTCAGATGCTATGCGGCCTCCTTGACCGCCTTTCTGTCCTCCGAGTGGGCGCCGTCTTTGCCTCTGGTC 
TCCTCCGTGCCATCCGCTTCCTCCAGCTCCATTGGTCTCGCTTCGCCCATGACATCGAGTTAGGATGTCT 
TGACTCCGAGATAACTGACCCGTCTATAAGACAATGCATGTCCGGTATTCTCAAACCAGATCCTGTCCTG 
GCAGAGTTCATCCGCCGGGAGTGCAAGTCGGACAATTGGGAAAAAATCATTACCCGAATTTGGCCAAACA 
CTAAGTACCTTGACGTCATCGTAACTGGAGCCATGGCTCAGTATATCCCAACGTTGGAATACTATAGTGG 
TGGTCTTCCGATGGCTTGCACCATGTACGCCTCCTCCGAGTGTTACTTTGGTTTGAACCTTAACCCAATG 
AGCAAACCATCAGAAGTCTCTTACACCATCATGCCCAACATGGCCTACTTCGAGTTCATCCCTCTCGGTG 
GCACCAAGGCCGTTGAACTCGTTGATGTAAATATCGGTAAAGAGTATGAACTCGTTGTCACGACCTATGC 
TGGTCTCTGTCGATACCGAGTTGGTGACATCCTTCGAGTCACAGGTTTCCATAACTCCGCACCTCAGTTC 
CACTTCGTGAGGAGGAAGAACGTCCTCCTCAGCATCGACTCTGACAAGACCGACGAGTCAGAGCTTCAAA 
AGGCGGTGGAGAATGCATCAAGTATTCTTCATGAAGAGTGTGGGAGCCGCGTAGCCGAGTACACTAGCTA 
CGCAGACACAAGCACGATCCCGGGCCACTATGTCTTATACTGGGAGTTGTTAGTGAGGGATGGGGCGAGG 
CAGCCAAGTCATGAGACTCTGACTCGTTGCTGCCTTGGGATGGAAGAGTCATTAAACTCGGTTTACCGGC 
AAAGCCGAGTCGCGGACAACTCGGTTGGACCATTGGAGATTAGAGTGGTGAGAAACGGAACGTTCGAGGA 
GCTGATGGATTACGCAATCTCAAGAGGTGCATCAATTAACCAGTACAAGGTACCAAGGTGCGTGAACTTT 
ACACCTATCGTGGAGTTACTAGATTCTAGGGTTGTGTCGGCGCATTTTAGCCCATCCTTACCGCATTGGA 
CGCCGGAGAGAAGGAGAAGATAAGGACAGGCCCATGTTTTTTCCTTGGAGTTCTCGTGAAGTCAAAGGCT 
TTAAAATTAATTAGCGGTTTGGTCTTGTAATATAATTAGATTCCTTGCTGGTGCTTTAGTTTTTCTTCTC 
GCTTTTAATGTGTCTTTTTACTCGTTTTTTTTCACTGTGGGATCTCTGTGTGTAATTTGGTTGTTTTTTT 
CTCTACTTGGGACAACATATCCTGATTAGAGACGTTTTTTATTCCCAGGGACCATGTCTACTTTGATGGA 
AATCAATGCCATTCGATTAGTAAATTTGTT 
 
>AT4G37390/AtGH3.2 (BRU6) 
ACTCATCAAACGAGTAAAACATTTGCTAATATTAAACACTTTTTCTTTTAGAAAAAAAAACAAATATGGC 
CGTTGATTCACCTCTTCAATCTCGGATGGTTTCAGCGACGACTTCTGAGAAAGATGTGAAAGCTCTCAAG 
TTCATTGAAGAAATGACTCGGAACCCTGACTCGGTTCAAGAGAAGGTTCTTGGAGAGATACTGACTCGTA 
ACTCTAACACCGAATATCTGAAACGGTTCGATCTTGATGGTGTCGTTGATCGGAAAACGTTCAAGAGCAA 
AGTTCCGGTGGTTACGTACGAAGATTTGAAGCCGGAGATTCAACGTATATCCAACGGCGATTGTTCTCCG 
ATCTTGTCTTCTCACCCCATCACCGAGTTTCTCACAAGCTCAGGAACATCTGCTGGTGAGAGGAAACTAA 
TGCCAACAATTGAAGAAGACTTAGACCGACGTCAGCTTTTATACAGTCTTCTCATGCCTGTGATGAATCT 
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CTACGTGCCGGGATTAGACAAAGGCAAAGGGTTATACTTCTTATTCGTGAAGTCGGAGTCAAAGACGTCA 
GGTGGGTTACCGGCTCGTCCGGTTCTCACGAGTTATTACAAAAGCGACCACTTCAAGAGACGACCGTACG 
ATCCGTACAACGTCTACACTAGTCCTAACGAAGCCATCCTCTGCTCCGACTCGTCCCAAAGCATGTATGC 
TCAAATGCTATGTGGTCTCTTAATGCGCCATGAAGTTCTCCGACTCGGCGCAGTGTTTGCTTCCGGTCTC 
CTCCGTGCCATAAGCTTCCTCCAGAACAATTGGAAGGAACTTGCTCGTGATATCTCAACCGGAACCCTAA 
GTTCTCGAATCTTCGATCCTGCCATTAAAAACCGCATGTCCAAGATTTTGACCAAACCTGATCAAGAACT 
GGCTGAGTTTTTGGTTGGGGTTTGTTCACAAGAGAATTGGGAAGGGATAATCACAAAGATATGGCCTAAC 
ACGAAGTACCTCGACGTGATTGTTACTGGAGCAATGGCTCAGTATATCCCGACGTTGGAGTACTATAGCG 
GTGGATTACCGATGGCTTGCACGATGTATGCTTCGTCCGAAAGTTATTTCGGGATTAACCTAAAGCCGAT 
GTGTAAACCCTCGGAGGTTTCTTACACAATCATGCCAAACATGGCCTACTTTGAATTCCTCCCACATAAT 
CACGATGGAGATGGAGCAGCAGAAGCATCATTAGACGAAACGTCACTTGTGGAGCTTGCTAATGTTGAGG 
TAGGAAAAGAGTACGAACTCGTGATCACGACCTACGCGGGGCTCTACCGTTACAGAGTTGGCGACATTCT 
TCGTGTCACGGGGTTCCATAATTCCGCTCCACAGTTCAAATTCATACGGAGAAAGAATGTTCTGCTAAGC 
GTAGAATCCGATAAAACCGACGAGGCTGAGCTACAAAAAGCAGTGGAGAATGCGTCGAGGTTGTTTGCAG 
AGCAAGGAACACGTGTGATCGAGTACACAAGCTACGCAGAAACGAAGACTATACCGGGTCATTACGTAAT 
CTACTGGGAGCTACTTGGTAGAGATCAAAGCAATGCTCTTATGAGCGAAGAAGTCATGGCTAAGTGCTGT 
TTGGAGATGGAGGAATCTTTAAACTCGGTTTATAGACAAAGCCGGGTCGCTGATAAATCGATCGGCCCGT 
TGGAGATACGTGTGGTACGGAACGGTACGTTTGAGGAGCTCATGGACTATGCCATCTCGAGAGGCGCATC 
GATTAATCAGTATAAGGTACCGAGGTGCGTGAGCTTCACACCTATCATGGAGCTGCTTGACTCTAGAGTT 
GTGTCTGCTCATTTCAGCCCTTCGTTGCCGCATTGGTCACCAGAACGACGTCGTTAGATAAAACTTTATA 
TGAAAGATATCAACCGGATGATGTGCGGTTTTAGAATATAAAGCTCTGTTTCTGATGCTAATTAAGACTC 
CCTGTTAGATTTCTTATTAGGCTTTGTGAATCGTACAATAAAATTTGAAGTACGTACCGATGTTTTTTTC 
CTTCATCTTCTGTTGGAATCCAGCTAATAACTAGCTTTGGTCCAAAAACCAGATATTTTTAAAATCAGCA 
TTTAATTATTACTACGCCCTAAATTTTCTTT 
 
>AT2G23170/AtGH3.3 
ATATCTCCTCATCATCAAACACAAAGTCTAATATTATCACTTACAAATACCATTTTAATCATGACCGTTG 
ATTCAGCTCTGCGATCTCCGATGATGCACTCACCGTCCACTAAGGACGTGAAGGCTCTAAGGTTCATTGA 
GGAGATGACACGTAACGTCGATTTCGTTCAGAAGAAAGTGATTAGAGAGATACTTAGTCGTAACTCGGAC 
ACTGAGTACCTGAAACGGTTTGGTCTCAAGGGATTCACTGACCGTAAAACATTTAAGACCAAAGTTCCGG 
TGGTTATCTACGATGATCTTAAACCGGAGATTCAACGTATTGCCAATGGTGACCGGTCAATGATCTTGTC 
TTCTTACCCCATCACAGAGTTCCTCACAAGCTCTGGGACATCAGCTGGTGAAAGGAAGTTGATGCCAACC 
ATTGATGAAGACATGGACCGACGTCAGCTTTTATACAGTCTTCTCATGCCTGTGATGAATCTCTACGTGC 
CCGGATTAGACAAAGGCAAGGCTCTATATTTTTTGTTCGTGAAGACGGAATCGAAGACTCCCGGTGGATT 
ACCAGCACGTCCGGTGCTCACGAGTTATTACAAAAGCGAACAATTCAAGAGACGTCCTAACGATCCGTAC 
AACGTGTACACGAGCCCTAACGAAGCCATCCTTTGTCCAGACTCATCCCAAAGCATGTACACGCAGATGC 
TTTGTGGTCTCCTTATGCGTCACGAAGTCCTCCGTCTCGGCGCCGTCTTCGCTTCTGGTCTCCTCCGTGC 
CATTGGATTCCTTCAAACCAATTGGAAAGAACTCGCCGACGATATCTCCACCGGTACCTTAAGTTCAAGA 
ATCTCTGACCCGGCCATTAAAGAGAGCATGTCCAAGATCTTGACCAAACCGGACCAAGAACTGGCTGATT 
TCATAACTTCGGTATGTGGTCAAGACAATAGTTGGGAAGGTATTATTACTAAGATTTGGCCTAACACTAA 
GTACCTTGACGTCATCGTTACTGGAGCCATGGCTCAGTATATCCCGATGCTTGAGTACTATAGCGGCGGG 
TTACCGATGGCTTGCACGATGTATGCATCGTCCGAGAGTTACTTTGGGATCAACTTGAAACCAATGTGTA 
AACCTTCTGAGGTTTCTTATACCATTATGCCAAACATGGCATACTTCGAGTTTCTCCCTCATCATGAAGT 
CCCAACCGAAAAATCCGAACTTGTGGAGCTAGCTGATGTCGAGGTCGGGAAAGAGTACGAGCTTGTGATC 
ACAACCTATGCTGGGCTTAACCGTTATAGAGTTGGTGATATTCTTCAGGTGACTGGATTCTACAATTCCG 
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CTCCACAGTTCAAGTTTGTGCGGAGGAAGAACGTTTTGCTTAGCATTGAGTCGGATAAAACCGATGAAGC 
TGAGCTCCAAAGCGCGGTTGAGAACGCATCGCTCTTACTTGGAGAGCAAGGAACTCGTGTTATCGAGTAC 
ACGAGCTATGCAGAGACGAAGACTATACCTGGCCATTATGTCATTTACTGGGAGCTTCTAGTGAAGGATC 
AAACCAATCCTCCAAATGACGAAGTCATGGCTCGGTGCTGCTTGGAAATGGAGGAGTCGTTGAACTCTGT 
GTATAGACAAAGTCGGGTTGCGGATAAGTCGATAGGACCACTCGAGATACGTGTTGTGAAGAATGGAACG 
TTCGAGGAGCTCATGGACTATGCCATCTCCAGAGGCGCATCGATCAATCAGTACAAGGTGCCGAGGTGTG 
TGAGTTTCACGCCAATAATGGAGCTTCTTGACTCAAGGGTTGTATCTACACACTTCAGCCCAGCTTTGCC 
ACATTGGTCACCAGAACGTCGTCGTTGAGAAGATTTTGGTTTGTGTTAGGATTTGTGAGTCGTACAATAA 
GTTCGGTGTACGGATGTTTACCCCATCAATGTTTTTTCCACTCTGTCCCTCCTTTGTCTGATTTCTAATT 
AATAAACAATTTAAGTTATTTAGCCGAAAAACATAAAAACAGGAAACAAAGTTGTACACGATCTTTGATT 
CAAACCGAAGATAAACGAATCCTCACCAATTGGAAACGAAGCAAATGTACTAAGCGTCGATGTTAATGAC 
GAACACTTGATTTGAAAT 
 
