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Abstract 24 

Proteases play important roles in a wide range of physiological processes in organisms.  25 

For plant-feeding insects, digestive proteases are targets for engineering protease inhibitors for 26 

pest control.  In this study, we identified 105 putative serine- and cysteine-protease genes from 27 

the genome of the gall midge Mayetiola destructor (commonly known as Hessian fly), a 28 

destructive pest of wheat.  Among the genes, 31 encode putative trypsins, 18 encode putative 29 

chymotrypsins, seven encode putative cysteine proteases, and the remaining may encode either 30 

other proteases or protease homologues.  Developmental stage- and tissue-specific expression 31 

profiles of the genes encoding putative trypsins, chymotrypsins, and cysteine proteases were 32 

determined by quantitative reverse-transcription PCR.  Comparative analyses of stage- and 33 

tissue-specific expression patterns suggested that several genes are likely to encode digestive 34 

proteases in the M. destructor larval gut, including genes encoding putative trypsins MDP3, 35 

MDP5, MDP9, MDP24, MDP48, MDP51, MDP57, MDP61, MDP71, and MDP90; genes 36 

encoding putative chymotrypsins MDP1, MDP7, MDP8, MDP18, MDP19, and MDP20; and 37 

genes encoding putative cysteine proteases MDP95 and MDP104.  The expression of some 38 

protease genes was affected by plant genotypes.  Genes encoding trypsins MDP3, MDP9, and 39 

MPD23, chymotrypsins MDP20 and MDP21, and cysteine proteases MDP99 and MDP104 were 40 

upregulated in M. destructor larvae feeding in resistant plants, whereas genes encoding trypsins 41 

MDP12, MDP24, and MDP33, and chymotrypsins MDP8, MDP15, and MDP16 were 42 

downregualted in M. destructor larvae feeding in resistant plants.  This study provides a 43 

foundation for further comparative studies on proteases in different insects, and further 44 

characterization of M. destructor digestive proteases and their interactions with host plants, as 45 

well as potential targets for transgenic wheat plants.  46 
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1. Introduction 47 

Proteases are involved in various physiological and biochemical processes such as signal 48 

transduction, digestion, development, and defense reactions (Neurath and Walsh, 1976; Barrett et 49 

al., 1998; Neurath, 1999).  In plant-feeding insects, proteases are involved in plant – insect 50 

interactions and participate in the arms race between hosts and herbivores (Bown et al., 1997; 51 

Pechan et al., 2002; Jongsma and Beekwilder, 2011).  In herbivorous insects, proteases produced 52 

in salivary glands can be injected into host plants for pre-oral digestion and for removing toxic 53 

proteins produced by plants for defense (Miles, 1999; Eberhard et al., 2007).  In the gut of most 54 

insects, the main role of proteases is to digest proteins ingested from host plants (Shukle et al., 55 

1985; Lopes et al., 2006; Wright et al., 2006; Sato et al., 2008).  During the long course of co-56 

evolution, plants have developed defense mechanisms that suppress protease activities in the 57 

insect digestive system.  Specifically, plants enhance the production of various protease 58 

inhibitors that reduce activities of insect digestive proteases in response to herbivory (Moura and 59 

Ryan, 2001; Habib and Fazili, 2007; Chen, 2008).  Accordingly, these plant inhibitors could be 60 

targets for genetic engineering to increase plant resistance to herbivorous pests (Burgess et al., 61 

1994; Murdock et al., 1988; Lawrence and Koundal, 2002).  However, insects have also 62 

developed counter-defense mechanisms including up-regulation of constitutively expressed 63 

digestive proteases, induction of proteases that are normally not expressed, and/or by 64 

synthesizing inhibitor-insensitive proteases in response to plant defense (Jongsma et al., 1995; 65 

Bown et al., 1997; Mazumdar-Leighton and Broadway, 2001; Ahn et al., 2004; Brioschi et al., 66 

2007).  In order to make plant protease inhibitors an effective tool for pest management, a 67 

comprehensive understanding of protease composition in insect genomes and their regulatory 68 
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mechanisms for expression in response to plant defense is needed to design feasible strategies for 69 

engineering plant inhibitors.  70 

One of the gall midges, Mayetiola destructor, commonly known as the Hessian fly, is one 71 

of the most destructive arthropod pests of wheat (Hatchett et al., 1987; Buntin, 1999; Pauly 72 

2002).  The digestive proteases in Hessian fly larvae are apparently targets for plant defense 73 

under natural conditions because a range of protease inhibitors are highly upregulated in resistant 74 

wheat seedlings during incompatible interactions (Liu et al., 2007; Wu et al., 2008).  The 75 

upregulated protease inhibitors in resistant wheat plants may be part of the defense mechanism 76 

that results in the death of Hessian fly larvae (Stuart et al., 2012).  Transcriptomic analyses have 77 

identified several genes encoding trypsins and chymotrypsins that are exclusively or highly 78 

expressed in the gut of Hessian fly larvae (Zhu et al., 2005).  Protease activity has also been 79 

detected in gut extract from Hessian fly larvae (Shukle et al., 1985).  These observations indicate 80 

that digestive proteases in Hessian fly larval gut could be targets for engineering effective plant 81 

inhibitors to increase wheat resistance to the pest.  A better understanding of the composition of 82 

proteases in the Hessian fly genome, major digestive proteases in different larval instars, and the 83 

expression dynamics of the protease genes in response to plant defense should provide useful 84 

information for utilizing protease inhibitors to enhance host resistance for controlling Hessian fly 85 

damage.  The objectives of this research were to: 1) Identify putative serine- and cysteine-86 

protease genes in the Hessian fly genome; 2) Identify digestive proteases in Hessian fly larval 87 

gut; 3) To determine expression patterns of major digestive protease genes at different larval 88 

stages; and 4) Determine changes in expression of protease genes in response to plant defense.  89 

2. Materials and methods 90 

2.1. Hessian fly 91 
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Hessian fly larvae used in this research were derived from a field collection from Scott 92 

County, Kansas in 2005 (Chen et al., 2009).  The insects have been maintained on seedlings of 93 

Hessian fly-susceptible wheat variety ‘Karl 92’ in greenhouse since then.  The majority of flies 94 

were biotype GP although biotypes virulent to known R genes were also found in low 95 

frequencies (Chen et al., 2009). 96 

2.2. Identification of putative protease genes from the Hessian fly genome 97 

 The overall conservation of different trypsins, chymtrypsins, and cysteine proteases in an 98 

organism and across different species facilitated the identification of new proteases within a 99 

genome.   To identify potential new Hessian fly protease genes, the draft Hessian fly genome 100 

sequence ( http://agripestbase.org/hessianfly/) was searched  using Blastx  with known Hessian 101 

fly trypsins and chymotrypsins (Zhu et al., 2005), two partial sequences of Hessian fly cysteine 102 

proteases obtained from a gut transcriptome, and Drosophila serine- and cysteine-protease as 103 

queries (Matsumoto et al., 1995; Ross et al., 2003).  From the resulting list of similar sequences, 104 

every 15th sequence was retrieved for another round of blasting.  All the amino acid sequences 105 

encoded by predicted genes with significant sequence similarity (E-value < 0.01) from each of 106 

queries were retrieved.  Repeated blasting was carried out until no new hit with E-value < 0.01 107 

could be found.  Introns were identified by comparing genomic sequence with a corresponding 108 

cDNA sequence or a putative transcript predicted by MAKER2 (Holt and Yandell, 2011).  If no 109 

cDNA sequence or transcript was available for a particular gene, the intron/exon boundary was 110 

determined manually by a Blastx alignment between the Hessian fly gene sequence and the 111 

query protein sequence.  Sequences were discarded if they could not be annotated.  The identity 112 

of the annotatable sequences was further confirmed using MotifScan (Yusim et al., 2004) and 113 
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ScanProsite tool (Gattiker et al., 2002) to reveal their characteristic sequence patterns and 114 

putative enzyme active sites.   115 

2.3. RNA isolation and PCR analyses 116 

Total RNA was extracted from either whole flies or specific fly tissues using RNeasy 117 

Micro Kit according to the procedure provided by the manufacturer (QIAGEN, Maryland, USA). 118 

Whole body samples were extracted from larvae of 1, 3, 6, and 12 days old, respectively, pupae 119 

and adults.  Tissue-specific samples were extracted from dissected guts, fat bodies, salivary 120 

glands, Malpighian tubules, and the remaining carcass.  These tissues were obtained from 3-day-121 

old larvae (first instar).   122 

Primers were designed using the Beacon Designer 7.0 software (Biosoft, Palo Alto, CA).  123 

