
  

 

VIRULENCE OF MAYETIOLA DESTRUCTOR (SAY) FIELD POPULATIONS IN THE 

GREAT PLAINS AND LEVANASE/INULASE-LIKE GENES IN THE HESSIAN FLY 

GENOME 

 

by 

 

 

SANDRA GARCÉS CARRERA  

 

 

 

B. S., Central University of Ecuador, Ecuador, 1988 

M. S., The Ohio State University, 2004 

 

 

 

AN ABSTRACT OF A DISSERTATION 

 

 

Submitted in partial fulfillment of the requirements for the degree 

 

 

 

DOCTOR OF PHILOSOPHY  

 

 

 

Department of Entomology 

College of Agriculture 

 

 

 

 

KANSAS STATE UNIVERSITY 

Manhattan, Kansas 

 

 

2013 

 



  

 

Abstract 

The Hessian fly, Mayetiola destructor (Say), is a major pest of wheat, and is controlled 

mainly through deploying fly-resistant wheat cultivars. This study investigated five M. 

destructor populations collected from Texas, Louisiana, and Oklahoma, where infestation by 

Hessian fly has been high in recent years. Eight resistance genes including H12, H13, H17, H18, 

H22, H25, H26, and Hdic, were found to be highly effective against all tested M. destructor 

populations in this region, conferring resistance to 80% or more of plants containing one of these 

resistant genes. The frequency of biotypes virulent to resistant genes ranged from 0 to 45%. A 

logistic regression model was established to predict biotype frequencies based on the correlation 

between the percentages of susceptible plants obtained in a virulence test. In addition to the 

virulence test, the log-odds of virulent biotype frequencies were determined by a traditional 

approach to predict the logistic regression model. 

Characterization of a bacterial artificial chromosome (BAC) clone identified a gene 

encoding a protein with sequence similarity to bacterial levanases. Blast searching with the 

levanase-like protein identified 14 levanase/inulase-like genes or gene fragments.  In this study, 

we determined the expression levels of these genes in different developmental stages and 

different tissues of 3-d old larvae of M. destructor.  Sequence analysis revealed that six genes 

encode full length proteins, three were truncated at the 5’ end, and five truncated at the 3’ end. 

Sequences of putative proteins showed approximately 42% similarities to bacterial levanases or 

inulases, and 36% similarity to fungal levanases or inulases.  No sequence similarities were 

found with any known animal or plant proteins.  Comparative analysis of sequences among 14 

levanase/inulase-like genes revealed that positions for intron/exon boundaries are conserved 



  

among different genes even though the length of each intron and exon varied among different 

genes.  The expression patterns of the levanase/inulase-like genes were different among 

developmental stages and larval tissues of M. destructor.  Interestingly, three genes presented 

alternative splicing bands in different developmental stages, and two genes exhibited splicing 

bands in different tissues of 3 d old M. destructor.  This study would be useful for future studies 

of the characterization and function of levanase/inulase-like genes of these enzymes in plant-

insect interactions. 
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Chapter 1 - Literature Review 

  M. destructor biology and feeding mechanism.  

The Hessian fly, Mayetiola destrutor (Say), is a member of the gall midge family 

(Diptera:  Cecidomiiydae) (Mamaev 1975; Gagne 1994 cited by Stuart et al. 2008) which is 

suitable for genetic analysis due to its short life cycle (28 days) and a small genome (male 120.0 

MB and female 157.9 Mb) (Johnston et al. 2004). The adult M. destructor has a life span of 2 to 

3 days; long enough for mating and laying eggs (Stuart et al. 2008). Adult females fly from plant 

to plant, examine leaf surfaces, and generally oviposit on the adaxial leaf surface of the youngest 

leaves  in a short time (approximately 3 h) (Kanno and Harris 2002).  However, adult females 

avoid wheat plants that carry conspecific larvae, but not plants with conspecific eggs.  This 

oviposition preference could be related with larvae feeding causes. Wheat seedlings attacked by 

M. destructor larvae stop growing.  The growth of the third leaf is stunted, the leaf blades 

occupied by M. destructor larvae are blue-green instead of bright green, and no other leaves are 

generated (Byers et al. 1971; Anderson et al. 2006). 

Although adult females have only a few living days and lay between 50-400 eggs (Harris 

et al. 2003), the ovipositing females must optimize the oviposition-site to allow neonate larvae to 

manipulate the plant to become susceptible by reprogramming the epidermal cells or reactive 

cells to become nutritive cells. However, if an adult female made a bad oviposition choice, 

neonate larvae can make choices by leaving that location and move to a better location within the 

plant to find reactive cells.  For instance, offspring of females that placed their eggs on the 

abaxial surface of the third leaf shift to the adjacent abaxial surface of the fourth leaf, and also, 

when a M. destructor female laid eggs on the oldest leaf, neonate larvae can move away from 

that location and find a younger leaf (Ganehiarachchi et al. 2013). It is possible that M. 
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destructor larvae can determine where the epidermal cells can be reprogrammed to become 

nutritive cells. Based on environmental conditions, the eggs hatch after a period of 3-4 days at 20 

˚C (Stuart et al. 2008). M. destructor larva has three instars, but only the first and second larval 

instars feed and cause damage to wheat plants (until 10-14 days). The first instar larvae, after 

hatching from the egg, migrate down along the leaf blade, by moving between the leaf sheaths to 

the base of the plant, where a permanent feeding site is established (Harris et al. 2003). The third 

instar larva is a non-feeding stage, and forms a puparium after 6-7 days at 20˚C. The non-feeding 

larvae can be maintained in diapause at 4˚C for more than one year (Stuart et al. 2008). The 

pupae stage also occurs within the dark brown puparium. The length of the pupal stage ranges 

from 7-10 days at 20˚C before adult flies emerge to mate and lay eggs. 

The feeding mechanism of M. destructor was first studied in the 1930’s. It was believed 

that larval secretions softened cell walls of wheat seedlings, allowing larvae to obtain nutrition 

from plant cells and causing a reduction of plant growth (Refai 1956).  Subsequent studies have 

shown that first instar larvae inject salivary fluids into the plants via highly specialized 

mandibles. Hatchett et al (1990) reported that these salivary fluids modify plant cell components 

and provide an opportunity for larvae to ingest nutrients. During this process, first instar larvae 

inject effector proteins through its salivary glands into the epidermal cells, and these effectors 

bind with their respective resistant cognate proteins in the plant so there is an interspecific 

molecular recognition (Stuart et al. 2012). Inside the epidermal cells, M. destructor larval 

feeding causes nuclear breakdown, cytoplasmic organelle degradation, and an increase in the 

number and size of vacuoles (Harris et al. 2006a). After two to three days of the initial larval 

attack, epidermal and mesophyll cells become nutritive or nurse cells because of an increase in 

cytoplasmic staining, number of cellular organelles, and numerous small vacuoles (Harris et al. 
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2006a). The nutritive cells in wheat seedlings probably act as sink tissues to support the growth 

of the larvae by importing photoassimilates (Harris et al. 2006a).  As a result of these changes in 

the plant, the first virulent instar larvae have elevated consumption of carbohydrates, and there is 

an elevated synthesis of amino acids which are required nutrients for the larvae (Zhu et al. 2008; 

Saltzmann et al. 2010). Additionally, the carbon-nitrogen ratio is reduced at the feeding site.  

These nutrients allow the first virulent instar larvae to develop into the second instar larvae 

(Stuart et al. 2012). The physiological response of susceptible plants to M. destructor feeding is 

visible through permanent plant stunting and a characteristically dark green leaf color that results 

from an increase in the concentration of leaf chloroplasts (Robinson et al. 1960). The effectors 

induce susceptibility suppressing plant basal defense. 

    M. destructor control measures.  

In the United States’ Great Plains and upper Midwest areas, M. destructor control is 

based on prevention rather than remedial control because once an infestation occurs; there is no 

strategy to control larval feeding damage. During the wheat seedling stage, larval feeding causes 

irreversible stunting and will eventually kill the plants. During the wheat adult stage, larval 

feeding can prevent spike development; reduce grain fill; weaken stems, resulting in lodging; and 

decrease yield (Castle del Conte et al. 2005). As the research on the biology of M. destructor has 

advanced, strategies and tactics of dealing with M. destructor have changed due to their 

ineffectiveness. Currently, four major tactics are recommended for wheat growers to control M. 

destructor:  (1) Planting resistant cultivars, (2) applying insecticide seed treatment, (3) late 

planting (fly-free date) to avoid the M. destructor fall generation damage, and (4) cultural 

practices such as crop rotation, destruction of volunteer wheat, and destruction of infested 

stubble (Buntin et al. 1992). These tactics can alleviate M. destructor damage. However, their 
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effectiveness depends on the specific areas of production, wheat cultivar, weather, wheat 

growers, and M. destructor infestation levels. Late planting for winter wheat is applied to avoid 

oviposition by the last autumn generation of M. destructor. However, this tactic is not effective 

in all regions of M. destructor distribution. For instance, in the southeastern region of the United 

States, the emergence and oviposition of M. destructor population occurs throughout the winter 

season (Buntin et al. 1990). M. destructor problems can be prevented by applying crop rotation 

to reduce the presence of wheat stubble and volunteer wheat which facilitate new M. destructor 

infestations.  The lack of co-operation and adequate co-ordination among wheat growers has 

been a limiting factor. Some of the growers prefer to maintain the wheat stubble to reduce the 

loss of soil moisture (Weisz 2012). Seed treatment applications can help to manage M. destructor 

infestations in specific situations, such as when wheat growers plant susceptible cultivars in 

wheat growing regions that historically have M. destructor problems, and early planting. The use 

of systemic insecticide seeds treatment should be applied at the correct rate and on susceptible 

cultivars. The decision to use insecticide seed treatments should be taken after careful 

considerations due to expensive treatment and it only provides control of M. destructor larvae for 

a short period of time (up to 30 days) (Whitworth 2005).  

The greatest success in controlling M. destructor has come from the development of M. 

destructor-resistant wheat cultivars. The early benefits of M. destructor-resistant cultivars are 

well documented, and include the value of “Pawnee” wheat in Nebraska and Kansas during 1942 

and 1943 (Painter 1968; Webster and Kenkel 1999).  In Georgia, wheat growers reported that M. 

destructor-resistant cultivars were unaffected by significant M. destructor populations, and 

growers obtained large economic benefits when compared with susceptible cultivars. 

Consequently, growers discontinued application of systemic insecticides which reduced 
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environmental contamination (Buntin et al. 1992). Due to these successes, wheat breeders have 

continued deploying M. destructor-resistant wheat cultivars and have been adapted to most U.S. 

wheat production areas. 

    Wheat resistance to M. destructor larvae 

Numerous sources of resistance have been identified and are being used for developing 

M. destructor-resistant wheat cultivars, especially when old wheat cultivars lose effectiveness 

(Liu et al. 2005). Currently, 34 resistant genes from common wheat, durum wheat, rye, and 

goatgrass have been identified and incorporated into wheat varieties (Li et al., 2013). Most of 

these are single genes inherited as dominant traits, except h4 which is recessive and H7/H8 that 

are effective only when they are together (Stuart et al. 2012).  The majority of the M. destructor-

resistant genes were derived from Triticum turgidum ssp. durum. Three genes, H3, H5 and H12 

were derived from wheat (Triticum aestivum L.). Hdic gene was identified from Triticum 

turgidum ssp. dicoccum   (Liu et al. 2005). Finally, the newly identified gene H34 was from 

wheat cultivar “Clark” (Triticum aestivum L.) (Li et al. 2013). 

The category of resistance related to these genes is antibiosis, which is manifested as the 

death of first instar larvae within 5 to 6 days after establishment (Stuart et al. 2012). Even though 

all resistant genes have the same mechanism of resistance, their individual resistant genes are 

different. Currently, there is a hypothesis that gall midges use an effector-based strategy which is 

similar to that used by plant-pathogenic organisms (Stuart et al. 2012). The wheat-M. destructor 

interaction is characterized by a gene-for-gene recognition where resistant genes provide M. 

destructor resistance. Furthermore, the presence of some M. destructor genes encoding putative 

effector proteins suggest that wheat-M. destructor interactions use the same strategy as plants 

with their parasitic fungi, oomycetes and nematodes.  Most resistant genes cloned to date are 
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encoded with the nucleotide binding-leucine rich repeat (NB-LRR) proteins, which mediate 

recognition of diverse effectors from all different classes of plant pathogens. Among 34 M. 

destructor resistant genes in wheat, only the gene Hdic was cloned, and it contains the NB-LRR 

proteins that recognize the effector proteins of plant pathogens (Stuart et al. 2012). The Hdic 

confers resistance to GP and L biotypes, and the strains vH9 and vH13 of the M. destructor. The 

reaction of the gene Hdic is different to the pattern reactions obtained with the other M. 

destructor genes that are in the chromosomes 1A (Liu et al. 2005).  In addition, results obtained 

in virulence tests reported that Hdic confers resistance to 80% or more to M. destructor 

populations collected from Grayson and Fannin Counties, (Texas); Kay County in Oklahoma, 

and Scott County in Kansas (Chen et al. 2009). These results make the gene Hdic very useful in 

wheat breeding programs in these states. In addition, only one insect resistant gene (Mi-1.2) has 

been cloned due to its resistance to root-knot nematodes (Milligan et al. 1998) and its ability to 

confer resistance to both potato aphids and white flies (Rossi et al. 1998; Goggin et al. 2001; 

Nombela et al. 2003).  

Due to M. destructor population changes, resistant genes H3, H5, H6 and H7/H8 have 

lost effectiveness in most wheat growing areas (Ractliffe et al. 2000). Some other resistant genes, 

such as gene H18, are a very temperature sensitive gene that loses effectiveness above 20°C 

(Cambron et al. 2010). Although these genes confer important levels of resistance to M. 

destructor populations, resistant genes derived from goatgrass and ryes have problems in cultivar 

development programs when they are associated with alien linkage drag. In addition, many M. 

destructor genes have been defeated 5 to 8 years after being deployed; probably through the 

selection of virulent M. destructor genotypes in agriculture fields (Harris et al. 2010). Therefore, 

gene deployment strategies need to be applied for reducing biotype development, which will 
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allow us to use the existing resistant genes efficiently. Two strategies have been proposed to 

improve the durability of the resistance: sequential gene deployment (Cox and Hatchett 1986), 

and pyramiding gene (Gould 1986). Sequential releases of wheat cultivars containing the 

resistant genes may reduce M. destructor outbreaks. Combining several genes in one cultivar 

may increase the duration of the resistance. However, the effectiveness of these two models 

depends on the genotypic interaction between resistance genes and M. destructor virulence genes 

(Bouhssini et al. 2001). The selection of the most effective breeding method will depend on the 

results of further studies into the field movement and genetic changes that occurs in M. 

destructor field populations. 

    M. destructor biotypes.  

The term “biotype” is primarily used by biologists to differentiate insect populations (as 

well as other organisms) due to a highly variable range of underlying causes (Diehl and Bush 

1984). Some “insect biotypes” are referred to variants in color, shape, size, insecticide resistance, 

migration, dispersal tendencies, seasonal activities, pheromones differences, and diseases vector 

capacities (Russell 1978). Some of these biological differences have been used to describe 

populations as biotypes in the literature. In the case of M. destructor, biotype was defined 

according to the insect virulence to different resistant genes (Painter 1951). 

The deployment of wheat cultivars with high levels of antibiosis has closely paralleled 

the development of M. destructor biotypes. High levels of antibiosis to first instar M. destructor 

larvae exert a strong selection pressure on M. destructor populations that favors biotypes to 

reproduce and survive on resistant cultivars (Ratcliffe et al. 1994). Virulence depends on the 

presence of the homozygous recessive condition in the M. destructor virulent gene at a locus 

corresponding to a specific dominant plant resistance gene (Clement and Quisenberry 1999). 
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Hence, M. destructor biotype composition in wheat growing areas changes with the exposure of 

wheat cultivars carrying a specific M. destructor-resistant gene(s). Analysis of allozyme 

variation among 18 M. destructor populations distributed thorough the United States suggests 

considerable variation among populations (Black et al. 1990). The explanation for this local 

variation among populations is considered to be caused by genetic drift within the natural 

populations (Johnson et al. 2004). This local differentiation in conjunction with mating behavior 

indicates how the combination of virulent genes becomes established in the field (Black et al. 

1990). Factors affecting gene flow in local populations could be related to the short life span of 

adults M. destructor and therefore the limited dispersal of the M. destructor (Johnson et al. 

2004). Norton and Schemerhorn (2013) suggested that the M. destructor population structure of 

North America could be closely associated with a local adaptation of a particular wheat class.  

The changes in wheat varieties planted over time and space, and the gene-for-gene interaction 

between M. destructor and wheat, indicate that balancing selection is common in M. destructor 

populations. This would be because of the survival of heterozygous as well as homozygous 

population in the same host plant (Gallun 1977; Baluch et al. 2012). However, further research is 

needed in order to explore whether the M. destructor population structure in North America is 

the result of the association between M. destructor populations and wheat class or if other factors 

related to the biology of the M. destructor may be responsible (Norton and Schemerhorn 2013). 

M. destructor biotype composition was recognized for the first time in 1930 by Painter 

(Clement and Quisenberry 1999). Since then, 16 biotypes (identified GP and A to O) have been 

identified on the basis of their differential response to the resistant genes H3, H5, H6, and a gene 

combination H7/H8 in wheat (Ratcliffe et al. 1994). Biotype Great Plains (GP) has been 

considered as predominant in M. destructor field populations, and the biotypes “A” through “O” 
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differ in the number of resistance genes to which these biotypes express virulence. The most 

virulent biotype is “L” which affects wheat varieties that contain resistant genes, H3, H5, H6, 

and a gene combination H7/H8.  All biotypes have been identified in the field, at various 

frequencies in soft winter wheat areas of the eastern United States. Major shifts in biotype 

composition and virulence to resistant genes in wheat occurred throughout the Eastern United 

States from the mid-1980’s to the late 1990’s that reduced the effectiveness of all deployed genes 

(Ratcliffe et al. 1994). However, the effectiveness of the four resistant genes differs according to 

the wheat-growing region. Actually, this biotype system is useful only for the studies of biotype 

genetics and wheat-M. destructor interactions. It no longer provides meaningful information for 

effective protection against M. destructor populations. However, this biotype system provides 

only information on the virulence/avirulence of the M. destructor to three resistant genes and a 

gene combination (Chen et al. 2009). These three resistant genes and the one gene combination 

are no longer effective in most wheat growing regions. Additionally, the number of the biotypes 

defined with the system is 2
n
 (where n is the number of resistant genes used in the analysis). 

Following the same system, the number of the resistant genes identified to date, will be  around 

233 possible M. destructor biotypes (genotypes), if each biotype differs in at least one gene 

specially matching one of the host’s 33 resistance genes (Cambron et al. 2010).  As the number 

of resistant genes increase, the potential number of biotypes will be unmanageable, and the 

designation of biotype will be impossible and questionable (Diehl and Bush 1984). Another 

problem with this system is that it is very labor intensive and impractical for analyzing large 

number of M. destructor field samples. Moreover, there is insufficient information of all known 

resistant genes at the present moment.  Instead, virulence tests in flats are being used to evaluate 

the percentage of virulence of M. destructor females which correlate with the percentage of the 
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susceptible plants obtained in the virulence test (Chen et al 2009; Cambron et al. 2010). Thus, as 

M. destructor biotypes continue to evolve as resistant wheat cultivars are deployed, knowledge 

of the frequency of M. destructor virulent gene(s) is important for predicting field durability of 

M. destructor resistance genes and the elaboration of new resistant gene deployment strategies.  

     M. destructor-associated bacteria 

Insects are a group of multicellular organism that live together with many different 

microorganisms either inside or outside of their body in symbiotic relationship as mutually 

beneficial, neutral or as parasitism (Buchner 1965). The microorganisms inside the insect body 

include endoparasites, gut microbe, extracellular symbiosis and intracellular symbiosis or 

endosymbionts. Endosymbionts is the most important association between insect and 

microorganisms. This association is maintained through generations where insects and 

microorganism equally benefit from this association. There are several examples of the insect 

pests that live in association with microorganism. Symbiotic bacteria perform different functions 

in insects. For instance, the variable susceptibility of Pea aphids (Acyrthosiphon pisum) to 

Aphidius ervi predation is linked to the presence or absence of the aphid’s endosymbionts (Oliver 

et al. 2003). Other studies revealed that phage-borne toxin genes and several toxins which 

provide defense to the aphid host depend on the genome of the pea aphid symbiont, Hamiltonella 

defensa (Moran et al. 2005).  Several studies revealed that food plant use of herbivorous insects 

can be directly increased by facultative endosymbionts (Su et al. 2013). Another example of the 

influence of symbionts on insect-plant interactions is the case of stinkbug, Megacopta 

punctatissima performed well on crop legumes while the non-pest species, Megacopta cribari, 

reduced the rate of eggs hatching. However, it is not clear how their symbionts interact with 

insects (Hosokawa et al. 2007). Insect symbionts have also been reported to benefit their hosts 
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through physiological changes in insect host through a complex signaling transduction response 

to insect attacks. The best example is ambrosia beetles and their mutualistic symbiotic fungi of 

bark. Fungi make wood digestible for their host larvae and assist beetles in overcoming tree 

resistant mechanisms (Paine et al. 1997). In addition, symbionts induced alteration of insect host 

behavior where symbionts and hosts both benefit from the behavior.  

In the case of M. destructor, different types of bacteria have been found in all 

developmental stages and they are maternally transmitted (Bansal et al. 2010). The most 

abundant bacteria found in M. destructor belong to genera Enterobacter, Pantoea, Klebsiella, 

Pseudomonas, Sthenotropomonas, Staphylococcus and Achromobacter (Bansal et al. 2010). The 

function of the bacteria in M. destructor is not clear yet; however, it is possible that gut bacteria 

in M. destructor synthesize nutrients for larvae or digest nutrients that are inaccessible for the 

insect. Since M. destructor larvae have the ability to manipulate host plants through secretions 

from salivary glands, it is possible that bacteria could be released through salivary glands and 

thus participates in specific metabolic pathways for the interaction with the host plant.  
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Chapter 2 - Virulence and Biotype Analyses of Hessian Fly, 

Mayetiola destructor (Say), Populations from Texas, Louisiana, and 

Oklahoma 

 Abstract 

The Hessian fly, Mayetiola destructor Say, is a major pest of wheat, and is controlled mainly 

through deploying fly-resistant wheat cultivars. The challenge for the plant resistance approach is 

that virulence of M. destructor populations in the field is dynamic and wheat cultivars may lose 

resistance within 6-8 years. To ensure continuous success of host plant resistance, M. destructor 

populations in the field need to be constantly monitored to determine which resistance genes remain 

effective in different geographic regions. This study investigated five M. destructor populations 

collected from Texas, Louisiana, and Oklahoma, where infestation by M. destructor has been high in 

recent years. Eight resistance genes including H12, H13, H17, H18, H22, H25, H26, and Hdic, were 

found to be highly effective against all tested M. destructor populations in this region, conferring 

resistance to 80% or more of plants containing one of these resistance genes. The frequencies of 

biotypes virulent to resistance genes H13 (biotype vH13), H18 (vH18), H21 (vH21), H25 (vH25), 

H26 (vH26), and Hdic (vHdic) were determined, and were found to vary from population to 

population, ranging from 0 to 45%. A logistic regression model was established to predict biotype 

frequencies based on the correlation between the percentages of susceptible plants obtained in a 

virulence test and the log-odds of virulent biotype frequencies determined by a traditional approach. 

 

 Introduction 

The Hessian fly (Mayetiola destructor Say) has been a major pest of wheat since it was 

brought to the U.S. around 1779 during the American Revolutionary War (Buntin 1999, Pauly 
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2002, Stuart et al. 2012). The M. destructor can damage wheat plants from seedling to 

reproductive stages. In seedling plants, M. destructor larvae feed between leaf-sheaths, resulting 

in growth inhibition and death of the infested plant, unless a new tiller develops (Byers et al. 

1971). In reproductive plants, larvae feed on the stem, resulting in plant lodging and reduced 

grain filling. In recent years, M. destructor outbreaks have occurred more frequently, especially 

in the Southwestern USA, probably due to no-till cultivation and climate change (Royer 2005; 

Watson 2005; Comis 2007; Knutson and Swart 2007; Smith 2007; Huang et al. 2011).  