>AT1B59500/AtGH3.4 
ATGGCTGTTGATTCGCTTCTTCAATCTGGGATGGCTTCACCGACGACATCTGAGACAGAGGTGAAGGCTC 
TCAAGTTCATTGAGGAGATTACTCGGAACCCTGACTCGGTTCAAGAAAAGGTTCTTGGAGAGATACTTAG 
TCGTAACTCGAACACGGAATATCTGAAACGGTTCGATCTTAATGGTGCCGTTGATAGGAAATCGTTCAAG 
AGCAAAGTTCCGGTGGTAATCTACGAAGATTTGAAGACGGATATTCAACGTATATCCAACGGTGATCGTT 
CTCCGATCTTGTCTTCTCATCCCATCACCGAGTTTCTCACAAGCTCTGGAACATCTGCTGGCGAGAGGAA 
ATTAATGCCGACAATTGAAGAAGACATAAACCGACGTCAGCTTTTAGGCAATCTTCTCATGCCTGTGATG 
AATCTCTACGTGCCGGGATTAGACAAAGGCAAAGGTTTATACTTCTTATTTGTGAAGTCGGAGTCTACGA 
CATCAGGTGGGTTACCGGCTCGTCCAGCTCTCACTAGTTACTACAAAAGCGACTACTTCAGGACGTCGGA 
TTCAGACAGCGTCTACACTAGTCCTAAGGAAGCCATCCTCTGCTGTGACTCGTCTCAAAGCATGTATACG 
CAAATGCTATGTGGTCTCTTAATGCGCCATGAAGTTAACCGACTCGGTGCGGTGTTTCCTTCTGGTCTCC 
TCCGTGCCATAAGCTTCCTCCAGAACAATTGGAAGGAACTTTCTCAGGATATCTCAACCGGGACCCTAAG 
TTCTAAAATCTTTGATCATGCGATTAAAACTCGAATGTCGAATATTTTGAACAAACCTGATCAAGAACTG 
GCTGAGTTTTTGATAGGGGTTTGTTCGCAAGAGAATTGGGAAGGAATAATCACAAAGATATGGCCTAACA 
CAAAGTACCTTGATGTGATTGTTACTGGTGCAATGGCTGAGTATATCCCAATGTTGGAGTACTATAGCGG 
TGGGTTACCAATGGCAAGCATGATTTATGCTTCATCCGAAAGTTACTTCGGGATTAACCTAAATCCGATG 
TGTAAACCCTCGGAGGTTTCTTACACAATCTTCCCCAACATGGCCTACTTCGAATTCCTCCCACATAATC 
ACGATGGAGATGGAGGAGTAGAAGCAACCTCACTTGTGGAGCTAGCTGATGTTGAGGTTGGAAAGGAGTA 
TGAACTTGTGATCACGACCTACGCGGGGCTCTACCGTTACAGAGTTGGCGACATTCTTCGTGTCACGGGG 
TTTCATAATTCCGCTCCACAGTTCAAATTCATACGGAGAGAGAATGTTTTGCTAAGCATTGAATCTGATA 
AAACAGACGAGGCTGATTTACAAAAGGCAGTGGAGAATGCGTCGAGGTTGCTTGCAGAGCAAGGAACACG 
TGTGATCGAGTATACGAGCTACGCAGATACGAAGACTATACCTGGTCATTACGTAATCTACTGGGAGCTA 
CTTAGTAGAGACCAAAGCAATGCTCTTCCTAGTGACGAAGTCATGGCTAAGTGCTGTTTGGAGATGGAGG 
AATCGCTGAACGCGGTTTATAGACAAAGTCGGGTTTCAGATAAATCTATCGGTCCGTTGGAGATACGTGT 
GGTGCAGAACGGCACGTTTGAGGAGCTCATGGACTTTTCCATCTCGAGAGGTTCATCGATTAATCAGTAT 
AAGGTCCCGAGGTGCGTAAGCCTCACACCGATCATGAAACTGCTTGACTCTAGAGTTGTGTCTGCTCATT 
TCAGCCCTTCGTTGCCGCATTGGTCGCCAGAACGACGTCATTAG 
 
 
>AT4G27260/AtGH3.5 (WES1) 
CTCACACACTAAAAGCTTGCAAAAACCATAAGCTTATCTACTTACTCATCTCTCTCACAAATCATTTTCT 
CAGACTTCTCTCTTTCTCTTAAACCATGCCTGAGGCACCAAAGAAAGAATCTTTAGAGGTTTTCGATCTG 
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ACGCTTGACCAAAAAAACAAGCAAAAGCTTCAGTTGATCGAAGAACTCACCTCTAACGCCGACCAAGTCC 
AAAGACAAGTCTTGGAGGAGATCTTGACCCGCAATGCTGACGTGGAGTATCTCAGGCGACACGACCTCAA 
CGGTCGCACTGACCGTGAGACTTTCAAAAACATCATGCCCGTTATCACCTACGAAGATATTGAGCCTGAG 
ATCAACAGGATCGCTAATGGTGATAAATCACCTATCCTCTCTTCCAAACCCATCTCTGAGTTCCTCACAA 
GCTCTGGGACATCTGGTGGGGAGAGGAAGCTAATGCCAACAATCGAAGAGGAGCTAGACAGGAGATCACT 
CCTCTACAGTCTCTTGATGCCTGTGATGAGCCAGTTCGTTCCTGGTCTCGAAAACGGCAAAGGAATGTAT 
TTCTTGTTCATCAAGTCCGAATCCAAGACTCCAGGAGGCCTCCCTGCTCGTCCTGTCTTAACCAGTTACT 
ACAAATCTTCCCATTTCAAAGAAAGACCCTATGATCCTTACACCAACTACACAAGCCCTAACGAGACCAT 
CCTTTGCTCTGACTCTTACCAGAGCATGTACTCTCAGATGCTTTGTGGCTTATGTCAACACCAGGAGGTT 
CTTAGAGTCGGCGCTGTCTTCGCCTCTGGATTCATCAGAGCCATCAAGTTTCTTGAGAAACACTGGATCG 
AGTTGGTCCGTGACATCAGAACCGGGACTCTAAGTTCCCTGATCACCGATCCTTCAGTGCGTGAGGCGGT 
CGCCAAGATCCTTAAACCGAGCCCAAAGCTAGCTGATTTCGTGGAATTTGAGTGCAAGAAGTCGTCCTGG 
CAAGGGATTATTACTAGGCTGTGGCCTAACACAAAGTATGTGGATGTGATTGTGACCGGGACAATGTCTC 
AATACATTCCAACTTTGGACTACTACAGTAATGGCTTGCCTCTTGTCTGCACAATGTATGCTTCCTCTGA 
GTGTTACTTTGGTGTGAATCTAAGGCCACTCTGCAAACCAAGCGAGGTCTCTTACACGCTCATACCATCC 
ATGGCTTATTTCGAGTTCTTGCCTGTTCATAGAAACAACGGTGTTACTAACTCCATCAACCTTCCTAAAG 
CACTCACTGAGAAAGAGCAACAAGAGCTTGTTGATCTAGTTGATGTCAAGCTTGGTCAGGAATACGAGCT 
TGTTGTCACCACTTACGCCGGGCTTTGCAGATACAGAGTTGGTGATTTATTGAGAGTGACTGGTTTCAAG 
AACAAAGCGCCTCAATTCAGTTTCATATGTCGCAAAAATGTGGTCTTGAGCATAGATTCCGACAAGACCG 
ACGAGGTTGAGCTTCAGAACGCGGTGAAGAACGCAGTGACACACCTTGTCCCATTTGATGCCTCACTCTC 
TGAGTACACGAGCTATGCAGACACAAGTTCCATCCCAGGCCATTATGTCCTGTTTTGGGAGCTATGTTTG 
GATGGAAACACACCGATCCCTCCTTCGGTCTTCGAGGACTGCTGCTTAGCTGTAGAAGAGTCATTCAACA 
CTGTTTATAGACAAGGAAGGGTTAGTGACAAGTCCATAGGCCCGCTTGAGATCAAGATTGTTGAGCCAGG 
GACATTCGATAAGCTCATGGATTACGCAATCAGCTTGGGAGCATCGATTAATCAGTATAAGACGCCGAGA 
TGCGTGAAGTTTGCTCCAATTATCGAGCTATTGAACTCAAGGGTTGTTGATAGTTACTTCAGCCCCAAGT 
GTCCTAAATGGGTTCCTGGTCACAAACAGTGGGGGAGTAACTAAGATGGAATGTGGAACGTGAAGAGACT 
CTCTTTGAGCTAGAAGGTTTGGGACTTGGACTTGCAAATGATGATGTCTTCTCTAATCTTAATTTTAGTT 
TAATCTTTTGTTCTTTTTTTTTTGTTATCCTTTTAATATCCATAGTCCCTGTGGGTTTGAAAACCAGTTG 
TACAAAAGGCAAATCATGTTTTCTCCAACCAACTCTCATCACTCTTTCTCGAGCCTCCAAATTTTTCTAT 
TGTTTAATGCGGAATTGTTTGGACTTTTATCATGTATAAGCAACGTGAAATTGCAATTTGCTAAGATGAT 
TTTGTT 
 
>AT5G54510/AtGH3.6 (DFL1) 
ACACCCTTAAAGCTTCAACAAAACCAGATCAAGCTTCTTTCACCATTTTCACTCTTCTTTAAGCTTTCTT 
TCTTAATTTCTCTCATTTCGAATTTTAAACACAAAACCTAAACGATGCCTGAGGCACCAAAGATCGCAGC 
TTTGGAGGTTTCTGATGAGAGCCTCGCTGAGAAGAACAAGAACAAACTCCAATTCATCGAAGACGTGACC 
ACGAACGCAGATGATGTTCAGAGACGAGTTCTTGAAGAGATCCTTTCACGTAATGCTGATGTGGAGTATC 
TTAAACGACACGGGCTCGAAGGACGAACCGATCGTGAGACTTTCAAACATATCATGCCTGTCGTAACTTA 
CGAAGATATTCAACCTGAGATCAACAGAATCGCCAATGGTGATAAGTCTCAAGTCCTCTGTTCTAACCCC 
ATCTCTGAGTTCCTCACAAGTTCTGGGACTTCTGGTGGAGAGAGGAAACTGATGCCAACAATCGAAGAGG 
AACTAGACAGAAGATCACTTCTCTACAGTCTCTTGATGCCTGTGATGGACCAGTTTGTTCCTGGTCTTGA 
CAAAGGCAAAGGGATGTATTTTCTGTTTATCAAATCAGAATCCAAGACACCAGGTGGTCTCCCTGCTCGT 
CCTGTTTTAACCAGTTACTACAAATCCTCTCACTTCAAAAACAGACCTTATGATCCTTACACCAACTACA 
CAAGTCCCAACCAAACCATCCTTTGTTCTGACTCTTACCAGAGCATGTACTCTCAAATGCTTTGTGGTTT 
ATGCCAACACAAAGAGGTTCTTCGTGTTGGTGCTGTTTTTGCCTCTGGTTTCATTAGAGCCATCAAGTTT 
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CTTGAGAAACATTGGCCTGAGCTAGCTCGTGACATTAGAACCGGTACTCTCAGTTCCGAGATAACCGATT 
CTTCGGTTCGTGAGGCGGTCGGGGAGATTCTTAAACCGGATCCTAAGCTTGCTGATTTCGTCGAATCTGA 
ATGCAGGAAGACTTCTTGGCAAGGGATCATCACTAGGCTTTGGCCAAACACTAAGTATGTGGATGTGATT 
GTGACTGGAACAATGTCACAGTATATTCCAACTCTGGATTATTACAGCAATGGTTTGCCTCTTGTCTGCA 
CAATGTATGCTTCTTCGGAGTGTTACTTCGGTGTGAATCTCAGGCCACTCTGCAAACCAAGTGAAGTCTC 
TTACACTCTCATACCGAACATGGCGTATTTCGAGTTCTTGCCTGTTCATAGGAACAGTGGAGTTACTAGC 
TCTATCAGTCTTCCAAAAGCACTCACTGAGAAAGAACAACAAGAGCTTGTTGATCTCGTCGATGTCAAGC 
TTGGTCAGGAGTACGAGCTTGTTGTCACCACCTATGCTGGGCTTTACAGGTACAGAGTGGGTGATGTCCT 
AAGCGTGGCTGGTTTCAAGAACAATGCGCCTCAGTTCAGCTTCATATGCCGCAAGAACGTGGTCTTAAGC 
ATTGACTCGGACAAAACCGATGAGGTTGAGCTTCAAAACGCAGTTAAAAACGCGGTAACACACCTTGTTC 
CGTTTGATGCTTCACTCTCCGAGTACACTAGCTATGCGGACACATCATCTATCCCGGGCCACTATGTCTT 
ATTCTGGGAGCTCTGCTTGAACGGTAACACGCCAATTCCTCCCTCGGTCTTCGAGGATTGCTGTTTAACC 
ATAGAGGAATCACTTAACAGTGTGTATAGACAAGGAAGGGTCAGTGATAAGTCCATTGGACCATTGGAGA 
TCAAGATGGTCGAGTCAGGGACTTTCGATAAGCTCATGGATTATGCGATAAGCTTGGGTGCATCGATCAA 
TCAGTACAAGACACCAAGGTGTGTGAAGTTTGCTCCGATCATTGAGCTTTTAAACTCTAGGGTTGTTGAT 
AGTTACTTCAGCCCCAAGTGTCCTAAATGGTCCCCTGGTCACAAGCAATGGGGGAGTAACTAAAGAGGAA 
ACTTTGGGGAAGAAGAAAGACTCTCTATGAAGTAGAAGGTTCTGTTTTGTAATCAAATGAATATCGAGAA 
AAGTGATAAATTATTATGTCTGTTTGTTCTAATTTAAATCTTAATTTAATTTTGCTTTACTGTTTTTGTT 
TTGAAATATGTTTAGATTCTAGTCATATGTACATAGCCGGTTTATGTTTCTCTAAGCGACTCTTTTAAGT 
TTCTCCAGCCT 
 