Primer sequences were listed in Table S1.  RNA samples were treated with RNase-free DNase-I 124 

(Promega, Madison, WI) to remove potential DNA contamination.  The RNA was then reverse-125 

transcribed into cDNA using (oligo-dT)20 primers with the SuperScript® III First-Strand 126 

Synthesis System (Invitrogen, Carlsbad, CA, USA).     127 

For semi-quantitative PCR, amplification was carried out for 25 to 40 cycles, depending 128 

on the intensity of PCR products, as follows: 60 s at 94ºC; 60 s at 55ºC; 120 s at 72ºC.  DNA 129 

fragments from the PCR reactions were separated on 1.5 to 2% agarose gels depending on the 130 

size of the product and stained with (0.5 μg/mL) ethidium bromide.  Actin was used as a control 131 

for normalization.  DNA bands were photographed with a Bio Doc-ItTM System (UVP, Upland, 132 

CA) and band intensity was determined using Photoshop CS image analysis software (Adobe 133 

Systems Incorporated, San Jose, California).   134 

For quantitative real-time PCR (qPCR), amplification was performed with iQ SYBR 135 

Green Supermix on a iCycler real time detection system (Bio-Rad, Hercules, CA).  Each reaction 136 

was carried out with 2 μl of a 1/40 (v/v) dilution of the first cDNA strand, 0.5 μM of each primer 137 
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in a total volume of 25 μl.  The cycling conditions were: 95oC for 5 min followed by 45 cycles of 138 

denaturation at 95oC for 20 s, annealing and extension at 62oC to 64.5oC, depending on the 139 

primer set, for 45 s.  At the end of the cycles, PCR amplification specificity was verified by 140 

obtaining a dissociation curve, derived by cooling the denatured samples to 55oC and raising the 141 

temperature 0.5oC for 10 s for each cycle, for a total of 80 cycles until reaching 95oC.  The PCR 142 

products were analyzed on 1.5% agarose gels, and subsequently purified and sequenced to 143 

confirm faithful amplification.  Actin was selected as a reference for normalization of template 144 

concentration.  Three independent biological replicates were carried out for each treatment.   145 

Statistical significance for the log-transformed arbitrary expression values was analyzed 146 

by ANOVA using the PROCMIXED procedure of SAS (SAS institute Inc., SAS/STAT User’s 147 

Guide, Version 9.13).  Tukey’s pairwise comparisons based on Student’s range statistics were 148 

then conducted.  Tukey’s 95% simultaneous confidence intervals for pair-wise comparisons were 149 

used to separate data into groups with significant differences.    150 

2.4. Sequence data processing and phylogenetic analysis 151 

Molecular weight calculations and pI prediction of mature proteins were carried out with 152 

the ‘Compute pI/Mw tool’ (http://us.expasy.org/tools/pi_tool.html, Bjellqvist et al., 1993).  153 

Signal peptide cleavage sites were predicted using SignalP 4.1 Server (Petersen et al., 2011).  154 

Multiple alignments of gene data matrices and protein sequences were generated using similarity 155 

calculated with ClustalW (Larkin et al., 2007) and BioEdit (Ver. 5.09; Hall, 1999).  Molecular 156 

and phylogenetic analyses were conducted using MEGA Version 5 software (Tamura et al., 157 

2011).  The phylogeny was inferred by using the Maximum Likelihood (ML) method for 158 

pairwise distance calculation.  Phylogenetic tree was constructed using Neighbor Joining 159 

(NJ) and BIONJ algorithms (Tamura et al., 2004).  Bootstrap analyses were conducted (1000 160 
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repeats) by the majority rule (70% or above) for grouping to ensure nodal reliability (Felsenstein, 161 

1985). 162 

 163 

3. Results 164 

3.1. Serine and cysteine protease-like genes in the Hessian fly genome 165 

Blast searches of the Hessian fly genome with known Hessian fly and Drosophila 166 

proteases (see Materials and Methods) identified 105 serine- and cysteine- protease genes.  These 167 

genes were named Mayetiola destructor protease 1 (MDP1) to MDP105.  Analysis of enzymatic 168 

active sites of the predicted proteins revealed that 94 of them are serine protease-like proteins 169 

and the remaining 11 are cysteine protease-like proteins.  Of the 94 serine protease-like proteins, 170 

31 were identified to be putative trypsins, 18 putative chymotrypsins, 29 trypsin/chymotrypsin 171 

homologs (Kwon et al., 2000), and 16 truncated proteins that could not be classified (Figure S1).  172 

Among the 11 cysteine protease-like proteins, seven of them possess all functionally critical 173 

residues (see below) and therefore were taken as putative cysteine proteases, whereas the other 174 

four are homologs that do not have all the functionally important residues conserved (Figure S1).   175 

Phylogenetic analysis of Hessian fly serine proteases along with known serine protease 176 

sequences from Drosophila melanogaster revealed five major groups (Figure 1A).  All putative 177 

Hessian fly chymotrypsins are clustered within groups 1 and 2.  Thirteen putative Hessian fly 178 

trypsins are in group 1, while the remaining 18 trypsins are scattered into the other four groups.  179 

The putative Hessian fly cysteine-proteases were analyzed along with known cysteine proteases 180 

from other insects (Figure 1B).  Hessian fly cysteine proteases are clustered with Drosophila 181 

cysteine proteases except MDP95, MDP96, and MDP97, which either form an independent 182 

group or clustered together with cysteine proteases from other insects.   183 
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Other characteristics of the putative trypsins, chymotrypsins, and cysteine proteases are 184 

given in Table 1, including predicted molecular weight (MW), isoelectric point (pI), number of 185 

amino acids, and first hit information of BLAST searches (GenBank accession no., scores, E-186 

value, and name of the organism).  Ten of the 31 putative trypsin precursors are full length 187 

(starting with methionine), and 9 of them were predicted to have 17-23 residue signal peptide, 188 

suggesting that most trypsins are not membrane-bound.  Similarly, most putative chymotrypsin 189 

precursors have 19-21 residue signal peptide, and most cysteine-protease precursors have 16-22 190 

residue signal peptide.  191 

3.2. Putative trypsin genes 192 

By using blast similarity search of GenBank and MotifScan and ScanProsite tools, 193 

sequence pattern and functional motifs for trypsin were revealed, including charge relay system 194 

or active site residues H, D. and S, and three pairs of cysteines for disulfide bonds to confirm the 195 

trypsin gene identity.  An alignment of the 31 putative trypsins is shown in Figure 2A.  The 196 

specificity determinant residue D312 for trypsins is conserved in all proteins.  The catalytic triad 197 

H104, D185, and S318 residues are also conserved in all members.  The overall sequence identities 198 

among the putative trypsins are very low.  The two most closely related proteins, MDP-3 and 199 

MDP-5, exhibit 61.3% sequence identity (Table S2).  The two most diversified proteins, MDP-200 

58 and MDP-79, exhibit only 20.7% sequence identity.  The majority of members share 25 – 201 

35% identity.  202 

3.3. Putative chymotrypsin genes 203 

Chymotrypsins share major sequence patterns and functional motifs with trypsins.  The 204 

major difference between a trypsin and a chymotrypsin is that trypsins are characterized by the 205 
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presence of specificity determinant residue D312 (Figure 2A), while chymotrypsins usually have 206 

G or S at corresponding position (residue 298, Figure 2B) (Hedstrom et al., 1992; Wang et al., 207 

1993).  Trypsins cleave the protein chain on the carboxyl side of arginine or lysine, whereas 208 

chymotrypsin cleaves on the carboxyl side of aromatic amino acids (Terra and Ferreira, 1994).  209 

An alignment of the 18 putative chymotrypsins is given in Figure 2B.  The catalytic triad H119, 210 

D185, and S304 are conserved in all putative chymotrypins.  However, the specificity determinant 211 

residue G/S298 is not found in some members at the exact position in the alignment.  Specifically, 212 

the specificity determinant residue is Y in MDP-15 and MDP-16, F residue in MDP-17, and H 213 

residue in MPD-84 and MDP-85.  These five proteins are either chymotrypsin homologs without 214 

enzymatic activity, or the specificity determinant residue is located in nearby positions, which 215 

were not correctly positioned in the alignment.  Like trypsins, the putative chymotrypsins are 216 

also highly diversified.  The two most closely related proteins, MDP-15 and MDP-16, share 217 

81.5% sequence identity (Table S3).  The two most diversified proteins, MDP-7 and MDP-85, 218 

share only 18.3% identity.  The majority of the proteins share 22-32% sequence identity.  219 

3.4. Putative cysteine-protease genes 220 

Like trypsins and chymotrypsins, cysteine proteases are also involved in the 221 

physiological protein breakdown, but they are optimally active in the slightly acidic condition 222 