Currently, the M. destructor can be suppressed by seed treatments with systemic 

insecticides, late planting to avoid infestation in the fall (so called fly-free date), and deployment 

of resistant wheat cultivars (Buntin and Bruchner 1990, Buntin and Hudson 1991, Buntin 1992, 

Buntin et al. 1992, Morgan et al. 2005, Giles and Royer 2011). Among these control measures, 

deployment of resistant cultivars is the most economic and effective means to reduce M. 

destructor infestations. Seed treatment is only effective for about 14 days, and late planting can 

only be adopted in the northern U.S. and the fly-free date varies from year to year. Currently, 34 

resistance genes have been identified and many of them have been deployed to the field (Li et al. 

2013). All resistance genes except h4 are inherited as dominant traits with antibiosis effects on 

fly larvae. A reliable host plant resistance strategy remains a challenge because M. destructor 

field populations are dynamically changing, and the effectiveness of deployed resistance genes is 

relatively short-lived (Ratcliffe and Hatchett 1997, Gould 1998, Ratcliffe et al. 2000). Rare and 

uncommon biotypes virulent to specific resistance genes can become prevalent due to selection 

pressure after resistance genes have been deployed. Even without selection pressure from 

deployed resistance genes, M. destructor populations are constantly evolving in the field due to 

genetic adaptation mechanisms formed in the long course of wheat – M. destructor co-evolution 
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(Chen et al. 2010). To safeguard the effectiveness of the plant resistance strategy, the virulence 

of M. destructor populations in different regions must be constantly monitored so that breeders 

and producers know which resistance genes remain effective in their regions, and which biotypes 

are currently prevalent.  

In the southern U.S., including the states of Georgia, Oklahoma, and Texas, M. destructor 

has historically been a major problem of wheat production. In recent years, heavy infestations have 

become more frequent and have occurred in larger areas in Oklahoma and Texas (Royer 2005, 

Watson 2005, Comis 2007, Knutson and Swart 2007, Smith 2007, Alvey 2009). M. destructor 

damage had not been observed until 1989 in Louisiana (Colyer et al. 1989), where the pest has 

recently become a serious problem of wheat production (Huang et al. 2011). M. destructor field 

virulence in Texas and Oklahoma was first reported in 2009 (Chen et al. 2009) and field virulence in 

Georgia and several other southern states was reported in 2010 (Cambron et al. 2010).  

 Objectives 

 

The objectives of the present study were to provide current information on M. destructor 

virulence and biotype compositions in field populations collected from heavily infested areas in 

Texas, Louisiana, and Oklahoma; and to establish a method to estimate biotype frequency based on 

results of virulence assays so that the time consuming process for direct biotype analysis of 

individual females can be avoided in the future. 
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 Materials and Methods 

 M. destructor Samples 

M. destructor populations were sampled by collecting wheat plants infested with M. 

destructor in pupal (so called flaxseeds) stage. Infested plants were packed in boxes, sent to the 

USDA-ARS M. destructor Research Laboratory in Manhattan, KS, and stored in a cold room for 

180 d to break diapause before assaying for virulence and biotype. During 2010-2011, M. destructor 

populations from Grayson, McClennan and Hill Counties in Texas were collected and evaluated. A 

population collected in 2008 from Grayson County, Texas, had been previously analyzed (Chen et 

al., 2009). M. destructor populations from McClennan and Hill Counties, Texas, had not been 

evaluated since 1987 (Hoelscher et al. 1987). These samples were designated as Grayson-TX-FD-11, 

McClennon-TX-FD-10, and Hill-TX-FD-11, respectively. FD represents ‘field’ samples analyzed 

directly without increasing the population in greenhouse. A M. destructor population from Franklin 

Parish, Louisiana, was collected in 2011, and a population from Okeene, Oklahoma collected in 

2012. Prior to the current study, the status of M. destructor virulence in these two locations was 

unknown. Due to their small size, the Oklahoma and Louisiana populations were increased in the 

greenhouse for one generation before analyses, and were designated as Franklin-LA-GH-11 and 

Okeene-OK-GH-12, respectively (GH - ‘greenhouse’ increased). 

 

 Greenhouse Increase of M. destructor Populations 

M. destructor samples containing less than 8,000 pupae were increased in the greenhouse 

before virulence and biotype assays. Wheat stubble collected from fields was placed in a mesh 

tent (243.8 x 61 x 91.4 cm) in the greenhouse to facilitate M. destructor adult emergence. When 

adult flies started to emerge, approximately 3,500 seedlings of ‘Karl 92, a M. destructor-susceptible 
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cultivar, at the 1.5 leaf stage were placed into the cage to collect eggs. Adult flies were allowed to lay 

eggs on the plants for three to four days, depending on egg densities. When egg density reached an 

average of ~8 eggs per plant, seedlings were transported to a different greenhouse to allow eggs to 

hatch and larvae to develop to pupation. Newly obtained pupae were collected along with wheat 

seedlings and stored in a cool room for at least three months before assays (Chen et al., 2009).  

 Virulence Analysis 

A set of 22 wheat cultivars, each carrying a different M. destructor-resistance gene or 

gene combination, was assembled. This set of wheat cultivars contained resistant genes H3, H5, 

H6, H7/H8, H9, H10, H11, H12, H13, H14, H16, H17, H18, H19, H21, H22, H23, H24, H25, 

H26, H31, and Hdic. Twenty to 25 seeds of each testing line were planted in a row in a 

randomized design in a 54 x 36 x 8 cm flat, which included two rows of Karl 92 in the middle of 

each flat. To maintain M. destructor populations, additional flats of Karl 92 seedlings were 

planted and used to collect eggs. Wheat stems containing M. destructor pupae were placed into a 

243.8 x 61 x 91.4 cm greenhouse tent three days before the virulence test to facilitate M. 

destructor adult emergence. Water was sprayed daily onto the tent to maintain moisture. When 

M. destructor adults started to emerge, seedlings at the 1.5 leaf-stage were placed inside the same 

tent for infestation. 

Female flies oviposit on the adaxial surface of plants in a free-choice manner. To reduce 

variations in the test results, infestation was terminated when the number of eggs reached an 

average of 8 eggs per plant (Chen et al., 2009). Plants were categorized as susceptible or resistant 

21 days after infestation. Plants were recorded as resistant if they contained dead (slim and 

reddish) first-instar larvae and were growing normally. Plants were recorded as susceptible if 
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they were stunted and contained live (fat and white) larvae. Plants with no dead or alive larvae 

were categorized as escapes and were excluded from analysis.  

As described previously (Chen et al., 2009), a gene was defined as highly resistant to a 

M. destructor population if ≥ 80% plants of the wheat cultivar containing the gene were 

identified to be resistant to the M. destructor population in a virulence assay. A gene was 

considered as moderately resistant to a fly population if 50-80% plants of the variety containing 

the gene were resistant to the insect population, while a gene was judged as susceptible if <50% 

plants of the variety containing the gene were resistant to the population. 

 Analysis of Biotype Composition 

Six resistant genes (H13, H18, H21, H25, H26, and Hdic) shown previously to confer 

≥80% of plants resistant to a Texas field population (Chen et al. 2009) were selected to 

determine M. destructor biotype frequencies. Biotype composition was determined using a 

procedure similar to that described by Ratcliffe et al. (1994). 

 Relationship Between Percentages of Susceptible Plants and Virulence 

Chi-square tests were performed using percent resistant plants in virulence tests to 

determine if M. destructor populations were dependent on or independent of cultivars carrying 

different resistant genes. A P-value of <0.0005 suggests that resistant genes are not independent 

of M. destructor populations. Comparison of the percentages of resistant plants obtained with 

different fly populations was conducted by ANOVA of virulence test data for each resistance 

gene. Twenty-two resistant genes tested and a multiple comparison adjustment based on 

Bonferroni correction (Bonferroni 1935) was made to declare significance for each test. A 

virulence test was considered significant at α = 0.05 level when the P-value was less or equal to 

0.05/22 = 0.0022. For a test yielding a significant P-value, pairwise comparisons were conducted 
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using the Tukey’s Honestly Significant Difference (HSD) method to identify populations 

differing from others on percentages of resistant plants. The Tukey’s HSD adjusted P-values 

were obtained and compared to 0.05 to identify populations that differ significantly in the 

percentages of resistant plants for each gene.  

To model the relationship between biotype composition and the percentages of 

susceptible plants, a logistic regression model was developed, using the counts of virulent and 

avirulent M. destructor females as the response variable. Significance predictors included in the 

model were the percentages of susceptible plants in virulence tests, the type of resistant gene, 

and their interaction. All predictors were highly significant at P ≤ 0.01 (the P-values based on 

deviance test from the logistic regression model for these factor/variables are < 2.2x, 2.133x, and 

0.0011, respectively). Pearson correlation coefficients between the observed percent of virulent 

biotypes and their predicted value from the logistic model were calculated.  All the statistical 

analyses were conducted with R software version 3.0.1 (http://cran.r-project.org/).  

 Results 

 Virulence of Three Texas M. destructor Populations 

Eight genes, H12, H13, H17, H18, H21, H22, H25, H26, and Hdic, were highly resistant 

to all three Texas M. destructor populations, conferring resistance in 80% or more of plants 

containing one of these genes to the three fly populations (Table 2. 1), a level considered highly 

effective based on historic observations (Ratcliffe et al. 2000, Chen et al. 2009, Cambron et al. 

2010). In addition, H3 and H11 conferred resistance in 80% or more of plants containing either 

of these genes to the Grayson-TX-FD-11 and Hill-TX-FD-11 populations. H5 conferred 

resistance in 82% of plants to the Grayson-TX-FD-11 population. H9, H16, H19, and H23, 

exhibited moderate resistance, conferring resistance in 50% or more of plants containing one of 
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these genes to at least one of the three Texas populations. The H6, H7H8, H10, H14, H24, and 

H31 genes or gene combination conferred resistance in less than 50% of plants containing one of 

the genes to any one of the three Texas populations. 

 Virulence of a Louisiana M. destructor Population 

Fourteen genes, H3, H9, H12, H13, H16, H17, H18, H19, H21, H22, H24, H25, H26, and 

Hdic, were highly effective against the Franklin-LS-GH-12 population, conferring resistance in 80% 

or more of plants containing one of these genes (Table 2. 2). H10, H14, and H23 exhibited moderate 

resistance, conferring resistance in 50 to 80% of plants containing one of the genes. H5, H6, H7H8, 

H31 were less effective, conferring resistance in only 50% or less of plants containing one of these 

genes. 

 Virulence of an Oklahoma M. destructor Population 

H3, H5, H6, H12, H13, H17, H18, H19, H21, H22, H25, H26, and Hdic were highly effective 

against the Okeene-OK-GH-12 population, conferring resistance in 80% or more of plants containing 

one of these genes (Table 2. 3). H9, H10, H11, and H16 exhibited moderate resistance, conferring 

resistance in 50 to 80% of plants containing one of the genes, and H7H8, H14, H23, H24, and H31 

were less effective, conferring resistance in only 50% or less of plants containing one of these genes. 

 Biotype Composition Analyses 

Although 100 females were analyzed from each of the three Texas populations, success rates 

were only 21 to 83% as some females failed to oviposit (Table 2. 4). The percentages of biotypes 

virulent to the wheat resistant genes H13 (biotype vH13), H18 (vH18), H21 (vH21), H25 (vH25), 

H26 (vH26), and Hdic (vHdic) were 4%, 5%, 16%, 10%, 13%, and 0%, respectively, for the 

Grayson-TX-FD-11 population; 1%, 21%, 45%, 25%, 10%, and 4%, respectively, for the 
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McClennan-TX-FD-10 population; and 5%, 19%, 22%, 22%, 13%, and 2%, respectively, for the 

Hill-TX-FD-11 population. 

In the Louisiana and Oklahoma populations, fewer females were analyzed due to limited 

availability of mated females when plants were at the appropriate stage for evaluation. The virulence 

frequencies of the Oklahoma and Louisiana populations were much lower. The frequency of vH13, 

vH18, vH21, vH25, vH26, and vHdic was 0%, 0%, 14%, 10%, 11%, and 0%, respectively, for the 

Franklin-LS-GH-12 population, and 0%, 0%, 27%, 18%, 9%, and 0%, respectively, for the Okeene-

OK-GH-12 population. 

Significant differences were observed in the percentages of resistant plants carrying H11, 

H16, or H24 to the three Texas populations, with P-values 2.94x, 1.59 x, and 5.92 x, respectively 

(Table 2. 5). When all five populations are compared, the percentages of resistant plants showed 

differences among some populations for the following genes (P-value in parenthesis): H5 (3.93x), H6 

(1.27x), H9 (1.16x), H11 (4.11x), H14 (5.63x), H19 (1.35x), H24 (4.39x), and H31 (1.79x). 

 Relationship Between Percentages of Susceptible Plants and Virulence 

Virulence tests and biotype frequency analyses were conducted simultaneously on the 

five M. destructor populations (Table 2. 4). The percentages of susceptible plants obtained in 

virulence tests conveyed strong information about the frequencies of virulent biotypes obtained 

in biotype analyses. A logistic regression that predicted biotype frequencies (Figure 2. 1), yielded 

predicted values quite similar to and highly correlated with actual observed values (r = 0.93, 95% 

confidence interval of the correlation is (0.86, 0.97), P-value < 8.4x). We further tested the 

model with data reported by Chen et al. (2009), and the predicted frequencies of biotypes 

virulent to H13 (vH13) and H18 (vH18) are fairly consistent with the observed values (Figure 2. 

1 F). However, the predicted frequencies for biotypes vH21 and vH26 are 9.5% and 9.7%, 
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respectively, which differ from the corresponding observed frequencies of 4% and 22%, 

respectively.  

 Discussion 

Variation in virulence among M. destructor populations from different regions has been 

observed previously (Chen et al., 2009, Cambron et al., 2010). In this study, we also observed 

variation in virulence among the five regional populations (Table 2. 5). Specifically, wheat cultivars 

carrying H11, H16, or H24 showed significant difference in percentages of resistant plants among the 

three Texas populations. Wheat cultivars carrying H5, H6, H9, H11, H14, H19, H24, or H31 showed 

significant difference in percentages of resistant plants when all five populations were compared. For 

example, 94% of the plants with the H5 gene were susceptible to the Franklin-LA-GH-11 population, 

whereas only 18% of plants with this gene were susceptible to the Grayson-TX-FD-11. Variation in 

sample collection and testing conditions might have partially affected results, but the standardized 

virulence detection procedure yields fairly consistent results as described previously (Chen et al. 

2009). Thus, the variation in population virulence was likely due to differences in biotype 

composition of the five M. destructor populations. Among possible factors that might have caused 

difference in population virulence, regional selection pressure from deployment of cultivars 

containing specific resistance genes is likely playing a role. This can be seen from the detection of 

the most virulent Hessian fly population to date in Kay County in Oklahoma, the nursery site where 

new cultivars containing various M. destructor resistance genes are being tested (Chen et al. 2009). 

The virulence of the Kay county population is very different from that of populations collected from 

neighboring regions including the Okeene-OK-GH-12 population. Another possible reason for 

virulence variation among regional M. destructor populations is the intrinsic mechanism that allows 

M. destructor to constantly generate genetic diversification in genes likely involved in virulence, 

which include large numbers of genes encoding putative effector proteins (Chen et al. 2010). 
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One of the main objectives of this study was to provide information on which resistance 

genes are still effective to M. destructor populations in the field in three southern states. Despite the 

variation in virulence described above, some resistance genes conferred resistance against all of the 

M. destructor populations tested. As shown in Table 2. 5, 80% or more of plants containing H12, 

H13, H17, H18, H22, H25, H26, or Hdic, were resistant to all five tested populations, indicating that 

these genes remain highly effective in protecting wheat in these regions. Hdic, a newly identified 

resistance gene from Triticum turgidum ssp. dicoccum (Liu et al. 2005), exhibited the highest 

effectiveness, conferring resistance in > 98% of plants containing Hdic to all five M. destructor 

populations. In addition, H3 and H21 also conferred resistance in 80% or more plants to four of the 

five populations, and in nearly 70% plants to the McClennan-TX-FD-10 population. However, H3 

was reported to be ineffective to other populations collected from southern U. S. (Cambron et al. 

2010). Accordingly, we recommend that H12, H13, H17, H18, H22, H25, H26, and Hdic to be used 

in breeding programs against M. destructor infestations in Texas, Louisiana, and Oklahoma.  

The determination of biotype frequencies in field populations is time-consuming, and 

becomes increasingly un-achievable as the numbers of the identified resistance genes increase. In 

the wheat–M. destructor interaction, a previous study indicated the frequency of a virulent 

biotype is proportional to the percentage of susceptible plants that carry a resistance gene in a 

virulence test (Chen et al. 2009). In the current study, a logistic regression model predicted 

frequencies of biotypes virulent to some genes, but was less reliable for other genes. This 

discrepancy indicates that further data accumulation and improvement of model parameters are 

needed for more accurate biotype predictions. Despite this need for improvement, the strong 

relationship between virulence frequency and the percent of susceptible plants in virulence tests 

suggests that it may be practical to predict biotype frequency based on virulence test results.  
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 Figure and Tables 

 

Table 2.1 Percent ± SD M. destructor resistance in plants with different wheat M. destructor 

resistance genes to the three M. destructor populations Grayson-TX-FD-11, McClennan-TX-FD-

10, and Hill-TX-FD-11. 

R Gene Wheat Cultivar 
Hessian Fly Population Collection Site 

Grayson-TX-FD-11 McClennan-TX-FD-10 Hill-TX-FD-11 

R S %R SD R S %R SD R S %R SD 

H3 Ike 69 7 91 1.3 43 18 70 3.3 61 15 80 2.8 
H5 Magnum 56 12 82 4.7 31 30 51 3.6 41 24 63 5 
H6 Cadwell 5 59 8 1 20 37 35 1.8 33 39 46 1 

H7H8 Seneca 0 78 0 0 13 46 22 1.7 0 75 0 0 
H9 Iris 23 50 32 3.1 46 12 79 1.3 38 30 56 3.9 
H10 Joy 26 29 47 3.4 17 38 31 1 28 42 40 3.6 
H11 Karen 59 0 100 1.7 24 37 39 1.4 60 8 88 2.6 
H12 Lola 66 3 96 1.9 36 9 80 3.5 51 10 84 1.3 
H13 Molly 55 4 93 1.7 47 2 96 1 54 2 96 1.3 
H14 D6647 H14 12 58 17 1.2 8 51 14 1.4 0 57 0 0 
H16 D6647 H16 52 17 75 1.4 20 42 32 1.4 57 16 78 3.3 
H17 D6647 H17 45 5 90 2.6 45 9 83 2.9 64 9 88 2 
H18 Redland 64 2 97 0.8 45 6 88 1.7 61 5 92 4.3 
H19 84702B14 53 14 79 5.7 7 35 17 1.3 17 45 27 1.7 
H21 Hamlet 51 13 80 1.5 20 9 69 0.8 68 10 87 1.4 
H22 KS85WGRC01 75 0 100 1.3 64 1 98 0.8 70 3 96 2.1 
H23 KS89WGRC03 40 34 54 2.4 20 31 39 1.2 25 52 32 2.6 
H24 KS89WGRC06 23 50 32 1 1 66 1 0.5 21 56 27 1.9 
H25 KS92WGRC20 70 5 93 2.4 57 3 95 1 67 6 92 3.4 
H26 KS93WGRC26 60 6 91 2.6 54 5 92 0.6 69 5 93 2.5 
H31 921696-H31 12 57 17 1.8 8 45 15 0.8 8 63 11 1.8 
Hdic KS99WGRC42 64 0 100 3.2 63 1 98 1.5 76 1 99 1.2 

 

Bold font indicates plants exhibiting 80% or more resistance. 

Tan highlight indicates plants exhibiting 80% or more resistance to all three populations. 
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Table 2.2  Percent ± SD M. destructor resistance in plants with different wheat M. destructor 

resistance genes to the Hessian fly population Franklin-LS-GH-11. 

R 

Gene 

 

Wheat Cultivar 

Number of plants  Percent ± SD  

Resistant plants Resistant Susceptible 

H3 Ike 67 4 94±1.3 
H5 Magnum 4 59 6±1.2 

H6 Cadwell 16 55 23±1.8 

H7H8 Seneca 12 64 16±2.9 

H9 Iris 67 0 100±1.5 

H10 Joy 50 17 75±2.5 

H11 Karen 19 40 32±1.3 

H12 Lola 66 0 100±0.6 

H13 Molly 60 0 100±0.8 

H14 D6647 H14  37 17 69±5.4 

H16 D6647 H16  57 0 100±1 

H17 D6647 H17  56 5 92±4.3 

H18 Redland 62 0 100±1.3 

H19 84702B14 55 0 100±1.3 

H21 Hamlet 63 7 90±1.5 

H22 KS85WGRC01 67 0 100±1.5 

H23 KS89WGRC03 34 30 53±1.7 

H24 KS89WGRC06 68 2 97±1.8 

H25 KS92WGRC20 72 5 94±0.8 

H26 KS93WGRC26 70 4 95±0.6 

H31 921696-H31 27 34 44±3.1 

Hdic KS99WGRC42 65 0 100±1.5 

Bold font indicates plants exhibiting 80% or more resistance. 
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Table 2.3 Percent ± SD M. destructor resistance in plants with different wheat M. destructor 

resistance genes to the Hessian fly population Okeene-OK-GH-12. 

R 

Gene 

 

Wheat Cultivar 

Number of plants Percent ± SD 

Resistant plants Resistant Susceptible 

H3 Ike 60 2 97±2.2 

H5 Magnum 50 12 81±1 

H6 Cadwell 46 6 88±5 

H7H8 Seneca 0 61 0±0 

H9 Iris 28 24 54±2.2 

H10 Joy 38 17 69±3.1 

H11 Karen 29 11 73±2.2 

H12 Lola 60 1 98±4.8 

H13 Molly 62 0 100±2.1 

H14 D6647 H14  8 37 18±1.6 

H16 D6647 H16  41 15 73±5.6 

H17 D6647 H17  56 2 97±3.5 

H18 Redland 54 0 100±4.7 

H19 84702B14 42 7 86±3.9 

H21 Hamlet 46 10 82±6.8 

H22 KS85WGRC01 70 0 100±0.6 

H23 KS89WGRC03 18 43 30±5.3 

H24 KS89WGRC06 23 43 35±3.5 

H25 KS92WGRC20 68 2 97±2.7 

H26 KS93WGRC26 66 1 99±1 

H31 921696-H31 20 38 34±0 

Hdic KS99WGRC42 56 0 100±4.7 

Bold font indicates plants exhibiting 80% or more resistance. 
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Table 2.4  Biotype composition of M. destructor populations from Louisiana, Oklahoma and 

Texas  

% Virulent = Percentage of M. destructor female offspring virulent to the corresponding wheat 

resistance gene. 

  Hessian fly resistance gene 

Hessian fly population Virulence  H13 H18 H21 H25 H26 Hdic 

Grayson-TX-FD-11 
# Avirulent 80 79 70 75 72 83 

 # Virulent 3 4 13 8 11 0 

%Virulent 4 5 16 10 13 0 

McClennan-TX-FD-10 
# Avirulent 68 65 38 52 74 79 

# Virulent 1 17 31 17 8 3 

%Virulent 1 21 45 25 10 4 

Hill-TX-FD-11 
# Avirulent 61 44 50 50 47 53 

# Virulent 3 10 14 14 7 1 

%Virulent 5 19 22 22 13 2 

Franklin-LS-GH-11 
# Avirulent 21 54 18 19 48 54 

# Virulent 0 0 3 2 6 0 

%Virulent 0 0 14 10 11 0 

Okeene-OK-GH-12 
# Avirulent 22 54 16 18 49 54 

# Virulent 0 0 6 4 5 0 

%Virulent 0 0 27 18 9 0 
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Table 2.5 Percent ± SD M. destructor  resistance in plants with different M. destructor resistance 

genes resistant to Hessian fly populations from Texas, Louisiana, and Oklahoma. 