>AT1G23160/AtGH3.7 
ATGAGTTTAACCTCTGATCTCTCCGAAAAATCCAGTGATAAAATGAAGGTTCTAGAGGATTTAACATCAA 
ATGTAACGCAGATACAAGACAATGTATTGGAGGAGATACTCACACTAAATGCAAACACGAATTATCTCCA 
AAAGTTCTTCCTTGGAAGCTTTGATAAAGAAAGTTTCAAGAAGAACGTACCAGTGGTAACTTATGAAGAT 
GTTAAGCCATATATCGAACGTGTCGTGAATGGAGAGCCCTCGAATGTCATTTCGGCCCGGCCTATAACCG 
GTTTTGTACTAAGTACGGGAACTTCAGGGGGAGCACAAAAGATGATGCCATGGAATGAAAAATATTTAGA 
CAACTTGACCTTCATGTATGATCTTCGTATGCATATTATAAGCAATAATGTGAAAGATGTGGAGAAAGGA 
AAGGCGATGATGTTTTACTTCACTAAACTCGAATCCATCACTCCCTCTGGCTTGCCTGCTCGAGTCGCCA 
GCAGTAGCTATTTAAAGAGCAACTATTTCAAGAACCGTCCATCAAACTGGTATTACTCTTACACAAGCCC 
TGATGAAGTCACTCTATGTCCAGACAACAAACAAAATCTCTACTGCCATTTGCTTTGTGGTCTGGTTCAA 
AGAAACGAGGTTACAAGAATGGGTTCTATCTTCGCCTCCGTTATGGTCCGAGCAATCAAGTTTCTTGAAG 
ATTCATGGGAAGAGTTGTGTTCAAACATCCGATCAGGGCAGCTCAGCGAGTGGATCACGGACATTGGTTG 
TCGAGATTCGGTGTCTCTAGTTCTTGGTGGGCCTCATCCTGAAGCGGCAGACACCATTGAACAAATATGC 
AACCAAAAATGTTGGAAAGGTATAATCACAAGACTTTGGCCAAAAGCTAAATATATTGAAACTATTGTTA 
CTGGTTCGATGGTGCAGTATGTTCCCACATTGAACTATTACTCTAATAATATGTTACCTCTCATTTCAAC 
AATCTACGCTTCTTCGGAGACTCAATTCGGGTTAAATCTCAATCCTATGTGCAAGCCTGAAGATGTATCG 
TACACATTCATGCCCAACGTGTCCTACTTCGAGTTCATACCAGTGGATGGAGACAAGAACGATGTTGTTG 
ACCTTGCTGATGTCAAACTTGGATGTTGTTATGAGGCTGTCGTCACAAATTTTTCAGGCTTGTATAGAAT 
AAGAGTTGGAGACATTCTAGTGGTGACTGGTTTCCATAACAAAGCACCTCAGTTTAGGTTTATAAGAAGA 
GACAACGTGGTTTTAAGCATTGACTTGGACAAAACTAACGAAGATGATCTGTTTAAGGCGGTGAATAACG 
CAAAACTCACTCTTGACTCATCACATCTCATGCTAATAGACTTCACTAGCTATGCTGATATCTCCACTAT 
CCCGGGACACTACGTAGTTTATTGGGAAGTAAAGAACAAAAACGAAGACAAGAAGAGCAAAAAGCACATA 
GAGCTCAAAGAAGAGACATTCTCGGAGTGTTGTTTACTAATGGAGGATTCATTAGACAGTGTTTACAAGA 
TTTGTCGGTTTAAGGAGGAATCTGTAGGACCATTGGAGATAAAAGTGGTGCGTCAAGGGACATTTGATTC 
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TCTCATGGATTACTTCATCTCACAAGGTGCTTCTATTGGTCAATACAAGACTCCAAGGTGCATTAAATCT 
GGAAAAGCCTTAGAGGTATTAGAGGAAAATGTGGTAGCCACATTCTTCAGTACCTGA 
 
>AT5G51470/AtGH3.8 
ATGAGTTTATGCTCTGATCTCACTGAGAAATTAGACGAGGAGATTTTAGAGGACTTGACGTCCAATGTGA 
AGCAAATACAAGACAACGTATTGGAGGAGATACTCACACTTAATGCTAACACAGAGTATCTTCGACGTTT 
TCTCCATGGGAGCTCTAGTAAAGAGCTTTTCAAGAAGAACGTCCCTGTGGTGACCTACGAGGATGTGAAG 
CCTTTTATCGATCGTGTCACGAATGGAGAGCCCTCTGATATTATCTCTGGCAACCCCATTACCGGATTCC 
TTCTAAGTTCTGGAACATCCGGAGGAAAACAGAAGATGTTTCCTCGTAACAACAAGTACTTGGAAAACAT 
AAAATTCATCTTTTATTACCGATCGCTCGTTATAAGCAAGCATATAGATGGTCTTGAACATGGAAAGGGA 
ATGGTATTTAACTTTTGTACATCAGAGAACACAACTCCTTCTGGTTTGCCATCATCAGCTGCATCGACGA 
GCTTCTTCAAGAGTGATTATTTCAAGAACCGACCATCGTATTGGCATTGGTCTTACACAAGCCCTGACGA 
AGTCATATTGTGTTCAGACACCAAGCAGACTTTGTACTGTCATCTTCTATGCGGTCTTGTTCAAAGAGAC 
GATGTTGTGAAGGTTGGTGCCGCCTTTGTTACTATTTTGGTCCGAGCAATAAATCTTCTTGAGAATTCTT 
GGAAGGAAATTTGCACTAATATCCGTTTTGGTCATCTTAGTGAGTGGATCACTGATATTAGTTGTAGAGA 
CTCCGTTTCAAAGATTCTTGGAGAGCCTAATCCTGAATTGGCTGATCTCATAGAAAATGAATGCAACAAT 
AAATCATGGGAAGGTATAGTTCCAAGACTTTGGCCTAAAGCCAAATTCATAGAATGCATTGCAACCGGTC 
AAATGGCTCAACACATCCCAACATTGGAGTTTTACTCTAACAAGTTGCCATCGATTTCCTCGAGTTACGT 
ATCTTCTGAAACTATGTTTGGTATTAATATGAGTCCTCTTTGCAAACCAGAAAATGTATCATACACATTT 
CTGCCCAACTTGTCATATTTTGAGTTCCTACTTGTTGATGCCGGTGACAAAACCGAAATTGTTGATCTCG 
TGGATGTCAAGTTAGGGTGCTATTACGAGCCCTTGGTCACAAATCATTCCGGCCTACACAGATATAAGAT 
GGGTGATATTTTACTGGTGACTGGATTTTATAATAATGCACCTCAATTTAGATTTGTGCGTAGAGGAAAT 
CTGACTCTAAGTATTCATTTGGAGATAACTACAGATGAAGACCTTTTAAACGCGGTCACAGACGCAAAGA 
TGGTTCTTGAATCATCAAATTTGATGTTGATGGACTTCACAAGCTATGCGGATATTTCTACTACTCCGGG 
TCATTATGTTCTTTATTGGGAGCTCAAAGCAAAATACCGCAACGACATTGTTGAAATCGATAAGAATGTT 
TTGGTAGAATGTTGCTATGTGGTGGAAGAATCATTGAACAATTCTTATAGAGTATATAGGAGTAAAGGTG 
GATTAATTGGAGCTTTGGAGATAAGATTGGTGCAGCAAGGAACTTTTGATGCTCTCATGGAGTTTTTCAT 
CACTCAAGGTGCTTCTTCAACTCAATACAAGACACCTATTTGCATCAAATCTACTGAGGCCTTGGTGATT 
TTAGAAGAAAATGTCCATGCTTGTTTCTTTACTGATAAGTCCCTTTCTTTGAACTTTTCGTCATAA 
 
 
>AT2G47750/AtGH3.9 
CCTTCCTTGAAACTGAGCTTGCATAATTGATGATATCAGCACTGATTTTTTTTCCCTTTAACTGATATAT 
TGCAAGGACAAAGTTAATCTCCATTTCTGGGTATGTAAATATGGCTAAACCCACTATAAATATACCCCCT 
TACTTTGAGTCCTGAGGCAGTCATTACCTCTCTTCTTCTTCTTCTTCTTCTTCTTCTTTCTTTGGGTTAG 
CTGAGAAATGGATGTAATGAAGCTTGATCACGACAGTGTATTAAAAGAGCTTGAGAGGATCACCTCGAAA 
GCTGCTGAAGTTCAAGATAACATTTTACGTGGGATCTTGGAAAGAAACAAGGACACAGAGTACTTGAGTA 
AGTACATGAATGGCTCTAAGGATGTTCTGGAGTTTAAACGCGCTGTGCCAATCATCATATACAAAGATAT 
CTATCCGTACATTCAGAGAATTGCTAATGGAGAAGACTCATCTCTTATTACTGGCCATTCTATTACTGAA 
ATATTATGCAGCTCTGGGACTTCTGCTGGAGAGCCAAAGCTAATGCCAACCATTCCTGAAGATCTTGATC 
GCCGCACTTTTCTCTACAATCTTATCATTCCAATCGTGAACAAGTACATAACAGGACTTGACAAAGGAAA 
AGCAATGTACCTAAATTTCGTAAAGGCTGAAACATCAACTCCTTGTGGTTTACCAATCAGAGCTGTCCTC 
ACTAGTTACTACAAAAGCAAGCATTTCCAGTGCAGACCTTATGATCCATTCAACGACTTAACCAGTCCTA 
TCCAAACCATCCTTTGTGAAGACAGCAACCAAAGCATGTACTGTCAGTTACTAGCCGGTCTGATTCACCG 
TCACAAGGTGATGCGTTTAGGAGCAGTCTTTGCTTCAGCGTTTCTCCGTGCAATCTCTTATCTCGAGAAG 
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AAATGGAGTCAGCTCTGTGAAGACATCCGCACCGGTAGTCTCAACCCCATGATCACCGATCCAGGTTGCC 
AAATGGCAATGTCTTGTCTTTTAATGTCGCCGAATCCAGAGTTAGCTAGCGAGATCGAAGAGATCTGTGG 
GCGGTCGTCGTGGAAAGGGATTCTGTGTCAGCTCTGGCCTAAGGCAAAGTTCATCGAAGCAGTAGTGACG 
GGCTCAATGGCTCAATACATACCTGCACTTGAGTTTTTTAGCCAGGGGAAGATTCCATTGGTTTGTCCAA 
TGTATGCTTCCTCTGAGACTTACTTTGGAGTCAACGTGGAACCACTCTCCAAACCATCTGACGTCGTTTT 
CACTCTCTTGCCTAACATGTGCTACTTCGAGTTTATCCCTCTCGGCAAAAACGGGACACTCTCTTTTGAT 
CTAGACGACGATGAACAAGTCCCCTGTGATAAAGTCGTTGACTTGGTCAATGTCAAACTCGGCCGCTACT 
ATGAACTGGTCGTCACAACTTTCGCAGGATTGTACCGTTACCGAATCGGCGACGTTCTTCAAGTGGCGGG 
TTTCTACAACGGAGCACCACAGTTCCGGTTTATCTGCAGGAGAAACGTGGTTCTAAGCATCGACTTAGAC 
AAAACCAACGAAGAAGATCTACACAGGAGCATAACGTTAGCCAAGAAGAAGCTTGGAAGCAACGCATTCC 
TGGCGGAGTACACGAGCTACGCGGACACGTCATCAGTGCCAGGTCACTACGTGCTATTCTGGGAGATCCA 
AGGTCATCTCGAGCCGAAACTGATGGAAGAGTGTTGCGTTGCGGTGGAGGAAGAGCTGGACTACATATAC 
AGACAGTGCAGGACGAAAGAGAGATCGATAGGGGCATTAGAGATCAGAGTGGTGAAACCAGGAACGTTCG 
AGAAACTGATGGATCTGATTATAAGCCAAGGAGGGTCGTTTAATCAGTATAAAACGCCGAGATGTGTCAA 
GTCCAACAGTGCAACGTTCAAGCTCTTGAACGGACACGTAATGGCTTCTTTCTTTAGCCCTCGTGACCCG 
ACTTGGGTTCCATGATCCCAAGACTTTTAATCATCATTACCAAATTTTTACACTCTCTGTAATAATAACC 
ATCCGATCGAATTCGCTGCTTTTTTTTTTTTTTTTTTTTTTTCGCTGCTTTATTGATAAAACATATTTAT 
AAGAAATTTTATCGACTTAAGACGGACGTCGTTGCTTCACCGCTACGGCGTTACC 
 