(Turk et al., 2001).  Cystene proteases also have different active site residues compared to those 223 

in trypsins and chymotrypsins.  By using MotifScan and ScanProsite, the identity of several 224 

cysteine proteases were confirmed with the presence of active residue cysteine and two 225 

additional active site residues, histidine and asparagines (Dufour, 1988).  An alignment among 226 

the seven putative cysteine-proteases is given in Figure 2C.  The alignment at the N-terminal 227 

region exhibits very different sequences with little similarity.  The C-terminal region, in 228 
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comparison, is relatively conserved.  The three important residues C391, H570, and N591 at the 229 

active site are located at the C-terminal region and are conserved in all members.  Sequence 230 

identity between these proteins ranged from 22 to 64% with the exception of MDP-99 and MDP-231 

100, which are identical (Table S4).  MDP-99 and MDP-100 are encoded by two tandem genes 232 

(AEGA01013770). 233 

3.5. Stage-specific expression of trypsin, chymotrypsin, and cysteine protease genes 234 

Quantitative reverse-transcription PCR (RT-PCR) analyses revealed different patterns of 235 

transcript abundance with different protease genes in Hessian flies at different developmental 236 

stages (Figure 3).  There were only a few genes, such as MDP-95 and MDP-100 (Figure 3C), 237 

whose transcripts were relatively equally distributed in larvae, pupae and adults.  The majority of 238 

the genes exhibited higher levels of transcripts at a certain stage(s) of fly development.  Overall, 239 

more genes exhibited higher transcript levels in 3- to 12-day old larvae and fewer genes 240 

exhibited higher transcript levels in adults and 1-day old larvae.  241 

3.6. Tissue-specific expression of trypsin, chymotrypsin, and cysteine protease genes 242 

Since the Hessian fly larva is the only feeding stage and 3-day-old larvae are most active, 243 

the tissues of 3-day larvae including the gut, salivary glands, fat bodies, Malphigian tubules, and 244 

the remaining carcass were dissected for RT-PCR analyses.  The results of larval tissue analysis 245 

also revealed different patterns of transcript abundance with the different protease genes in 246 

different tissues (Figure 4).  For the trypsin genes, MDP48 was exclusively expressed in the 247 

larval gut. MDP9, MDP3, MDP72, MDP51, MDP24, and MDP23 exhibited higher transcript 248 

levels in gut tissues than in other tissues.  MDP90, MDP5, and MDP57 exhibited higher 249 

transcript levels in both the gut and salivary gland samples.  For chymotrypsin genes, MDP1, 250 
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MDP8, and MDP2 exhibited higher transcript levels in the gut sample than in other tissues.  251 

MDP7, MDP20, and MDP21 exhibited higher transcript levels in both the gut and salivary gland 252 

samples than in other tissues.  None of the cysteine protease genes exhibited predominant 253 

abundance in the gut or salivary gland samples.  254 

3.7. Host plant genotypes affect the expression of several protease genes 255 

To examine if plant defense affects the expression of protease genes, Hessian fly larvae 256 

were reared on the near-isogenic lines Newton and Molly.  Newton is a Hessian fly susceptible 257 

wheat line with no Hessian fly resistance genes, while Molly is a back-cross offspring of 258 

Newton, but contains the resistance gene H13 (Patterson et al., 1994).  Hessian fly larvae of 259 

avirulent biotypes die without development in resistant Molly plants.  The majority of protease 260 

genes showed no significant differences in transcript abundance in Hessian fly larvae reared on 261 

susceptible Newton and resistant Molly (data not shown).  However, seven protease genes 262 

exhibited increased transcript abundance and six protease genes exhibited decreased transcript 263 

abundance in larvae feeding on resistant Molly plants (Figure 5).   264 

The protease genes with increased transcript levels in larvae feeding in resistant Molly 265 

plants included genes encoding trypsins MDP3, MDP9, and MDP23; Chymotrypsins MDP20 266 

and MDP21; and cysteine proteases MDP99 and MDP104 (Figure 5A).  For the three trypsin 267 

genes, MDP3 and MDP9 were expressed at low levels in larvae feeding in susceptible Newton, 268 

but transcript levels increased approximately three-fold in both 1-day and 3-day old larvae 269 

feeding in resistant Molly.  For MDP23, transcript was essentially undetected in larvae feeding in 270 

susceptible plants, but was abundantly expressed in both 1-day and 3-day old larvae feeding in 271 

resistant plants.  For the chymotrypsin genes, both MDP20 and MDP21 were undetectable by 272 

RT-PCR in larvae feeding on susceptible Newton, but were transiently upregulated to high levels 273 
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in 1-day old larvae feeding in resistant Molly plants.  For the cysteine protease genes, transcript 274 

for MDP99 was not detectable in larvae feeding in susceptible Newton plants, but was 275 

upregulated to high level in larvae feeding in resistant plants.  The transcript of MDP104 was 276 

expressed at low level in 1- and 3-day old larvae feeding in susceptible plants, and was 277 

upregulated to higher levels in larvae feeding in resistant plants.  The protease genes with 278 

decreased transcript abundance in larvae feeding in resistant plants included genes encoding 279 

trypsins MDP12, MDP24, and MDP33; and chymotrypsins MDP8, MDP15, and MDP16 (Figure 280 

5B).  These protease genes were expressed abundantly at least in 3-day old larvae feeding in 281 

susceptible plants, but were essentially undetectable in larvae feeding in resistant plants.  282 

 283 

4. Discussion 284 

Our main interest was to identify proteases involved in the digestive system of Hessian 285 

fly larvae, the only feeding stage of the insect.  Stage- and tissue-specific expression analyses 286 

revealed that trypsins MDP3, MDP5, MDP9, MDP24, MDP48, MDP51, MDP57, MDP61, 287 

MDP71, and MDP90, chymotrypsins MDP1, MDP7, MDP8, MDP18, MDP19, and MDP20, and 288 

cysteine proteases MDP95 and MDP104 are candidates as digestive enzymes in Hessian fly 289 

larvae.  Interestingly, the majority (11 out 16) of the putative digestive trypsins and 290 

chymotrypsins belong to the phynogentic group 1, and the remaining belongs to group 5 (Figure 291 

1A).  Group 1 contains the largest number of Hessian fly trypsins and chymotrypsins.  We 292 

speculate that the expansion of group 1 is related with Hessian fly adaptation to changes in host 293 

plants.  Consistent with this speculation, all trypsin and chymotrypsin genes except MDP33 that 294 

were either up- or down-regulated on resistant host plants belong to this group (Figure 1A).  295 

Phytophagous insects alter the expression of different digestive enzymes in response to plant 296 
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defense (Bown et al., 1997).  Wheat plants with an effective Hessian fly-resistance gene produce 297 

elevated levels of different types of protease inhibitors in response to Hessian fly attack, whereas 298 

the expression of inhibitor genes is suppressed in susceptible plants (Liu et al., 2007; Wu et al., 299 

2008).  Therefore, genes encoding digestive proteases may exhibit differential expression 300 

patterns in Hessian fly larvae feeing in susceptible plants from those feeding in resistant plants, 301 

potentially due to the change in concentrations of protease inhibitors in host plants.  The change 302 

in expression levels of these protease genes could be due to a reprogramming of digestive arsenal 303 

in the Hessian fly larval gut in response to elevated levels of protease inhibitors produced in 304 

resistant plants.  The impact of host genotypes on the expression levels of these protease genes 305 

further indicates that these genes encode digestive proteases. 306 

 Interestingly, our data also indicate that the identified Hessian fly protease genes are 307 

highly diversified.  The majority of protease genes share sequence identity of less than 35% 308 

(Tables S2, S3, S4).  With the exception of two identical cysteine proteases, MDP-99 and MDP-309 