  Percent ± SD Resistant plants 

R 

Gene 

Wheat 

Cultivar 

Grayson- 

TX-FD-11 

McLennan- 

TX-FD-10 

Hill- 

TX-FD-11 

Franklin- 

LA-GH-11 

Okeene- 

OK-GH-12 

H3 Ike 91±1.3 70±3.3 80±2.8 94±1.3 97±2.2 

H5 Magnun 82±4.7 51±3.6 63±5 6±1.2 81±1.0 

H6 Cadwell 8±1 35±1.8 46±1 23±1.8 88±5.0 

H7H8 Seneca ND 22±1.7 ND 16±2.9 ND 

H9 Iris 32±3.1 79±1.3 56±3.9 100±1.5 54±2.2 

H10 Joy 47±3.4 31±1.0 40±3.6 75±2.5 69±3.1 

H11 Karen 100±1.7 39±1.4 88±2.6 32±1.3 73±2.2 

H12 Lola 96±1.9 80±3.5 84±1.3 100±0.6 98±4.8 

H13 Molly 93±1.7 96±1.0 96±1.3 100±0.8 100±2.1 

H14 D6647-H14 17±1.2 14±1.4 ND 69±5.4 18±1.6 

H16 D6647-H16 75±1.4 32±/1.4 78/3.3 100±1.0 73±5.6 

H17 D6647-H17 90±2.6 83±2.9 88±2 92±4.3 97±3.5 

H18 Redland 97±0.8 88±1.7 92±4.3 100±1.3 100±4.7 

H19 84702B14 79±5.7 17±1.3 27±1.7 100±1.3 86±3.9 

H21 Hamlet 80±1.5 69±0.8 87±1.4 90±1.5 82±6.8 

H22 KSWRCG 01 100±1.3 98±0.8 96±2.1 100±1.5 100±0.6 

H23 KSWRCG 06 54±2.4 39±1.2 32±2.6 53±1.7 30±5.3 

H24 KSWRCG 03 32±1 1±0.5 27±1.9 97±1.8 35±3.5 

H25 KSWRCG 20 93±2.4 95±1.0 92±3.4 94±0.8 97±2.7 

H26 KSWRCG 26 91±2.6 92±0.6 93±2.5 95±0.6 99±1.0 

H31 P921696A1 17±1.8 15±0.8 11±1.8 44±3.1 34±0.0 

Hdic KSWRCG 42 100±3.2 98±1.5 99±1.2 100±1.5 100±4.7 

 Bold font indicates plants exhibiting 80% or more resistance. 

Tan highlight indicates plants exhibiting 80% or more resistance to all five populations.   

ND – not determined. 
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Figure 2.1  Biotype frequency prediction based on virulence test results.   

 

The curves with squares represent the actual biotype frequencies obtained following the 

procedure described by Ratcliffe et al. (1994) (Table 4).  The curves with diamonds represent 

predicted biotype frequencies using the logistic regression model y=100(1+e-f(x)
), where y is the 

percentages of virulent biotypes and f(x) is a function of the percentages of susceptible plants 

(percSP) in a virulence assay with cultivars carrying a specific resistance gene. Mathematically, 
f(x) = -4.629 + 0.668 *I(Gene = 'H18') + 2.086*I(Gene = 'H21') + 3.521* I(Gene = 'H25') + 2.326*I(Gene 

= 'H26') -1.869*I(Gene = 'Hdic') + 0.217*percSP + 0.0178*I(Gene = 'H18')*percSP – 0.147*I(Gene = 

'H21')*percSP – 0.290*I(Gene = 'H25')*percSP – 0.180*I(Gene = 'H26')*percSP + 1.44*I(Gene = 

'Hdic')*percSP,  and I(condition) is an indicator function that takes value 1 if the condition is true and 

takes value 0 if the condition is false.  The formula can be simplified to y=100(1+e-(B+b+Kx+kx)
)
-1

 for a 

specific calculation, where B is the Intercept, b is the modification factor to the intercept 

associated with a specific resistance gene, K is the slope, and k is the modification factor to the 

slope associated with a specific resistance gene, and x is percSP for a specific resistance gene.  

For example, to calculate the predicted biotype vH18 based on the Grayson-TX-FD-11, the 

calculation is: y=100(1+e-(B+b+Kx+kx)
)
-1

 =100  =100/ (1+ e-(-

4.629+0.668+0.217(3)+0.0178(3))
)

-1 
= 3.7%. The data shown in the last graph with the Grayson-TX-FD-08 was 

based on results of a previous report (Chen et al., 2009). 
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Chapter 3 - Levanase/Inulase-like genes with possible bacterial 

origin in the Hessian Fly genome, Mayetiola destructor (Say). 

 Abstract 

Previous characterization of a bacterial artificial chromosome (BAC) clone 

fromidentified a gene encoding a protein with sequence similarity to bacterial levanases (Chen et 

al., unpublished observation). Blast searching with the levanase-like protein identified 14 

levanse/inulase-like genes or gene fragments in the M. destructor genome sequence.  The 14 

genes were named MDL-1 to MDL-14.  In this study, the expression level of these genes in 

different developmental stages and different tissues of 3 d old M. destructor larvae were 

determined. Sequence analysis revealed that six genes encode full length proteins, that three are 

truncated at the 5’ end, and that five are truncated at the 3’ end. Sequences of putative proteins 

showed approximately 42% similarity to bacterial levanases or inulases, and 36% similarity to 

fungal levanases or inulases.  No sequence similarities were found with any known animal or 

plant proteins.  This result suggests that levanase/inulase-like genes in the M. destructor genome 

were originated from bacteria through horizontal gene transfer.  Of the 14 levanse/inulase-like 

genes, six genes, MDL-3, MDL-5, MDL-9, MDL-11, MDL-12, and MDL-13, are full length, and 

contain a promoter region, three exons, two introns, and a 3’ untranslated region. Three genes, 

MDL-1, MDL-8 and MDL-14 are truncated at the 5’ end, and five genes, MDL-2, MDL-4, MDL-

6, MDL-7, and MDL-13 are truncated at the 3’ end.  Comparative analysis of sequences among 

the 14 MDL genes revealed that positions for intron/exon boundaries are conserved among 

different genes even though the length of each intron and exon varied among different genes. 

Reverse-transcription PCR (RT-PCR) and quantitative real-time PCR (qPCR) of different M. 

destructor developmental stages and tissues yielded differential expression patterns of the 
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levanase/inulase-like genes.  Interestingly, MDL-2, MDL-9 and MDL-10 presented alternative 

splicing bands in different developmental stages, and MDL-3 and MDL-9 exhibited splicing 

bands in different tissues of 3 d old M. destructor larvae.  Results of this study will be useful for 

future characterization of MDL genes and their function in plant- M. destructor interactions. 

 Introduction 

Polymers of fructose molecules are called fructans (Vijn and Smeekens 1999).  Based on 

the linkage position of the fructose residues, two types of fructans exist in nature, inulin and 

levan.   In inulins, the fructosyl residues are linked by β-2,1-linkages, whereas in levan, the 

fructosyl residues are linked by β-2, 6-linkages (Martel et al.2011).  Inulins are produced by 

many types of plants and are typically used as a means of storing energy in roots and rhizomes 

(Scotta et al. 2011).  Inulins are degraded by the enzyme inulinase, which is also called inulase or 

2,1-β-D-fructan fructanohydrolase (Brevnova et al. 1998).  Inulinases are divided into endo-

inulinases and exo-inulinases (Scott et al. 2011).  Endo-inulinases degrade inulins within the 

polysaccharide chains into oligofructans, whereas exo-inulinases degrade inulins or oligofructans 

at the end of the chain, yielding simple sugars fructose and glucose.  Inulin is increasingly used 

in processed foods because it has unusually adaptable characteristics and can enhance the growth 

of bifidobacteria colon (Guibellini et al. 2009).  

Levan can be produced by either plants or microorganisms.  In plants, levan has been 

found as a reserve carbohydrate in many monocotyledons, including grasses (Dactilis glomerata, 

Poa secunda, and Agropyrum cristatum), wheat (Triticum spp.) and barley (Hordeum vulgare L.) 

(Vijn and Smeekens, 1999).  Levans are widely distributed in different bacteria as storage of 

carbon and energy and have been reported in Eschericha coli (Romberg 2001), Bacillus subtilis 

(Matrin et al. 1990), and various halophilic archaea, including Haloarcula marismortui, and 
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Haloferax volcanii (Pickl et al. 2012).  Bacterial levan is produced extracellularly by a single 

enzyme, levansucrase (EC. 2. 4. 1. 10), which produces levan directly from sucroses (Han 1990).  

For the degradation of levan, bacteria produce specific enzymes called levanases (EC 3.2.1.65), 

which hydrolyze the β-2, 6-linked main chain of levan to oligofructans and/ or fructoses.   Like 

inulinases, levanases are also divided into endo- and exo-levanases.  Endo-levanases hydrolyze 

within the chain of levan, and the product is usually various sizes of oligofructans.  Exo-

levanases hydrolyze at the end of the levan chain, yielding only a single size product, usually 

levanbiose (Vijn and Smeekens, 1999).  The degraded products are used by microorganisms as 

nutrients since they possess necessary enzymes required for the degradation and oxidation of 

these sugars. 

 Several soil-borne bacteria such as Pseudomonas putida, Streptococcus and Bacillus 

subtilis produce levan-degrading enzymes (Murakami et al. 1990, Burne et al. 1987, Wanker et 

al. 1995).  Levanase activities have also been found in yeasts Kluyveromyces fagilis 

(Grootwassink and Hewitt, 1983) and filamentous fungi (Vandamme and Derycke 1983; 

Barthomeuf et al. 1991).  Several levanases have been purified and characterized from different 

bacteria such as Bacillus sp., Rhodotorula sp., Streptomyces sp., and Pseudomonas sp. (Wanker 

et al 1995, Miasnikov 2006, Kang et al., 1999, Chaudhary et al., 1996, Lim et al. 1998).  Genes 

encoding levanases have been cloned from Bacillus sp. L7 (Miasnikov 1997), Bacillus subtilis 

(Martin et al. 1987), endophytic bacterium Gluconacetobacter diazotrophicus SRT4 (Menéndez 

et al. 2012), and Streptococcus sp. (Burne et al. 1987; Burne and Penders, 1992). Bacillus 

polymyxa CF43, which is a growth promoting rhizobacteria in the wheat rhizosphere was 

detected as expressing sucrose hydrolase activity (Bezzate et al. 1994). 
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Numerous genes found in microorganisms, particularly genes encoding metabolic 

enzymes, have also been found in the genomes of the eukaryotic parasites, likely through 

horizontal gene transfer (Whitaker et al. 2009; Jain et al. 2003).  For example, a bacterial gene 

encoding a mannase was transferred to the genome of Hypothenemus hampei, a devastating pest 

of coffee (Acuña et al. 2012).  A bacterial gene encoding a cyanase was transferred to the 

genomes of the spider mites Tetranychus urticae (Grbic et al. 2011), Tetranychus evansi, and 

Panonicus citri (Wybouw et al. 2012), and to the genomes of parasitic nematodes (Haegeman et 

al. 2011).  Most of the documented horizontal transfers involve endosymbionts, where the 

association between the bacteria and host cells are closely related and genetic exchanges can 

occur in the germ line relatively easily (Dunning Hotopp et al. 2007; Nikoh, N and A. 

Nakabachi. 2009).    

Genes encoding metabolic enzymes are more likely to be involved in horizontal gene 

transfer from bacteria to eukaryotes than other genes because of their metabolic processes are 

more similar than other processes (Tokumasa et al. 2001; Lake et al. 1999).  Metabolic enzymes 

are often conserved among different kingdoms (Whitaker et al. 2009).  For instance, 

phylogenetic analyses of 2,257 metabolic enzymes revealed a preference for enzymes encoded 

by genes gained through horizontal and endosymbiotic transfer (Whitaker et al. 2009).  There are 

lines of evidence to suggest that high levels of endosymbiotic gene transfer have allowed further 

acquisition of bacterial genes in host genomes.  Several cases of endosymbiotic partnership have 

been described between a eukaryotic host with prokaryotic or eukaryotic endosymbionts 

(Hoffmeister and Martin, 2003; Wernegreen 2004).  

The Hessian fly, Mayetiola destructor, is a gall midge (Diptera: Cecidomyiidae) and a 

destructive pest of wheat (Hatchett et al. 1987; Butin et al. 1999; Pauly 2002).  The insect has the 
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ability to manipulate plant metabolism, and a single larva can induce the formation of nutritive 

cells at the feeding site (Harris et al. 2006), inhibit growth of wheat plants (Byers and Gallun 

1971), and altering the physiological pathways of infested plants (Liu et al. 2007). Insects inject 

proteins into host plants that act as effectors to suppress plant defenses and/or to reprogram host 

plant physiological pathways (Tjallingii 2006; Mutti et al. 2008), and it is hypothesized that gall 

midges use effector-based strategies similar to those used by plant pathogenic bacteria, fungi, 

oomycetes and nematodes (Grant et al. 2006; De Wit et al. 2009; Kamoun 2006; Pate et al. 2010; 

Stuart et al.2012).  The identification of different bacterial genera throughout the M. destructor 

life cycle and their ovarial transmission suggests their intimate relationship with M. destructor.  

In addition, the elimination of bacteria from M. destructor with antibiotics causes high mortality 

of larvae infesting wheat seedlings, indicating that symbiotic bacteria are essential for survival 

(Bansal et al. 2011).  Thus, it is possible that bacteria associated with M. destructor play a role in 

plant manipulation and facilitate larval feeding.  It is also possible that genes encoding proteins 

and enzymes in these bacteria are transferred to the M. destructor genome through horizontal 

gene transfer and that these genes may have been an essential evolutionary step in M. destructor 

adaptation to a parasitic life style. 

 Objectives 

A systematic search of the M. destructor genome (http://www.k-

state.edu/hessianfly/genomics.html) revealed several types of genes that were likely derived from 

bacteria.  Among these genes are a group of genes encoding proteins that share significant 

sequence similarity with bacterial levanases and inulases.  The objective of this research was to 

investigate the expression profiles of these putative levanase/inulase genes in different 
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developmental stages of the insect and in different tissues of M. destructor larvae, the only 

feeding stage. 

 Materials and Methods 

 M. destructor 

Hessian flies used in this study were derived from a field collection from Scott County, 

Kansas in 2005 (Chen et al. 2009). Since then, insects have been maintained on seedlings of the 

susceptible wheat cultivar ‘Karl 92’ in the greenhouse. The majority of the flies were the GP 

(Great Plains) biotype, which survives on and stunts (expresses virulence to) plants of wheat 

cultivars carrying the H3, H5, H6 M. destructor resistance genes and the H7H8 gene 

combination (Ratcliffe et al. 1994; 1997; 2000).   

 M. destructor life stages, larvae tissue and RNA isolation 

Whole body samples from, 1-, 3-, 5- and 10 d old larvae, and pupae were collected by 

dissecting the crowns of infested wheat plants. Female and male adults were collected after 

emergence. Approximately 200 samples of salivary gland, gut, malpighian tubule, and fat body 

tissues were extracted from 3 d old (first instar) larvae.  Salivary glands were dissected in 

phosphate buffered saline (PBS) by grasping the posterior end of a larva with a pair of forceps 

while with another pair of forceps pulling away the anterior tip of larvae with the salivary glands 

and mouth parts. Then salivary glands were removed from mouthpart tissues. Gut, malpighian 

tubule and fat body tissues were removed from larvae and collected in PBS. There were three 

biological and three technical replications per treatment.  

Total RNA was extracted from whole M. destructor life stages and specific larval tissues 

using TRI REAGENT following the protocol provided by the manufacture (Molecular Research 

Center, Inc. Cincinnati, OH). RNA samples were treated first with DNase I Amplification Grade 
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(Invitrogen, Carlsbad, CA, USA) to eliminate potential DNA contamination and analyzed 

immediately, using the Agilent 2100 Bioanalyzer. RNA was reverse-transcribed into cDNA 

using (oligo-dT)20 primers with the SuperSript® III First-Strand cDNA Synthesis System 

(Invitrogen, Carlsbad, CA, USA).   

 Sequence Analysis and Data Searching 

The identity of putative cDNAs was farther confirmed by Blastx search in GeneBank 

(National Center of Biotechnology Information, Bethesda, MD). Signal peptide cleavage sites 

were predicted using the SignalP 4.1 Server (Petersen et al. 2011). Multiple alignments of gene 

data matrices and protein sequences were generated using similarity calculated with ClustalW 

(Larkin et al. 2007). 

 PCR Analyses 

Primers were designed using Beacon Designer 7.0 Software (Biosoft, Palo Alto, CA), and 

IDT Integrated DNA Technology, http://www.idtdna.com/Primerquest/Home/Index. 

Semi-quantitative PCR amplification was carried out for 30 to 45 cycles, depending on 

the intensity of the PCR product, as follow: 240 s at 94 °C; 60 s at 94 °C; 60 s at 55 °C; 120 s at 

72 °C and 60 s at 72 °. DNA fragments from PCR reactions were separated on 1.5 – 3% agarose 

gel, depending on the size of the product. Gels were stained with (0.5 mg/ml) ethidium bromide. 

Actin was used as reference gene for normalization. DNA bands were photographed with a 

BIODoc-ItTM system (UVP, Uplan, CA).  

Melting curve analyses of quantitative real time (qPCR) primers were conducted on an 

iCycler real time detection system (Bio-Rad, Herculese, CA). Each reaction was performed with 

6 µl of cDNA mix, 6.5 µl of primer mix, and 12.5 µl of iQ SYBR Green super mix in a 25-µl 

total volume. Each reaction was done in duplicate wells per primer using PCR tube strips with 

http://www.idtdna.com/Primerquest/Home/Index
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optical flat caps (Bio-Rab Laboratories).  Melting curve analyses were performed to ensure the 

absence of primer-dimer formation and amplicon specificity. The qPCR amplification was 

carried out under the following conditions:  one cycle at 95 °C (3 min), followed by 39 cycles of 

denaturation at 95°C (10 s), annealing and extension at 62°C for 30 s. Melt curve analyses were 

done by heating the PCR mixtures from 65 to 95 °C (0.5°C per cycle of 5 s) with measurements 

of the SYBR Green signal intensities at the same time. There were 79 cycles until reaching 95°C. 

Relative expression analyses were performed using elongation factor-1α (EF1a) as an 

internal reference gene after validation tests of EF1α, actin, ribosomal protein S4, ribosomal 

protein S30, and ubiquitin. To calculate the relative expression values of each gene, Ct, threshold 

cycle were obtained from each target genes per biological replicate and technical replicate. 

Averages from the biological and technical replicates per treatment were calculated, transformed 

to log2, and used as input data for statistical analyses. The log-transformed arbitrary expression 

values were analyzed by ANOVA using MINITAB 16 (2013). Tukey’s pairwise comparison and 

95% confidence intervals were used to separate data into groups with significant differences. 

 Results 

 Levanase- and inulase- like genes in the M. destructor genome 

Blast searching M. destructor genome sequences with the putative levanase protein 

identified 14 levanase- and inulase-like genes or gene fragments which were named Mayetiola 

destructor levanase gene one (MDL-1) to MDL-14.  Further sequence analysis revealed that six 

of the genes encode full-length proteins, three were truncated at the 5’-end, and five were 

truncated at the 3’end (Table 3. 1).  Blast searches of the Genbank database with these putative 

proteins revealed that the first hit targets were from six different bacteria, namely, Flexithrix 

dorotheae , Bacillus mojavensis, B. subtilis, Emticicia oligotrophica , Segetibacter koreensis, 
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and Clostridium acetobutylicum.  The E-values for these hits ranged from e-12 to e-110.  Of the 

14 levanase/ inulase genes, 10 were identified with a putative levanase function, and four with a 

putative exo-inulase/levanase function (Table 3. 1). 

 Gene structure of levanase- and inulase-like genes 

The structural organization of the 14 putative levanase/ inulase-ike genes (Figure 3.1) 

includes a promoter region, three exons, two introns, and a 3’ untranslated region (UTR). MDL-

3, MDL-5, MDL-9, MDL-11, MDL-12, and MDL-13 are full length.  Genes MDL-1, MDL-8 and 

MDL-14 are truncated at the 5’ end, with MDL-1 and MDL-14 truncated at exon 2 and MDL-8 

truncated at exon 3. MDL-2, MDL-4, MDL-6, MDL-7, and MDL-13 are truncated at the 3’ end, 

with MDL-2, MDL-4 and MDL-7 truncated at exon 3, MDL-6 truncated at exon 2, and MDL-13 

truncated at intron 1.  Although the numbers and overall arrangement of introns/exons are 

conserved among different genes, the lengths of each exon and intron varied among different 

genes. 

 Sequence conservation and variation of the M. destructor levanase/inulase genes and 

proteins.  

Comparative analysis of sequences among different levanase/inulase-like genes revealed 

sequence conservation and diversification in different regions (Fig. 3. 2A).  Conserved regions 

are exons with average scores of 74 to 77%.  Diversified regions include introns with average 

scores of 52 to 57%, promoter regions with an average score 49%, and 3’ UTRs with an average 

score of 47%.  

Comparative analysis of the putative full-length proteins revealed conservation and 

diversification among members as well.  Overall, the N-terminal region, which constitutes a 

putative secretion signal peptide, is highly diversified (Fig. 3. 2B).  The C-terminal region with 
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around 150 amino acids is more diversified than the N-terminal mature protein region.  Even in 

the N-terminal mature protein region, there are patches of diversified residues among different 

proteins.  The intron/exon boundaries are conserved in term of protein encoding. 

 Reverse transcription PCR analysis 

Expression levels of 11 of the 14 levanase/ inulase-like genes varied among all 

developmental stages (Figure 3. 3A) (MDL-6, MDL-7, and MDL-8 did not amplify by RT-PCR). 

MDL-1 and MDL-4 exhibited similar expression patterns, and were expressed in all 

developmental stages with higher levels in the larval stage. MDL-5, MDL-11 and MDL-13 

exhibited significantly greater expression levels in larval tissue, but very little expression in 

pupae and adults.  On the other hand, MDL-3, MDL-12 and MDL-14 were preferentially 

expressed only in larvae and undetectable in other developmental stages. The alternative splicing 

bands in MDL-2, MDL-9 and MDL-10 were differentially expressed, with the bands in MDL-2 

and MDL-10 expressed in pupae and adults, and the bands in MD-l9 expressed in 10 d old larvae, 

pupas and adults. The actin reference control was expressed at all developmental stages. 

The expression pattern of the levanase/inulase genes was also examined with samples 

from different tissues including salivary glands, malpighian tubules and fat bodies of 3 d old M. 

destructor larvae (Figure 3. 3B).  The expression level of the 11 levanase/inulase-like genes was 

abundant in tissues except MDL-9 and MDL-14.  MDL-3 exhibited splicing bands in all larvae 

tissues. MDL-9 was expressed a low level in salivary glands, gut, and malpighian tubules, and 

exhibited splicing bands in gut, malpighian tubules and fat bodies samples.  MDL-14 was weakly 

expressed in all tissues, especially in the gut and malpighian tubules.   
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 Real-time PCR analysis 

MDL-2, MDL-3, MDL-4, MDL-5, MDL-9, MDL-10, MDAL-11 and MDL-14, were 

successfully amplified in qPCR, whereas MDL-1, MDL-6, MDL-7, MDL-8, MDL-12 and MDL-

13 did not. The expression patterns were different from those revealed by RT-PCR for some 

genes.  MDL-2 exhibited higher expression in pupae compared with other developmental stages, 

whereas similar expression levels were detected in other stages. MDL-3 and MDL-4 exhibited 

less expression in larvae compared with other genes. MDL-3 was highly expressed in pupae and 

adults, whereas MDL-4 was highly expressed in pupae, but less in adults compared to MDL-3.  

MDL-5, MDL-9, MDL-10, and MDL-14 were almost equally expressed in all developmental 

stages. Different expression was observed in MDL-11 compared with other genes. This gene was 

highly expressed in 1 d, 3 d, pupa, and adult (female and male) M. destructor stages, and less 

expressed in 5 d and 10 d old M. destructor larvae, and in pupa and adult (female and male) 

stages, but expressed at lower levels in 3 d and 5 d old larvae.  

The tissue expression patterns of the eight levanase/inulase-like genes were given Figure 

3. 3B.   Overall, more genes exhibited higher expression levels in malpighian tubules and fat 

body tissues, and lower expression levels in the gut. Considering the big error bars, MDL-2 

MDL-5, MDL-9, MDL-10, and MDL-14 were roughly equally distributed among different 

tissues.  MDL-3 and MDL-4 were expressed at low level in the gut, whereas MDL-11 was 

expressed at lower level in Malpighian tubules.   