>At4g03400/AtGH3.10/DFL2 
ATGGAAACTGTAGAAGCGGGGCATGATGATGTTATTGGTTGGTTCGAGCATGTGTCGGAAAATGCCTGCA 
AGGTCCAAAGCGAGACGCTACGAAGGATTCTTGAGCTCAACTCCGGAGTGGAGTATCTGAGGAAATGGCT 
TGGGACTGTTGATGTAGAAAAGATGGACGATTATACTTTGGAAACTCTCTTTACTTCCTTGGTGCCTATT 
GTTTCACATGCTGATTTAGATCCTTATATTCAAAGAATTGCAGATGGAGAGACTTCTCCATTACTTACAC 
AAGAACCCATCACTGTTCTGTCCCTCAGCTCTGGAACAACAGAAGGGAGACAAAAGTATGTTCCGTTTAC 
TCGCCATAGCGCGCAAACTACTCTTCAGATTTTCCGATTATCAGCGGCTTACAGATCAAGGTTTTATCCA 
ATAAGGGAAGGAGGGAGGATTCTTGAGTTTATATACGCCGGGAAGGAATTTAAGACGCTAGGAGGATTGA 
CAGTAGGAACGGCCACAACACATTACTATGCGAGCGAAGAGTTTAAAACTAAGCAAGAGACAACAAAATC 
CTTCACTTGTAGCCCACAAGAGGTCATCTCAGGAGGTGATTTCGGTCAGTGCACGTATTGTCATCTCCTA 
CTTGGTCTCCATTACTCCAGCCAAGTAGAGTTTGTCGCCTCTGCTTTTTCTTACACCATTGTCCAAGCTT 
TCTCCTTTTTCGAAGAAATCTGGAGAGAGATATGTGCTGACATCAAGGAAGGTAATCTTAGCTCAAGAAT 
CACTCTGCCCAAGATGAGAAAAGCTGTATTGGCTCTGATCAGACCAAACCCGTCTCTTGCTTCTCATATC 
GAGGAGATCTGCTTAGAGCTGGAAACAAATCTCGGATGGTTCGGTTTGATTTCAAAGCTTTGGCCAAATG 
CAAAATTTATCTCCTCAATCATGACGGGTTCTATGCTGCCGTACCTGAATAAGCTGAGGCATTACGCTGG 
CGGTTTGCCCCTGGTGAGCGCAGATTACGGGTCAACCGAGAGCTGGATTGGTGTGAACGTTGATCCTCAT 
CTTCCCCCAGAAGACGTGAGCTTTGCTGTGATTCCCACTTTTAGTTACTTCGAGTTTATACCACTTTACA 
GGCGGCAGAATCAATCAGACATATGCATTGACGGTGACTTTGTCGAAGATAAACCTGTGCCGCTCTCTCA 
AGTCAAACTCGGGCAGGAGTATGAACTTGTTCTAACCACTTTCACAGGTCTTTATAGGTACAGATTAGGA 
GACGTAGTTGAAGTGACCAGTTTTCACAAAGGCACACCGAAGCTAAGTTTCATATACAGAAGAAAACTCA 
TCTTAACCATCAACATTGACAAAAACACAGAGAAGGATCTTCAGAGAGTTGTTGACAAGGCGTCTCAGCT 
TCTGAGCCGATCCACACGAGCTGAAGTCGTTGACTTTACAAGCCACGCAGACGTTATAGCTCGTCCTGGT 
CACTATGTAATCTACTGGGAAATCAGAGGAGAAGCAGATGATAAGGCTCTTGAAGAATGTTGCAGAGAGA 
TGGATACTGCTTTTGTGGACTATGGTTATGTAGTGTCGAGGCGCATGAACTCGATCGGACCGCTTGAGCT 
ACGAGTTGTGGAACGAGGAACGTTTGGGAAAGTGGCGGAAAGGTGCGTTGGGAAATGCGGTGGCTTGAAC 
CAGTTTAAGACTCCTAGGTGTACGACCAATTCTGTTATGCTTGACATACTTAATGATTCTACTATCAAGA 
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GATTTCGCAGTTCAGCTTATGACTAGAAACCTGATTACTAAATTTAGTTTTGTGTTTTTATCTTTGTGAT 
TCCATGGCGGCTGTGTTAGTGTAC 
 
>At2g46370/AtGH3.11/JAR1 
AAAATTCACTCAACTTTCTCTCACTCCTTTTTTCTCTCTCTCTCTCTATCCTCTACAGAGCTCGCAGCAA 
CTAGCGCAGGTACTCTCTCTTTCTCACTCCTTAATCTAGATACTAAAGCTGATCATTTTCATATCTCTCA 
GTAATCCGTTTCGTCTGATCGGGATGTTGGAGAAGGTTGAAACTTTCGACATGAACAGAGTCATTGATGA 
ATTCGATGAAATGACTAGAAACGCTCATCAAGTCCAGAAACAAACTTTGAAAGAGATTCTTCTCAAGAAC 
CAATCCGCCATTTACTTACAAAACTGTGGTCTCAATGGAAACGCTACTGACCCTGAAGAAGCTTTCAAAT 
CTATGGTTCCTTTAGTCACTGATGTTGAATTAGAGCCTTACATCAAAAGAATGGTTGATGGTGACACTTC 
ACCTATTCTCACTGGTCACCCTGTTCCTGCCATTTCCTTAAGCTCTGGAACTAGTCAAGGCCGTCCAAAG 
TTTATTCCTTTCACTGATGAATTAATGGAGAACACATTGCAACTGTTTCGCACTGCTTTTGCCTTCAGAA 
ACAGAGATTTTCCCATTGATGACAATGGCAAAGCTTTGCAATTTATCTTCAGCAGCAAGCAGTACATATC 
AACGGGAGGTGTCCCGGTTGGAACCGCAACCACAAACGTGTACCGCAACCCTAACTTCAAAGCTGGGATG 
AAATCTATAACGTCTCCTTCCTGTAGTCCCGACGAAGTTATCTTTAGTCCTGATGTCCATCAAGCCTTGT 
ATTGCCATCTCTTATCCGGAATTCTCTTCAGAGATCAAGTTCAATACGTCTTTGCCGTCTTTGCTCACGG 
TCTAGTTCACGCTTTTAGAACCTTTGAACAGGTTTGGGAAGAGATTGTTACCGATATCAAAGATGGTGTC 
TTAAGCAACCGTATTACTGTCCCATCGGTCCGTACTGCAATGTCGAAGCTGCTCACACCTAACCCTGAGC 
TAGCTGAGACGATCCGCACCAAATGTATGAGTTTGAGCAACTGGTACGGATTGATTCCCGCGCTCTTCCC 
CAACGCAAAGTATGTTTACGGGATCATGACTGGCTCCATGGAGCCGTATGTGCCAAAGCTGAGACATTAC 
GCGGGTGATCTACCTCTTGTGAGCCATGACTACGGTAGCTCGGAAGGATGGATTGCTGCTAATGTTACCC 
CAAGGTTATCTCCAGAGGAAGCTACATTTGCTGTGATTCCGAATCTCGGTTATTTCGAGTTTCTCCCTGT 
ATCTGAAACAGGGGAAGGAGAGGAGAAACCGGTTGGTTTAACTCAAGTCAAGATTGGAGAAGAGTATGAA 
GTTGTCATCACAAATTACGCAGGGTTGTATCGATACCGGCTTGGAGATGTGGTAAAGGTCATTGGTTTCT 
ACAACAACACTCCCCAACTAAAATTCATATGCAGGAGAAACCTGATTCTCTCGATCAACATCGACAAGAA 
CACCGAAAGAGACCTTCAGCTTTCAGTAGAATCGGCTGCAAAGAGACTCTCAGAAGAAAAGATCGAGGTC 
ATAGACTTCTCTAGCTACATCGATGTCTCGACAGATCCAGGACATAACGCTATCTTCTGGGAGATTTCAG 
GAGAAACAAACGAAGACGTTCTTCAAGATTGCTGCAACTGTTTAGACCGAGCATTCATCGATGCGGGTTA 
CGTTAGTTCCCGGAAATGCAAGACTATTGGAGCCTTGGAGCTGAGAGTTGTCGCAAAAGGAACTTTCCGG 
AAGATTCAAGAACATTTTCTCGGGCTTGGTTCATCGGCTGGACAGTTTAAGATGCCAAGATGTGTGAAGC 
CAAGTAATGCTAAGGTTCTCCAAATTCTGTGTGAGAATGTGGTGAGTAGCTACTTCAGCACAGCGTTTTG 
ACTCACTAAAATTGTGTGAAATCAAAGAAAGTGGTTTTTAGTTGTTTATTTCCGTCGTTGTTGTCTTTAT 
TTGTCAATATAGTTTTCTTTACGTTATTTAATTGAGCATAAACTTTTTTTATCTCAAAAAAAAAAAAAAA 
A 
 
>AT5G13320/AtGH3.12 
AATGCAATTTCAAAAATTTCCAAATCCTTTGTAATTAAATTGAGTGTACCAATCTGGAGAAAAGATACGA 
GACTCTGTTGCAGAGAACCAAATATGAAGCCAATCTTCGATATCAACGAAACTTTTGAGAAGCAGCTGAA 
GGATTTAACTTCAAATGTGAAGTCTATACAAGACAACTTGTTAGAGGAGATCATCACACCCAACACCAAA 
ACAGAGTACCTCCAACGTTTTCTCATCGATAGGTTCGACAAAGAGCTCTTCAAGAAAAACGTACCGATCG 
TGTCATATGAAGATATTAAGCCTTATCTCGACCGTGTCGTTAATGGAGAGTCATCCGATGTTATATCGGC 
CCGAACTATCACTGGATTCTTGCTAAGTTCTGGAACTTCTGGAGGAGCACAAAAGATGATGCCATGGAAC 
AACAAGTACTTGGACAATTTGACATTCATCTACGATCTTCGTATGCAAGTTATAACCAAGCATGTGAAAG 
GTGTGGAAGAAGGAAAAGGGATGATGTTTCTTTTCACTAAACAAGAATCCATGACTCCTTCTGGCTTGCC 
TGCTCGAGTCGCAACCAGCAGCTATTTCAAGAGTGACTATTTCAAGAACCGTCCATCGAACTGGTATTAC 
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TCGTACACCAGCCCTGATGAAGTCATCTTATGCCCTAACAACACCGAAAGTCTATACTGCCATTTGCTCT 
GTGGCTTAGTCCAAAGAGACGAGGTTGTGAGGACGGGTTCCATCTTTGCTTCAGTCATGGTCCGAGCTAT 
CGAGGTCCTTAAGAATTCTTGGGAGGAGTTGTGTTCAAACATCCGATCGGGCCATCTCAGTAACTGGGTC 
ACAGACTTGGGTTGTCAAAACTCTGTTTCTTTGGTTCTTGGAGGGCCACGTCCTGAATTAGCAGACACTA 
TTGAAGAAATATGCAACCAAAATTCTTGGAAAGGTATAGTCAAAAGACTTTGGCCAAACACCAAATATAT 
CGAAACCGTTGTCACTGGTTCAATGGGACAGTACGTTCCCATGTTGAACTACTATTGTAACGACTTGCCT 
CTCGTTTCAACAACTTACGGTTCTTCGGAGACTACCTTTGGGATCAATCTAGATCCTCTGTGCAAACCTG 
AAGATGTTTCTTACACTTTCATGCCCAACATGTCTTACTTTGAGTTCATACCAATGGATGGAGGAGACAA 
GAACGATGTGGTTGACCTAGAAGATGTGAAACTTGGGTGCACTTATGAACCCGTTGTCACAAATTTCGCT 
GGCTTGTATAGGATGAGAGTGGGAGATATTGTTTTGGTGACTGGTTTCTACAACAACGCGCCTCAGTTTA 
AGTTTGTAAGAAGAGAAAACGTCGTCTTAAGCATCGATTCCGATAAAACTAACGAAGAAGATCTGTTTAA 
GGCTGTGAGTCAAGCGAAGCTCGTACTCGAGTCATCAGGTCTCGATCTGAAAGACTTCACCAGTTATGCT 
GACACCTCAACATTTCCAGGTCACTACGTGGTTTACTTGGAAGTAGATACCAAAGAGGGAGAGGAGAAGG 
AGACGGCACAGTTTGAGCTCGATGAAGAGGCACTCTCCACGTGTTGTTTGGTAATGGAGGAGTCGCTTGA 
TAATGTTTACAAGAGATGTCGATTCAAAGACGGATCGATCGGGCCTCTCGAGATAAGAGTGGTGCGTCAA 
GGAACGTTTGATTCTCTCATGGACTTCTTCATCTCACAAGGTGCTTCCACCGGTCAATACAAGACTCCTA 
GATGCATTAAGTCAGGGAAAGCCTTGCAAGTATTGGAGACATGTGTGGTAGCCAAATTCTTCAGTATTTG 
ATTGTTCTTCCTTGGTTTTATATAGGTTCAAGTGATTTGTCTTCTTTTTTTTTCCATAAAGGGTTTGGTT 
CAATTGATTTGTTGTGATTTGAGAGTGTACTAATTTGTCTGAATGTTTGTTTATATTTTTTTAATATATA 
TATTTGATTCAGTCTT 
 
>AT5G13350/AtGH3.13 
ATGTTGCCAAAGTTTGATCTAACAGACCCAAAAGCTAGCCTGTCTCTTCTTGAGGATGTGACCACCAACG 
TAACGCAGATTCAAGATTCCATCTTGGAAGCAGTACTTTCACGTAATGCTCATACCGAGTATCTTAAAGG 
TTTCCTCAACGGTCAAGTTGATAAGCAAACCTTCAAGAAGAACGTACCCATTGTGACCTATGAAGATATT 
AAGCCTTACATCAATCGTATCGCTAATGGAGAGGCGTCTGATCTCATCTGTGATCGACCCATCAGTTTAC 
TTGTGATGAGCTCTGGTACTACAGCAGGAATTCAAAATTTGATTCCTTTGACAACAGAGGATGGGGAACA 
GAGGATTATGTTTGGATCTCTCTATAGATCTTTACTCTATAAGTACGTCGAGGGGATTAGAGAAGGAAAG 
TCTCTCACGTTCTATTTCGTGAACCCTGAAAGAGAGACTGCCTCTGGGATACTGATCAGGACTATGATAA 
CTTGTATTTTGAAAAGCGTAAACAAAACCAACTCATCTCTTTGGGATAGATTACAGATAAGCCCGCATGA 
AATTTCTACTTGTGAAGACACTACTCAGAGCATGTACTGTCAATTGCTTTGTGGGCTTCTACAACGAGAT 
AATGTAGCTCGCCTCGGTGCACCCTTTGCTTCTGTCTTCATCAGAGTAATCAAGTACTTGGAAGGTCATT 
GGCAAGAGTTATGCTCAAACATAAGGACTGGCCGTCTCAGTGACTGGATCACAGACCCTCAATGTGTCTC 
AGGGATTAGTAAGTTCCTCACCGCTCCAAATCCGGACCTAGCGAGCCTTATCGAGCAAGAATGCAGTAAA 
ACCTCATGGGAGGCAATAGTGAAGAGACTTTGGCCAAAAGCAAAATGCGTCGAAGCCGTCGTTACAGGCT 
CCATGGCACAGTACATTCCGTTGCTGGAATTCTATGGCGGTGGTCTTCCGTTGATTTCATCGTGGTATGG 
CAGCTCTGAATGTTTCATGGGTGTCAATGTCAATCCTCTGTGCAAGCCTAGCGATGTGTCGTACACCATC 
ATCCCATCTATGGCGTACTTCGAGTTCTTAGAGGTCAAGAAAGACCAACAAGAAGCTGGTCTTGATCCCA 
TAGAGAACCATGTGGTCGTCGATCTTGTCGATGTTAAAATTGGCCATGATTATGAACCTGTCGTCACAAC 
GTTTTCTGGTCTGTATAGGTACCGTGTGGGTGATCTTTTAAGAGTTACTGGTTTCTACAACAATTCACCA 
CATTTCCGTTTCGTGGGAAGACAGAAAGTTGTTCTGAGCCTCCACATGGCCAATACATACGAAGAAGACC 
TCCTTAAGGCAGTGACAAACGCAAAGCTCCTGCTCGAGCCACATGACCTGATGCTAATGGAGTTCACTAG 
CCGTGTGGATTCGTCCTCGTTTGTAGGACACTATGTGCTCTATTGGGAACTTGGGAGCAAAGTCAAGGAC 
GCCAAGCTCGAACCTAACCGCGATGTTATGGAAGAATGTTGCTTCACCGTTGAGAAGTATCTGGACCCTC 
TCTATAGACAAGAACGAAGAAAAGATAAGAACATTGGACCTCTTGAGATTAAGGTTGTTAAGCCTGGCGC 
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CTTCGACGAACTCATGAATTTCTTTCTGTCTCGAGGCTCTTCTGTGAGTCAGTACAAGACGCCGAGGTCG 
GTGAAGACTGAAGAAGCCGTCAAGATATTGGAGGCCAACGTTGTTTCCGAGTTTCTTAGTCAGGAAACTC 
CGCCGTGGGGATAA 
 