100, the highest amino acid sequence identity shared by two putative trypsins is 61.3% (MDP-3 310 

and MDP-5); and the highest amino acid sequence identity shared by two identified 311 

chymotrypsins is 81.5% (MDP-15 and MDP-16).  This observation is far different from an 312 

earlier analysis of protease transcripts from the Hessian fly larval gut (Zhu et al., 2005), which 313 

identified many transcripts encoding trypsins and chymotrypsins that share over 90% amino acid 314 

identity.  Large numbers of transcripts encoding very similar, but distinct proteins has also been 315 

found in other insects (Zhu et al., 2003; Coates et al., 2006).  These observations suggest that 316 

similar, but distinct trypsins and chymotrypsins revealed from transcriptomic analyses are 317 

encoded by different alleles instead of similar genes.  An insect population that keeps a large 318 

number of different protease gene alleles must gain certain adaptive advantages.  For 319 
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phytophagous insects, the adaptive advantage of maintaining allelic diversity in digestive 320 

protease genes is most likely towards adaptation to possible changes in protease inhibitors in host 321 

plants. 322 

 Our data suggested that two cysteine protease genes, MDP95 and MDP104, may also 323 

play a role in digestion under certain conditions.  The expression of these two genes was affected 324 

by host genotypes.  Specifically, they were upregulated in larvae feeding in resistant plants.  In 325 

addition, transcripts of these two genes were identified in cDNA libraries from gut tissue (Zhang 326 

et al., 2010).  However, these two genes were also expressed in other tissues and in non-feeding 327 

stages of the insect (Figures 3 and 4), indicating other functions.  So far, cysteine proteinases 328 

have been found in the midgut lumen (acting as digestive enzymes) only in hemipterans and 329 

coleopterans.  Therefore, the digestive function of cysteine proteases in the gut of gall midges 330 

remains to be determined experimentally.  331 

 Ever since the discovery of protease inhibitor induction following insect attack by Ryan 332 

(1973), protease inhibitors have become targets of bioengineering for arthropod pest control 333 

(Lawrence and Koundal, 2002; Schlüter et al., 2010).  Yet so far, no commercial cultivar with an 334 

engineered protease inhibitor has achieved effective, long-lasting defense to insect pests in the 335 

field.  The difficulty in doing so comes from the multiplicity of diverse protease genes and their 336 

dynamic changes in response to elevated inhibitors in host plants.  A better understanding of 337 

genome-wide composition of digestive proteases and the regulation of the expression of the 338 

encoding genes may help to optimize the strategy for engineering protease inhibitors.  The 339 

availability of whole genome sequences of an increasing number of insect species provides us an 340 

opportunity to study the insect gut digestive enzymes and their interactions with host inhibitors 341 

globally, comparatively, and comprehensively.  The identification of serine-protease and 342 
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cysteine-protease genes in the Hessian fly genome, and the determination of their expression 343 

profiles in different developmental stages and different fly tissues of the insect provide the 344 

foundation for further characterization of Hessian fly digestive proteases and their interactions 345 

with host plants.   346 
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Figure Legends: 501 

Figure 1. Phylogenetic analyses.  A. A phylogenetic tree of identified Hessian fly trypsins and 502 
chymotrypsins along with serine proteinases from Drosophila melanogaster.  Names in red color are 503 
trypsins, names in blue are chymotrypsins, and names in black are serine proteinases from Drosophila.  504 
B. A phylogenetic tree of identified putative Hessian fly cysteine‐protease proteases along with known 505 
cysteine proteases from other insects.  Hessian fly cysteine proteases are in pink color and the cysteine 506 
proteases from other insects are in black color.  Dme, Tmo, Dro, Sze, Bmo, Mpe, Rpr, Foc, Hpo, Dvi, Lde, 507 
Pco, and Cma, represent cysteine proteases from Drosophila melanogaster, Tenebrio molitor, Delia 508 
radicum, Sitophilus zeamais, Bombyx mori, Myzus persicae, Rhodnius prolixus,  Frankliniella occidentalis, 509 
Hypera postica, Diabrotica virgifera, Leptinotarsa decemlineata, Phaedon cochleariae, and 510 
Callosobruchus maculates, respectively. 511 

 512 

Figure 1A513 

 514 

 515 

  516 
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Figure 1B 517 

518 
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Figure 2. Amino acid alignments of different types of proteases.  A. Alignment of 31 identified putative 519 
trypsins.  Functionally important residues H, D, and S (active sites) are boxed.  Cysteine residues 520 
corresponding to the sites of the predicted disulfide bridges are marked with arrows at the bottom.  The 521 
trypsin specificity determinant residue is indicated with (♦) on the top of the alignment.  The activation 522 
site (consensus K/R‐IVGG at position 41) is conserved in most of the putative trypsins.  Hyphens 523 
represent alignment gaps.  Trypsins MDP3, MDP4, MDP5, MDP9, MDP10, MDP12, MDP23, MDP24, 524 
MDP79, and MDP90 are full length and each has a predicted signal peptide.  B.  An alignment of the 18 525 
identified putative chymotrypsins.  Functionally important residues H, D, and S (active sites) are boxed.  526 
Cysteine residues corresponding to the sites of the predicted disulfide bridges are marked with arrows 527 
at the bottom.  Chymotrypsin specificity determinant residue is indicated with (♦) on the top of the 528 
alignment.  The activation site (consensus K/R‐IVGG at position 65) is partially conserved in most of the 529 
putative trypsins.  Hyphens represent alignment gaps.  MDP1, MDP2, MDP6, MDP7, MDP8, MDP15, 530 
MDP16, MDP17, MDP18, MDP19, MDP21, MDP22, MDP84, and MDP85 are full length and each has a 531 
typical secretion signal peptide.   C.  An alignment of the seven putative cysteine‐proteases.  532 
Functionally important residues C, H, and N (active sites) are boxed.  Hyphens represent alignment gaps.  533 
All putative cysteine proteases are full length and each has a typical secretion signal peptide. 534 
 535 