 Discussion 

 Origin of levanase/inulase-like genes in the M. destructor genome 

Blast search of the Genebank database with the respective putative proteins showed 

approximately 42% similarity to bacterial sequences with E values smaller than e-12 (Table 3. 1).  
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Sequence analysis also showed an average 36% similarity to fungal levanase or inulase proteins 

(data not shown). No apparent sequence similarity was found to any know vertebrate proteins, 

indicating that levanase/inulase genes in the M. destructor genome originated from bacteria, 

likely through horizontal gene transfer (Acuña et al. 2012).   

Diverse bacteria are associated with different developmental stages of M. destructor and 

many different types of bacteria are maternally transferred from generation to generation (Bansal 

et al. 2011). Levanase genes were likely transferred from a symbiotic bacterium to a M. 

destructor embryo, providing a selective advantage to M. destructor. Genes encoding metabolic 

enzymes are known to have been transferred from bacteria to eukaryotes through horizontal- or 

lateral gene transfer (Whitaker et al. 2009), and it has been suggested that invertebrate bacterial  

endosymbionts transfer genes more frequently because of the close and constant proximity of 

cells in both organisms (Dunning et al. 2007). However, the similarity of the putative levanases 

or inulases to fungal proteins does not exclude that these M. destructor genes originated from 

fungi.  Fungal genes, for example, encoding a carotenoid cyclase and a carotenoid desaturase 

were found to have been transferred from fungi to the genome of the two-spotted spider mite, 

Tetranychus urticae (Altincicek et al. 2012), suggesting that arthropods acquire genes from 

fungal symbionts. 

There are at least two possible origins of the M. destructor levanase/inulase-like multi-

gene family.  One is from a single bacterial gene transfer, which then duplicated and diversified 

into different genes.  Alternatively, multiple transfer events may have occurred, each resulting in 

a different M. destructor gene. Given that overall gene structure is conserved, namely all full-

length gene having three exons and two introns and the conservation of intron/exon boundaries, 

it is highly likely that these multi-gene families were derived from a single gene transfer. This 
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postulation is consistent with the fact that bacterial genes usually have no introns.  Therefore, the 

two introns must have been derived after the bacterial gene was transferred to the M. destructor 

genome.  If multiple transfer events occurred, the numbers of introns and the intron locations 

likely differ for each gene.  The expansion of a single bacterium-derived levanase gene into a 

mulit-member gene family suggests that the presence of these horizontally transferred genes play 

some critical roles in the M. destructor genome.  

 Sequence Conservation and Diversification of Levanase/Inulase Genes 

Sequence comparisons revealed conservation and diversification of levanase/inulase –like 

genes in different gene regions. Overall, exons were relatively highly conserved, with an average 

74-77% identity (Figure 3. 2), but introns are more diversified, with an average of only 52-57% 

identity.  The higher rates of conservation in exons than in introns suggest that the genes are 

functional and under selection constraint.  Assuming that multiple levanase/inulase genes were 

derived from a single ancestor, the highly diversified introns suggest that horizontal transfer has 

occurred for a long time, and that these levanase/inulase-like genes have played important roles 

in shaping M. destructor evolution.  Therefore, the ancestral bacterial gene gained introns after 

transfer to the host genome without interrupting its original open reading frame given a potential 

advantage to levanase/inulase gene activities (Wybouw etal. 2012). 

The promoter region and the 3’-UTRs are even more diverse, with sequence similarity of 

only 47 to 49% (Figure S2).  In the promoter region, no TATA box occurred within the first 300 

bp upstream sequence in one of the six full-length genes (Figure S2).  A TATA box does exist in 

the other five genes within 300 bp upstream sequences, but their location varied greatly from 

gene to gene (Figure S2).  The high diversification in the 5’ and 3’ regulatory regions of the 

levanase/inulase genes suggests that different genes have different regulatory mechanisms for 
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expression.  This is consistent with different expression patterns of these genes in different 

developmental stages and different tissues (Figure 3. 3).  

 

 Protein Diversification and Alternative Splicing 

Despite the relative high rates of conservation in exons in comparison to introns, proteins 

encoded by different genes were diversified, especially in the C-terminal region (Figure 3. 2B).  

The diversification in protein sequence indicates that it is likely that different proteins perform 

different functions, or have different specificities.  In addition to sequence diversification, 

alternative splicing forms apparently exist for some genes.  For example, alternative splicing 

forms were detected in MDL-2, MDL-9 and MDL-10 in 10-day old M. destructor larvae, pupae 

and adult females and males (Figure 3.3A).  Likewise, alternative splicing forms were observed 

for MDL-3 and MDL-9 in different tissues of 3-day old larvae (Fig. 3. 3A and B).  Sequence 

diversification and alternative splicing forms in different levanase or inulase genes gained 

different functions or specificity in M. destructor.  Further research is needed to reveal the exact 

functions of proteins with bacterial origin in M. destructor biology.  

  Signal peptides 

Among the 14 levanase/inulase putative proteins, four were truncated at the N-terminal, 

making it impossible to determine whether they have a secretion signal peptide.  For the 

remaining 10 putative proteins, nine had a typical secretion signal peptide, and the remaining one 

lacked a signal peptide.  Proteins with a signal peptide usually are produced in one location, and 

secreted (transported) to another location for function (Zanen et al. 2005).  Since the majority of 

levanase/inulase proteins have a signal peptide, they are likely secreted out of the cell for 

function.  Proteins produced in the salivary glands may be secreted into wheat tissue for pre-oral 
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digestion of fructans (levans or inulins) that function as reserve carbohydrate in wheat and other 

monocotyledons (Vijn and Smeekens 1999).  Proteins produced in gut cells may be secreted into 

the gut and function as digestive enzymes.   

  Expression patterns in different M. destructor developmental stages and tissues 

The expression pattern of the levanase/inulase-like genes differed among developmental 

stages and larval tissues of M. destructor.  The difference could be related to the specific 

function of each larval tissue, and metabolic processes in different developmental stages.  

Expression in larval gut and salivary gland tissues may be to aid digestion enzymes in pre-oral or 

gut digestion.  However, expression of these genes in pupae and adults as alternative splicing 

forms may be linked to an abundance of symbiotic bacteria (Bansal, 2010).  Levanases or 

inulases may play a regulatory role in modulating or regulating the bacterial population by 

removing bacterial levan or other fructons, or providing components for synthesizing levan-like 

molecules via reversed enzymatic functions.  

The identification of a gene with similarity to levanase bacterial gene in the M. destructor 

genome and the determination of the expression level of these genes in different developmental 

stages and different larval tissue of the insect provide scientific support for further 

characterization of the levanase/inulase-like genes and the specific role of these enzymes in plant 

insect interaction. 
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 Figures and Tables 

Table 3.1 Levanase/ inulase like-genes in the M. destructor genome*. 

      

Gene name Accession Organism Putative function E-value Gene length 

MDL-1 WP_020531995 Flexithrix dorotheae Exo-inulase/levanase 2e-22 5'-truncate 

MDL-2 WP_010335070 Bacillus mojavensis Levanase 4e-90 3'-truncate 

MDL-3 WP_020531995 F. dorotheae Levanase 2e-106 Full length 

MDL-4 WP_010335070 B. mojavensis Levanase 1e-87 3'-truncate 

MDL-5 YP_003866957 B.subtilis  Levanase 1e-100 Full length 

MDL-6 YP_006875301 Emticicia oligotrophica  Levanase 2e-36 3'-truncate 

MDL-7 WP_020531995 F. dorotheae Exo-inulase/levanase 3e-94 3'-truncate 

MDL-8 WP_020531995 F. dorotheae Levanase 3e-42 5'-truncate 

MDL-9 WP_020531995 F. dorotheae Exo-inulase/levanase 4e-97 Full length 

MDL-10 WP_018617377 Segetibacter koreensis Levanase 4e-110 Full length 

MDL-11 WP_020531995 F.dorotheae Levanase 1e-99 Full length 

MDL-12 WP_020531995 F. dorotheae Levanase 4e-106 Full length 

MDL-13 NP_348090 Clostridium acetobutylicum  Levanase 8e-15 3'-truncate 

MDL-14 WP_020531995 F. dorotheae Exo-inulase/levanase 6e-12 5'-truncate 

*Putative protein sequences were used to blast Genbank. The accession number, organism 

names, putative functions, and E-values were given according to the first hit. Six genes encode 

full length protein while others were truncate at either 5’ or 3’ ends.  
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Figure 3.1 Structural organization of 14 putative levanase/inulase genes in the M. destructor 

genome.  

Blue rectangles indicate 5’ or 3’ regulatory regions.  Green rectangles indicate exons, lines 

between exons indicate introns. P - promoter region, E1 - exon 1, I1 - intron 1, E2 - exon 2, I2 - 

intron 2, E3 - exon 3, 3’UTR - 3’-untraslated region.   
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Figure 3.2  Conservation and diversification of putative levanase/inulase genes and proteins in 

the M. destructor.  

A. Comparison of promoter, exon, intron and 3’ untranslated regions in different genes. Average 

scores (above rectangles) from pairwise comparisons of respective regions of all 14 genes in all 

possible combinations using ClusterW. Green - unconserved regions, red - conserved regions, 

blue - diverse regions. Average lengths are below rectangles. B. 

Sequence alignments of putative proteins. The red triangle indicates the putative signal peptide 

cleavage site (19 to 22) in the amino acid sequences. Red residues in the sequence alignment are 

sites of exon/intron splicing.  The alignment was produced using ClusterW and printed with 

Boxshade.  
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Figure 3.3  Reverse-transcription PCR analysis of levanase/inulase genes expressed in M. 

destructor.  

A. 1d, 3d, 5d, 10d - Tissues from whole body of 1-, 3-, 5-, and 10-d old larvae. P - whole body of 

pupa, F and M - female and male adults, respectively.  B. Tissues from salivary glands (SG), gut 

(G), Malpighian tubules (MT) and fat bodies (FB) of 3 d old larvae fed Hessian fly-susceptible 

“Karl 92” wheat. Relative quantification of Levanase/ inulase genes by RT-PCR  
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Figure 3.4 Mean ± S. E. expression of 8 levanase/inulase genes in tissues of different M. 

destructor developmental stages.  

A. 1-, 3-, 5-, and 10 day old larvae, pupae, and adult females and males. B. Salivary glands (SG), 

gut (G), malpighian tubules (MT) and fat bodies from 3d old larvae. n = 3 biological replicates, n 

= technical replicates per gene.  
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Supplementary data Figure S1. 

 
>MDL-1 

 

ACTTTTTACCGCTCATAATAGGGCTACATATGAGCAGGAACAATGGTGAGCATACAGTAA 

   F  L  P  L  I  I  G  L  H  M  S  R  N  N  G  E  H  T 

TGATAGCCCTGAATTCAAACACTCCAACTACAATCTATACGAAATTTTTACGTCTGTAAT 

 

TTATAGAGTGAAAGAAATTTACAAATGAAAATTCTCCGGAAACCACAATATGGGTGGACT 

               K  F  T  N  E  N  S  P  E  T  T  I  W  V  D 

ATGGCCCGGATAGATATGCTGGAATCACATACAATCAATTACCCGATGGTCGTCGTGTTT 

Y  G  P  D  R  Y  A  G  I  T  Y  N  Q  L  P  D  G  R  R  V 

TTGTCAGTTGGATGAATAAATGGGAATACGCAGAGCAATTGAATTTCAATGTTTGGAACG 

F  V  S  W  M  N  K  W  E  Y  A  E  Q  L  N  F  N  V  W  N 

GACAAGTGGGACTGATGCGAGAACTTAAATTGAAACAAGTTGGAGATCAAATTCGATTCG 

G  Q  V  G  L  M  R  E  L  K  L  K  Q  V  G  D  Q  I  R  F 

TTTCCTTCCCTGTTCGTGAAGTAGAAAAATTGAGAACTTATCTGGTTCGCAAAGAGAATA 

V  S  F  P  V  R  E  V  E  K  L  R  T  Y  L  V  R  K  E  N   

TTAAGGATCAATTTATTTTTATTAAGTACAAAATTAATTTTTTGAGGACCATTTATCCGA 

I  K  D  Q  F  I  F  I  K  Y  K  I  N  F  L  R  T  I  Y  P  

TTTAAAGACCAGTTTATTTTTTTACGGATTTTTTTTATTTGAAAAAAGGACCCAAAAATC 

I 

TGATTCAAAGACCATTTATACGAAAAAAGGACCAATTTCACGCGACCTTTTCTGAATCTT 

TCGAATGTTGCAAACTTCAAGGCATAAGCCCCACCCCACACTGAGTTAGAGCTGGTACAA 

ATAAATAAATAAATAAATAAATATATATAAAACGATTTTATAACTTAATGTTTCGCATCA 

AGCAAAACAGAAAAAAGAAAGAGAAGCATTTTCTATGTAGGAATTAAAATTTACAATGAA 

ATGCCTATAGAGATAAAGAACGAAACGAATACAGATAAATTTAAAAACTATGTGCTAATT 

ATGCTATAAACCAAATTGATACATTCAGGTTCAGAGAAACAAATTAAATTAATAATTATT 

AATGTTTTTAAAATAAGGAAAAAGAAGCCTAAGGCGTGCTAAATAAATAAATAAAAAAAT 

GAAAATTAAACAATAAAACTTCAAAAGTTGTTGTCTTAAGCGTTGTATTGCTGTCTTATT 

CCCCAATGTTTGCATTTTTATGATTGATAATATGTAATAGTAATCGACGAAAATCAGATT 

CGGTCAACAAATAAAAATTCATATCAATCGACACTTTGAGCATAACATTTTACAAATAGA 

ATTTGAATAACATTATTAAATTAAGTCCAAAGGTTTGGTGTTCTGAATGAGATCCCAACA 

GGTTTTATTTTTTTCAGCAGTATTTAGCTGATAACACTTATAGCATTTAATGAGATATTT 

TCGCGTTTGTAAACATGCGCAAAAAGAAGTTTCAGTAGTGTTCATCATAAAAAATAACTA 

TTAACTGTTAGAAGGCCATTTCATTTCAGTGATAAGAATCAAATGCTCAAATCGAATGGT 

AATATAGAAAAAAAATTATAAAAGGCTGGATGGTTTCGAATTGGGAAATAGTAATCAACA 

AATATTGGATAGAGTAGAAGGGTCCTGTGTAGAAAGATCCTGACTATTCTCAAT 

 
>MDL-2 

AATGAGATCCCAACAGGTTTTATTTTTTTCAGCAGTATTTAGCTGATAACACTTATAGCA 

TTTAATGAGATATTTTCGCGTTTGTAAACATGCGCAAAAAGAAGTTTCAGTAGTGTTCAT 

CATAAAAAATAACTATTAACTGTTAGAAGGCCATTTCATTTCAGTGATAAGAATCAAATG 

CTCAAATCGAATGGTAATATAGAAAAAAAATTATAAAAGGCTGGATGGTTTCGAATTGGG 

AAATAGTAATCAACAAATATTGGATAGAGTAGAAGGGTCCTGTGTAGAAAGATCCTGACT 
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ATTCTCAATATGTCTCGAGCAAATATTTTACTCTGTACAACTTTGTTAGTTTTAATTTCA 

          M  S  R  A  N  I  L  L  C  T  T  L  L  V  L  I  S 

TTAACAAGTGCGGTTTACGATGAACTTTATCGGCCACAAATACATCTTAGTCCACCATCA 

 L  T  S  A  V  Y  D  E  L  Y  R  P  Q  I  H  L  S  P  P  S 

GGATGGATGAGCGATCCGAATGGTTTGGTTTATCATGATGGAGTATATCACGTTTTCTAT 

 G  W  M  S  D  P  N  G  L  V  Y  H  D  G  V  Y  H  V  F  Y 

CAACACAACCCAAATGACACCAAACCCAACGACTTCCGTAAGTGAAATTCACAAAAAATG 

 Q  H  N  P  N  D  T  K  P  N  D  F 

GATCAAACGATGTTTGATGTTTGCCCAGAAAAAAAAAACAAAACCAACACTCAAATTAAT 

 

AATTAAATTTTTTTTTTTCATAAATTTAGCACAAATGTATTGGGGTCATGCAATTTCAAC 

                             P  Q  M  Y  W  G  H  A  I  S  T 

TGATTTGGTTCATTGGAAAAACCTCGATATTGCGCTTTCTCCACCCACTGACAAATCATT 

  D  L  V  H  W  K  N  L  D  I  A  L  S  P  P  T  D  K  S  F 

TTTCTCTGGCAGCGGAATCATTGATCAACATAATGTAACTGGCTTCCAAATTGATGACGA 

  F  S  G  S  G  I  I  D  Q  H  N  V  T  G  F  Q  I  D  D  D 

TAAAAAACCAATAATTTTGTTATTCACCTCCAATAATATGTCCACCGCAGAACAAGAACA 

  K  K  P  I  I  L  L  F  T  S  N  N  M  S  T  A  E  Q  E  Q 

ATGGATAGCATACAGCAACGACGCCCCTGAGTACAAGACATTTGAATATTATAAAAATAA 

  W  I  A  Y  S  N  D  A  P  E  Y  K  T  F  E  Y  Y  K  N  N  

TCCAGTTATCAAAAAGTTGAATTTGGAAGGGGAAAAGTCAATCAATTTTAGAGATCCACA 

  P  V  I  K  K  L  N  L  E  G  E  K  S  I  N  F  R  D  P  Q 

GATTATTGAATGGGAAACTGGTCAATATGTTACATTAATAACCCAAGACAATAAATCAAT 

  I  I  E  W  E  T  G  Q  Y  V  T  L  I  T  Q  D  N  K  S  M 

GATTTATAATTCACGTGATATGATAAATTGGGAATTGGTTAGCCAATTTGGAGAATATGA 

  I  Y  N  S  R  D  M  I  N  W  E  L  V  S  Q  F  G  E  Y  E 

AGGAAAACATGGCGGAACATGGGAATGTCCTTCACTCTTTACCCTTAACGTTACCATCAA 

  G  K  H  G  G  T  W  E  C  P  S  L  F  T  L  N  V  T  I  N 

TGGGTAAATACAAATAAAAGAAAAAATCAATTAAAAGAATCAGTTAAATGAATTTCTTTT 

  G 

CTGTTGGATATTTAGAACGATGGTCGAGAAGCAGGCTCTGTTGATCACTTTAACTGACGC 

                 T  M  V  E  K  Q  A  L  L  I  T  L  T  D  A 

TGTAATACCGGCCATTCAATATTTCATTGGATCTTTTGATGGTAAAACTTTCAAAAATGA 

  V  I  P  A  I  Q  Y  F  I  G  S  F  D  G  K  T  F  K  N  E  

AAATCCACCAGAAACAATTTTGTGGTACGATTATGGACCGGACAGCTTTGCTGGTAGTAC 

  N  P  P  E  T  I  L  W  Y  D  Y  G  P  D  S  F  A  G  S  T 

ATTTAATCATGTGCCGAGTAATCGACGGATTTTCCTCAGCTGGATGTCACGCTGGGAATA 

  F  N  H  V  P  S  N  R  R  I  F  L  S  W  M  S  R  W  E  Y   

TGCGAAGAGAGTAGGTCCTGGTCCCTGGAGTGGAAATATGGGTCTTCCTAGAGAATTGAA 

  A  K  R  V  G  P  G  P  W  S  G  N  M  G  L  P  R  E  L  N 

TTTGAAACAAGTTGGAAATGATATTAGATTTGCATCTTTACCCGTTTCTGAATTGAAAGT 

  L  K  Q  V  G  N  D  I  R  F  A  S  L  P  V  S  E  L  K  V   

CTTGAGGATGAGTCAGTTTCGTGAGAAAAACGTAACGATCAGTTCAAAGTACGTTTCGAA 

  L  R  M  S  Q  F  R  E  K  N  V  T  I  S  S  K  Y  V  S  K   

AATGGTTGAAGATGACGGTGAAGACA 

  M  V  E  D  D  G  E  D 

 
>MDL-3 

TGATGAAACTATTAAGAACTGATGTTCTTTAGGAAAATTCGATAGATAAAAAGATTAGGA 

ACATTTGATATCGTCATTTTTAAATCGAGAGTTGAAGGGTTAATTATGTTTTGAATCAAT 

TCAGCGACAAAAATAACAATTCACAATTAATTGAATATAAACGCTCAACGAACGTATAAA 

AGGATGGTAAATTTTGTATTTGATGGTAGTCATCAGTTGGTAATCCCCCAACAGAGTTCT 

AAAAAATAGACTGAAGACGAAGAGTGAATTCAACTTGCTAAACTTTGAATTGAAACAAAG 

GAACAAGAATGTTACAAAATAGAATTTTGTTCGGTACATCGTTGATGGTTTTAGTTTCAT 

         M  L  Q  N  R  I  L  F  G  T  S  L  M  V  L  V  S   

TTGGAAGTGCATTGTATGATGAACCATATCGACCACAATTACATTTCAGTCCACCATCAG 
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F  G  S  A  L  Y  D  E  P  Y  R  P  Q  L  H  F  S  P  P  S   

GATGGATGAACGACCCAAATGGTCTAGTCTATCATGATGGTGTTTTTCATCTATTCTGCC 

G  W  M  N  D  P  N  G  L  V  Y  H  D  G  V  F  H  L  F  C   

AATATAATCCAGCTGCACCTCTTCATGGTAAATAGAAGTGTCCAACTAAGAACCAATTTC 

Q  Y  N  P  A  A  P  L  H   
TGATCCAATTAACCGATTTACTTTAAATAAAAAAAATAAAATAAAGATTTCACATCAAAT 

 

ATTTTAGGTAACATTCATTGGTTCCATGCAATTTCTTCGGATTTGATTCATTGGAAAAAT 

             G  N  I  H  W  F  H  A  I  S  S  D  L  I  H  W  K  N   
CTTGGCATTGCACTTGCTCCACAGGAAGGAAATTTAATTTTTTCAGGCGGCGCAATCATT 

 L  G  I  A  L  A  P  Q  E  G  N  L  I  F  S  G  G  A  I  I   

GATCATGACAACGTAACTGGTCTACAAACAGAAAACGATAAAAAAACATTAATTTTGGTG 

 D  H  D  N  V  T  G  L  Q  T  E  N  D  K  K  T  L  I  L  V   

TTCACCGCTCATAATATCGTTGAGGAAAAACAATGGTTGGCATACAGCAACGATGGACCC 

 F  T  A     H  N  I  V  E  E  K  Q  W  L  A  Y  S  N  D  G  P   
GAATACGAACACTTTCAATACTATAACCATAATCCAATCATACCAAATCCAAATCCGAAA 

   E  Y  E  H  F  Q  Y  Y  N  H  N  P  I  I  P  N  P  N  P  K   
ACGTATAAAGATTTCAGAGATCCATCAGTTTTCAAGTATGAAGACCATTTTGTGATGGTA 

 T  Y  K  D  F  R  D  P  S  V  F  K  Y  E  D  H  F  V  M  V   

TTAGCCGCATACGATCATATCATGATTTATAATTCACCGGATTTATTGGAATGGAATCTG 

   L  A  A   Y  D  H  I  M  I  Y  N  S  P  D  L  L  E  W  N  L   
GTGAGTGAATTTGGAATCGACGAAGGATCCCATATCGGGACATGGGAATGCCCGTCCCTC 