>AT5G13360/AtGH3.14 
CAAGATTGATGACCGTAGTAGTAACCACATGGTTTTTGTCTGCATTCATTGTTTCTAAAGATTGGGGGAA 
AAGACAAAACTACTTAATCTTACTTTCAAATCTTCAACGTGTCACTGATTTCTCCATTTAAAATGTTTTT 
ATCTCCTCGTAGTGCTCACCAAAAGGTTGGACTCTCTATGCTAATTGACCCTCTTCCTGAAAAAAATACC 
AAATCTGGCAACTCATCCACAATTTTACGCCACCGAACATTTCGCCAAACCACACATTTTGTCTGCTTTC 
TACTTCGCCAGGGAAAGTGGCCAGAGCTCATCTACTTCGCAAGAACTAAGCAATCTCTTGTAAGTCAAAA 
GGCAGCACAAGCAATCATGTTGCCAAAGTTCGATCCAACAGACCAAAAAGCTTGTCTGTCTCTTCTTGAG 
GATGTGACTACCAACGTAAAGCAGATTCAAGATTCTGTCTTGGAAGCAATACTTTCACGTAATGCTCATA 
CCGAGTATCTTAGTGGTTTCCTCAACGGTCAAGCTGATAAGAAAAGCTTCAAGAAGAATGTACCCGTTGT 
AACCTACGAAGATATTAAGCCTTATATCGATCGTATCGCCAATGGAGAGCCGTCTGATCTCATCTGTGAT 
CGACCCATCAGTGTACTCTTGACTAGCTCAGGTACTTCAGGAGGAGTTCCGAAGCTGATTCCTTTGACAA 
CAGAGGAGTTGGAACAGAGGATTTCGTTTGCTTCTCTCTATAGACCTCTACTCTACAAGTACATCGAGGG 
TATTAGAGAAAGAAAATCTTTCATGTTATATTTCGTGACTCGAGAAAGCGAGACTGCTTCTGGGATACTG 
GTCAGGACTATGATAACTTGTGTTTTGAAAAGCGTGACGCCAGCTAACTCTTTTATCTGGGATCAATCAC 
AGATAAGCCCGCATGCGATTACGACTTGTTCAGACACTACTCAGAGCATGTACTGCCAACTGCTTTGTGG 
GCTTCTACAACGAGATAATGTAGGTCGCCTTGGTGCACCATTTGCTTCATCCTTTCTCAAAATAATCAAG 
TTCTTGGAGGATCACTGGCCTGAGTTTTGCTCAAACATAAGGACTGGTTGTCTCAGTGACTGGATTACAG 
ACCCCCAATGTGTTTCAGGGATCGGTAAGTTCCTCACTGCTCCTAATCCGGAACTAGCGAGCCTTATCGA 
GCAAGAATGCAGTCAAACATCATGGGAAGCAATAGTGAAGAGACTATGGCCAAAAGCAAAATGCATCGAA 
GCCATTGTTACAGGAACCATGGCACAGTACAATCCATTACTGGAATTCTATAGCGGTGGTCTTCCTGTGA 
TTTCAACGTTTTATGGCAGCTCTGAATGTTTCTTCGGTCTCAATCTCAATCCTCTGTCTAAGCCTAATGA 
GGTGTCGTACACCATCATTCCATGTATGGCTTATTTCGAGTTCTTAGAGGTTGAGAAAGACTATGAAAGT 
GGTCATGATCCCGCAGAGAATCCTGTTGTAGTCGATCTTGTCGATGTTAAAATCGGTCATGATTATGAAC 
CTGTTGTCACAACGTTTGCTGGTTTGTATAGGTACCGTTTAGGGGACGTTTTAAGAGTGACTGGTTTCTA 
CAACAATGCGCCACAGTTTCATTTCGTGGGAAGACAGAAAGTTGTTCTGAGCATCGACATGGACAAGACC 
TACGACGAAGACCTCCTCAAGGCAGTGACTAACGCGAGTCTCCTGCTTGAGCCACATGACCTAATGCTCA 
TGGATTTCACTAGCCGTGTGGATTCCTCCTCGTATCCAGGTCACTACGTGCTCTACTGGGAACTCGGGAG 
AAAAGTCAAGGACGCCAAGCTTGAGCTTGACCAGAATGTTTTGGAGGAATGCTGCTTCACCATTGAGGAG 
TCTCTGGACGCGGTTTACAGAAAAGGACGAAAGAATGATAAGAACATTGGACCACTTGAGATTAAGGTTG 
TTAAGCCTGGCGCTTTCGACAAGCTCATGAACTTCTTTCTGTCTAGAGGCTCTTCTGTGAGTCAGTATAA 
GACACCGAGGTCGGTGACGAATGAAGAAGCCTTGAAGATATTGGAGGCCAACGTTGTGTCCGAGTTTCTT 
AGCCAGAAAACTCCGTCGTGGGAGCTACATGAGCTGCATTCCAGCCGATAAAACCGCCCTCACAATTTTT 
TTTTCTAGTTGAGAGTAGGATACTTAAGAAGGGTGAAACAATGTAGAACCTAAAATAAAACTTAGCAATG 
ATG 
 
>AT5G13370/AtGH3.15 
AAAAGAACAAAATCAACTCATACATACACAATTGCCGGTACCCTAACATTTCGCCACACCACACCTTTTG 
TCTCCTTTATCCAATCTCTCCTCCATAGTTCTGAAGCTTCGAGAGAGAGGGGCCAGAAGGTCACCCAGAA 
CAGAGGTTTTGCAGACAATAGAAAGCAGTAAGCAAGCATGTTACCAAAGTTCGATCCAACAAACCAAAAA 
GCTTGTCTGTCTCTTCTTGAGGATTTGACCACCAACGTAAAGCAGATTCAAGATTCCGTATTGGAAGCAA 
TACTTTCACGTAATGCTCAAACTGAGTATCTTAGAGGTTTCCTCAACGGTCAAGTCGATAAGCAGAACTT 
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CAAGAAAAACGTACCCGTTGTGACCTACGAAGATATTAGGTCTTATATCGACCGTATCGCTAATGGAGAG 
CCGTCTGATCTCATCTGTGATCGACCCATCAGTGTACTCTTGACCAGCTCGGGTACTTCAGGAGGAGTTC 
CAAAGTTGATTCCTTTGACAACAGAGGATTTGGAACAGAGGATTTCGTTTTCTTCTCTCTATGCACCTCT 
ACTCTACAAGCACATCGATGGGCTTAGCGAAGGAAAATCTCTCATATTTTATTTTGTGACCCGAGAGAGC 
AAGACTGCCAATGGGTTGATGGTCAGGACTATGGTTACTAGTTTTTTGAAAAGCATTAAACAGACCAACT 
CATTTCTTTGGGATAGCTTACAGGTAAGCCCGCATGCGATTACTACTTGTGCAGACACTACTCAGAGCAT 
GTACTGCCAATTGCTTTGTGGGCTTCTTGAAAGAGATAATGTTGCTCGCCTCGGTGCACCCTTTGCTTCA 
TCATTCCTCAAAGTAATCAAGTTCTTGGAAGATCATTGGCCTGAGTTATGCTCAAACATAAGGACTGGCC 
GTCTCAGCGACTGGATCACAGACGCGACCTGTACTTCAGGGATCGGTAAGTTCCTCACTGCTCCAAATCC 
GGAACTAGCAAGCCTGATCGAGCAAGAATGCAGTAAAACATCATGGGAGGCAATATTGAAGAGACTTTGG 
CCAAAAGCAAAATGCATCGAATCCATCATTACAGGCACCATGGCACAGTACATTCCATTGCTGGAATTCT 
ATAGTGGTGGTCTTCCTTTGACTTCATCGTTTTACGGCAGCTCTGAATGTTTCATGGGTGTCAACTTTAA 
TCCTCTGTGTAAGCCTAGTGATGTGTCGTACACCATCATTCCATGTATGGGGTACTTCGAGTTCTTAGAG 
GTCGAGAAAGACCATCAAGAAGCTGGTCATGATCCCACAGAGAAACCTGTGGTTGTCGATCTTGTCGATG 
TTAAAATCGGCCATGATTATGAACCTGTTGTCACAACGTTTTCAGGTCTATATAGGTACCGTGTGGGGGA 
CGTTTTAAGAGCGACTGGTTTCTACAACAATGCGCCACATTTTTGTTTCGTGGGAAGACAGAAAGTTGTT 
CTGAGCATCGACATGGACAAGACCTACGAAGACGACCTCCTCAAGGCAGTGACAAACGCAAAGCTCCTGC 
TTGAGCCACATGACCTGATGCTCATGGATTTCACTAGCCGTGTAGATTCGTCCTCGTTTCCAGGACACTA 
TGTAATCTATTGGGAACTCGGGAGCAAAGTCAAGGACGCCAAGTTTGAACCTAACCGCGATGTTATGGAA 
GAATGCTGCTTCACTGTTGAGGAGTCTCTCGATGCTGTATACAGAAAAGGACGAAAGAATGATAAGAACA 
TTGGACCACTTGAGATTAAGGTTGTTAAGCCTGGCGCTTTTGACGAGCTCATGAACTTCTTTCTGTCTAG 
AGGCTCTTCTGTGAGTCAGTACAAGACACCGAGGTCGGTGACGAATGAAGAAGCCTTGAAGATATTGGAG 
GCCAACGTTATTTCCGAGTTTCTTAGCCGGAAAATTCCATCGTGGGAGTTACATGAGTTACACTCCGGCA 
GATAAACCCGCAGTCATAATATCTGTGAGATTTGAGGGCAGGGGAGGAGAACAATGTTTACGACTTTTCT 
TAATTTAAACCTCTCTGTTTTTTTCCAGCCAACAAATGCTCTGTTCTTCAAGTTTTTATCTTTAC 
 