Figure 2A 536 

 537 
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- - - - - - - - - - - - - - RVKI ADADDSSERI G- - - - - - - - - QF RVI SGSKT KRG- - HHPWQA- - - - - T I RARSRNG- - - RS- - SHWCGAVI VS- - - - - KNF I L T AAHC- - - - - - - - - - - - - - - L I GF P MDP74
- - - - - - - - - - - - - - - - - - - - MPVNGREK- - - - - - - - - VDPRI VGGT KAKKG- - QF RGI V- - - - - S I QL L DRGRF Y- HF - - - - - CGGT L YENSENKKNF I L T AGHC- - - - - - - - - - - - - - - I T EDV MDP77
- - - - - - - - - - - - - - - - - - - - - - - - - WQT - - - - - - - - - - QT KI VGGT YSQPN- - AHPSMV- - - - - VL L DRNNN- - - - - - - - - L L GAGT I I D- - - - - SNAI L T AAHVI SN- - - - - - - - - - - - GNGGV MDP78
- - - - - - - - MDF RT F AI I L I N- - L F GAVK- - - - - - - - - - CT PI VGGERVPDDDVT F SF AV- - - - - SL QYKQF NDST GKYWHKHF CGGVL I QVYMG- MAL VVT ASHCI T P- - - - - - - - - - - - - T MKI  MDP79
- - - - MF F NL CL L L SGVL I ASG- - A- - VL N- - - QKT ST L DGRI VGGF EI DI K- - DVPWQV- - - - - SL QT NG- S- - - - HF - - - - - CGGSI I S - - - - - SKWI L T AAHCPF L N- - - - - - - - - - - VDSDP MDP5
- - - - MF GKL YL L GL L VL VGAF YVAGNAL NGYL PKP- RYDGRI VGGF EMDI K- - DAPYQI - - - - - SMRVRG- S- - - - HF - - - - - CGGSI I S - - - - - KNWI L T AAHCT AA- - - - - - - - - - - - I GNVA MDP4
- - - - MF F QT F L F L SSI L I ASGDVS- - I L E- - - PKP- QF DGRI VGGF EI DI T - - T VPWQV- - - - - SL QST NRR- - - - HF - - - - - CGGSI I N- - - - - KKWI L T AAHCVSSEL - - - - - - - - - - VKSDP MDP90
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ER- - - - - - - - VL I KSGT SL - - - - - - - - - - - HRDG- T KSKVKRI I NHPKWD- - - AT T VDYDF SL L EL ET EL EL DET - RKVI KL AN- - - - NRYRYRDGT MCL VT GWG- D- - T H- - - - - - - - - KSNES MDP3
SM- - - - - - - - I SL RI GSEE- - - - - - - - - - - YAKGGKMVKVKRI VVHEDYN- - - PRT I DF DYSL L EL SESL T F SDK- I QPI EL PT - - - - I DEVVPDGSNCL I SGWG- N- - T L - - - - - - - - - SSNES MDP9
S- - - - - - - - - L S I RAGST F - - - - - - - - - - - YYEGGT KVNVKKVI I HDNYD- - - SEMNNYDF AL L QL NEPL VL NNT SMKAAI I PD- - - - KNERL RDRVKCQT SGWGI N- - DV- - - - - - - - - NSI KL  MDP10
I E- - - - - - - - ANVRVGSAY- - - - - - - - - - - SDKGGKI YQVGRI I NHGRSS- - - DDHF DF DF AL L EL T QAI KF DYRT I KPI AL PK- - - - AYDF I SPRKMCF VSGWGARWPSNHF NKF PYNRASPYS MDP12
T K- - - - - - - - AT VRVGSSY- - - - - - - - - - - CNRGGKI YDVSQI I NHARYKY- - AAHSDF DF AL L EL KKAI T F DYQT I KPI PL AG- - - - VYDSVPENT MCF VSGWGSR- - SD- - - - - - - - - SSSYS MDP13
MD- - - - - - - - F T I MAGST T RH- - - - - - - - - PDASSSI VGVQKF L QHPKF D- - - NVT L ENDI AVL WL SYKL T L GT K- I NL I KL PE- - - - SNANADEI T T VL I SGWG- Y- - T R- - - - - - - - - EADPN MDP23
L L - - - - - - - - L QARVGSAN- - - - - - - - - - - PL RGGI I I AMAYML EHPKF N- - - KDNL NNDVAVL I L RKKL QL SST - I GL I EL AN- - - - GNAI L PAGT MMT I SGF G- S- - I K- - - - - - - - - DGSEK MDP24
KD- - - - - - - RI GVVL L EHNRQT L - N- - - - - - ESDL VKRKVQRI VRHAG- - - YSPT NF NNDI AL L RI DKEVKF T SR- L KPVCL PT - - - - RGKSF SH- L DGI AT GWG- A- - L KE- - - - - - - - - QGDI  MDP25
KS- - - - - - - E I KVYL GGHNI ST - - - - - - - - - DF - I DT RRVRRI HEHEN- - - F DPVSF DF DI AL L EL DKAVL F GAK- I QPACL PDE- - - QF KDYSG- NVAMI AGWG- R- - L GE- - - - - - - - - QEQT  MDP26
WF - - - - - - - MI KVT F GEHDRCD- - D- - - - - - KT RPET RF VL RAI SQP- - - - F SF SNF DNDI AL L RL NDRVPI T DF - I RPI CL PSF - - - KSQT YVG- T KAI AT GWG- T - - L KE- - - - - - - - - DGKP MDP27
RS- - - - - - - K I RI I L GDHDQT T I - K- - - - - - DAEAKMRAVSAI I RHRS- - - F DSNT YNHDI AL L KL RKPI QF T KN- I MPVCL PA- - - - DNADPSG- KT GI AVGWG- R- - VSE- - - - - - - - - GGAL  MDP28
SSD- - - - VSRL T VHL GDHNI KT K- N- - - - - - EVPHI EKRVKRVVRHRS- - - F DGRT L YNDVAL L T L DSPVQYT RA- VRPI CL PN- - - - SSEQF GG- RNGI V I GWG- S- - L RE- - - - - - - - - NGPQ MDP29
T - - - - - - - SQI RI RVGEYDF SHAQE- - - - - - EF PYVERAVT RKVVHP- - K- YNF F T YEHDL AL VQL EQPL EF APH- I API CL PA- - - - T EDL L I G- QNAT VT GWG- R- - L SE- - - - - - - - - GGT L  MDP30
P- - - - - - - ADL L L RL GEF DL AI DEE- - - - - - PI SYQDRRVQL VI SHP- - Q- F DSI T F KYDL AL MRL HEPVVF RPN- I MPI CL PE- - - - T DDNF I G- SKAF VT GWG- K- - L YE- - - - - - - - - DGPL  MDP33
SGI F YSF L AT L VAVF GEF DI SGDL E- - - - - - KKRSVT KNI ERI VVHR- - E- YDAAT F ENDL AL L KT ESPI HYDT H- I VPI CMPA- - - - DNADF T G- RMAT VT GWG- R- - L KY- - - - - - - - - AGGV MDP34
P- - - - - - - RQVHVT L GDYVI NSAVE- - - - - - PL PAYT F GVRKI DVHPYF K- F T PQADRF DVSVL T L ERPVHL MPH- I API CL PE- - - - KNEDF L G- KF GWAAGWG- A- - L NP- - - - - - - - - GSRL  MDP35
GP- - - - - - - VKYVL L GEL DSST NDD- - - - - - L ASPML F T VAERI SHPKYS- - KRKAK- NDI AL L VL NQT VI F DAF - MSPACL H- - - DSYDVD- A- - SKAI AT GWG- - - - EN- - - - - - - - - - VNHT  MDP48
AT - - - - - - - AKT VRMGRI T L F T NDD- - - - - - ENEPL DL NI ET F I KHPKY- - - SSF T KVNDI AL I RVEEPI KF T EF - I RPACL RT - - DT T DVSPN- - VEL I I T GWG- T - - T SA- - - - - - - - - L KT Q MDP51
GV- - - - - - - AKYVL L GEHDL S- NDR- - - - - - NDRPL RVDI AEKI PHPQF - - - KRAAKYYDI AL VRL AT RI E I NHL - I RPACL P- - - EGYET N- T - - KT AI AT GWG- R- - T D- - - - - - - - - - F RGP MDP57
MK- - - - - - - PKF I RL GDQNL KRT DD- - - - - - GAQI QEF T I AQVI RHPNY- - - KQPSKYDDI AL F KL DRDVI I T DF - VHPACL W- - - QT F NVN- Y- - T T AI AT GWG- L - - T R- - - - - - - - - - DRGQ MDP58
WT - - - - - - - L SGVRL GEWDL SKT RDCQEDYCADPVVDI PVVERI SHEQYV- SGSKAQENDI AL L RL ERSVQF T DT - VRPI CL PVSQNNRNF NYDG- HPMI VAGWG- K- - T E- - - - - - - - - - - NKS MDP59
GI - - - - - - - L VGVRL GEYDI T MEVDCL GNT CADPVKYF GI EKKI PHEGYN- GRDKNRL NDI GL I RL NGDVAYT DY- I RPVCL PWI VNSPRI APN- - EEL F SAGWG- R- - T V- - - - - - - - - - - T SR MDP61
ST - - - - - - - L SL ARL GEHDI SSL T E- - - - - - - T EVQDI K I I RSVKHPEY- - - DRRDGT GDI AVL YL EHDAQL SL R- I NPVCI PF NEPVRSKNF VR- SRPF I SGWG- R- - L L E- - - - - - - - - - GGK MDP71
AR- - - - - - - QF T VRL GDI DL ST DRE- - - - - - PSAPVT F KVT EVRAHPR- - - F SRVGF YNDI AVL VL DRPVRKSKY- V I PVCL PAP- - SVI PSKER- L AASVVGWG- T - - T YY- - - - - - - - - GGKE MDP72
KG- - - - - - - AYF VRL GDHHSEI YEN- - - - - - - - SE I E I F I ENWSI HEDF R- - KGQL MNNDI AL I QL KQPI QF T NY- I QPI CL PT - - - - KET KF EAGKNCT I SGWG- S- - I QY- - - - - - - - - GKST  MDP74
KP- - - - - - - - KT I RI VGDDL NNSDKS- - - - T DRKRQI RKVKSI I VHPNYF T - T ENT I MNDL AI I SL AKPF RI T ET - F GPVSL P- - - - - KNDVVDN- QT CSVAGWG- K- - L HQ- - - - - - - - - GSKG MDP77
QN- - - - - L GNI L VHI GRSDI RQP- - - - - - - F YEDT L YSEI F RI RDYSI L PGF DEANDRNDMAI L YT DQI MAESRG- VGPI CL PN- - ANRGRSEYDYEPGT I VGF G- - - A I G- - - - - - - - - - F GME MDP78
EN- - - - - - - - I SVI F GAKT L R- - - - - - - - - - - - NYRGI RF NSL SI HKKS- - YDRYSMAGDI CI I KVF L NSCDYPP- L NPI RI I L - - - - DEI SAVK- DDCYI YGYG- - - - SEN- - - - - - - - VT GDP MDP79
ER- - - - - - - - I T VKSGT NF - - - - - - - - - - - HQHG- T ESKVKRI I EDPKYF - - - RPT RT YDF AL L EL ENEL KL DET - RKAI KL AE- - - - SNDHHVDGSMCL VT GWG- K- - T K- - - - - - - - - NASES MDP5
SR- - - - - - - - I S I YMGASS- - - - - - - - - - - NKQGGF EHHVKRI VQHKRYN- - - SRNI DF DF SL L EL EEAVSYT DS- VQAVAL PD- - - - F GEL T ADGT NCL VSGWG- N- - T Q- - - - - - - - - NNSL S MDP4
ER- - - - - - - - VS I KSGANI - - - - - - - - - - - HREG- VET KAKRL VI HPKYN- - - KKT L DYDF AL L EL ENDL EF NVN- RT AI KL AE- - - - ST DRYAEGSMCL VT GWG- H- - T K- - - - - - - - - NNSES MDP90