 V  S  E  F  G  I  D  E  G  S  H  I  G  T  W  E  C  P  S  L  

TTTCCTATTAACGTAACAATTGATGGGTATGTTTTCGCGAATATTTTTTTTATTTAATCA 

 F  P  I  N  V  T  I  D  G  

TCAATTTGTGAGTGAAAAATTTATTTTTGACAATTTTCAGCGTCGAAATTGAAAAATACG 

                                                                            V  E  I  E  K  Y   
TTTTGATCATCAGCCTAACGGACAATGCAATACCAAGCATGCAGTACTATATAGGATCTT 

V  L  I  I  S  L  T  D  N  A  I  P  S  M  Q  Y  Y  I  G  S   

TTGATGGACAACATTTCACGAATGAAAACTCCAAAGAGACAGAACTATGGCTCGATTATG 

F  D  G  Q  H  F  T  N  E  N  S  K  E  T  E  L  W  L  D  Y   

GTCCGGATAGCTATGCTGGCATTACATATAATCAATTGCCGGACGGTCGACGTACTTTCA 

G  P  D  S  Y  A  G  I  T  Y  N  Q  L  P  D  G  R  R  T  F   

TAAGTTGGTTATTTCGATGGGAATACGCTACACATATGAATTTCAGTATTTGGAATGGAC 

I  S  W  L  F  R  W  E  Y  A  T  H  M  N  F  S  I  W  N  G   

AAGCCGGAATTGCTAGAAAATTGATGTTGAACATGATTGGTGATCGCATTCAACTTTCCT 

Q  A  G  I  A  R  K  L  M  L  N  M  I  G  D  R  I  Q  L  S   

CTTTACCTGTTCGTGAATTTAAATCTTTGCGAATCAAACAACTCGCCAATAAACAAAGAA 

S  L  P  V  R  E  F  K  S  L  R  I  K  Q  L  A  N  K  Q  R   

GTATACCGATTGAGGACAAACTTAGTTTTGAATTTTCTAAAAATGGCACTAAAGGAAGGA 

S  I  P  I  E  D  K  L  S  F  E  F  S  K  N  G  T  K  G  R   

AACTTTTGCTAGACTTAGAAATGATTTTCGATTTAACGAATCTAAAAGGAGACGACCAAT 

K  L  L  L  D  L  E  M  I  F  D  L  T  N  L  K  G  D  D  Q   

TTGATATTGTATTCTTTGACACTAATGACAATTTGAACATTTCATTCAATGGAAATGAAT 

F  T  L  F  D  I  V  F  F  D  T  N  D  N  L  N  I  S  F  N  

TCACTTTAGATCGATCGAATGCAGGAAAAACCGATTTCCCGAATTTCGGGCGACTTTGGA 

G  N  E   D  R  S  N  A  G  K  T  D  F  P  N  F  G  R  L  W   
AAGCTCCACGTTTTGTTAAAAGTCTAGAATTAAAATTAAGAATAATTATTGATCAATCTT 

K  A  P  R  F  V  K  S  L  E  L  K  L  R  I  I  I  D  Q  S  

CAATTGAATTTTTTGCCGATGATGGACTTACAGTTATGATAGCGTTTTTCGTTTCCGATG 

S  I  E  F  F  A  D  D  G  L  T  V  M  I  A  F  F  V  S  D   

AAGATATTGCTTCAAAAATGGCCATTCACGTTCATTCATCTTCAGTGACGTCCATGGTTT 

E  D  I  A  S  K  M  A  I  H  V  H  S  S  S  V  T  S  M  V   

ATTTAAAAAAATTAAATGCTTATCAATTGAAAAGTATTTGGAATTAATGCATTTTGATAA 

Y  L  K  K  L  N  A  Y  Q  L  K  S  I  W  N 

TAATAACATGTACAGCATTACAGTAAAATCTCTCTAAAAAAAGTCATCTCCCATTTTTGA 

ACCAATTAGCCGGCAACCAAAATTCTCTTTATATTACATAAACATTATACACATACTTAT 
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ATTTTAATAATTTTTTCCACATCCTTTGTTCATCGTATTCATTTATTAATAAGATCAGCT 

GTAAAACACCAAATCGTACGCAACAATAGAATTCCAAATTTGAACCTTATTTCATAATAC 

TCTTATGAGCTTTATGTGTATGGCGAATTTTTTTCCATTCTCTTTCTACTAGTTA 

 

>MDL-4 

 

TTATAGCATTTATTGGAATATTTTCGCGTTCGTAATCATGCGCAAATAGAAATTTCAATA 

GTGTTCATCATAAATTAACTATTAACTGTTAGAAGGTCATTCCACTTCAGTGATAAGAAT 

CAAATGCCTAAATTCAACACTGATATGGCAAAAATATATAAAAGGCTGGATGGTTTCGTA 

TTGGAAAACAGTAATCAATAAATATTGGATCGAGTAGAAGGAGCCTGTGTGGTACAAAAC 

TAAAAAAAAGATTTAACATTGGTCAATTTTTAGGAAATCATTACTAAATAGGAAGACTAT 

TTTTCAATATGTCTCGAACAAATATTTTACTCTGTACAACTTTGTTAGTTTTAATTTCAT 

         M  S  R  T  N  I  L  L  C  T  T  L  L  V  L  I  S 

TAACAAGTGCAGTGTACGATGAACTTTATCGTCCACAAATACATCTTAGTCCTCCAAATG 

L  T  S  A  V  Y  D  E  L  Y  R  P  Q  I  H  L  S  P  P  N 

GATGGATGAGCGATCCAAATGGTTTGGTCTATCATGATGGAGTATATCACGTCTTCTATC 

G  W  M  S  D  P  N  G  L  V  Y  H  D  G  V  Y  H  V  F  Y 

AACACAATCCAGTTGATACCGAACCCGACAAATTCCGTAAGTTGTTTGCTCAAAAAAAAA 

Q  H  N  P  V  D  T  E  P  D  K  F   

AGAAAAAAACAAAACCAACACTCAAATTAATAATTAAATTGGTTTTTTTCTTCATACATT 

 

TAGCACAAATGTATTGGGGCCATGCAATTTCAACCGATTTGGTTCATTGGAAAAACCTCG 

   P  Q  M  Y  W  G  H  A  I  S  T  D  L  V  H  W  K  N  L 

GTATTGCGCTTTCTCCACCCACTGGCAGATCATTTTTCTCTGGCGGCGGAATCATTGATC 

G  I  A  L  S  P  P  T  G  R  S  F  F  S  G  G  G  I  I  D 

ATCATAATGTAACTGGATTCCAAATCGATGACGATAAAAAACCATTAATTTTGTTATTCA 

H  H  N  V  T  G  F  Q  I  D  D  D  K  K  P  L  I  L  L  F 

CATCCTATAATATATCCACCGAAGAACAAGAACAATGGATAGCATACAGCAATGATGCGC 

T  S  Y  N  I  S  T  E  E  Q  E  Q  W  I  A  Y  S  N  D  A 

CCGAGTACAATACATTTGAATATTATAAAAATAATCCAGTTATCAATCAGTTGAATTTGG 

P  E  Y  N  T  F  E  Y  Y  K  N  N  P  V  I  N  Q  L  N  L 

AAGGGGAAAAGTCAATCAATTTTAGAGATCCACAAATTTATGAATGGGAAACTGGTCAAT 

E  G  E  K  S  I  N  F  R  D  P  Q  I  Y  E  W  E  T  G  Q 

ATGTTACATTTATATCCCAAGACAATAAATCAATGATTTATAATTCACGTGATATGATAA 

Y  V  T  F  I  S  Q  D  N  K  S  M  I  Y  N  S  R  D  M  I 

ATTGGGAATTGGTTAGCCAATTTGGAGAATATGAAGGGAAACATGGTGGAATATGGGAAT 

N  W  E  L  V  S  Q  F  G  E  Y  E  G  K  H  G  G  I  W  E 

GTCCTTCACTCTTCACCCTTAACGTCACCATCAATGGGTAAATACAATTAAAAGAAAGCT 

C  P  S  L  F  T  L  N  V  T  I  N  G  

TTCTTCATTTTCTTTACTTTCAATTTACATGAATCAATTAAATGAATATTGCCATTTCTG 

 

TTGGATATTTAGAACGATGGTCGAGAAGGAGGCTCTGTTGATCACTTTAACTGACTTCGT 

              T  M  V  E  K  E  A  L  L  I  T  L  T  D  F  V  

GATACCGGCCATTCAATATTTCATTGGATCTTTTGATGGTAAAACTTTCAAAAATGAAAA 

  I  P  A  I  Q  Y  F  I  G  S  F  D  G  K  T  F  K  N  E  N  

TCCACCAGAAACAATTTTGTGGTACGATTATGGACCGGACAGCTTTGCTGGTAGTACATT 

  P  P  E  T  I  L  W  Y  D  Y  G  P  D  S  F  A  G  S  T  F  

TAATCATGTGCCGAGTAATCGACGAATTTTCCTCAGCTGGATGTCACGCTGGGAATATGC 

  N  H  V  P  S  N  R  R  I  F  L  S  W  M  S  R  W  E  Y  A  

GATGAGTGTAGGTCTTGGTCCCTGGAATGGAAATCTGGGTCTACCCAGAGAATTGCATTT 

  M  S  V  G  L  G  P  W  N  G  N  L  G  L  P  R  E  L  H  L   

GAAACAAGTTGGAAATGATATTCGTCTTGCATCTTTACCCGTTTATGAATTGAAAGACTT 

  K  Q  V  G  N  D  I  R  L  A  S  L  P  V  Y  E  L  K  D  L   

GAGGACGAGTCAGTTTCGTAAGAAAAATGTGAGGATCAGTTCAAAGTATGTTTCGAAAAT 

  R  T  S  Q  F  R  K  K  N  V  R  I  S  S  K  Y  V  S  K  I   

TGTTGAAGATGACGGTGAAGACC 

  V  E  D  D  G  E  D 
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>MDL-5 

AAATCCTTATCGATTTCTTTTATCTACAGACAAAAAGTTGAACTTACAATTTTTCAAATC 

AAGAAGCTTTATTCGCAGTTAAATAAAAACGTTTATTGATACCTAATATGTATAGTGCTT 

GAACGCAATTTTTGGAATGTAAAACATCCAGTGTAATGTTGATTATGAACGAAGAATTGA 

ATCAGTATAAAAGGCTGGATATTCTACGAAGAAAAACATTGTACGAATATTTGTTGAAAG 

AAACATAGCAATTTTAAAGAGAAATCCAAAAAGTAAAACTATAATTTAATTCAAAAATTC 

ATTTGAAAATGGTGAAAAACAATATCCTGCCTGTTGTATTTCTGATAGTTTTAAGTTCAT 

         M  V  K  N  N  I  L  P  V  V  F  L  I  V  L  S  S   

TTTCAAGTGCACTGTACGATGAACCATATCGACCACAATTTCATTTTAGTCCACCTTCAG 

F  S  S  A  L  Y  D  E  P  Y  R  P  Q  F  H  F  S  P  P  S   

GATGGATGAACGATCCAAATGGTCTAGTTTATTATGATGGTTTATTTCATTTATTCTATC 

G  W  M  N  D  P  N  G  L  V  Y  Y  D  G  L  F  H  L  F  Y   

AACATAATCCAGTTGCACCCATTCATGGTAAGTTTTAACGACCCGAAAACTAAATGAAAA 

Q  H  N  P  V  A  P  I  H  

TCAGCGACGAAAAATAATGCTAAATAAAATAAATTACAATATTCATTCGCAATGTAATTA 

 

GATAATATCCATTGGGGTCATGCAGTATCACCGGATATGGTACATTGGAAAAATCTTGCC 

 D  N  I  H  W  G  H  A  V  S  P  D  M  V  H  W  K  N  L  A  

GTTGCAATTGCTCCATATGGGAAAGAATTAATCTATTCGGGTAGTTCGATCATTGATCAT 

 V  A  I  A  P  Y  G  K  E  L  I  Y  S  G  S  S  I  I  D  H   

AACAATGTAACTGGTCTTCAATTTGATGATCATATTCAGCCATTGATTGCCATATTCACC 

 N  N  V  T  G  L  Q  F  D  D  H  I  Q  P  L  I  A  I  F  T  

GCTTACAATAACGACACCGGAGAACAAAAACAATGGTTGGCCTATAGCAATGAGGGTCCT 

 A  Y  N  N  D  T  G  E  Q  K  Q  W  L  A  Y  S  N  E  G  P  

GAATACGAACACTTCCAATACTATAACTATAATCCAATCATTCCGAATCCAAATCCAAGT 

 E  Y  E  H  F  Q  Y  Y  N  Y  N  P  I  I  P  N  P  N  P  S  

GTACAAAAGGATTTCAGAGATCCGGCCGTTTTCCAATTCAACAATCATTATGTTCAGGTT 

 V  Q  K  D  F  R  D  P  A  V  F  Q  F  N  N  H  Y  V  Q  V   

GTAGCTGCTCACGATCATATCATGATTTATAATTCACTGGATTTATTGGAATGGAAACTT 

 V  A  A  H  D  H  I  M  I  Y  N  S  L  D  L  L  E  W  K  L 

GTGAGTGAATTTGGAATGGATCAAGGATCACATATTGGAACATGGGAATGTCCGTCACTA 

 V  S  E  F  G  M  D  Q  G  S  H  I  G  T  W  E  C  P  S  L   

TTTCCCATCAATGTCACAATTAATGGGTAAAACGACAAAATTTAATTTTTTCCGAATTCA 

 F  P  I  N  V  T  I  N  G  

TTGTGATTATAAATTTTGTTTTGTTCTATTTTTCAGATTGGATGTTGAAAAATGGGTTTT 

                                      L  D  V  E  K  W  V  L  

GATTGTCGGTTTGACCGATTTTGCGATACCAACCACACAATACTATATTGGCTCCTTTGA 

  I  V  G  L  T  D  F  A  I  P  T  T  Q  Y  Y  I  G  S  F  D  

TGGACAAACCTTTATCAATGAGAATTCCGAAGAAACAGTTCTATGGCTGGAATATGGACC 

  G  Q  T  F  I  N  E  N  S  E  E  T  V  L  W  L  E  Y  G  P 

AGATAGCTTCGCTGGTATTACTTACAATCAATTAGCGGATGGTCGTCGCCCTTTCATCAG 

  D  S  F  A  G  I  T  Y  N  Q  L  A  D  G  R  R  P  F  I  S  

CTGGATGAATCGATGGCAATATAGTAAGAGTTTCAATTTTACCGCTTGGAATGGACAAAT 

  W  M  N  R  W  Q  Y  S  K  S  F  N  F  T  A  W  N  G  Q  M  

GGGCCTGGCAAGAGAATTAAAATTGACCAAAATTGGAAATGAAATTCGACTTTCGTCATT 

  G  L  A  R  E  L  K  L  T  K  I  G  N  E  I  R  L  S  S  L  

ACCTGTTCGTGAAGTACAAACCTTGAGAATTAATCCGGTTCGGAGACAAAATGTTACGAT 

  P  V  R  E  V  Q  T  L  R  I  N  P  V  R  R  Q  N  V  T  I  

CACCAATGCATTCGTATTCAATATTGTCGAACATGATGATGAACAATCCCAACATCAAGT 

  T  N  A  F  V  F  N  I  V  E  H  D  D  E  Q  S  Q  H  Q  V  

GGATGTTGAAATGACACTCGATGTGACGAATCTTAAAGCAGGCGACTCATTTAATATCGT 

  D  V  E  M  T  L  D  V  T  N  L  K  A  G  D  S  F  N  I  V  

ATTTTTTGACAAAAAAGATTCGATAAAAATTTCCTTCAAAGCAAACGCGTTTATTTTGGA 

  F  F  D  K  K  D  S  I  K  I  S  F  K  A  N  A  F  I  L  D  

CCGATCGAATGCAGGAAGAACTGATTTTCCCAATTTCGGGCTACTTTGGAAGGCGCCAAG 

  R  S  N  A  G  R  T  D  F  P  N  F  G  L  L  W  K  A  P  R  
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GTTCATAAAAAGTTGTGAATTAAAATTGAGAATTGTTGTCGATAGATCATCAATTGAATT 

  F  I  K  S  C  E  L  K  L  R  I  V  V  D  R  S  S  I  E  F 

CTTCGCGATGATGGCCTGTCTGTTATGACTGCACTTTTCTTTTCAATGAAGACATCGCAT 

  F  A  M  M  A  C  L  L 

CGAAGATGGCCATTAATGTTTATTCATCCTCAACCAATTCGAGTGTTCATTTAAATCAGC 

TGAATGCTTACCAAATGAAAAGTATTTGGAATTAATTTTTAAGTAAAATATTTGAATGTT 

CTCAATTATATTTAAGAAACAATAAATCTATGTTATTCCAATGAAAAAAAAAAAGTTCTA 

CACGTTTCAATAATATCTTATCTAAGTTATTATTGACATTTTTCCCATGCGTTCATTGAA 

ATGTTACTGGTTACACGCTAATAAATCAAAACAGAC 

 

 

>MDL-6 

 

ATCATTCTTCGAAAACAATCAAAAGAGTTCGGAAGAAAATACTTAATTAAAAGCATAAAT 

TTAAGAAATTCTTTTCAAAATGGTGAAAAACGATATACTACTTATTGCATCTCTGATTGC 

TTTAAGTTCTTTTTCATATGATATTTCCGATGATTTTCGTTTGCTGATTTTCAGTTCCTG 

ATTATTCAATTTTGAACTTACTTCAGCAAATTGAAATTCTTATCATGTTTCACAGAAGAA 

TTCTGTTTATTTGAAATTAATGTGTTCGTGACGAATGGAACATGAAACTAGAACTATGTT 

AATTGTCATTTGTCAATTGATAGTAGCCGAGTGTTTGAAGGTAATTGATTACCCAAATGC 

AATGATAAAAATCGAATATACAATGAATTGTATTTAGCGATAAAATTATTATATATAAAT 

GGCTGGATAATTTGCATTAGAACCCTAGTTTTCAATCATTTTTCAACGGATCCACATGAA 

AATCCGTCAAAACCAGAAAAACACAAATTTGAAGAGAATTATATTTCGTGGATTGAAGT  

AAGAAGTAGAAAAGTGCTTTAGAATGTTACGAATAAATATCCAGCTCATTATATCAATAG 

                        M  L  R  I  N  I  Q  L  I  I  S  I   

TTGTTTTGGATTCATATTCGAGTGAATTATATGACGAACTATATCGGCCTCAATTAACTT 

V  V  L  D  S  Y  S  S  E  L  Y  D  E  L  Y  R  P  Q  L  T   

TTAGTCCACCATCAGGATGGATAAATGATCCGAATGGTCTAGTCTATTATGATGGTGTTT 

F  S  P  P  S  G  W  I  N  D  P  N  G  L  V  Y  Y  D  G  V   

TTCACCTTTTTTGTCAATATAATCCAAATAGCACACTTCATGGTATGTAAAATGGTTCGA 

F  H  L  F  C  Q  Y  N  P  N  S  T  L  H  

TTAACTGGAAATAATGATAATTATAATTTTTTTGACCTAGGTAATCTTCATTGGTATCAT 

                                        G  N  L  H  W  Y  H  

GCGATCTCTCCGGATTTGGTTCATTGGGAAAATCTTGGTATTGCACTTGCTCCAACGAAT 

 A  I  S  P  D  L  V  H  W  E  N  L  G  I  A  L  A  P  T  N  

GGAAATTTAATTTTTTCGGGCAGCGCAATCATTGATCATGGAAATGTAACTGGTCTTCAA 

 G  N  L  I  F  S  G  S  A  I  I  D  H  G  N  V  T  G  L  Q  

GCTAATGACGATAAGAAAACATTAATAGCCATTTTTACGGCTCATGATTTGTCAACCAAT 

 A  N  D  D  K  K  T  L  I  A  I  F  T  A  H  D  L  S  T  N 

 

>MDL-7 

TTTCTGAAAAATAGAAACTTAATAGTAATCATTTGACAGTACATAGTAGATAGTGTATTA 

TTCTTGTTGAGAAAATTGTGAGATTATCCTCAAAACATGGTGCACATTAATATTTTACTT 

                                     M  V  H  I  N  I  L  L 

ATTGCATTAATAATGGTTTTAAATTCATTTTCAAGTGGATTATATGACGAACCATATCGG 

 I  A  L  I  M  V  L  N  S  F  S  S  G  L  Y  D  E  P  Y  R 

CCACAATTACATTTTAGTCCTCCAGTAGGATGGATGAATGACCCAAATGGTCTAGTCTAT 

 P  Q  L  H  F  S  P  P  V  G  W  M  N  D  P  N  G  L  V  Y 

CATGATGGTATTTTTCATTTATTTTATCAACATGATCCAAAGACAACAATTCAAGGTAAC 

 H  D  G  I  F  H  L  F  Y  Q  H  D  P  K  T  T  I  Q   

TTCAAACATATATGTGACATTGTTTGCGTCGATTCAAAATTAAAATCAATTTTTTCCATC 

 

AATTTAGGTCAAATGCATTGGGGCCATGCAATTTCCACCGATATGATTTATTGGACGAAC 

       G  Q  M  H  W  G  H  A  I  S  T  D  M  I  Y  W  T  N  

CTTGATATAGCGCTCACTCCACCTAAAGGAATTGCATATTTTTCTGGTGGTGCAATCATC 

 L  D  I  A  L  T  P  P  K  G  I  A  Y  F  S  G  G  A  I  I  

GATTATAACAATGTAACTGGCTTCCAAATGTCTGCCAATGTAAAACCTTTGATTGCAATT 

 D  Y  N  N  V  T  G  F  Q  M  S  A  N  V  K  P  L  I  A  I  
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TTTACCGCTCATAATAGGGCTACATATGAGCAGGAACAATGGTTAGCCTACAGTAATGAT 

 F  T  A  H  N  R  A  T  Y  E  Q  E  Q  W  L  A  Y  S  N  D  

GGTCCTGAATACAAACACTTTGAACTTTATGAAAATAATCCAATAATTGGTAAATTGAAT 

 G  P  E  Y  K  H  F  E  L  Y  E  N  N  P  I  I  G  K  L  N  

ACGGATCCAAGTAAACCAATCGACTTCAGAGATCCAGCAATTACCAAATGGGGTGATCAT 

 T  D  P  S  K  P  I  D  F  R  D  P  A  I  T  K  W  G  D  H  

TTTGTTTTATTCTTGGCTCAATATAACAAATCCTTGATTTATAATTCACTGGATCTGAAG 

 F  V  L  F  L  A  Q  Y  N  K  S  L  I  Y  N  S  L  D  L  K  

AATTGGGAATTGGTCGGCGATTTTGGCGAATATGATGGATCACATTCAGAGGTTTGGGAA 

 N  W  E  L  V  G  D  F  G  E  Y  D  G  S  H  S  E  V  W  E  

TGTCCTTCACTCTTTCCACTTAATGTTACAATTAATGGGTAAAATGCAATGAATTTTCTA 

 C  P  S  L  F  P  L  N  V  T  I  N  G  

GCTCTAACTACAATTTATATGAAATTTTCCGATCTGTTTTTTACAGAGTGAATGTTGAAA 

                                                V  N  V  E   

AGCATGTTTTGATCGTTGGCTTAACTGGCAGCGTACTTCCGACAACACAATATTTTATTG 

K  H  V  L  I  V  G  L  T  G  S  V  L  P  T  T  Q  Y  F  I   

GATCTTTCGATGGAAAAAAATTTACAAATGAAAATTCTCCGGAAACCACATTATGGGTGG 

G  S  F  D  G  K  K  F  T  N  E  N  S  P  E  T  T  L  W  V   

ACTATGGCCCGGATAGCTATGCTGGAATCACATACAATCAATTACCCGATGGTCGTCGTG 

D  Y  G  P  D  S  Y  A  G  I  T  Y  N  Q  L  P  D  G  R  R   

TTTTTGTCAGTTGGATGAATAAATGGGAATACGCAGAACAATTGAATTTCAATGTATGGA 

V  F  V  S  W  M  N  K  W  E  Y  A  E  Q  L  N  F  N  V  W   

ATGGACAAATGGGACTGATGCGAGAACTTAAATTGAAACAAGTTGGAGATCAAACTCGAC 

N  G  Q  M  G  L  M  R  E  L  K  L  K  Q  V  G  D  Q  T  R   

TCGTTTCCTACCCTGTTCGTGAAGAAGAAAAATTACGAACATATGTGGTTCGTAAAGAGA 

L  V  S  Y  P  V  R  E  E  E  K  L  R  T  Y  V  V  R  K  E  

ATATTAAAATATCCACGAATAGATGTGTATATAAAATCACACCTGACGGAAAAACTAAAC 

N  I  K  I  S  T  N  R  C  V  Y  K  I  T  P  D  G  K  T  K  

ATACTGTCGATATGGAAATTACTCTCGACGTAACAGATCTCAAGAAAGGCGATTCGATCG 

H  T  V  D  M  E  I  T  L  D  V  T  D  L  K  K  G  D  S  I  

AATTTACGTTTTTCGATAAAAATGACAATTTAACTATTTCGCTCACGGAAAATGAATTCA 

E  F  T  F  F  D  K  N  D  N  L  T  I  S  L  T  E  N  E  F  

CTTTGGAGCGAAACAATACA 

T  L  E  R  N  N  T 

 