>AT5G13380/AtGH3.16 
GTAATGCTTAACTTGCTTCCGCGGCCCTGTCGGAAACTCATCCTCAATTTCCGGCTCACGAACTTTTTGC 
CACATGACACCTTTTATCTGCACAGAGAGAGAGAGAGATGGGTCAGATCCAATCCACTGCAGCCAGCGCA 
AAGACAATAGAAAAGCAGCAATCATGTTGCCAAAGTTCGATCCAACAAACCCATTAGCTACCATGTCTGT 
TCTTGAGGATGTGACGACCAACGTAAAGAAAATTCAAGATTCCCTCTTGGAAGCAATACTTTCACGTAAT 
AGTCAGACCGAGTACCTTAGAGGTTTCCTCACCGGTCAACTCGATAAGCAGAGCTTCAAGAAGAACGTAC 
CCATTGTGACCTACGAAGATATTAAGCCTCATATCGATCGCATCGCTAATGGAGAGCCGTCTGATCTCAT 
TTGTGATCGACCCATCAGTCTTCTCTTGGCCACCACGGGAACTTCAGGAGGTATTCCAAAGTTGATTCCT 
CTGACAGCAGAGGAATTGGAACAGAGGATATTGTTTGGGTTTCTCTATGTACCTCTAGTCTTCAAACACA 
TCGAAGGGCTAACCCAAGGCAAATCTCTCATGTTTTATTTTGTGACCCGAGAAAGCGAGACTGTCTCTGG 
ACTGATGGTCAGGTTTATGATCACTTGTGTTTTGAAAAGCGTGAACCCAACCAACTCATTTCTTTGGGAT 
CGAGTACAAATAAGCCCGCATGCAATTGCGATTTGTGAAGACACTAATCAGGGCATGTACTGCCAATTGC 
TTTGTGGACTTCTCCAACGAGAACATGTAGCTCGCCTAGGTGCGCCTTATGCTTCTTCCTTCCTCAAAGT 
AATAAAGTTTTTGGAAGATCATTGGCCTGAGTTATGCTCTAACATAAGGACTGGCCGTCTCAGCGACTGG 
ATCACAGACGCCCAATGTGTTTCAGGGATCGGTAACTTCCTCACCGCTCCAGATCCGGACCTAGCAAACC 
TGATCGAACAAGAATGCAGTAAAACCTCATGGGAGGCAATATTGAGTAGAATTTGGCCAAAAGCAAAATG 
TATAGAAGCCGTCATTACCGGCACCATGGCACAGTACATACCATTGCTGGAATTCTATGGCGGTGGTCTT 
CCTTTGGTTTCATCATGGTATGGCAGCTCCGAATGTTTCATCGGTATCAATCTCAATCCTCTGTCTAAGC 
CTAGTGATGTGTCGTACACCATCATTCCAAGTATGGGGTACTTTGAGTTCATTGAGGTCGTGAAAGACCG 
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TCAAGAAGCTGGCCATGTTCCCGCAGACCCTGTGGTGGTCGACCTCGTCGATGTTAAAATTGGCCATGAT 
TATGAACTTCTTGTCACAACGTTTTCTGGTCTGTATAGGTACCGTTTAGGGGATGTTTTACGAGTGACTG 
GTTTCCACAACAATGCGCCACAATTTTACTTCGTGGGGAGACAGAATGTAGTTCTGAGCATCGACTTGAG 
CAAGACCTACGAAGAAGACCTTCTCAAGGCAGTGAAAAACGCGAGTCTCCTGCTTGAGCCACATGACCTG 
ATGCTCATGGATTTCACTAGCCGTGTAGATCTATCCTCGTTGCCAGGACACTACGTGCTCTATTGGGAAC 
TTGGTAACAAATTCAAGAACGCCAAGCTCGATCCCAAATCTAATGTCTTGGAGGAATGTTGCTTAACCGT 
TGAGGAGTCTCTCGACTCTATCTACAGAGAAGGACGAAAAAATGATAAGATCATTGGACCACTTGAGATT 
AAGGTAGTTAAACCTGGCGCTTTTGATGAGCTCATGAATTTCTTCTTGTCTCGAGGCTCTTCTGTGAGTC 
AGTACAAGACTCCAAGGTCAGTGACGCATGAAGAAGCCTTGAATATATTGGAGTCGAACGTTGTTTCCGA 
GTTTCTTAGCCGGAAAACTCCGTCGTGGGAGCTACATGAGCTACATTCCAGCCGTTAAAACCACCGTTAC 
ATAAGAATAACAAAGCCCGTAACAAATAAACACAAACTAATGACACTTTAACATACACAATGTATTTCCT 
GATT 
 
 
>AT1G28130/AtGH3.17 
ACCAAAAACCAACCTTCAAGAACAGAGAAGAAGTGATTCTCTAAACAACAAAAATAAAATAAAACTCTTC 
TTTCTCTATTTCTGTTGAAGGTACCTCATCATTGCAACACAAACTTAAAGCTTTGTTTGTGTCTGCTTTC 
AGACAATGATACCAAGTTACGACCCAAATGATACAGAGGCTGGTCTCAAGCTTCTCGAGGATCTGACAAC 
AAATGCAGAGGCTATCCAACAACAAGTTCTTCACCAAATACTCTCTCAAAACTCTGGAACTCAATATCTC 
CGAGCATTTCTGGACGGAGAAGCCGACAAGAATCAACAAAGCTTCAAAAACAAAGTCCCTGTGGTGAATT 
ATGACGACGTAAAGCCTTTCATTCAACGAATCGCTGATGGAGAATCATCTGATATCGTCTCTGCTCAGCC 
CATCACAGAACTCCTCACTAGTTCGGGGACTTCTGCAGGAAAGCCGAAGTTGATGCCTTCTACAGCTGAA 
GAATTGGAAAGGAAGACATTTTTCTACAGCATGCTTGTGCCTATCATGAACAAATATGTGGATGGGCTAG 
ATGAGGGAAAAGGGATGTATCTTCTATTCATAAAACCAGAGATCAAGACTCCGTCAGGTCTAATGGCCCG 
TCCTGTTTTGACCAGCTACTACAAAAGTCAACATTTCAGAAACAGACCATTCAACAAGTACAACGTCTAC 
ACTAGCCCTGACCAGACCATTCTTTGTCAAGACAGCAAGCAGAGCATGTACTGTCAGCTTCTCTGCGGTC 
TAGTACAGCGATCTCATGTCCTAAGAGTCGGAGCTGTCTTTGCCTCTGCCTTTCTTCGAGCAGTCAAGTT 
CTTGGAGGATCATTACAAAGAGCTTTGCGCTGACATTAGAACCGGTACTGTCACTAGCTGGATCACTGAC 
TCATCCTGCAGAGACTCGGTCTTGTCGATCCTTAATGGCCCAAATCAAGAATTGGCTGATGAAATTGAGA 
GTGAGTGCGCTGAAAAGTCGTGGGAAGGAATCTTGAGGAGGATATGGCCTAAGGCTAAATATGTTGAGGT 
GATTGTGACTGGTTCGATGGCTCAATACATTCCGACACTAGAGTTTTATAGCGGAGGTTTACCGTTGGTT 
TCAACGATGTATGCTTCCTCTGAGTGTTACTTTGGTATCAACCTTAATCCGTTGTGTGATCCTGCCGATG 
TTTCCTACACGCTTCTTCCTAACATGGCTTACTTCGAGTTCTTGCCCGTCGACGACAAATCCCACGAAGA 
GATTCACTTTGCAACTCACTCCAACACCGATGATGATGATGATGCTCTCAAGGAAGATCTCATCGTCAAT 
CTTGTTAATGTCGAAGTCGGTCAATACTACGAAATCGTCATCACTACATTCACAGGTTTGTACAGATACA 
GAGTAGGCGATATTCTAAAAGTGACGGGTTTCCACAACAAAGCGCCTCAATTCCGTTTCGTGCAGCGAAG 
AAACGTTGTACTAAGCATCGACACTGACAAAACGAGCGAAGAAGATCTACTAAACGCAGTGACACAAGCT 
AAACTAAACCATCTTCAACATCCTTCAAGCCTCTTGCTCACGGAGTACACAAGCTACGCAGACACGTCAT 
CAATCCCAGGGCATTACGTGCTCTTCTGGGAGCTAAAGCCACGTCACAGCAATGACCCACCAAAGCTTGA 
CGACAAGACAATGGAGGATTGTTGCTCTGAGGTTGAGGATTGTTTGGATTACGTCTACAGGAGATGCAGG 
AACAGGGACAAGTCGATTGGGCCATTGGAGATAAGAGTGGTGAGTTTGGGCACGTTTGATTCGTTAATGG 
ATTTTTGTGTCTCACAAGGATCATCTTTGAATCAGTATAAGACTCCAAGATGTGTTAAATCTGGAGGAGC 
TCTTGAGATTCTTGATTCCAGAGTTATTGGGAGGTTCTTCAGTAAGAGAGTTCCTCAATGGGAACCACTT 
GGTTTAGATTCTTAGACTTTACTTCTTTTTCTTTAATGTATGATTAAAGTCTTGATTTTATAAGTATAAG 
ATCTTCATTTGTTAAGTTGCTAATTGGTGTTTCTTTTTTTAATTGTTAAGCTTTTGTCTCTTTTGTAACA 
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AACTTTCAGCAAAGTCCTCTCATTTTGTGAATGTATACTTTTGTGTCTCTTTCTTTATT 
 
>AT1G48670/AtGH3.18 
ATGATGAATCCAAGTTTAAATCTGATGGATCTGGAGGAGCTAACATCGAATGCAAAGCAGATACAAGAAG 
ACGTATTGGAAGAGATACTCACACTTAATGCCAACACTGAATATCTTCACCGCTTCCTCCACGGGAGCTC 
TGATAAAGTGCTTTTCAAAAAGAACGTACCGGTGGTTACCTATGATGATGTTAAGCCTTATATCGAACGT 
GTTGCGAATGGAGAGCCCTCGGATGTGATTTCTGGTGGACCTATCACTATGTTCCTCCGTAGCACCGGAA 
CTTCAGGAGGGAAACAAAAGGTATTTCCAGTGAACGATAAGTACATTGAAAAGTTGGGATACGTTATTGC 
TCTACGATCTCTCGCTATGTCCAAGCATTTTGATAGCGGTGGCGAGCAAGGAAAAGCGATGGAGTTTCAT 
TGCACTAAACCGCCATCGGCAACACCCTCTGGTTTACCGCGAGATGAGGTTGTGAGAGTAGGTGCAGCCT 
TTGCTTTTGTCTTGGTTCGAGCCATCGATTTTCTTGAGAAACACTGGAAGGAATTGTGTAGCAATATCCG 
ATCAGGTCATGTTAGTGAGTGGATCACTGACCTTGAGGGCAGAAACGCTGTCTCCACCATTCTTCGAGGA 
CCTGATTCAATATTGGCTGATGTTATTGAACAAGAATGCAGCCACAAGTCCTGGGAAGGTATTATTACAC 
GACTTTGGCCCAAAGCCAAATATATTGATTGTATTATAACAGGACAAATGTCTCAATACATTCCAATGTT 
GGAGTTTTATTCCAACAAGCTGCCTATAGTTTCCACAACATATGGGTCTTCTGAAAGTACATTTGGGATG 
AATGTGGATCCTCTATGCAAACCACAAGATACCTCCTACACATGTGCGCCGAACATCTCCTACTTCGAGT 
TTCTACCTGTTGATCACAAGGGAGACATGGCAAGCATTGTTGATCTTGTCGACGTCAAGTTAGGGTGCTA 
CTATGAACCGGTGGTCACTAATTATTTTGGTCTACACAGATATCTTATTGGAGATATTCTACAGGTTACT 
GGATTTTACAATAACACACCTCAATTTAGATTTGTACATAGAAAGAATGTGGTTTTAAGCGTGAGATCGG 
AGACAACAACTGAAGAAGACATTTTAAAGGCGTTGAATCATGTGGGACTGGTTCTTGAATCTTCAGATTT 
AATGTTGATGGGCTTCACATGCTATGCAGATATCTCCACATTTCCAGGTCACTACGTTTTTTACTGGGAA 
CTCAAAGCTAAAGACGTTCAAGATGTTTTCGAGCTTGAGGAGAAAGTAATGGTGAAATGTTGCTCTTTAT 
TAGAGGAGTCATTTGATGAAGTATATAGAAAAAATAGGAGTAAAGATGAGTGTATCGGACCTCTAGAGAT 
AAGAGTTGTGCAACAAGGAACATTCGATTCCCTCATGGAATATTTCATCTCCCAAGGAGGTTCGATTGCT 
CAATACAAGACACCCATATGTATCAACTCTTCTGAAGCCTTAGCAGTTCTTGAAAACAAGGTTCTTGCTC 
GATTCTTTAGCGAAAAATCTCCTCCTCTTGACTCATAG 
 
>AT1G48660/AtGH3.19 
ATGAGTTTAAGCGTTGAGCTCAAGGATTTGGAGGTCTTAACAACGAACGCAAAGCAAATACAAGATGATG 
TATTGAAGGAGATACTCACACTTAACGCCAACACAGAGTATCTCAAACGTTTTCTCGATGGAAGCTCTGA 
TAAAGAGTTGTTCAAGAAGAACGTACCGGTGGTGAGCTACAATGATGTCAAGCCTTATATCGAACGTGTT 
GCGAATGGAGAGCCCTCGGATGTGATTTCAGGTGGAACCATTACAAGATTCGTCCAAAGCACGGGAACTT 
CAGGAGGGATACATAAAATATTTCCAGTGAACGATAAGTACATAGAGAATCTTGGATACCTTTTGGCTGT 
ATCCTCTCTCATTACTTCCAATGACAAGGTAGATGAGAAAGGAAAGAAAATGGCGTTTCTTTACAACAGA 
TTAGAATCCAAAACTCCCTCCGGATTAGCCCTTTCTTCATCATTTACAAGCTATTTCATGAGCGATTACT 
TCAAAAACCGGTCATCAAAATGTAATTCTGAGTACACAAGCCCCGACCAAGTCATATTGTGCCCCGACAA 
CAACCAAAGTGTGTATTGTCATCTTCTATGTGGGCTTTCCCAGAGAGAAAAGGTTGTGGGAGTTAGTGCA 
ACATTTGCTCATGCCTTAATCAAAGCAATAAATGCTCTTCAAATTTACTGGAAGGAATTGTCTAGTAATA 
TCCGGTCAGGTCATGTTAGTGAGTGGATCACTGACCTTGACTGCAAAAATGCTGTCTCAGCCATTCTTGG 
AGGACCTGACCCTGAATTGGCTGATGTGATTGAACAAGAATGCAGCCACAAGTCATGGGAAGGTATCATC 
ACACGACTTTGGCCCAAAGCAAAGTTTATTGAATGCATTGTTACAGGACAAATGGCCCAATACATTCCAA 
CATTGGACTTCTATTCCAACAAGCTTCCTATAGTTTCCATGGTATATGGGTCTTCTGAAAGTATATTTGG 
GGTGAATGTGGATCCTTTATCCAAACCACAAGATGTGTCCTACACATTTCTGCCCAATATCTCCTACTTT 
GAGTTTCTACCTATTGATCATGAGGAAGATATGAACACCATTGTTGATCTTGTCGGTGTCAAGCTAGGGT 
GCTATTATGAAACCGTGGTTACTAGTTATTTTGGTCTACACAGGTATCTTATTGGAGATATTCTACAGGT 
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GACTGGATTCTACAATAACACACCTCAATTTAGATTCGTACGCAGAAAGAATATTGTGTTAAGCGTCAAT 
AGTGAAGCAACAACTGAACAGGACATTTTAAAGGGGTTGGCTAGTGCGACCCTTGTTCTTGAGTCTTCAA 
ATTCAATGTTGACGGGTTTCACATGTTATGCGGATATCTCCAGTTTTCCAGGTCACTACGTCTTTTACTG 
GGAACTCAAAGCAAAAGATGTTGACGATGTTGTTGAGCTTGATGAAAATGTATTGGAAGAATGTTGCTAT 
GCGTTAGAGGAATCGTTTGATGCTCTTTATAAAAGACTAAGGAGTAAAGAAGGGTCAATTGGAGCTCTAG 
AGATAAAAGTGGTGCAACAAGGAACATTTGATTCTCTCATGGAATATTTCATCTCCAAAGGTGGTTCGGT 
TGCTCAATACAAGACACCTATGTGTATCAACTCTTCGGAAACCTTAGCAGTTCTTGAAGATAAGGTTATT 
GCTCGATTCTACAGCCAAAAATCTCCTCCTCTTAACTTATAG 
 