260 270 280 290 300 310 320 330 340 350 360 370

T D- - - - - - - KL RGI EVPI YPQEKCKKAY- - - - - - - - - L KQGG- - - I T DRMI CAG- F QKGGKDACQGDSGGPL AL WL GGKT - - NDAEL I GVVSWG- F GCARPKYPGVYGSVSSVREWI SEVT G    MDP3
RA- - - - - - - I L RGAF VPI VNQEKCVEAY- - - - - - - - - RRMNN- - - VT PRMI CAG- YEKGGKDSCQGDSGGPMT - - L F SKK- - GPRKL I GI VSWG- YGCAQSNYPGVYSRVQAARQWI QL VT G    MDP9
SP- - - - - - - VL QSVDVRI I NSAI CRF SY- - - - - - - - - GQI DAM- - L T NQMI CAG- NWWGGKDACSGDSGGPL I C- - - - - D- - G- - KL VGVVSWG- YSCAEPF YPGVYARVQSVRAWI EKI T G    MDP10
PYAYSQF PKKL HSVKVPL I PHAMCQQAL - - - - - - - - - SI YGL E- - VT KQMMCAG- - - NGGKDACQGDSGGPL VCT S- - I D- - GEKKL F GI VSWG- KDCG- ENVPGVYARVQSVRL WI NKNT G    MDP12
SY- - - QDPKVL QGVRVPI VSNAKCKQ- - - - - - - - - - - - I F GRE- - L T EQMI CAG- F ENGGKDSCQGDSGGPMVCK- - - I G- - GI QKL VGVVSWG- ESCGL PNRPGVYARI QSVRL WI NKRT G    MDP13
SI - - - - - AYQL QYAAI SL I PRERCQRVY- - - - - - - - - GNY- - - - - L KESMF CAG- VKNGGKDACQGDSGGPMSA- - - - - Q- - G- - I QI GI I SWG- VYCGHRNYPGVYT NVT F F REWI DGVL      MDP23
- - - - - - - PNVL HYT T VPI VSHEL CEQAY- - - - - - - - - KKYSGRGKL NENMI CAGF L GVGGKDACSGDSGSPL - - - - - - - - - - - - - - - - - - - - - - - - - - - - R- - - - I YS- - - - - - - - I Q        MDP24
- - - - - - - SAT L QEVVVPI L SNNECRQ- T - - - - GY- - - GASR- - - - I T DNML CAGF ED- GQKDSCQGDSGGPL HI VN- - G- - - T I YQI VGVVSWG- EGCAQANYPGVYT RVNRYRT WL KSNT KDA  MDP25
- - - - - - - SNT L RQVI VPI WT REECHA- S- - - - DY- - - GAKR- - - - L T DNMMCAGYQD- GGSDACQGDSGGPMNF EG- - KT - - GSI EVI GL VSWG- RGCGRKKL PGI YT RVSNF L PWI QKKL NG   MDP26
- - - - - - - SCI L QEVEVPI MENGVCVENT - - - - NY- - - T QKM- - - - I T ENMMCAGYPGI GKKDSCQGDSGGPL I AQR- - DD- - KL YEL VGI VSWG- NGCARVNYPGVYT RVT RYL DWI RENSKDG  MDP27
- - - - - - - PSVVQHVEVPI L SL NQCRN- M- - - - KY- - - RSSR- - - - I T PNMVCAGK- - - GKQDSCQGDSGGPL L VYD- - N- - - GKF EI VGI VSWG- VGCGRAGYPGVYT RVARYMPWVRANVEG   MDP28
- - - - - - - PSVL QKVMVPI WT NQQCRS- - - - - - KY- - - GGAAPG- GI VDHMI CAGQ- - - SAQDSCSGDSGGPL MVNS- - G- - - GT F YQVGVVSWG- I GCGQGRF PGVYSRVT SF L PWI QKNL QA   MDP29
- - - - - - - PSVL QEVQVPI VSNDRCKMMF - - - - L R- - - AGRHEF - I P - DI F L CAGHDT - GGQDSCQGDSGGPL QVKG- - KD- - GHYF L AGI I SWG- PI CL E- - - - - - F ARESQ- - - - - NSHHG    MDP30
- - - - - - - PSEL HEVPVPI L NNT SCEGMY- - - - RN- - - AGYREN- I PSHL F I CAGHI K- GGQDSCAGDSGGPL VI ER- - ED- - KRF L L AGI I SWG- I NCAEPNQPGVYT RI SEF RGWI NQI L Q    MDP33
- - - - - - - PSVL QEVQVPI I ENSVCQEMF - - - - QE- - - GT HNKK- I L - PSF L CAGYAN- GL KDSCEGDSGGPL VL QR- - PD- - GRWEL AGT VSHG- I KCAAPYL PGVYMRT T YYKPWL HSVT G    MDP34
R- - - - - - PKT L QAVDVPVI ENRVCERWH- - - - RS- - - NGI NVV- I Y - PEML CAGYRG- GGKDSCQGDSGGPL MHE- - - KN- - GRWYL I GVVSAG- YSCASRGQPGI YHRVPYT VDWI SYVSN    MDP35
R- - - - - - DPHL QEVDL DL I ET SYCQKEF K- KL DP- - - NGVRSD- L DDESQVCAGSL S- DGKDT CHGDSGGPL QMYHPT L R- - CMF SI I GVT SF GWPVCG- RMKPGVYT RVF YYL DWI ESVVWP   MDP48
R- - - - - - ST VL L KT NVT AVSI ST CNET L L EF NRL PDL PAL RNG- L N- MGQVCAYDPK- AASDACQGDSGGPL QMF E- QSS- - AI AT VVGVVSF G- ASCG- T EL PGVYT RVAF YI EWI ESI VWP   MDP51
G- - - - - - SDI L QKVT L EL F T DDECNAT YL SESRT - - - T QL RYG- I L PEQQF CAGSHT - EKKDT CQGDSGGPL QI NHPYL A- - CMYMI NGI T SF A- KQCGDL SSPGVYT RVYHF L DWI EST VWP   MDP57
Q- - - - - - SDEL L KVSL HF T T NERCNT F Y- - - ERF - - - QAI KNG- I I - DSQI CAGDDN- EEKDT CNGDSGGPI QI AT SNSA- - CSYHL I GI T SF G- KGCG- - SGYGVYT RI SEYI DWI ESI VWI    MDP58
N- - - - - - SE I KL DVEVNGVPL GQCNEVY- - - - - - - - - RNQNVQ- L S- RNQL CAGGEK- - GKDSCRGDSGGPL MAKDT SNKL NPYYYL AGI VSF GPSPCGL ENWPGVYT RVDAYI DWI VSHMRP   MDP59
Q- - - - - - SAT KQQVT L PF SDHYSCQNKY- - - - - - - - - QGL GI T - VT - DNQL CAGGVY- - GADT CDGDSGNGL L - KVAAN- - - - SWVI EGI VSYG- RECGL PEWPAVYT KVSNYQNWI T NI I NS   MDP61
S- - - - - - SNI L QEL EI EVF DNT VCRDSYQKQG- - - - - KL L SKK- QF DGKVL CAGYL N- GGRDSCQGDSGGPL VQPI KVKD- KF RF YQI GVVSYG- I GCARVSI PGVYT SVQHYVNWI QERVNE   MDP71
- - - - - - - ST VQRKAEL PI WRNEDCNR- - - - - - AY- - - F QP- - - - - I T DNF L CAGYSE- GGVDACQGDSGGPL MMR- - - VE- - SRWF QL GI VSF G- NKCGEI GYPGVYT RVSEYT DWI HENT KD   MDP72