>MDL-8 

AATTTGCAGAGTGCAAGTGGAAAAATATGTTTTGATAGTTGGCCTAACTGACAATTCAAT 

  I  C  R  V  Q  V  E  K  Y  V  L  I  V  G  L  T  D  N  S  I 

ACCGACGACACAATACTATGTCGGTTCTTTCGATGGTCAAACTTTTACGAATGAAAACTC 

  P  T  T  Q  Y  Y  V  G  S  F  D  G  Q  T  F  T  N  E  N  S 

AAAAGAAACAATACTATGGTTAGACTACGGTCCGGATAGCTATGCTGGCATTACATATAA 

  K  E  T  I  L  W  L  D  Y  G  P  D  S  Y  A  G  I  T  Y  N 

TCAATTACCGGATGGCCGACGAATATTCATCAGTTGGGAGAATCGTTGGCAATATGCTCA 

  Q  L  P  D  G  R  R  I  F  I  S  W  E  N  R  W  Q  Y  A  Q 

ACAATTGAATTTCAATGTTTGGAATGGACAAATGGGCTTAGCTCGAGAACTGACATTGAA 

  Q  L  N  F  N  V  W  N  G  Q  M  G  L  A  R  E  L  T  L  N 

TAAAATTGATAATCGAATTTTAATTTCGTCTTTACCTGTTCGGGAAACGAAAATGTTACG 

  K  I  D  N  R  I  L  I  S  S  L  P  V  R  E  T  K  M  L  R 

TATCGATCATGTTCGCAAGCAAAATATACCGATCGAAAATTACTTGTCTTTTGAAATTGC 

  I  D  H  V  R  K  Q  N  I  P  I  E  N  Y  L  S  F  E  I  A 

GAAATTTGACGACGAAAATAGAAAACAATCGGTAGATATAGAAATGATGCTTAACATAGC 

  K  F  D  D  E  N  R  K  Q  S  V  D  I  E  M  M  L  N  I  A 

GAATCTCAAAGCAGGCGATTCATTTAATATTGTATTTTTTGGAGTTAATGATGCATTGAA 

  N  L  K  A  G  D  S  F  N  I  V  F  F  G  V  N  D  A  L  N 

CATTTCATTCAATGGAAATGAATTCATTTTAGATCGATCAAAAGCAGGAAGAATCGATTT 

  I  S  F  N  G  N  E  F  I  L  D  R  S  K  A  G  R  I  D  F 
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TCCGAATTTTGGGCGGCTATGGAATGCTCCGAGAATGATCGAGAGTTCTATTTTGAAATT 

  P  N  F  G  R  L  W  N  A  P  R  M  I  E  S  S  I  L  K  L 

GAGAATAATTATCGATCGATCTTCAATTGAATTTTTTGCGGACGATGGATTAACAGTTAT 

  R  I  I  I  D  R  S  S  I  E  F  F  A  D  D  G  L  T  V  M 

GACAGCACTTTTTTATTCCGAAGAAGATATTGCGTCGAAAATGGTCATTCAAGTTCATTC 

  T  A  L  F  Y  S  E  E  D  I  A  S  K  M  V  I  Q  V  H  S 

AGCTTCCCTGGATTCAATGATTGCTGTGAAAGAATTTAATGTTTATAAGATGAAAAGTAT 

  A  S  L  D  S  M  I  A  V  K  E  F  N  V  Y  K  M  K  S  I 

TTGGAAATAAT 

  W  K 

 

 

MDL-9 

GGAATAATCATCCGAGAATACATACAACATTTTTCATGATATAAGATCTGTTCGTTCAAA 

AACCAAACTCTAATACAATAAAAATTTCAGACGAATTCATTTATTTGGGACACGTTGGAT 

GTTGAAAAACATCTGTAGTTAGTTGAATGACGTGACAAATAATTTTGTATTTCTAAAAGT 

AGAAAACATTTGCATTGAATGTATCAATGATAAAAGTGATCGTTTATGAGAATTAAAGGT 

GAAAGTAAAATAAAGTTTTGATAGAAAATTCGGCTATACAAAATTGAACTCAGAAATCAT 

CGATCATAATGTTTCGAGTTGATATTTTATTGTTTGCGCTTTCGATAGTTCCTATTTCGA 

         M  F  R  V  D  I  L  L  F  A  L  S  I  V  P  I  S 

ATGCAGTTTATGACGAACTTTATCGGCCACAATTACATTATAGCCCAGCAAAAGGATGGT 

N  A  V  Y  D  E  L  Y  R  P  Q  L  H  Y  S  P  A  K  G  W 

TAAGCGATCCGAATGGTTTGATTTACAAAGAGGGCATATATCATTTATTTTTCCAATGTC 

L  S  D  P  N  G  L  I  Y  K  E  G  I  Y  H  L  F  F  Q  C 

GTCCGGATCATATAGCGCAAGGTAAGCAGCAAATTTAACGGAATTTATTGAAAAAATATG 

R  P  D  H  I  A  Q 

TTCCTATTTCATGCAAAGTCGAATCGATGATAAATAAATTCCAAATTTTAAATTATTAGG 

                                                           G 

AAGTGTGCATTGGGGGCATTCAATATCTTCTGATTTGATTCATTGGAAAGCTCTCGATAC 

  S  V  H  W  G  H  S  I  S  S  D  L  I  H  W  K  A  L  D  T 

TGCGCTTTATCCACCTGTAGGACATGAAATGTTTTCGGGTGGCGCAATTTTCGATTACAA 

  A  L  Y  P  P  V  G  H  E  M  F  S  G  G  A  I  F  D  Y  K 

AAATGTTACTAAACTTCAAACCAACGAGAATGTGCCGGCATTAATTTTGTTACCATCTGC 

  N  V  T  K  L  Q  T  N  E  N  V  P  A  L  I  L  L  P  S  A 

AGCTGTTTGGTCGACACGTGAGCAAAACATATGGTTAGCGTACAGTAATGATGGTCCTGA 

  A  V  W  S  T  R  E  Q  N  I  W  L  A  Y  S  N  D  G  P  E 

GTACAATAAATTTACATATTATGAAAAAAATCCAGTAATTCGTGGACCATCAAGTTATGG 

  Y  N  K  F  T  Y  Y  E  K  N  P  V  I  R  G  P  S  S  Y  G 

CAAACTAATAACAGCATTCCGAGACCTAACAGTTTTCAAGTATCACGATAATTATGTTTC 

  K  L  I  T  A  F  R  D  L  T  V  F  K  Y  H  D  N  Y  V  S 

AATATTGGTTCAATATAATCGCACCCAGTTCTATAGTTCGCACGATTTAATAGACTGGGA 

  I  L  V  Q  Y  N  R  T  Q  F  Y  S  S  H  D  L  I  D  W  E 

GCTGATCAGTGAGTTTGGAGAATACGAAGGCTCACACGCAGGAAGATGGGAATGCCCTTC 

  L  I  S  E  F  G  E  Y  E  G  S  H  A  G  R  W  E  C  P  S 

ACTATTTCCCTTTAATGTTTCGATTGATGGGTAAATCGGCTTACAATGAAATTTTCGCCT 

  L  F  P  F  N  V  S  I  D  G 

AATTTTTACGTCAGTAACATTTCGTTTCTCCTTTTTCAGAAAACAAGTTGAAAAATACGT 

                                         K  Q  V  E  K  Y  V 

CATGATAATTACTTTAACCGATTATGTACATCCGGTCCATCAATACTTCATAGGCTCTTT 

  M  I  I  T  L  T  D  Y  V  H  P  V  H  Q  Y  F  I  G  S  F 

TGACGGTAAAAAATTCACAAATGAAAACACCAAAGAAACAATATTATGGCTAGAGTACGG 

  D  G  K  K  F  T  N  E  N  T  K  E  T  I  L  W  L  E  Y  G 

ACCAGACAGTTTTGCTGGCGTTACATACAATGAATTACCGGATGGTCGACGTATTTTTAT 

  P  D  S  F  A  G  V  T  Y  N  E  L  P  D  G  R  R  I  F  I 

CCATTGGATGGGTCGATGGGAATATGTTGCAAATTTGAATTTCAGCCCTTGGCTTGGCCA 
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  H  W  M  G  R  W  E  Y  V  A  N  L  N  F  S  P  W  L  G  Q 

ATTGGGCATTCCCAGGGAATTAAATTTGATAAAAGTAGGTGATCAAATTCGGCTCACATC 

  L  G  I  P  R  E  L  N  L  I  K  V  G  D  Q  I  R  L  T  S 

TGAACCTGTTCGTGAAATGGAATCGTTAAGAATTAATCATGTTCGCAGGCAAAACATTAA 

  E  P  V  R  E  M  E  S  L  R  I  N  H  V  R  R  Q  N  I  N 

TATTACGAATGAATTTAGTTATCAAATCGCTGATAGTGCAAAAAAAAATCATTTAGCGGA 

  I  T  N  E  F  S  Y  Q  I  A  D  S  A  K  K  N  H  L  A  D 

TATTGAACTGATGCTGGATTTGCAAAATCTTGATTCACGTGACGCATTTCAGATTGTGTT 

  I  E  L  M  L  D  L  Q  N  L  D  S  R  D  A  F  Q  I  V  F 

TTCAGGCAAAAGTGATGAATTTAAAATTATCTTTAAAGAAAAGGAATTTATTTTGGATCG 

  S  G  K  S  D  E  F  K  I  I  F  K  E  K  E  F  I  L  D  R 

TACACGCGCTGGTAAAATAATTCCAAATTTCGAGGGTGTGAAAATTTCACAAGGCAATTT 

  T  R  A  G  K  I  I  P  N  F  E  G  V  K  I  S  Q  G  N  F 

TGATAACCCAAATTTCATAAGGCCAACAAAAGAAAGAAATTTCGAAGATCTGTGGAAAGC 

  D  N  P  N  F  I  R  P  T  K  E  R  N  F  E  D  L  W  K  A 

TCCACGATTGATTGATAGCTCTAATTTGAAATTAAGAATTATTATCGATACAAATGCAAT 

  P  R  L  I  D  S  S  N  L  K  L  R  I  I  I  D  T  N  A  I 

TGAAATGTTTGCCGATGATGGATTAACAAGTATGTGCGCCCTTTTCTTCTCCAAAGATGG 

  E  M  F  A  D  D  G  L  T  S  M  C  A  L  F  F  S  K  D  G 

CATTGCATCAAAAATGACCATTCAAGTCCATTCGTCCACCAAAAAATCGCACATTTATTT 

  I  A  S  K  M  T  I  Q  V  H  S  S  T  K  K  S  H  I  Y  L 

GAGGGACATGAATGTTTATGAAATGAAAAGTATTTGGCACAAGGATGAAAGTACTAAAAG 

  R  D  M  N  V  Y  E  M  K  S  I  W  H  K  D  E  S  T  K  S 

CAAATTCAATTTTTCGGATAATAAAAAACAAAAAATTGTAAAATAAAAAGAAATCAAGAA 

  K  F  N  F  S  D  N  K  K  Q  K  I  V  K 

AATGAACTGCTTGCGATGCCCAGATTTGATGTGTGATGGGCTCCTAGTTTTCCATTCAAC 

GAATAAAAGTCTTCGAAATCATTTTTTGTTTGTGTTTCATTTGAATAGCTCCCGATTCTT 

ATTACTGTAGTTTCATTTACCAGAAATATAGCATCATATTTTCTACAATATTTTCTAACC 

CATGGATTTAATTCAGCTGAAAAAATATTGAATAAGTACGAAATAAATGATTTAGCTACT 

TCGATGTACTTTGGCTTCGATTCGGATTCGCTATAGCAATTCGAGTCACAATAT 

 

>MDL-10 

CGCACCCTCGTCTCAAACTGATAACTGAACTATCATTTTTCTATTCATTCAGTCTTCAGT 

GTGAATGTCAAACGATACAGACGTACAAATCACATGTGTAATAAAATCGTTAAGTGTAAT 

GGAATTTAGTTTCGATTTTTGAATCAAATTGAATTGAATTATATTCAAAAATTTCTAATC 

ATTGTGAATTTAGCAAAATTTTATCAAAATTACACGATAATTCATAAAATTTCGAACCAG 

TGACGATCGTAAACAATTTTTTCAAAATTAGAAAATTAGTGTGAATCACTTATCAGTTCA 

TATGATCAATGGCGCCAGAACGAATATCAAGTGAATCATATGACGAACAATATCGCCCAC 

         M  A  P  E  R  I  S  S  E  S  Y  D  E  Q  Y  R  P  

AATTACATTACAGCCCACCATCAGGATGGATAAATGATCCAAATGGTTTAGTTTATCACG 

Q  L  H  Y  S  P  P  S  G  W  I  N  D  P  N  G  L  V  Y  H   

ATGGTATTTATCATATGTTTAATCAAAACAATCCGAATGATGTAATTCCCGGTGAGCAGG 

D  G  I  Y  H  M  F  N  Q  N  N  P  N  D  V  I  P  

AACATAGCAAAACAAAACAGTAAACCTTTGTCTGATGAAACGCAATTGTGCTTTTGTAGG 

                                                           G 

TCGAATTTCATGGGGACATGCGATTTCCACTGATTTAGTTCATTGGAAAACACTTCCATG 

  R  I  S  W  G  H  A  I  S  T  D  L  V  H  W  K  T  L  P  C  

TGCTATTCCTTCAACGGATGAGAATTCAATTTTTTCGGGCAGTGCAATTATTGATGATGA 

  A  I  P  S  T  D  E  N  S  I  F  S  G  S  A  I  I  D  D  D  

TAATGTAACCGGTCTTCGAACAGATGACCAAATAAAAACATTAATAGCCATTTTTACGGC 

  N  V  T  G  L  R  T  D  D  Q  I  K  T  L  I  A  I  F  T  A  

TCATAATTTGTCAACCAATGAGGAAAACCAATGGTTGGCATACAGTAACGATGGCCCTGC 

  H  N  L  S  T  N  E  E  N  Q  W  L  A  Y  S  N  D  G  P  A   

ATACGAGAAATTCCATTTTTATGAAAAAAATCCAATTATTCCGAATCCAAATCCGAAGAA 

  Y  E  K  F  H  F  Y  E  K  N  P  I  I  P  N  P  N  P  K  K  

ACAAATCGATTTTAGAGATCCATCGGTTTTCAAATACAAAGATCGATTTGTGATATTATT 

  Q  I  D  F  R  D  P  S  V  F  K  Y  K  D  R  F  V  I  L  L  
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GGCTGCACACAATCACATCAAAATTTATAATTCACTGGATTTGTTGCAATGGAAATTTGT 

  A  A  H  N  H  I  K  I  Y  N  S  L  D  L  L  Q  W  K  F  V   

GAATGAATTTGGACTAAACGATGGATCGCATGCAGGAACCTGGGAATGTCCTTCACTATT 

  N  E  F  G  L  N  D  G  S  H  A  G  T  W  E  C  P  S  L  F  

TCCTATAAAAGTCACAATTGATGGGTGAGAAAATTGTGAATAGAATATGTCACTCAATTT 

  P  I  K  V  T  I  D  G  

TTGTATGCATTAATTTTTTGCCATTTAATTCGTAGCGTGGAAGTTGAGAAGTATGTTTTG 

                                     V  E  V  E  K  Y  V  L  

ATAGTTGGCCTAACCGACGGCGCGATACAGACCACACAATATTTTATTGGATCCTTCGAT 

 I  V  G  L  T  D  G  A  I  Q  T  T  Q  Y  F  I  G  S  F  D  

GGCGAAAAATTCATCAATGACAACTTCAAGGAGACCGAATTATGGCTAGACTTTGGACCA 

 G  E  K  F  I  N  D  N  F  K  E  T  E  L  W  L  D  F  G  P  

GATAGTTATGCTGGTATTACTTATAACAAATTACCAGATGATCGGCGTATTTTCATCAGT 

 D  S  Y  A  G  I  T  Y  N  K  L  P  D  D  R  R  I  F  I  S  

TGGATGAATAATTGGCTATACGCTCAACATTTGAATTTTAACGTTTGGAACGGACAAATG 

 W  M  N  N  W  L  Y  A  Q  H  L  N  F  N  V  W  N  G  Q  M  

GGTCTCGCTCGAGAATTAAAATTGATTCAAGTGCAAGATCGAATTCTGCTCTCATCTTTG 

 G  L  A  R  E  L  K  L  I  Q  V  Q  D  R  I  L  L  S  S  L  

CCTGTTCATGAATTGGAAATGTTGCGAATCAATCCAGTTAGCATTCAAAATGTATTGATC 

 P  V  H  E  L  E  M  L  R  I  N  P  V  S  I  Q  N  V  L  I  

GAAAATGACTTTATTTATAAAATTGATAGGAATGATAGCATCGCAAAGAAACATTTAGTA 

 E  N  D  F  I  Y  K  I  D  R  N  D  S  I  A  K  K  H  L  V  

GACATAGAAATGAACTTAGATCTATCGAAGTTCAAGAAAGGCGACTCATTTGATATTGTA 

 D  I  E  M  N  L  D  L  S  K  F  K  K  G  D  S  F  D  I  V  

TTTTCTGATGAAAATGATGAAATAAAGATTTCCTACAAACGAAACGAATTTATATTGGAT 

 F  S  D  E  N  D  E  I  K  I  S  Y  K  R  N  E  F  I  L  D  

CGATCAAAAGCAGGAAGAACAGATTTTCCAAATTTTGGACGGCTATGGAAAGCCCAGAGA 

 R  S  K  A  G  R  T  D  F  P  N  F  G  R  L  W  K  A  Q  R   

TTCATCGATAATTCCAATTTAAAATTGAGAATAATTATCGATCGATCTTCCATTGAATTT 

 F  I  D  N  S  N  L  K  L  R  I  I  I  D  R  S  S  I  E  F  

TTTGCTGATGATGGCTTAACAGTTATGACTGCACTTTTTTATTCCAAGGAGGATATTGCT 

 F  A  D  D  G  L  T  V  M  T  A  L  F  Y  S  K  E  D  I  A  

TCGCAAATGGCCATTTATGTTCATTCATCGGCAAACGGCTCAATCATTGATTTGAAGAAA 

 S  Q  M  A  I  Y  V  H  S  S  A  N  G  S  I  I  D  L  K  K  

TTAAATGTTTATCAAATGAAAAGTATCTGGAGTCAATAATGAAACATGTATGCAAATATT 

 L  N  V  Y  Q  M  K  S  I  W  S  Q 

TATCAAAAATCAAATAATTATTCTAAAACTCAATGTAATAAATTGTGCTCGCAATAAATT 

TTTCAAATGTTTTATGATTTGAGATCTTGCCGTATCTATTGTTTGAATATTTCTTTTATA 

GCGCTAAAAAAATTTATCATTGCAGATTGCATAACAATATCATCAATAAGCCGGCGCGTG 

ATTGTCAAAAACGAAAGCCTAAAATATTTTCTATTTGAAATTGTAAACAGTAGATGATTA 

CGCGATCCTTATATTATGCATGGGTCGGAAGCGGGCACTGAGTTGTC 

 

MDL-11 

AATTGTAAACAGTAGATGATTACGCGATCCTTATATTATGCATGGGTCGGAAGCGGGCAC 

TGAGTTGTCATGTGAGAATAAATCGCTTGCAATAAAATGTAGAATAAATATTCAAGATTA 

AATATTTTTTTAATATTCAGATAATGCATATAATAAATTTCATTTGAAAATAACAAAAAA 

AAAACCTGTCTTTTGAACCGAATTGAATATTGTATAAAAGACTAGGAGGATTTATTTTAG 

CAGCCAGTTAACAATTGTTCCTCAAATGAGGCTCAATGAAGTAAGTGATCATCGGAGTCT 

TAGGAAAAATGTTAAAAATCAATATTTTAATCGTTGCATTTTCAATGATTCCGGGCTCAT 

         M  L  K  I  N  I  L  I  V  A  F  S  M  I  P  G  S   

TTTCATTATATGATGAAAAATATCGACCACAAATACATTTTAGTCCACCAAACGGATGGA 

 F  S  L  Y  D  E  K  Y  R  P  Q  I  H  F  S  P  P  N  G  W  
TAAACGATCCAAATGGATTAGTTTATTTTAATGGCATTTATCACATGTTCTTCCAAAATA 

I  N  D  P  N  G  L  V  Y  F  N  G  I  Y  H  M  F  F  Q  N   

ATCCATATAATACCGTTCCTGGTGAGTTAAAGATTCAAAATTATTCAATTTAGGAAAAAT 

N  P  Y  N  T  V  P   

TAATAAATCAGTTTAATCGAATTTCTGAATGACACAGCTAACAACATTCATTGGGGACAT 
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                                     A  N  N  I  H  W  G  H  

GCCATTTCACGGGATTTGATTCATTGGAAATCCCTTTCTACTGCAATTTATCCAAAAGAT 

 A  I  S  R  D  L  I  H  W  K  S  L  S  T  A  I  Y  P  K  D  

GGAAATCTAATATTTTCGGGCGGTGCAATCATTGATGAACACAATGTGACTGGTCTTCGA 

 G  N  L  I  F  S  G  G  A  I  I  D  E  H  N  V  T  G  L  R  

ACCAATGACAACAGAGCAACATTAATAGCAGTGTATGCGGCTCATCATTTGTCAACCAAT 

 T  N  D  N  R  A  T  L  I  A  V  Y  A  A  H  H  L  S  T  N  

GATGAAAGTCAATGGATTTCATACAGTCATGATGGCCCCTTTTACGAGAAATTCCAATAC 

 D  E  S  Q  W  I  S  Y  S  H  D  G  P  F  Y  E  K  F  Q  Y 

TATAAAAAGAATCCAATCATTCGGAATCCAAATCGTCGACAAAAAGATTTTCGCGATCCA 

 Y  K  K  N  P  I  I  R  N  P  N  R  R  Q  K  D  F  R  D  P  

TTCGTTTTCAAGTACAAAGATCACTATGTTGTCACAATAGCTGCACATGATCGCATCATG 

 F  V  F  K  Y  K  D  H  Y  V  V  T  I  A  A  H  D  R  I  M  

ATTTTTAATTCACGCAATTTATTGAATTGGAAGCTGGTGAGCGAATTCGGTGTAGATACA 

 I  F  N  S  R  N  L  L  N  W  K  L  V  S  E  F  G  V  D  T  

CATGGAAGAGTTTGGGAATGTCCTTCACTTTTTCCAATCAACGCAACAATCAATGGGTAA 

 H  G  R  V  W  E  C  P  S  L  F  P  I  N  A  T  I  N  G   
ATTGAAATTTGAATGACAAAGTAGTTTTCCGATTATTATGATTTTTTTTTTCTACAATTT 

 

TCAGAGCCAAAGTTGAAAAATGGGTTTTGACAATTAGCCTAACTGGCAACGAATTACCAA 

      A  K  V  E  K  W  V  L  T  I  S  L  T  G  N  E  L  P   

ATCAACAATATTTCATAGGATCTTTTGATGGCAAAAACTTTAAGAATGATCACTCTAAAG 

N  Q  Q  Y  F  I  G  S  F  D  G  K  N  F  K  N  D  H  S  K 

ATGTGAAATTATGGCTGCACTATGGACCCGATAGCTATGCTGGAATCGTTTACAATCAAT 

D  V  K  L  W  L  H  Y  G  P  D  S  Y  A  G  I  V  Y  N  Q   

TGCCAGATGGTCGTCGAATTTTTATCAGTTGGATGAATAAATGGGAATATGCACAGCAAT 

L  P  D  G  R  R  I  F  I  S  W  M  N  K  W  E  Y  A  Q  Q  

TGAATTTCAACAGATGGAATGGACAAATGGGCATCGCTCAAGAATTGAGATTGATACAGG 

L  N  F  N  R  W  N  G  Q  M  G  I  A  Q  E  L  R  L  I  Q   

TAAAAGATCAAATTCGATTGGCATCATTGCCTGTTCGTGAGCTGAAAAAATTAAGAACCA 

V  K  D  Q  I  R  L  A  S  L  P  V  R  E  L  K  K  L  R  T  

AGCAACTTGAGCAAAAGAAAAATATTAAAATCACGAATGACTACGTTTATAAATTAACTA 

K  Q  L  E  Q  K  K  N  I  K  I  T  N  D  Y  V  Y  K  L  T  

AGAATGGATGTCATAAAGCAGAAGATAAATTGGACATTGAAATGACGGTCGACCTAAAGA 

K  N  G  C  H  K  A  E  D  K  L  D  I  E  M  T  V  D  L  K   

ATCTCAAGGCCGGCGACACATGCAATTTTGTGTTTTCTGGTTCAAATGAATATTTGAACA 

N  L  K  A  G  D  T  C  N  F  V  F  S  G  S  N  E  Y  L  N  

TTTCTCTGAAAGGAAATGAATTCACTTTGGATCGATCGCATTCGGGAAGAACCAATTTTA 

I  S  L  K  G  N  E  F  T  L  D  R  S  H  S  G  R  T  N  F  

CAAATTTTGCAAAGCCAACGAAATGCAAAAGGCAAAGTGATGACTCAAAGTTAGAAATGA 

T  N  F  A  K  P  T  K  C  K  R  Q  S  D  D  S  K  L  E  M  

GATTTGTTTTCGATCTATCATCGATTGAAGTCTTCATTGACGGTGGAATGACAACTATGA 

R  F  V  F  D  L  S  S  I  E  V  F  I  D  G  G  M  T  T  M   

CAGCACTTTTCTATTCCAAAGAAGACATCGCATCAAAGATGCAGATTCGTACACATGCAA 

T  A  L  F  Y  S  K  E  D  I  A  S  K  M  Q  I  R  T  H  A   

AGGATTCATCGATTATTTTGAAAGATTTGAAAGTTTATAGATTGAAAAGTATTTGGAATG 

K  D  S  S  I  I  L  K  D  L  K  V  Y  R  L  K  S  I  W  N   

AATTCTCCATTCAGCCATCGCTCGATAAGTTTCCGTGTAGCGAGTGAAGAGGAAATATTA 

E  F  S  I  Q  P  S  L  D  K  F   P  C  S  E 
ATCAAAAACTAATTTATCGGCATAGAAATTTCCCATTTTGAATTGGTAGGAAATGCTTTG 

ACGCTTAGTTCTTTACAATCCTTTATACTTGATGTTTCATGCTATTTGGTTCGCCAAAAA 

TAAATATGAAATAATAATAATAATATCGTAATTTATTGCGGGTTAGTCTTTATTCATAAA 

CATATCATTTTAATTACATCGTTCAATGAACTGTACGGAGAATATTACGCTTGACATGGC 

ATTAAAATGGTTTCCAGCACAATGATTCGATGTAGCGGGAATTTAAATAGCGTTC 

 