> Medicago GH3.1 
ATGCCAGAGGCTCCTAAACAAAACCAATCCAGCAAGAAAACTATCGAAAATGATGATGCTATTAGTAATA
CTATTACAAATAACAATAAGAAAGCACTAAAATACATTGAGGATGTTACCATGAATGCTAATGAAATTCA
AGAAAGGGTACTTGCTGAGATTCTCTCTTCTAGTGCTCTTGTTGAATACCTTCAACGGCATGGTTTAAAT
GGGCGCAGAGACAGAAAAACTTTCAAAAAGGTGGTGCCTGTGGTGACTTATGAAGATTTAAAGGTAGATA
TTGATCGTATAGCTAATGGTGATGCCTCCCCAATTTTATGCTCCAAACCCATATCAGAGTTTCTCACTAG
CTCTGGAACATCAGGTGGGGAAAGAAAATTGATGCCAACAATAGAAGAAGACCTAGAAAGGAGATCATTA
CTTTATAGCCTTTTAATGCCAGTGATGGACCAATATGTTCCCAATTTAGACAAAGGAAAAGGAATGTACT
TTTTGTTCACAAAATCAGAAGCAAAAACACCTGCTGGATTACTTGCACGACCTGTTTTAACAAGCTACTA
CAAAAGTTCACACTTTATTAAGAATAAAACACATGAAATCACAAGCCCAATTGAAACCATTCTCTGCCTA
GATTTTTACCAAAGCATGTATTCTCAAATCCTTTGTGGTCTTTATCAAAACGAACAAGTTCTTCGTGTCG
GTGCTGTTTTTGCTTCCGGTTTCATTCGGGCTATTAAATTCCTCGAAAAACATTGGGTTGGTTTGTGTAA
CGACATCAAAACGGGTACCATGAATGACGAAATCACTGACCAAGGTGTAAGAGAGTCTGTGATGAAAATA
CTTAAACCGAATCCAAAGCTTGCGGATTTCGTAGAATTGGAATGCAAGAAAAAGTCATGGAAAGGGATCA
TTACTAGGTTATGGCCTAACAGTAAGTATGTTGATGTTATTGTTACCGGAACAATGTCGCAGTATATTCC
GATTTTGGATTATTATAGCAATGGTCTTCCTCTTGTGTGTACTATGTATGCTTCTTCTGAGTGTTATTTT
GGACTTAATTTAAACCCTTTATGTGAACCAAGTGAGGTATCTTATACACTTGTTCCTACTATGGCCTACT
TTGAGTTCTTGCCCCTCAACAAGATTGATGCAAATGCTGATTCAATTTCTGCCACAGAACAAGAACATTT
AGTTGAACTTGTTGATGTTGAGTTGGGTCAAGAATATGAACTTGTGGTCACCACTTATGCAGGACTTTAT
AGGTACAGAGTTGGTGACATACTCCGTGTAGCAGGATTCAAGAACAAGGCACCTCAATTCAACTTCATAT
GCCGAAAAAACGTAGTTTTAAGCATCGATTCAGATAAAACCGATGAAGTTGAGCTACAAACTGCAGTAAA
GAATGGATCAAACCATCTTTCACACTATAATGTATCACTCACAGACTACACAAGTTGTGCCGACGCATCA
ACAATTCCAGGCCACTACATACTCTACTGGGAAATCATCTTCGACGAGCAAAATCCAATTCCAATACCTG
ATTCTGTTTTCGAGGAATGTTGTTTTGCGGTTGAAGATTCTCTCAACAGTGTGTATAGACAAGGAAGAGT
GACAGAGTCAATTGGGCCATTGGAAATTAAGGTTGTTGAGAATGGAACATTTGATAAGGTTATGGATTTT
GCTCTTAGTCAAGGTGCATCAATAAATCAATATAAGACACCTCGTTGTGTAAAATATGCTCCTATTATTG
AGCTTCTTAACTCCAAGACAGTTTCTAGTTTCTTTAGTACAAAATGTCCACATTGGGTTCCTGGTCATAA
GAAATGGTGCAGTTGA 
 
>Medicago GH3.2 
ATGTTAGAGAGAGTGAAAGAGTTTAACATGGACAAAGTTATTGAAGAATTCGAGTTGATGACTAAAGATG
CAGAAAGGGTTCAGAGGGAAACACTCAAAAGAATTTTGGAAGTTAATGCATCAGCTGAATATTTGCAGAA
TTTTGGTCTTGATGGAAGAACTGATCTTGAGAGTTTCAAGTCTTGTATTCCACTAGCTACTCACAAAGAC
TTGGAACCTTTTATCAATAGAATTCTTGATGGTGATGATTCTCCTATTCTCACTGGAAAACCTATTACCA
CTATGTCTTGCAGTTCTGGCACTACGCAAGGGAAGCCAAAATATATACCATGGAATGATGAATTGTTTGA
AACTACGATGCAGATATATCGGACCTCTTTTGCCTATAGGAACAGAGAGTTTCCTATAAAAAATGGGAAG
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GCTTTAAACTTCATATACGGTAGCAAACAGTTCAAAACAAAAGGGGGTCTCATAGCTACAACTGCTACAA
GCAACGTGTTTCGCAATCCATCTTACAAACATGCAATGAAGGCACTTAAATCGCAATGTTGCAGTCCAGA
TGAAGTGATATTTGGTGGTGATTTTTTCCAATCATTATATTGTCATCTATTATGCGGACTAATTTTCCGC
GAGGAGGTTCAATTGGTATGTTCAACATTTGCACATAGCATTGTTCATGCCTTCAGATCCTTTGAACAAG
TTTGGGAAGAGCTTTGTAATGATATAAGAGAAGGTGTTCTTAGTAGCAGAGTCACGGTTCCCTCCATTCG
AACTGCTATGTCTAAATTGCTCAAACCAAATCCAGAATTAGCGAACATAATCCACAAAAGATGTATAGGA
TTAAGCAACTGGTATGGTTTGATACCGGAGCTTTTTCCGAATGCAAAGTACATTTATGGCATTATGACAG
GTTCTATGGAACCATATTTGGTAAAACTGAGGCACTATGCAGGGGTGCTACCTTTGTGTACTGCTGACTA
TGGAGCTTCTGAAGGGTGGATTGCTGCAAATGTTAACCCAAAAATTCCACCTGAATTGGCAACTTACGCC
GTGCTTCCTCAAATTGGTTACTTTGAGTTCATTCCTCTCACACAGCTTGAGAATGAAAATACTTTCCTTT
GTGTTAATCCTCAGCCAGTGGGACTCACTGAGGTTAAAGTTGGTGAAGAGTATGAAATTGTTATGACCAC
TATTTCAGGTTTATACAGGTATAGGCTAGGGGATGTGGTAAAAGTTATGGGATTCCATAACTCAACTCCA
GAACTAAAGTTTATTCGTAGGAGTAGTCTTCTGCTAAACATAAACATTGACAAGAACACAGAGAAAGATT
TACAGTTAGCCGTGGAAGCAGCGGCAAAATTATTAGTAGAAGAGAAATTGGAAGTTGTTGAGTTCACAAG
CCATGTTGATTTATCCAAAGAGCCAGGGAACTATGTAATCTTCTGGGAAATCAACGGGGAAGCAAGTGAA
GAAGTGCTTCATGAATGTTGCAACTGTTTGGACAAGTCTTTTGTCGATGCAGGCTACACTAGTTCTCGTA
AAGTCAACGCTATTGGAGCCTTAGAACTTCGAGTTGTTAGGAAAGGAACATTTCAAAAGATTCTTGATCA
TTACCTTGGATTAGGAACAGCTGTTAGTCAGTATAAAACACCAAGATGTGTAGGTCCTACACACAACATT
GTGTTGCAAATATTGAGTGAAAATGTTGTCAAGAGCTATCACAGTACTGCATTCAATTGA 
ACAATAATAACAACTGACATTGGTAATAGTCTGTAATCTATAAAGTTGCCTTAGTTTTAGTAAAAAAAAA
AGGGTATA 
 
>Medicago GH3.3 
ATGGCTGTTGAATCTGAAATCCTTTTGGAACCACCTTCTTCTGTTGATGAAAAGAGCTTAAACAAAGCTC
TTGAATTCATTGAAGAAATGACAAAAAACACTGACTCAGTTCAAGAAAGAGTTCTCTCTGAAATTCTTGA
ACAAAACGCAGAAACTGAATACTTGAAACGATTTGGACTTAACGGTGCCACTGACCGTGAAACCTTCAAA
TCCAAAGTTGCAGTTATCACCTATGAAGATCTTTTACCTGATATTCAACGCATTGCTAACGGTGACCGTT
CTCCTATCTTGTCTGCTCATCCAATCTCAGAGTTTCTGACCAGTTCAGGAACATCTGCTGGTGAAAGAAA
ATTGATGCCAACTATTCATCAAGAAATGGACCGTCGTCAGTTATTGTACAGCCTACTCATGCCAGTGATG
AACCAATATGTTCCTGATTTGGACAAAGGAAAAGCACTTCACTTTCTTTTCATCAAAGCAGAAACAAAAA
CTCCAAGTGGGTTAGTGGCACGTCCAGTTCTAACAGCCTACTACAAAAGTGAACAGTTTAAGAAAAGACC
ATTTGACCCTTACAATGTGTTAACAAGTCCAGATGAAGCTATCCTTTGTCCTGATTCATTTCAAAGCATG
TATACTCAGATGCTTTGTGGCCTAATCATGCGCCATGAAGTTCTTCGAGTCGGAGCAGTTTTCGCTTCCG
GGCTTCTCAGAGCCATTAGGTTCCTTCAGCTGAATTGGGCTGAATTAGTCCATGACATTGAAACAGGAAC
CCTAAACCCAAAAATCACTGATCCTTCTATCAAACAGTGCATGTCGAAAATACTTAAACCGAATCCTGAA
CTCGCGAAATTCGTTACAAAAGAATGTTCAGGAGACAATTGGGAACGTATAATCCCAAGAATCTGGCCTA
ACACAAAGTATCTTGAAGTTATTGTCACTGGTGCTATGGCTCAGTACATTCCTACCCTTGATTATTACAG
TGGTAACCTTCCAAAACCATGTACAATGTATGCTTCATCTGAATGTTATTTTGGTCTTAACCTTAAGCCT
ATGACAGAACCAAATGAAGTTTCTTACACCATTATGCCAAACATGGGTTACTTTGAATTTTTACCACATG
ATGATTCATCACCTATAACCCTCTCACGTGACTCACCTCCAAAGCTAGTAGACCTTGCTGATGTCCAAAT
TGGTAAATTTTATGAGCTTGTAATCACAACTTATTCCGGTTTTTGCCGTTACAGAGTTGGTGATATTCTT
CAAGTCAATGGATTCCATAATTCTGATCCTCAGTTCAAATTCGTGAGGCGAAAGAACGTGTTGTTGAGTA
TCGATTCGGATAAAACAGACGAATCGGAGCTTCAAAAAGCTATTGAAAATGCGTCTGCATTGTTAAAGGA
GTTCAAAACAAGTGTTGTTGAATACACTAGTTTTGCTGAAACAAAATCAATTCCTGGACATTATGTTATT
TATTGGGAGCTTTTGATGAAGGATTCCTCTTGTCCTCCAACTGATGAAGTGTTGAATCAATGTTGTTTGG
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TTATGGAAGAGTCTTTGAATTCTGTTTATAGACAAGGAAGAGTTGCTGATAATTCAATTGGGCCATTAGA
GATTCGTGTGGTGAAAAATGGCACGTTTGAGGAACTAATGGATTATGCAATATCGCGTGGTGCAAGTATC
AATCAGTATAAAGTTCCTAGGTGCGTGAGTTTCACTCCTATAATGGAACTTCTTGACTCTAGGGTGGTAT
CAGTTCATTTTAGTCCTTCTCTACCTCATTGGACTTCAGAACGACGTCGTTGA 
 