P- - - - - - SL DL KAASVPL I SQKVCRQ- - - - - - - - - - - KE I YGD- EI MDT MF CAGYL SSNGVDACDGDSGGPL VCPN- - EN- - GVNEL YGI I SWG- QRCGDST KPGVYVNVMHYL DWI KEKMNQ   MDP74
- - - - - - APSNL YAVDI NI VPRNVCI PAY- - - - - - - - - QI VDA- - I I GPHVI CAGSMS- GGRDSCQGDSGGGL I CAN- - - - - - - - - HL AGI VSWG- HGCAQPNF VGL YT NVYRYKDWI EANHSSS  MDP77
Y- - - - - - SYREKEGRVSI RPI ESCRP- - - - - - - - - - - - - QN- - - - - AENKI CAQSI GNDET DT CQGDSGGPL YYF D- - RA- I GRQRI I GI T QSG- VYCG- - - AEGF YEF VPARMNWI I SQVRS   MDP78
- - - - - - - T L DL RL APVNI I T QEECVAQL - - - - - - - - - GT YNAP- EPGSGMF CAMGAR- PGVDACL GDSGSGL I CI H- - D- - - GL L T I VGI T T YG- L NCGI NGMPGVYT SI AYYHRF I QRVVSN   MDP79
T H- - - - - - - ML RGVEI PI VPQNECNKAY- - - - - - - - - EE I SD- - - I T SSMI CAG- YMEGGKDT CQGDSGGPL VQF - - - KN- - GEPI L I GVVSWG- NGCAL PNF PGI YARVQT NRAWI HT F T G    MDP5
RE- - - - - - - L L RGAHVPI VNQRVCDAAY- - - - - - - - - EKYSG- - - VT PRMI CAGF YEEGGKDACQGDSGGPL VDVESSL D- - GKPI L VGVVSWG- YGCAQPMYPGVYSRVI AAREWI YEHT G    MDP4
SQ- - - - - - - I L RGVEVPI I RQRDCAKAY- - - - - - - - - RKQGG- - - VT ARMI CAG- F KDGKKDACQGDSGGPMVL F - GDRD- - GEAQL I GL VSWG- KNCAHPRYPGVYARI QEAREWI L RVAG    MDP90
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MNS- - VN- - T AL - - - - L L VL L - - - - - - - - VG- - - - - CAL AR- - - - SAV- - - - - - - - - - - - DI GR- - - VI GGENAEKGQF PHQI SMR- N- RS-  MDP1
MAKL - F S- - L I F - - - - L I GL VV- - - - - - - F T - - - - - T VHPF - - - - NL D- - - - - - - - - - YF AST R- - - I VGGT EI E I EEAPWQVSL QRC- SSS MDP2
MD- - - F G- - I MYG- - - HPSL - - - - - - - - - F S- - - - - - - - - - - - - - N- G- - - - - - - - - - - - T SVR- - - I I DGT I T DI ESVPWQVSL QI C- P I T  MDP6
M- KI - L S- - VL F P- - - L I SL L I - - - - - - - F T - - - - - SAQPF - - - - DT DP- - - - - - - - - HF SWAR- - - I VGGT EI E I EET PWQVSL QT CF SSD MDP7
MSKV- F S- - WI L - - - - ST AL VVNT - - - - - F SL F F GI SAF PF - - - - DL E- - - - - - - - - - YYPST L - - - I I NGAKI NI EQAPWQVSL QKSNGL L  MDP8
MF - - - F SKKSVL - - - - I L S- - - - - - - - - - I I - - - - - V I SF V- - - - NSD- - - - - - - - Q- - L T NF E- - - I I GG- - - K I VNEEL QKSL CPH- SI A MDP15
MVEL RL SAESI ASG- KVVST EKQT HKF KSI L N- - - - T KSSVNI PNNADNRPNQI NEQYKL T NF E- - - I VGG- - - K I VNEEL QKSL CPH- SI A MDP16
MAKI - L N- - CVL - - - - L T S- - - - - - - - - - I I - - - - - F VT AV- - - - AAE- - - - - - - - - - - - NSF Q- - - L I GG- - - DAVSMEL HNQL F KH- HVA MDP17
MKS- - VN- - T AL - - - - L L AL L - - - - - - - - VG- - - - - CAL AK- - - - T T S- - - - - - - - - - - - DVSR- - - VVGGANAEEGQF PHQVSMR- N- RM-  MDP18
MYM- - I S - - L L N- - - - F I T F L - - - - - - - - F A- - - - - CGSAR- - - - RL E- - - - - - - - - - - - T SSR- - - I I DGI DAERGQF PHQVSVK- L - SL -  MDP19
MDK- - L T - - KT ST KYKSL T F E- - - - - - - - I Q- - - - - I VYPP- - - - QAT - - - - - - - - - - - - SNSR- - - I VGGDNAEDGQAPF QCSMQSN- KVN MDP20
MF K- - L N- - L CAK- - - L L SL T - - - - - - - - L L ST - - - V- VAS- - - - KCV- - - - - - - - - - NSDF T R- - - I VGGQNAYRGQF PYYAL L NMT - VM-  MDP21
MF K- - L N- - L CF S- - - - I SL A- - - - - - - - L L F S- - - I SF AL - - - - KSD- - - - - - - - - - NF DI T I DSF I VDGQDAYRGQF PYYT F L KL N- T T -  MDP22
- MK- - F - - - L AL - - - - - L SI L - - - - - - - - F L F - - - - I KYS- - - - - KF H- - - - - - - - - - GGT HAI - - - L T GAYVQHI ENVNYI VSI K I K- RA-  MDP84
- MK- - F - - - L AS- - - - - L SI F - - - - - - - - F L F - - - - I EYS- - - - - KF H- - - - - - - - - - GGT YAI - - - L T GDYVQDI KHANYMVSI RI K- RG-  MDP85
- - - - - - - - - - - P - - - - I CG- - - - - - - - - - - - - - - - - - EEAP- - - - - SG- - - - - - - - - - - - T PY- - - - VI GGF KT EI GNVPWHAGI YRD- NGG MDP91
- - - - - - - - KCT Q- - - - I CG- - - - - - - - - - - - - - - - - - E I S- - - - - - EG- - - - - - - - - - - - T AY- - - - VVGGSET NI SRI PWHAGI YKR- NSA MDP92
MT T SKRP- - DL P- - - - AT SKN- - - - - - - - VN- - - - E I CGT R- - - - HSD- - - - - - - - - - - - T NL SP- F I YGGDET KRGDWPWMVAI YVN- KP-  MDP93