>MDL-12 

TTCTTGTCCTGAAGCGATTTATTCTCAAATTATGAACATTCGATAGATAAAAAGATGGGG 
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AAGATTTGATATCGTCATTTTTAAATCGAGAGTTGAAGGGTTAATTATGTTTTGAATCGA 

TTCAGCGACAAAAATAACAATTCACAATTAATTGAATATAAACGCTCAACGAACGTATAA 

AAGGATGGTAAATTTTGTATTTGATGGTAGTCATCAATTGGTAATCTCCCAACAAAGTTT 

TAAAAAATAGACTGAAGACGAAGAGTAAATTCAACTTGCTAAACTTTGAATTAAAACAAA 

GGAACAAGAATGTTACAAAATAGAATTTTGTTCGGTACATCGTTGATGGTTTTAGTTTCA 

          M  L  Q  N  R  I  L  F  G  T  S  L  M  V  L  V  S  

TTTGGAAGTGCATTGTATGATGAACCATATCGACCACAATTACATTTCAGTCCACCATCA 

 F  G  S  A  L  Y  D  E  P  Y  R  P  Q  L  H  F  S  P  P  S  

GGATGGATGAACGATCCAAATGGTTTGATCTATCATGATGGTGTTTTTCATCTATTCTGC 

 G  W  M  N  D  P  N  G  L  I  Y  H  D  G  V  F  H  L  F  C  

CAATATAATCCAGCTGCACCTCTTCATGGTAAATAGAAGTGTCCAACTAAGAACCAATTT 

 Q  Y  N  P  A  A  P  L  H  

CAAACTGTGCATTTTAGACCCATTTAACCGATTTACTTTAAATAAAGAAATAATAATAAT 

 

GATTTCACATCTAATATTTTAGGTAACATTCATTGGTTTCATGCAATTTCTTCGGATTTG 

                      G  N  I  H  W  F  H  A  I  S  S  D  L  

ATTCATTGGAGAAATCTTGGCATTGCACTTGCTCCACGGGAAGGAAATTTAATTTTTTCA 

 I  H  W  R  N  L  G  I  A  L  A  P  R  E  G  N  L  I  F  S  

GGCGGCGCAATCATTGATCATGACAACGTAACTGGTCTACAAACAAAGAACGATAAAAAA 

 G  G  A  I  I  D  H  D  N  V  T  G  L  Q  T  K  N  D  K  K  

ACATTAATTTTGGTGTTCACCGCTCATAATATCGTTGAGGAAAAACAATGGTTGGCATAC 

 T  L  I  L  V  F  T  A  H  N  I  V  E  E  K  Q  W  L  A  Y  

AGCAACGATGGGCCCGAATACGAACACTTCCAATACTATAACCATAATCCAATCATACCA 

 S  N  D  G  P  E  Y  E  H  F  Q  Y  Y  N  H  N  P  I  I  P  

AATCCAAATCCGAAAACGTATAAAGATTTCAGAGATCCATCAGTTTTTAAGTATGAAGAC 

 N  P  N  P  K  T  Y  K  D  F  R  D  P  S  V  F  K  Y  E  D  

CATTTTGTGATGGTATTAGCTGCATACGATCATGTCATGATTTATAATTCACCGGATTTA 

 H  F  V  M  V  L  A  A  Y  D  H  V  M  I  Y  N  S  P  D  L  

TTGGAATGGAAACTGGTGAGTGAATTTGGAATCGACGAAGGATCCCATATCGGGACATGG 

 L  E  W  K  L  V  S  E  F  G  I  D  E  G  S  H  I  G  T  W  

GAATGCCCGTCCCTCTTTCCTATTAACGTAACAATTGATGGGTATGTTTTCGCGAATATT 

 E  C  P  S  L  F  P  I  N  V  T  I  D  G  

TTTTTTATTTAATCATCAATTTGTGAGTGTAAAATTTATTTTTGACAATTTTCAGTGTCG 

                                                         V  

AAATTGAAAAATACGTTTTGATCATCAGCCTAACGGACAATGCAATACCAAGCATGCAGT 

E  I  E  K  Y  V  L  I  I  S  L  T  D  N  A  I  P  S  M  Q   

ACTACATAGGATCTTTTGATGGACAACATTTCACGAATGAAAACTCCAAAGAGACGGAAC 

Y  Y  I  G  S  F  D  G  Q  H  F  T  N  E  N  S  K  E  T  E   

TATGGCTCGATTATGGTCCGGATAGCTATGCTGGCATTACATATAATCAATTGCCGGACG 

L  W  L  D  Y  G  P  D  S  Y  A  G  I  T  Y  N  Q  L  P  D   

GTCGACGTACTTTCATAAGTTGGTTATTTCGATGGGAATACGCTACACATATGAATTTCA 

G  R  R  T  F  I  S  W  L  F  R  W  E  Y  A  T  H  M  N  F  

GTATTTGGAATGGACAAGCCGGAATTGCTAGAAAATTGATGTTGAACATGATTGGTGATC 

S  I  W  N  G  Q  A  G  I  A  R  K  L  M  L  N  M  I  G  D   

GCATTCAACTTTCCTCTTTACCTGTTCGTGAATTTAAATCTTTGCGAATCAAACAACTCG 

R  I  Q  L  S  S  L  P  V  R  E  F  K  S  L  R  I  K  Q  L   

CCAATAAACAAAGAAGTATACCGATTGAGGACAAGCTCAGTTTTGAATTTTCTAAAAATG 

A  N  K  Q  R  S  I  P  I  E  D  K  L  S  F  E  F  S  K  N  

GCGCTAAAGGAAGGAAACTTTTGTTGGACTTGGAAATGATTTTCGATTTAACGAATTTAA 

G  A  K  G  R  K  L  L  L  D  L  E  M  I  F  D  L  T  N  L   

AAGGAGACGACCAATTCGACATTGTATTCTTTGACACTAATGACAATTTGAACATTTCAT 

K  G  D  D  Q  F  D  I  V  F  F  D  T  N  D  N  L  N  I  S  

TCAATGGAAATGAATTCACTTTAGATCGATCGAATGCAGGAAAAACCGATTTCCCGAATT 

F  N  G  N  E  F  T  L  D  R  S  N  A  G  K  T  D  F  P  N  

 

TCGGGCGACTTTGGAAAGCTCCACGTTTTGTTAAAAGTCCAGAATTAAAATTAAGAATAA 

F  G  R  L  W  K  A  P  R  F  V  K  S  P  E  L  K  L  R  I   
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TTATTGATCAATCTTCAATTGAATTTTTTGCCGATGATGGACTTACAGTTATGATAGCGT 

I  I  D  Q  S  S  I  E  F  F  A  D  D  G  L  T  V  M  I  A  

TTTTCATTTCCGATGAAGATATTGCTTCAAAAATGGCCATTCACGTTCATTCATCTTCAG 

F  F  I  S  D  E  D  I  A  S  K  M  A  I  H  V  H  S  S  S  

TGACGTCCATGGTTTATTTAAAAAAATTAAATGCTTATCAATTGAAAAGTATTTGGAATT 

V  T  S  M  V  Y  L  K  K  L  N  A  Y  Q  L  K  S  I  W  N 

AATGCATTTTGATAATAATAACATGTACAGCATTACAGTAAAGTCTCTCTAAAAAGACCA 

TCTCTCATTTTTGAACCAATTAACCGGCAACCAAAGTGATCCTCATAGTGGAACTATTCT 

CTTTATATTACATAAACATTATACACATACTTATATTTCATTAATTTTATCCGCATCCTT 

TGTTCATCGTATTCATTTATTAATAAGATCAGCTGTAAAACACCAAATCGTAGGCAACAA 

CAGAATTCCAAATTTGAACCTTATTTCATAATTCTTTTATTATTTGTATTATTTGTATGG 

CGAATTTTTT 

>MDL-13 

 
 

GATTCGGTCAACAAATAAAAATTCATATCAGTCGACACTTCGAGCATGACATTTGACAAA 

TAGAATTTGAATGAAATTGTTAATTAAAGTCCAAAGGTTTGGTCTTCTGAATGAGATCGC 

AATATGTTTTATTTTTTTTTAGCAGTATTTAGATAATAACACTTATAGCATTTATTGAAA 

TATTTTTGCGTTCGTAATCATGCGCAAAAATATGTTTCAGTAGTGTTCATCATAAATTAA 

CTATTAACTGTTAGAAGGTCATTCCACTTCAGTGATAAGAATCAAATGTTTAAATTCAAC 

ACTGATATAGCAAAAATATATAAAAGGCTGGATGATTTCGTATTGGAAAACAGTAATCAA 

TAAATATTGGATAGAGTAAAAGGATCTGGTGTGGTACAAAACTAAAAAAAAGATTTAACA 

TTGGTCAATTTTTAAGGAATCATCACTAAATTGAAAGACTATTTTTCAATATGTCTCGAA 

                                                   M  S  R 

CAAATATTTTACTCTGTACAATTTTGTTAGTTTTAATTTCATTAACAAGTGCAGTGTACG 

T  N  I  L  L  C  T  I  L  L  V  L  I  S  L  T  S  A  V  Y 

ATGAACTTTATCGTCCACAAATACATCTTAGTCCTCCAAATGGATGGATGAGCGATCCAA 

D  E  L  Y  R  P  Q  I  H  L  S  P  P  N  G  W  M  S  D  P 

ATGGTTTAGTCTATCATGATGGAGTATATCACGTCTTCTATCAACACAATCCAGTTGATA 

N  G  L  V  Y  H  D  G  V  Y  H  V  F  Y  Q  H  N  P  V  D  

CCGAACCCGACAAATTCCGTAAGTTGTTTGCTCAAAAAAAAAAAAACAAAACCAACATTC 

T  E  P  D  K  F 

AAATTAATAATTAACTTTGTTTTTTTTTCTTC 

 

>MDL-14 

AATTTTTACCGCTCATAATAGGGCTACATATGAGCAGGAACAATGGTTAGCATACAGTAA 

  I  F  T  A  H  N  R  A  T  Y  E  Q  E  Q  W  L  A  Y  S  N 

TGATAGCCCTGAATACAAACACTCCAACTACAATCTATACGAAATTTTTACGTCTGTAAT 

  D  S  P  E  Y  K  H  S  N  Y  N  L  Y  E  I  F  T 

TTATAGAGTGAAAGAAGTTTACAAATGAAAATTCCCCGGAAACCACATTATGGGTGGACT 

 

ATTGCCCGGATAGATATGCCGGCATCACATACAATCAATTGCCCGATGGTCGTCGTGTTT 

               Y  A  G  I  T  Y  N  Q  L  P  D  G  R  R  V  

TTGTCAGTTGGATGAATAAATGGGAATCTGCAGAGCAATTGAATTTCAATGTTTGGAACG 

F  V  S  W  M  N  K  W  E  S  A  E  Q  L  N  F  N  V  W  N 

GACAAGTTGGACTGATGCGAGAACTTAAATTGAAACAAGTTGGAGATCAAACTCGACTCG 

G  Q  V  G  L  M  R  E  L  K  L  K  Q  V  G  D  Q  T  R  L 

TTTCCTACCCTGTTCGTGAAGTAGAAAAATTGAGAACTTATCTGGTTCGCAAAGAGAATA 

V  S  Y  P  V  R  E  V  E  K  L  R  T  Y  L  V  R  K  E  N 

TTAAGGATCAATTTATTTTTATTAAGTACAAAATTAATTTTTTGAGGACCATTTATCCGA 

I  K  D  Q  F  I  F  I  K  Y  K  I  N  F  L  R  T  I  Y  P 

TTTAAAGACCAGTTTATTTTTTTACGGATTTTTTTTAATTGAAAAAAGGACGCAAAAAAC 

I 

TGATTCAAAGACCATTTATATGAAAAAAGGACCAATTTCACGCGACCTTTTCTGAATCTT 

TCGAATGTTGCAAACTTCAAGGCATAAGCTCCACCCCACACCGAGTTAGAGCTGGTACAA 

ATGAATAAATGAATAAATATATCGGGTGTGGAAATGAATAATGTCGATTTTTTGGCTTTA 

AGAAAGCATTTATTTCAATAACAAGATTAATGAACAGATTATCCAATATATTGCCCATCG 
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TTAGCTATGACTTCCTCCCATCTTCTCGGAAGTTTATTGATTCCTCGCTTAAAGAAGTCC 

TCATCTTTTGAGGCAATCCAGTCGTCGACCCATTTTCGCACTTGTCCGACATTTTCAAAT 

TGTATATCGGCCAGGCTAATTTGCATCGATCGGAACAAATGATAATCAGAAGGAGCAAGG 

T 

 

 

 

 

 

 

Supplementary data Figure S2. Nucleotide alignments of the 14 levanse/inulase –like genes. 

Identical residues are highlighted in black. Gaps in the alignment are indicated by dashes. 

 
MDL-3     - - - - T G A T G A A A C T A T T A A G A A C T G A T G T - T C T T T A G G A A A A T T C G A T A G A T A A A A A G A T 

MDL-12    - - - - T T C T T G T C C T G A A G C G A T T T A T T C T C A A A T T A T G A A C A T T C G A T A G A T A A A A A G A T 

MDL-5     - A A A T C C T T A T C G A T T T C T T T T A T C T A C A G A C A A A A A G T T G A A C T T A C A A T T T T T C A A A T 

MDL-10    C G C A C C C T C G T C T C A A A C T G A T A A C T G A A C T A T C A T T T T T C T A T T C A T - - - T C A G T C T T - 

MDL-11    - - - - - A A T T G T A A A C A G T A G A T G A T T A C G C G A T C C T T A T A T T A T G C A T G G G T C G G A A G C G 

MDL-9     G G A A T A A T C A T C C G A G A A T A C A T A C A A C A T T T T T C A T G A T A T A A G A T C T G T T C G T T C A A A 

  
                                                            

MDL-3     T A G G A A C A T T T G A T A T C G T C A T T T T T A A A T C G A G A G T T G A A G G G T T A A T T A T G T T T T G A A 

MDL-12    G G G G A A G A T T T G A T A T C G T C A T T T T T A A A T C G A G A G T T G A A G G G T T A A T T A T G T T T T G A A 

MDL-5     C A A G A A G C T T T A T T C G C A G T T A A A T A A A A A C G T T T A T T G A T A C C T A A T A T G T A T A G T G C T 

MDL-10    - - - - C A G T G T G A A T G T C A A A C G A T A C A G A C G T A C A A A T - - - - - - - C A C A T G T G T A A T A A A 

MDL-11    G G C A C T G A G T T G T C A T G T G A G A A T A A A T C G C T T G C A A T - - - - - - - A A A A T G T A G A A T A A A 

MDL-9     A A C C A A A C T C T A A T A - C A A T A A A A A T T T C A G A C G A A T T - - - - - - - - - C A T T T A T T T G G G A 

  
                                                            

MDL-3     T C A A T T C A G C G A C A A A A A T A A C A A T T C A C A A T T A A T T G A A T A T A A A C G C T C A A C G A A C G T 

MDL-12    T C G A T T C A G C G A C A A A A A T A A C A A T T C A C A A T T A A T T G A A T A T A A A C G C T C A A C G A A C G T 

MDL-5     T G A A C G C A A T T T T T G G A A T G T A A A A C A T C C A G T G T A A T G T T G A T T A T G A A C G A A G A A T - T 

MDL-10    A T C G T T A A G T G T A A T G G A A T T T - - A G T T T C G A T T T T T G A A T C A A A T T G A A T T G A A T T A T A 

MDL-11    T A T T C A A G A T T A A A T A T T T T T T T A A T A T T C A G A T A A T G C A T A T A A T A A A T T T C A T T T G A A 

MDL-9     C A C G T T G G A T G T T G A A A A A C A T C T G T A G T T A G T T G A A T G A C G T G A C A A A T A A T T T T G T A T 

  
                                                            

MDL-3     A T A A A A G G A T G G T A A A T T T T G T A T T T G A T G G T A G T C A T C A G T T G G T A A T C C C C C A A C A G A 

MDL-12    A T A A A A G G A T G G T A A A T T T T G T A T T T G A T G G T A G T C A T C A A T T G G T A A T C T C C C A A C A A A 

MDL-5     G A A T C A G T A T A A A A G G C T G G A T A T T C T A C G - A A G A A A A A C A T T G - - - - - T A C G A A T A T T T 

MDL-10    T T C A A A A A T T T C T A A T C A T - - - - T G T G A A T T T A G C A A A A T T T T A T C A A A A T T A C A C G - - - 

MDL-11    A A T A A C A A A A A A A A A A C C T G T C T T T T G A A C C G A A T T G A A T A T T G T A T A A A A G A C T A G G A G 

MDL-9     T T C T A A A A G T A G A A A A C A T T T G C A T T G A A T G T A T C A A T G A T A A A A G T G A T C G T T T A T G A G 

  
                                                            

MDL-3     G T T C T A A A A A A T A G A C T G A A G A C G A A G A G T G A A T T C A A C T T G - - C T A A A C T T T G A A T T G A 

MDL-12    G T T T T A A A A A A T A G A C T G A A G A C G A A G A G T A A A T T C A A C T T G - - C T A A A C T T T G A A T T A A 

MDL-5     G T T G A A A G A A A C A T A G C A A T T T T A A A G A G - A A A T C C A A A A A G - - T A A A A C T A T A A T T T A A 

MDL-10    - - - A T A A T T C A - - - - - - - - T A A A A T T T C G A A C C A G T G A C G A T - C G T A A A C A A T T T T T T C A 

MDL-11    G A T T T A T T T T A G C A G C C A G T T A A C A A T T G T T C C T C A A A T G A G G C T C A A T G A A G T A A G T G A 

MDL-9     A A T T A A A G G T G A A A G T A A A A T A A A G T T T T G A T A G A A A A T T C G - - G C T A T A C A A A A T T G A A 

  
                                                            

MDL-3     A A C A A A G G A A C A - - - - - A G A A T G T T A C A A A A T A G A A T T T T G T T C G G T A C A T C G T T G A T G G 

MDL-12    A A C A A A G G A A C A - - - - - A G A A T G T T A C A A A A T A G A A T T T T G T T C G G T A C A T C G T T G A T G G 

MDL-5     T T C A A A A A T T C A T T T G - A A A A T G G T G A A A A A C A A T A T C C T G C C T G T T G T A T T T C T G A T A G 

MDL-10    A A A T T A G A A A A T T A G - - - - - - T G T G A A T C A C T T A T C A G T T C A T A T G A T C A A T G G C G C C A G 

MDL-11    T C A T C G G A G T C T T A G G A A A A A T G T T A A A A A T C A A T A T T T T A A T C G T T G C A T T T T C A A T G A 

MDL-9     C T C A G A A A T C A T C G A T C A T A A T G T T T C G A G T T G A T A T T T T A T T G T T T G C G C T T T C G A T A G 

  
                                                            

MDL-3     T T T T A G T T T C A T T T G G A A G T G C A T T G T A T G A T G A A C C A T A T C G A C C A C A A T T A C A T T T C A 

MDL-12    T T T T A G T T T C A T T T G G A A G T G C A T T G T A T G A T G A A C C A T A T C G A C C A C A A T T A C A T T T C A 

MDL-5     T T T T A A G T T C A T T T T C A A G T G C A C T G T A C G A T G A A C C A T A T C G A C C A C A A T T T C A T T T T A 

MDL-10    A A C G A A T A T C A A G T G - - - - - - A A T C A T A T G A C G A A C A A T A T C G C C C A C A A T T A C A T T A C A 

MDL-11    T T C C G G G C T C A T T T T - - - - - - C A T T A T A T G A T G A A A A A T A T C G A C C A C A A A T A C A T T T T A 
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MDL-12    A A T C T T T G C G A A T C A A A C A A - C T C G C C A A T A A A C A A A G A A G T A T A C C G A T T G A G G A C A A G 

MDL-5     A A A C C T T G A G A A T T A A T C C G G T T C G G A G A C A A A A T G T T A C G A T C A C C - A A T G C A T T C G T A 

MDL-10    A A A T G T T G C G A A T C A A T C C A G T T - A G C A T T C A A A A T G - - - - T A T T G - - A T C G A A A A T G A C 

MDL-11    A A A A A T T A A G A A C C A A G C A A C T T G A G C A A A A G A A A A A - - - - T A T T A A A A T C A C G A A T G A C 

MDL-9     A A T C G T T A A G A A T T A A T C A T G T T C G C A G G C A A A A C A T - - - - - - - T A A T A T T A C G A A T G A A 

  
                                                            

MDL-3     C T T A G T T T T G A A T T T T C T A A A A A T G G C A C T A A A G G A A G G A A A C T T T T G C T A G A C T T A G A A 

MDL-12    C T C A G T T T T G A A T T T T C T A A A A A T G G C G C T A A A G G A A G G A A A C T T T T G T T G G A C T T G G A A 

MDL-5     T T C A A T A T T G T C G - - - - - - A A C A T G A T G A T G A A C A A T C C C A A C A T C A A G T G G A T G T T G A A 

MDL-10    T T T A T T T A T A A A A T T G A T A G G A A T G A T A G C A T C G C A A A G A A A C A T T T A G T A G A C A T A G A A 

MDL-11    T A C G T T T A T A A A T T A A C T A A G A A T G G A T G T C A T A A A G C A G A A G A T A A A T T G G A C A T T G A A 

MDL-9     T T T A G T T A T C A A A T C G - - - - - - C T G A T A G T G C A A A A A A A A A T C A T T T A G C G G A T A T T G A A 

  
                                                            

MDL-3     A T G A T T T T C G A T T T A A C G A A T C T A A A A G G A G A C G A C C A A T T T G A T A T T G T A T T C T T T G A C 

MDL-12    A T G A T T T T C G A T T T A A C G A A T T T A A A A G G A G A C G A C C A A T T C G A C A T T G T A T T C T T T G A C 

MDL-5     A T G A C A C T C G A T G T G A C G A A T C T T A A A G C A G G C G A C T C A T T T A A T A T C G T A T T T T T T G A C 

MDL-10    A T G A A C T T A G A T C T A T C G A A G T T C A A G A A A G G C G A C T C A T T T G A T A T T G T A T T T T C T G A T 

MDL-11    A T G A C G G T C G A C C T A A A G A A T C T C A A G G C C G G C G A C A C A T G C A A T T T T G T G T T T T C T G G T 

MDL-9     C T G A T G C T G G A T T T G C A A A A T C T T G A T T C A C G T G A C G C A T T T C A G A T T G T G T T T T C A G G C 