>Medicago GH3.4 
ATGGCCATTGAATCTGAGATCCTTTTGGAACCACCTTCTTCTGTTGATGAAAAGAGCTTAAACAATGCTC
TTGACTTCATTGAAGAAATGACAAAAAACACTGACTCAAATCAAGAGAGAGTTCTCGCTGAGATTCTTGC
ACAAAACGCAGAAACTGAGTATTTGAATCGATTTGGACTTAACGGTGCTACTGACCGTGAAACTTTCAAG
TCCAAAGTTGCCGTTATCACATATGAAGATCTGATTCCTGATATTCAACGCATTGCTAAGGGTGACACTT
CTCCTATCTTATGTGCTCATCCAATCTCAGAATTTCTGACCAGTTCAGGAACTTCTGCTGGTGAAAGGAA
ATTGATGCCTACTATTCATCAAGAAATGGACCGTCGTCTTTTATTGTGTAGCCTAATCACGCCAGTGATG
AACAGGTATGTGCCTAATTTGGACAAGGGTAAGGCACTTCACTTCCTTTTCATCAAAGCAGAAACAAAAA
CTCCAAGTGGATTAGTGGCACGTCCAGTTATAAAGCAGAAACAATTCATGAAAAGACCATTTGACCCTTA
CAATGTTCTAACAAGCCCAAATGAAGCCATCTCATGTTTAGATTCATTCCAAAGCATGTACACTCAGATG
CTATGTGGCCTTATCATGCGCCATGAAGTTCTAAGAGTTGGAGCTATTTTTGCTTCTGGGCTTTTAAGAG
CCATAAAATTCCTTCAACTTAATTGGGCCCAATTAGCTCATGACATCTCCACTGGAACCCTAAACCCTAA
AATCACAGACCCTTCAATCAAAGAATGCATGTCCAAAATATTGAAACCTGACCCTGAACAAGCAAATTTC
ATAACAAAAGAATGTTCTGGAGAAAATTGGGAACGTATAATCCCAAGAATTTGGCCTAACACAAAGTACC
TTGAGGTTATTGTCACTGGTGCTATGGCTCAGTACATTCCTACCCTTGATTATTATAGTGGTAACCTACC
AAAACCATGTACAATATATGCTTCATCTGAATGCTATTTTGGACTTAACCTTAAGCCTATGACAGAACCT
AATGAAGTTTCTTACACCATTATGCCAAACATGGGTTACTTTGAATTTTTACCACTTGACGAGTCACCTC
CAAAACTAGTAGACCTTGTTGATGTGGAAATTGGTAAATTTTACGAATTTATTATAACTACTTATTCTGG
TCTTTGTCGTTACAAAGTTGGTGATATTCTTCAAGTAACAGGATTCCATAACTCAAATCCACAATTCAAG
TTTGTAAGGCGAAAGAACGTGCTGTTGAGTATCGATTCGGATAAAACAGACGAATCGGAGCTTCAAAAAG
CTATTGAAAATGCGTCTGCATTGTTAAAGGAGTTCAAAACAAGTGTTGTTGAATACACTAGTTTTGCTGA
AACAAAATCAATTCCTGGACATTATGTTATTTATTGGGAGCTTTTGATGAAGGATTCCTCTTGTCCTCCA
ACTGATGAAGTGTTGAATCAATGTTGTTTGGTTATGGAAGAGTCTTTGAATTCTGTTTATAGACAAGGAA
GAGTTGCTGATAATTCAATTGGGCCATTAGAGATTCGTGTGGTGAAAAATGGCACATTCGAGGATTTGAT
GGATTATTATATATCGTGTGGTGCATCGATTAATCAATATAAAGTTCCTAGGTGCGTGAGTCTCACACCT
GTAGTGGAACTTCTTGACTCTAAGGTAGTTTCCTTTCATTTTAGCCCGGCTGCACCTTATTGGACTTCAG
AACGTACAACGTCGTTGAGGGATGAGTAA 
 
> Medicago GH3.5 
ATGGATGAAAAATATGTATATAGTATTGTATGCTTTATGTGTGACATCTCTATTTCAGTTGAATATATTT
TGGATTACTTCTTAAATTTTTGGATTTTGGATTTTGTGCTGTTGTTGATGGGCCATGATGATATATTAAA
GAAAATGGACAAGTTTATAGAAGAATTTGAGGAAGTGAGTACAGATGCAGCAAGGGTTCAAAGAGTAACA
CTGAAACGAATTTTGGAGGATAATGCATTAGCAGAATATTTGCAAAATTTGGGTCTTAATGGAAGAACTG
ATCCTGAGAGTTTCAAGTTATGTGTTCCACTTGTTACACACAAAGATTTGGAACCAGTATCAACAGAATT
ATTGATGGTGATGCTTCTTCTTTTCTCACTACAAAACCTGTCACAGCTATGTCTTGCAGGTTCTCGATTT
CATTTCTTATCTTTATTTATAAAAAACAATAGTTGGATCGTTATTTTGTTATATTCTCTTCTGACATATA
TAATTCAATTGTGTAGAGAGTTTCCTATGATGAAAAATGGGAAGGCTTTACACTTTATATATGGCAGCAA
ACAGTTCAAAACAAGAGGGGGTCTCGTAGCTACGACTATTACAGGTAACATGTTTCGTAATCCATGTTAT
AAGCATGCAGTAAAGGAACTTAAAAATACAATATGCAGCCCAGATGAAGTGGTATTTTGTTCCGATTTTT
TTCAATCATTATATTGTCATCTATTAAGTGGACTGATTTACCGCGAGGACGTTCAATCTGTGTCTTCACC
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ATTTGCTCATAATGTAGTCCAAGCTTTCAGAACCTTTGAACAAGTGTGGGAAGAGCTTTGTAGCGATATA
AGAGAAGGGGTTCTAACTAGCAGAATCACGGTTCCATCTATTCGAATGGTTATGGTGACTTCTATCTACG
GAGCTTCTGAAGGGTTCATAGCTGCAAATGTTAACCCTAAACTTCCCCCTGAATTTGCAACTTATGCCGT
GTTTCCTCAAAATGGATACTTTGAGTTCATTCCTCTCACTCAGCTTAACAACGATGGTACTTTCCTTTGT
GCTGATCCTCAGCCAATGGGACTCACTGAGGTGAAGGTTGGTAAAGAATATGAAATTGTTGTGACCAATT
CAGCAGGTAAGTACGGTTTATACCGATATAGGCTAGGGGACGTGGTAAAAGTTATGGGATTCCATAACTC
AACTCCAAAACTCAAGTTCATTCGCAGGAGTAGTATTTTACGGAGCATTAACATTGACAAGAATACTGAG
AAGGATTTACAATTAGCAGTGGAAGCATCGTCTAAATTATTAGCAGAAGAGAAACTGGAAGTCGTTGAAT
TCACAAGCCATGTCGATTTATCTAAAGAGCCCGGGCACTATGTAATATTCTGGGAAATCAACGGGGAAGC
AAGCGAACAAGTGTTGATTTATATTGAATGTTGCAACTGTTTGGATAAGTCTTTCATCGATGCAGGATAC
ACTAGTTCTCGTAAATTCAACACTATCGGGGCCTTAGAACTCCGAGTTGTTAGGAAAGGAACATTTCAAA
AGATTCTTGATCATTACTTGGGATTAGGAACATCTGTTAGTCAGTATAACACACCAAGATGTGTAGGTTC
TGCACACAACATTGTTTTGCAACTCTTGAATGAGAATGTTGTCAAGAACCATCTTAGCACTGCTTTCAGT
TGA 
 
>Medicago GH3.6 
ATGCCTACTTCTCTTGATTATGATCTCTCCCAAAAAAACAAGAAAACTCTTGATTTCATAGAGGATATTA
CTACACATGCAGATGAAATCCAAAAAAAGGTCCTAGCTGAAATCCTCAACCGCAATGCAAATGTTGAATA
TTTGCAAAGACATGGTCTCAATGGCCATACAGATAGTGAAACTTTCAAGAAACTTCTCCCTATCATAACC
TATGAAGATATTCAAAATGATATTAACCTTATTGCCAATGGTGATACTTCTCCAATCCTCACCTCAAACC
CCATATCAAACTTTCTCACTAGCTCAGGAACTTCTGGTGGTGAGAGAAAGTTGATGCCAGCAACAGAAGA
AGAATTTGGAAGAAGATATTTACTCTATAGTTATTTAATGCCAATAATGAGTCAATTTATTCCTGACCTA
GAGAAAGGTAAAGGAATGTACCTAATGTTCATAAAAAATGAATCTAAAACACCAGGAGGAATTAAAGCTA
GTCCAGTTCTAACAAATTATTACAAAAGTTCTCATTTTCTAAATAGACCTTATGATCCATACACAAATTT
CACAAGTCCAAATGAAACTGTTCTTTGTCTAGACTCATACCAAAGTATGTATTCACAACTTCTATGTGGT
CTTATTCAAAACAACGAGGTACTTCGTGTCGGCGCTGTTTTTGCGTCTGGTCTCATTCGTGCCATTCGAT
TCCTCGAAAAAAATTGGAGACTTCTTTGTAACGATATACGAACAGGAACTCTCGACCTCCTTATCACTGA
CGATTCGGTGAGAGAGGCTGTTATGAAAATTCTTAAACCTAACAAAAATCTTGCTGATTTTGTTGAAGGT
GAATGTAACAAAGGTTCTTGGCAAGGTATTATAACTAGGTTGTGGCCTAATACTAAGTATGTAGATGTTA
TTGTGACAGGAACAATGTCACAGTACATTCCTACTTTGGATTACTATAGTAATGGGTTACCACTAGTTTG
TACTATGTATGCATCTAGTGAATGTTACTTTGGTGTTAACCTTAATCCTCTTTCTAAGCCTTGTCATGTG
TCTTATACTCTTATCCCCACCATGTGCTACTATGAATTTTTACCTGTTAATAGAAGTAACTGTGAGGTCA
ATGGATCAATTCCACCATCAACAACAAAATCTCTTGGTGAGAAAAAATATCAAGAGGTGGTGGATCTTGT
TGATGTCAAGCTTGGTCAAGAATATGAGCTTGTTGTTACTACTTATGCTGGACTTTATAGGTACAAAGTA
GGCGATGTATTGAAAGTGACAGGATTCAAGAACAAGGCACCACAATTCAGCTTTGTTTGCAGAAAAAACG
TTGTCTTAAGCATAGAATCAGACAAAACAGATGAAGTTGAGTTACAAAATGCAATGAAAAATGCAGTGAC
ACATTTAGCACCATTTGAAGCAGATGTAGCTGAGTACACTAGTTATGCAGACACAACAACAATTCCAGGA
CACTATGTGTTGTATTGGGAATTGAACCTTAAAGGGTCAACAAAAATTCCACATAGTGTTTATGAAGATT
GTTGTTTAACAATTGAGGAATCATTAAACAGTGTTTATCGACAAGGTCGTGTTTCAGATAAATCAATTGG
TCCACTTGAGATTAAGATTGTTGAGCAAGGTACATTTGATAAGCTTATGGATTATGCTATTAATTTGGGG
GCTTCAATTAATCAATACAAGACTCCTAGGTGTGTGAAATTTGCACCTATGGTGGAGCTTTTGGAATCAA
GAGTTATGGCAAAGTATTTTAGTCCTAAATGTCCAAAATGGGTTCCTGGCCATAAGAAGTGGAATAATGA
GTGA 
 
> Medicago GH3.7 
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ATGGACAAATTTATACAAGAATTTGAGGCATTGAGCACAGATGCAGAAAAGGTTCAAATGAATACATTGA
AACGAATTTTGGAAGACAATGCATCAGCGCAATATTTACAGAATTTAGGTCTTAATGGAAAAACTGATCC
CGAAAGTTTCAAGGCATGTGTTCCACTTGTTACACACAAAGATTCGGAACCTTATATCAATAGAATTATT
GATGGTGATGCTTCTCCTATTCTAACTACAAAGCCCATCACAGCTATGTCTTTAAGTTCTGGCACTACCC
AAAGGAAGCCTAAATATATACCATGGAATGATGAAGTGTTTGAAACAACAGTGCAGATACATCAGGCCTT
TTTTGCATATATGTCTAAATTGCTCAAACCAAATCCAGAATTAGCTGACATAATCCACAAAAAATGTCTA
GGGTTGAATAATTGGTATGGTTTGTTACCAGAGTTGTTTCCTAATGCGAAGTACATTTATGGAATCATGA
CGGGGTCGATGGAGCCATATTTAGGAAAGTTGAGGCACTATGCAGGAGAGTTACCTTTAGTGACTTCTAT
CTATGGAGCTTCTGAAGGGTTCATAGCTGCAAATATTAACCCTAAACTTCCCCTTGAATTGGCAACCTAT
GTTTTGTTTCCTCAAAATGGATACTTTGAGTTCATTCCTCTCACACAGGTTAAGAATGAGGGTACTGAGC
TTTGTGTTGATCCTCATCCAGTGGGACTCACTGAGGTGAAGGTTGGTGAAGAATATGAAATTGTTCTGAC
CAATTCAGCAGGTTTATACCGGTATAGGCTAGGAGATGTGGTAAATATTATGGGATTCAGTAACTCAACA
CTGAAACTCAAGTTTATTCGTAGGAGTAGTGTTTTGCTGAGCGTTAACATCGACAAGACCACAGAGAAAA
ATTTACTGCTAAATAAATTATTAGCAGAAGAGGAATTGGAAGTTATTGAATTCACAAGCCATGTTGATTT
ATCTAATGAGCCTGGAAACTATGTAATATTCTGGGAAATTAGTGGTGAAGCAAGTGAAGAATTGTTGAGT
AAATGTTGCAATTGTTTGGATAAGTCTTTCACTGATCCATCCTACAGTTTTTCGCGCAAGGCCAACACTA
TTGGGGCCTTAGAACTCCGAGTTGTTGGGAAAGGAACATTCCAAAAGATTCTTGATCATTACTTGGGATT
AGGAACATCTATTAGTCAGTATAAGACAGCAAGATATTTAGGTCTTACACAGAACATTGTGTTGCAAATC
TTGAATGAAAATGTTGTCAAGAAACATTTGAGTACTGCTTTCAATTGA 
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