  
                                                            

MDL-3     A C T A A T G A C A A T T T G A A C A T T T C A T T C A A T G G A A A T G A A T T C A C T T T A G A T C G A T C G A A T 

MDL-12    A C T A A T G A C A A T T T G A A C A T T T C A T T C A A T G G A A A T G A A T T C A C T T T A G A T C G A T C G A A T 

MDL-5     A A A A A A G A T T C G A T A A A A A T T T C C T T C A A A G C A A A C G C G T T T A T T T T G G A C C G A T C G A A T 

MDL-10    G A A A A T G A T G A A A T A A A G A T T T C C T A C A A A C G A A A C G A A T T T A T A T T G G A T C G A T C A A A A 

MDL-11    T C A A A T G A A T A T T T G A A C A T T T C T C T G A A A G G A A A T G A A T T C A C T T T G G A T C G A T C G C A T 

MDL-9     A A A A G T G A T G A A T T T A A A A T T A T C T T T A A A G A A A A G G A A T T T A T T T T G G A T C G T A C A C G C 

  
                                                            

MDL-3     G C A G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G A A A A A 

MDL-12    G C A G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G A A A A A 

MDL-5     G C A G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G A A G A A 

MDL-10    G C A G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G A A G A A 

MDL-11    T C G G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G A A G A A 

MDL-9     G C T G G T A A A A T A A T T C C A A A T T T C G A G G G T G T G A A A A T T T C A C A A G G C A A T T T T G A T A A C 

  
                                                            

MDL-3     C C G A T T T C C C G A A - - - - - - - - - - - - - - - - - - - T T T C G G G C G A C T T T G G A A A G C T C C A C G T 

MDL-12    C C G A T T T C C C G A A - - - - - - - - - - - - - - - - - - - T T T C G G G C G A C T T T G G A A A G C T C C A C G T 

MDL-5     C T G A T T T T C C C A A - - - - - - - - - - - - - - - - - - - T T T C G G G C T A C T T T G G A A G G C G C C A A G G 

MDL-10    C A G A T T T T C C A A A - - - - - - - - - - - - - - - - - - - T T T T G G A C G G C T A T G G A A A G C C C A G A G A 

MDL-11    C C A A T T T T A C A A A - - - - - - - - - - - - - - - - - - - T T T T G C A A A G C C A A C G A A A T G C A A A A G G 

MDL-9     C C A A A T T T C A T A A G G C C A A C A A A A G A A A G A A A T T T C G A A G A T C T G T G G A A A G C T C C A C G A 

  
                                                            

MDL-3     T T T G T T A A A A G T C T A G A A T T A A A A T T A A G A A T A A T T A T T G A T C A A T C T T C A A T T G A A T T T 

MDL-12    T T T G T T A A A A G T C C A G A A T T A A A A T T A A G A A T A A T T A T T G A T C A A T C T T C A A T T G A A T T T 

MDL-5     T T C A T A A A A A G T T G T G A A T T A A A A T T G A G A A T T G T T G T C G A T A G A T C A T C A A T T G A A T T C 

MDL-10    T T C A T C G A T A A T T C C A A T T T A A A A T T G A G A A T A A T T A T C G A T C G A T C T T C C A T T G A A T T T 

MDL-11    C A A A G T G A T G A C T C A A A G T T A G A A A T G A G A T T T G T T T T C G A T C T A T C A T C G A T T G A A G T C 

MDL-9     T T G A T T G A T A G C T C T A A T T T G A A A T T A A G A A T T A T T A T C G A T A C A A A T G C A A T T G A A A T G 

  
                                                            

MDL-3     T T T G C C G A T G A T G G A C T T A C A G T T A T G A T A G C G T T T T T C G T T T C C G A T G A A G A T A T T G C T 

MDL-12    T T T G C C G A T G A T G G A C T T A C A G T T A T G A T A G C G T T T T T C A T T T C C G A T G A A G A T A T T G C T 

MDL-5     T T C G - C G A T G A T G G C C T G T C T G T T A T G A C T G C A C T T T T C T T T T C A - A T G A A G A C A T C G C A 

MDL-10    T T T G C T G A T G A T G G C T T A A C A G T T A T G A C T G C A C T T T T T T A T T C C A A G G A G G A T A T T G C T 

MDL-11    T T C A T T G A C G G T G G A A T G A C A A C T A T G A C A G C A C T T T T C T A T T C C A A A G A A G A C A T C G C A 
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MDL-9     T T T G C C G A T G A T G G A T T A A C A A G T A T G T G C G C C C T T T T C T T C T C C A A A G A T G G C A T T G C A 

  
                                                            

MDL-3     T C A A A A A T G G C C A T T C A C G T T C A T T C A T C T T C A G T G A C G T C C A T G G T T T A T T T A A A A A A A 

MDL-12    T C A A A A A T G G C C A T T C A C G T T C A T T C A T C T T C A G T G A C G T C C A T G G T T T A T T T A A A A A A A 

MDL-5     T C G A A G A T G G C C A T T A A T G T T T A T T C A T C C T C A A C C A A T T C G A G T G T T C A T T T A A A T C A G 

MDL-10    T C G C A A A T G G C C A T T T A T G T T C A T T C A T C G G C A A A C G G C T C A A T C A T T G A T T T G A A G A A A 

MDL-11    T C A A A G A T G - - - - - - C A G A T T C G T A C A C A T G C A A A G G A T T C A T C G A T T A T T T T G A A A G A T 

MDL-9     T C A A A A A T G A C C A T T C A A G T C C A T T C G T C C A C C A A A A A A T C G C A C A T T T A T T T G A G G G A C 

  
                                                            

MDL-3     T T A A A T G C T T A T C A A T T G A A A A G T A T T T G G A A T T A A T G - - - C A T T T T G A T A A T A A T A A C A 

MDL-12    T T A A A T G C T T A T C A A T T G A A A A G T A T T T G G A A T T A A T G - - - C A T T T T G A T A A T A A T A A C A 

MDL-5     C T G A A T G C T T A C C A A A T G A A A A G T A T T T G G A A T T A A T T - - - T T T A A G T A A A A T A T T T G A A 

MDL-10    T T A A A T G T T T A T C A A A T G A A A A G T A T C T G G A G T C A A T - - - - A A T G A A A C A T G T A T G C A A A 

MDL-11    T T G A A A G T T T A T A G A T T G A A A A G T A T T T G G A A T G A A T T C T C C A T T C A G C C A T C G C T C G A T 

MDL-9     A T G A A T G T T T A T G A A A T G A A A A G T A T T T G G C A C A A G G A T G A A A G T A C T A A A A G C A A A T T C 

  
                                                            

MDL-3     T G - - - T A C A G C A T T A C A G T - - - - - - - - - - A A A A T C T C T C T A A A A A A A G T C A T C T C C C A T T 

MDL-12    T G - - - T A C A G C A T T A C A G T - - - - - - - - - - A A A G T C T C T C T A A A A A G A - C C A T C T C T C A T T 

MDL-5     T G - - - T T C T C A A T T A T A T T - - - - - - - - - - T A A G A A A C A A T A A A T C T A - - - - - - - - - - - - T 

MDL-10    T A T T T A T C A A A A A T C A A A T - - - - - - - - - - A A T T A T T C T A A A A C T C A A T - - - - G T A A T A A A 

MDL-11    A A G T T T C C G T G T A G C G A G T G A A G A G G A A A T A T T A A T C A A A A A C T A A T T T A T C G G C A T A G A 

MDL-9     A A T T T T T C G G A T A A T A A A A - - - - - - - A A C A A A A A A T T G T A A A A T A A A A A G A A A T C A A G A A 

  
                                                            

MDL-3     T T T G A A C C A A T T A G C C G G C A A C C A A A - - - - - - - - - - - - - - - - - - - - A T T C T C T T T - - - A T 

MDL-12    T T T G A A C C A A T T A A C C G G C A A C C A A A G T G A T C C T C A T A G T G G A A C T A T T C T C T T T - - - A T 

MDL-5     G T T A T T C C A A T G A A A A A A A A A - - - - - - - - - - - - - - - - - - - - - - - - - A A G T T C T A C - - - A C 

MDL-10    T T G T G C T C G C A A T A A A T T T T T C A A A T G T T - - - - - - - T T A T G A T - T T G A G A T C T T G - - - C C 

MDL-11    A A T T T C C C A T T T T G A A T T G G T A G G A A A T G - - - - - - - C T T T G A C G C T T A G T T C T T T - - - A C 

MDL-9     A A T G A A C T G C T T G C G A T G C C C A G A T T T G A T G T G T G A T G G G C T C C T A G T T T T C C A T T C A A C 

  
                                                            

MDL-3     A T T A C A T A A A C A T - T A T A C A C A T A C T T A T A T T T T A A T A A T T T T T T C C A C A T C C T T T G T T C 

MDL-12    A T T A C A T A A A C A T - T A T A C A C A T A C T T A T A T T T C A T T A A T T T T A T C C G C A T C C T T T G T T C 

MDL-5     G T T T C A A T A A T A T - C T T A T - - - - - C T A A G T T A T T A T T G A C A T T T T T C C C A T G C - - - G T T C 

MDL-10    G T A T C T A T T G T T T G A A T A T T T C T T - T T A T A G C G C T A A A A A A A T T T A T C A T T G C A G A T T G C 

MDL-11    A A T C C T T T A T A C T T G A T G T T T C A T G C T A T T T G G T T C G C C A A A A A T A A A T A T G A A A T A A T A 

MDL-9     G A A T A A A A G T C T T C G A A A T C A T T T T T T G T T T G T G T T T C A T T T G A A T A G C T C C C G A T T C T T 

  
                                                            

MDL-3     A T C G T A T T C A T T T A T T A A T - - - - - - - A A G A T C A G C T G T A A A A C A C C A A A T C G T A C G C A A C 

MDL-12    A T C G T A T T C A T T T A T T A A T - - - - - - - A A G A T C A G C T G T A A A A C A C C A A A T C G T A G G C A A C 

MDL-5     A T T G - - - - - A A A T G T T A C T - - - - - - - G G T T A C A - C G C T A A T A A A T C A A A A C A G A C - - - - - 

MDL-10    A T A A C A A T A T C A T C A A T A A - - G - C C G G C G C G T G A T T G T C A A A A A C G A A A G C C T A A A A T A T 

MDL-11    A T A A T A A T A T C G T A A T T T A T T G - C G G G T T A G T C T T T A T T C A T A A A C A T A T C A T T T T A A T T 

MDL-9     A T T A C T G T A G T T T C A T T T A C C A G A A A T A T A G C A T C A T A T T T T C T A C A A T A T T T T C T A A C C 

  
                                                            

MDL-3     A A T A G A A T T C C A A A T - T T G A A C C T T A T T T C A T A A T A C T C T T A T G A G C T - - - T T A T G T G - T 

MDL-12    A A C A G A A T T C C A A A T - T T G A A C C T T A T T T C A T A A T T C T T T T A T T A T T T G T A T T A T T T G - T 

MDL-5     - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

MDL-10    T T T C T A T T T G A A A T T - G T A A A C A G T A G A T G A T T A C G C G A T C C T T - - - - A T A T T A T G - - - - 

MDL-11    A C A T C G T T C A A T G A A - C T G T A C G G - A G A A T A T T A C G C T T G A C A T G G C A T T A A A A T G G T T T 

MDL-9     C A T G G A T T T A A T T C A G C T G A A A A A A T A T T G A A T A A G T A C G A A A T A A A T G A T T T A G C T A C T 

  
                                                            

MDL-3     A T G G C G A A T T T T T T T C C A T T C T C T T T C T A C T A G T T A - - - - - - - - - - - - - - - - - - 
      

MDL-12    A T G G C G A A T T T T T T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
      

MDL-5     - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
      

MDL-10    - - - - - - - C A T G G G T C G - - G A A G C G G G C A C T G A G T T G T C - - - - - - - - - - - - - - - - 
      

MDL-11    C C A G C A C A A T G A T T C G A T G T A G C G G G A A T T T A A A T A G C G T T C - - - - - - - - - - - - 
      

MDL-9     T C G A T G T A C T T T G G C T T C G A T T C G G A T T C G C T A T A G C A A T T C G A G T C A C A A T A T 
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Supplementary data Figure S2. 

 
Protein alignment  

                         Signal Peptide 

MDL-3     M L Q N R I L F G T S L M V L V S F G S A L Y D E P Y R P Q L H F S P P S G W M N D P N G L V Y H D G V F H L F C Q Y N 

MDL-12    M L Q N R I L F G T S L M V L V S F G S A L Y D E P Y R P Q L H F S P P S G W M N D P N G L I Y H D G V F H L F C Q Y N 

MDL-5     M V K N N I L P V V F L I V L S S F S S A L Y D E P Y R P Q F H F S P P S G W M N D P N G L V Y Y D G L F H L F Y Q H N 

MDL-10    - - - - - - - - - - - - M A P E R I S S E S Y D E Q Y R P Q L H Y S P P S G W I N D P N G L V Y H D G I Y H M F N Q N N 

MDL-11    M L K I N I L I V A F S M I P G S F S - - L Y D E K Y R P Q I H F S P P N G W I N D P N G L V Y F N G I Y H M F F Q N N 

MDL-9     M F R V D I L L F A L S I V P I S N A - - V Y D E L Y R P Q L H Y S P A K G W L S D P N G L I Y K E G I Y H L F F Q C R 

         

     

 

 

 
  

 

                                                     

MDL-3     P A A P L H G N - I H W F H A I S S D L I H W K N L G I A L A P Q E G N L I F S G G A I I D H D N V T G L Q T E N D K K 

MDL-12    P A A P L H G N - I H W F H A I S S D L I H W R N L G I A L A P R E G N L I F S G G A I I D H D N V T G L Q T K N D K K 

MDL-5     P V A P I H D N - I H W G H A V S P D M V H W K N L A V A I A P Y G K E L I Y S G S S I I D H N N V T G L Q F D D H I Q 

MDL-10    P N D V I P G R - I S W G H A I S T D L V H W K T L P C A I P S T D E N S I F S G S A I I D D D N V T G L R T D D Q I K 

MDL-11    P Y N T V P A N N I H W G H A I S R D L I H W K S L S T A I Y P K D G N L I F S G G A I I D E H N V T G L R T N D N R A 

MDL-9     P D H I A Q G S - V H W G H S I S S D L I H W K A L D T A L Y P P V G H E M F S G G A I F D Y K N V T K L Q T N E N V P 

 

 

  
                                                            

MDL-3     T L I L V F T A H N - - I V E E K Q W L A Y S N D G P E Y E H F Q Y Y N H N P I I P N P N P - - K T Y K D F R D P S V F 

MDL-12    T L I L V F T A H N - - I V E E K Q W L A Y S N D G P E Y E H F Q Y Y N H N P I I P N P N P - - K T Y K D F R D P S V F 

MDL-5     P L I A I F T A Y N N D T G E Q K Q W L A Y S N E G P E Y E H F Q Y Y N Y N P I I P N P N P - - S V Q K D F R D P A V F 

MDL-10    T L I A I F T A H N L S T N E E N Q W L A Y S N D G P A Y E K F H F Y E K N P I I P N P N P - - K K Q I D F R D P S V F 

MDL-11    T L I A V Y A A H H L S T N D E S Q W I S Y S H D G P F Y E K F Q Y Y K K N P I I R N P N - - - R R Q K D F R D P F V F 

MDL-9     A L I L L P S A A V W S T R E Q N I W L A Y S N D G P E Y N K F T Y Y E K N P V I R G P S S Y G K L I T A F R D L T V F 

 

 

  
                                                        

 

   

MDL-3     K Y E D H F V M V L A A Y D H I M I Y N S P D L L E W N L V S E F G I D E G S H I G T W E C P S L F P I N V T I D G V E 

MDL-12    K Y E D H F V M V L A A Y D H V M I Y N S P D L L E W K L V S E F G I D E G S H I G T W E C P S L F P I N V T I D G V E 

MDL-5     Q F N N H Y V Q V V A A H D H I M I Y N S L D L L E W K L V S E F G M D Q G S H I G T W E C P S L F P I N V T I N G L D 

MDL-10    K Y K D R F V I L L A A H N H I K I Y N S L D L L Q W K F V N E F G L N D G S H A G T W E C P S L F P I K V T I D G V E 

MDL-11    K Y K D H Y V V T I A A H D R I M I F N S R N L L N W K L V S E F G V D - - T H G R V W E C P S L F P I N A T I N G A K 

MDL-9     K Y H D N Y V S I L V Q Y N R T Q F Y S S H D L I D W E L I S E F G E Y E G S H A G R W E C P S L F P F N V S I D G K Q 

 

 

  
                                                            

MDL-3     I E K Y V L I I S L T D N A I P S M Q Y Y I G S F D G Q H F T N E N S K E T E L W L D Y G P D S Y A G I T Y N Q L P D G 

MDL-12    I E K Y V L I I S L T D N A I P S M Q Y Y I G S F D G Q H F T N E N S K E T E L W L D Y G P D S Y A G I T Y N Q L P D G 

MDL-5     V E K W V L I V G L T D F A I P T T Q Y Y I G S F D G Q T F I N E N S E E T V L W L E Y G P D S F A G I T Y N Q L A D G 

MDL-10    V E K Y V L I V G L T D G A I Q T T Q Y F I G S F D G E K F I N D N F K E T E L W L D F G P D S Y A G I T Y N K L P D D 

MDL-11    V E K W V L T I S L T G N E L P N Q Q Y F I G S F D G K N F K N D H S K D V K L W L H Y G P D S Y A G I V Y N Q L P D G 

MDL-9     V E K Y V M I I T L T D Y V H P V H Q Y F I G S F D G K K F T N E N T K E T I L W L E Y G P D S F A G V T Y N E L P D G 

 

 

  
                                                            

MDL-3     R R T F I S W L F R W E Y A T H M N F S I W N G Q A G I A R K L M L N M I G D R I Q L S S L P V R E F K S L R I K Q L A 

MDL-12    R R T F I S W L F R W E Y A T H M N F S I W N G Q A G I A R K L M L N M I G D R I Q L S S L P V R E F K S L R I K Q L A 
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MDL-5     R R P F I S W M N R W Q Y S K S F N F T A W N G Q M G L A R E L K L T K I G N E I R L S S L P V R E V Q T L R I N P V R 

MDL-10    R R I F I S W M N N W L Y A Q H L N F N V W N G Q M G L A R E L K L I Q V Q D R I L L S S L P V H E L E M L R I N P V S 

MDL-11    R R I F I S W M N K W E Y A Q Q L N F N R W N G Q M G I A Q E L R L I Q V K D Q I R L A S L P V R E L K K L R T K Q L E 

MDL-9     R R I F I H W M G R W E Y V A N L N F S P W L G Q L G I P R E L N L I K V G D Q I R L T S E P V R E M E S L R I N H V R 

 

  

 
                                                            

MDL-3     N K Q R S I P I E D K L S F E F S K N G T K G R K L L L D L E M I F D L T N L K G D D Q F D I V F F D T N D N L N I S F 

MDL-12    N K Q R S I P I E D K L S F E F S K N G A K G R K L L L D L E M I F D L T N L K G D D Q F D I V F F D T N D N L N I S F 

MDL-5     - - R Q N V T I T N A F V F N I V E H D D E Q S Q H Q V D V E M T L D V T N L K A G D S F N I V F F D K K D S I K I S F 

MDL-10    - - I Q N V L I E N D F I Y K I D R N D S I A K K H L V D I E M N L D L S K F K K G D S F D I V F S D E N D E I K I S Y 

MDL-11    - Q K K N I K I T N D Y V Y K L T K N G C H K A E D K L D I E M T V D L K N L K A G D T C N F V F S G S N E Y L N I S L 

MDL-9     - - R Q N I N I T N E F S Y Q I A D S - - A K K N H L A D I E L M L D L Q N L D S R D A F Q I V F S G K S D E F K I I F 

 

                                                             

MDL-3     N G N E F T L D R S N A G - - - - - - - - - - - - K T D F P N - - - - - - - - - - - F G R L W K A P R F V K S L E L K L 

MDL-12    N G N E F T L D R S N A G - - - - - - - - - - - - K T D F P N - - - - - - - - - - - F G R L W K A P R F V K S P E L K L 

MDL-5     K A N A F I L D R S N A G - - - - - - - - - - - - R T D F P N - - - - - - - - - - - F G L L W K A P R F I K S C E L K L 

MDL-10    K R N E F I L D R S K A G - - - - - - - - - - - - R T D F P N - - - - - - - - - - - F G R L W K A Q R F I D N S N L K L 

MDL-11    K G N E F T L D R S H S G - - - - - - - - - - - - R T N F T N - - - - - - - - - - - F A K P T K C K R Q S D D S K L E M 

MDL-9     K E K E F I L D R T R A G K I I P N F E G V K I S Q G N F D N P N F I R P T K E R N F E D L W K A P R L I D S S N L K L 

  

                                                             

MDL-3     R I I I D Q S S I E F F A D D G L T V M I A F F V S D E D I A S K M A I H V H S S S V T S M V Y L K K L N A Y Q L K S I 

MDL-12    R I I I D Q S S I E F F A D D G L T V M I A F F I S D E D I A S K M A I H V H S S S V T S M V Y L K K L N A Y Q L K S I 

MDL-5     R I V V D R S S I E F F A - - - - - - M M A C L L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

MDL-10    R I I I D R S S I E F F A D D G L T V M T A L F Y S K E D I A S Q M A I Y V H S S A N G S I I D L K K L N V Y Q M K S I 

MDL-11    R F V F D L S S I E V F I D G G M T T M T A L F Y S K E D I A S K M Q I R T H A K - - D S S I I L K D L K V Y R L K S I 

MDL-9     R I I I D T N A I E M F A D D G L T S M C A L F F S K D G I A S K M T I Q V H S S T K K S H I Y L R D M N V Y E M K S I 

 

                                                              

MDL-3     W N - - - - - - - - - - - - - - - - - - - - - 
                                     

MDL-12    W N - - - - - - - - - - - - - - - - - - - - - 
                                     

MDL-5     - - - - - - - - - - - - - - - - - - - - - - - 
                                     

MDL-10    W S Q - - - - - - - - - - - - - - - - - - - - 
                                     

MDL-11    W N E F S I Q P S L D K F P C S E - - - - - - 
                                     

MDL-9     W H K D E S T K S K F N F S D N K K Q K I V K 
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Supplementary data Table S1. Primers used for semi-quantitative PCR analyses 

 

  

Sense Primer 

 

Anti-sense Primer 

 

Amplicon 

length (bp) 

 

Tm (°C) 

 

MDL-1 

 

5’ -TGCTGGAATCACATACAATCA 

 

 

5’ -TCACGAACAGGGTAGGAAA 

 

 

183 

 

13.9/-13.6 

 

MDL-2 

 

5’ -CGCTTTCTCCACCCACTGA 

 

5’ -TTGCTGTATGCTATCCATTGTT 

 

 

166 

 

20.1/40.6 

 

MDL-3 

 

5’ -CGATGGGAATACGCTACACATAT 

 

 

5’ -CGAACAGGTAAAGAGGAAAG 

 

 

119 

 

20.4/0.0 

 

MDL-4 

 

5’ -TCCACCGAAGAACAAGAACA 

 

 

5’ -AACATATTGACCAGTTTCCCATTC 

 

 

171 

 

-24.1/21.4 

 

MDL-5 

 

5’ -CCGCTTACAATAACGACAC 

 

 

5’ -GCTACAACCTGAACATAATGAT 

 

 

187 

 

31.3/21.4 

 

MDL-9 

 

5’ -TTAYCGRCCACAATTWCATT 

 

5’ -TATTSAATGCCCCCRAYGCA 

 

148 

 

-6.8/21.3 

 

MDL-10 

 

5’ -ATCAGGATGGATWAATGATC 

 

5’ -GGAAGTGTTKTCCAATGAAC 

 

150 

 

22.2/21.1 

 

MDL-11 

 

5’ -GGAAGCTGGTGAGCGAAT 

 

 

5’ -CTCCATTGATTGTTGCGTTG 

 

 

90 

 

39.0/18.3 

 

MDL-13 

 

5’ -CATCTTAGTCCTCCAAATGG 

 

5’ -AGAAGACGTGATATACTCCAT 

 

 

76 

 

27.1/19.6 

 

MDL-14 

 

5’ -TGGAACGGACAAGTTGGA 

 

5’ -CTTCACGAACAGGGTAGGA 

 

 

88 

 

29.9/1.5 
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