100 110 120 130 140 150 160 170 180

- - SN- - - - SHF CGGSI I SKRL I L T AAHCT QGQNANPKN- - - - - - - VYVI VGAL HR- - - L SGG- I KM- - - - - - AL SEI I AHQEYNYRT I EN- -  MDP1
DVT E- - - CRHI CGGSI I NEKWI L SAAHCV- L F G- L - KI - - - - - - - - RMRI GSKDN- - - L SGG- SMV- - - - - - NI KQI VQHENWNQL SI DF - -  MDP2
ET RN- - - CSHI CGGSI I SENWI L T AAHCVNL EP- YF QI I PAN- - KL QI RI GSANN- - - EDGG- L MF - - - - - - E I SKI V I HENWDL KSI DF - -  MDP6
DNNR- - - CF HNCGGF I I SEKWI MT AGHCL - EN- - - - RY- - - - - - - - KVRVGT KNN- - - I EGG- SMV- - - - - - RI KRMI RHEMYNERT I DF - -  MDP7
EPT - - - - Y I HSCGGSI I SEKYI L T AAHCV- CDP- Y- EYG- - - - - - WKL RI GSENS- - - L EGG- SL I - - - - - - DF EKT I I HEHWNQST L DY- -  MDP8
VRF HD- - HMGI CSGF I L NST NVI T AAHCVI T AA- - - E- - - - - - - NI F I RAGCI DA- - - NYGG- VVR- - - - - - NI SKI T I HPDYT KGKVDSI A MDP15
VRF HN- - YMGI CSGF I L NST NVI T AAHCI I T AA- - - E- - - - - - - NI V I RAGCI DA- - - NYGG- VVR- - - - - - NI SKI T I HPEYT KGKVDSVA MDP16
VRSHE- - QPWWCGGSI I NRVQI L T AAHCVYNRS- - - HY- - - - - - SI Y I RAGSL NT - - - T DGG- VVR- - - - - - DVSNVKVHYAYNNDT F DS- -  MDP17
- - NN- - - - NHF CGGSI I SSKF I L T AAHCAKRR- - I PEN- - - - - - - T YVI VGAF HR- - - L SGG- I KM- - - - - - DL DKI VSHQKYI DRT F KN- -  MDP18
- - T H- - - - KHL CGGSI I SDKF I L T ASHCL ERDD- KPET - - - - - - - I F VYI GAL DI - - - I NDG- F DM- - - - - - NL EKI I I HPSF DI NKL RN- -  MDP19
VNSNEPL T RHF CGCAL I SSEWI VT ASHCVSGQ- - RPEH- - - - - - - L E I L VGT NNL - - - KEGG- T YY- - - - - - KVENYI KHPKF NKPNF AN- -  MDP20
- DGN- - - - - AF CGGVL I SNEWI L T AAHCL YDT P- - - DG- - - - - - - - E I YL GSL REANSSET GRI SI E- - - - F DMDDGRI YPRYYPSI VWN- -  MDP21
- DGD- - - - - A I CGGAL I SNEWI L T AAHCL YDT L - - - NG- - - - - - - - E I HL GSL RANNL T EDGRI I MK- - - - F DMKHGHI HPNYYRSI VWN- -  MDP22
- NGT - - - - - F F CGGVI YDYDKF VT AAHCL YNI K- - - SA- - - - - - - - T VSL GSL EP- - F DEM- - VSF K- - - - L EKDEF VL HPDWQPGL YHH- -  MDP84
- NDD- - - - - YL CGGVI YDCDKF VT AAHCL YNI T - - - SA- - - - - - - - T VSL ASL DP- - L DDT - - F SF D- - - - L EKDAF VI HQDWHPGL YDH- -  MDP85
- GRF D- - L Q- - CGAT I L NARVVI SAMHCF WDRS- - - ESKPL DVSSF RVAVGKEML - - - EYDA- I EKQRDQKF EI ERI F HDPGYSDST SNYVA MDP91
HSKF Q- - QI - - CGGT I VASKVI VSAL HCF WDRS- - - ENSPYDKDSF NVVVGKT I R- - - DYAA- HEEYKPQYF AVQDI L YI DGYNDF AGNYAN MDP92
- - T G- - - L SF SCGGT L I SAKSVL T AAHCI NT PT KNYQAH- - - - - DI VL YL GRYSL T DWSEI GSI AS- - - - - - NVNEI I L HSDYKRNRDSYDA MDP93
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DI SL L QT VDDI VYSEL VQPI AL - - PT E- - - I PP- GAL SVT I SGWGRNSF PT PPGL SPL PDI L QF APAKT L SPEECESEF - - - - - - - - Q- AT -  MDP1
DYAL F EL SEPL NF T DKVKPI AL - - PSKYET L P- - DGT L CQL SGWGKT - Y- NDNEP- - N- NYL RQL T HPI MNQNKCANDVK- - - - - - - K - I KT  MDP2
DYAL L KL NESI NF SNNI KPI EL - - PSNNDDEPS- DGT L CQVSGWGL T - - - NSNKL - - D- EYL RI VT L PI VNQMECF NSHS- - - - - - - S - L MK MDP6
DYAL I EL SEPL HF T DKVKAI AL - - PSEEDI L P- - DGL SCKL SGWGVT - F - NSSEP- - I - NF L RKL EHPT I NQKECAEDVQ- - - - - - - N- I I K  MDP7
DYAL L EL T EPL NF T DKMKPI AL - - PSAEDKL P- - DET L CDVSGWGHT - H- NT DMY- - D- NML RRVSVPI MNQKACYDNYE- - - - - - - T - L T K MDP8
DI A I L EMNEPL EF GET I T SRRT A- NSNDNYI YEKI GT NI SVCGF GF S- - - E- VGY- - YK- - L HYI EL PI L SNEKCYNDYE- - - - - - - P - DDI  MDP15
DI A I L EMMEPL EF GET I T SRRT A- NSNDNYI YEKI GT NI SVCAF GF S- - - E- VGF - - YK- - L HYI EL PI L SNEKCCNDYERDF CHYEP- DDI  MDP16
DVAVL T L QDPL EF T ESI GPVKL T - NSSVT - I YEEI GT ML T I CGYGRS- - - E- YSI - - DDSL L RYYEL PI NDI EL CRKQYE- - - - - - - PNDDI  MDP17
DI SL L HT VEEI VYSNL I QPI AL - - PT E- - - I PP- AGGAVT VSGWGGSAL PSVASL - - F PDI L QF APSET I SF EECKNI Y- - - - - - - - R- DN-  MDP18
DI T I L KT I ET I L F SDF I KPI SL - - PT QN- - VPADGQMDVI L SGWGRST YPT PSGT HMF PRKL QYQT T KT L SL T ECREI YS- - - - - - - K - ENS MDP19
DI AL MRVKGSI T L NKSVQSI EF S- PNE- - - VPE- - NST L QL T GWGR- - L - KANGA- - L PQRL QI I KL KSI ST KNCKKI YN- - - - - - - N- RN-  MDP20
DI GL I KMPKSVAF SDVI QPI KL - - ACAT N- KDL L EVI I VGN- GHMSD- - - G- HET - - I API L QWT NL KT I SYGECL REF P- - - - - - - - F L - I  MDP21
DI GL I KL PKQI VF SAI I KPVKL - - ACES- - I ET KDAI AMGN- GF MNA- - - K- QRI - - YAPI L QWT T L KT I SYAKCL RQYP- - - - - - - - F L - L  MDP22
DI A I GL T PMKMI F CDT I NKI EV- - VEES- - YKVPENL SVAAYGYGAS- - - N- DNV- - VNNL RQ- T VT HVMNF QNCSNI YSS- - - - - - DF QHA MDP84
DI AVGF T PMEMI F CDDI NKI EV- - VERN- - F T VKENL SVAAYGYGT S- - - N- NDV- - I DNL RQ- T VT HVMKF AT CSGSYSS- - - - - - GSVSV MDP85
DI VL I I L KT PI QF ESYVT PVCI PYGL QF DERI VPAGWVGRVAGWGL T - - - SSGGK- - PSPVL KI VDL PAVDRAT CVAESD- - - - - - I GF RPQ MDP91
DI AL VI L DKYI EF HSYI VPI CL PYNL QYEEKT VPPGWI GT T GGWGL T - - - QNNGS- - PSEVL KKI EL PVVSREVCREKSS- - - - - - PEF ASF  MDP92
DI A I L T MT KQI EF SDVVRPACL W- PAT NG- I QDVEGKKGT VI GWGKE- - - G- NNI - - VSNI PKKVEL PI VNSI T CVQKSE- - - - - - - SL SRA MDP93
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I YAHYL SET NVCT VNP- KG- RGACHGDSGGPL I S- - - - N- - D- KAL VGI VSWG- VP- - - - C- AQGYPDVYT NV- YL YL DWI HAEVAKL G    MDP1
L T SRM- - - - - I CAGPKGDG- KSGCF GDSGGPL SCL AK- D- - GT RKI F GI ASWV- T AR- - - CI GPDNRT VYARVQAAR- QWI KL VSGV      MDP2
VT SRM- - - - - I CAGHK- QGVKGI CSGDSGGPL T CKL K- NC- ET QKL I GVVSWG- SPD- - - CMKAGSPGVF SRVSAVR- EWI GHMT GV      MDP6
L T PRM- - - - - I CAGL KGDG- KSGCF GDSGSAL T CQL E- N- - GI RKVF GI ASWV- T AG- - - CRGRSNRT I YARVQAAR- NWI KF VSGV      MDP7
VT PRM- - - - - I CT GNDESGT KGACYGDSGGPL SCKL PGD- - ET QKL F GI VSWS- I SN- - - CDGPQF HNVYARVQVER- QWI KAI T GV      MDP8
I T EKH- - - - - T CI GNI - T G- SYL ADGDSG- - - - - EQI S- - - - - - - CEI VN- F - - N- - - - - - - - - AF - - - - SQL N- - Y- MF I I NAL SQ      MDP15
I T EKH- - - - - T CI GNI - T G- RYL ANGDSGACYL YKNT T T - - NDAVCI GVHSF S- NEDD- MKKGEPWPNVGT KL SKF Y- NWI KYGVSN      MDP16
I T DNM- - - - - F CVGNI - T M- KF NT KGDSGGCSL YKDPT T - - NEWL CVGI VSWA- WEDS- WK- - - PWPQVEVKVANF Y- DWI I NQT EE      MDP17
F GI RYL SET NI CAANP- KG- RGACYGDSGGPL I S- - - - N- - D- KVL VGVL SWG- VP- - - - C- AQGYPDVYT NV- YL YL DWI HDEAAN      MDP18
L DPT Y- - K- NL CT I NP- VG- KGACT GDSGGPL I S- - - - N- - NGT VI L GL L SWG- VP- - - - C- GQGF PDVYT NV- F L YL DWI NAVMANE     MDP19
VHDSH- - - - - L CT F NK- RG- QGACNGDSGGPL VF - - - - D- - N- - KL VGI VNWG- VP- - - - C- AAGF PDAF AKVSYL Y- EWL QET I T NN     MDP20
F RKS- - - - - V I CARGEQ- - KESACHGDSGGPL I D- S- - - - - KT NT L I GL ASF V- SHK- - GC- HL GL PQGYT YVQSYF - PWMQKVT GL       MDP21
F RRS- - - - - V I CARGNQ- - MEST CL GDSGGPL VT - D- - - - - KT HI L MGVT SF G- SND- - GC- NSGAPQGF T NVQSYF - PWI NKVT GL       MDP22
L DGNK- - - - HF CL KCDENGKNHL SHGDSGGPI VS- F - - - - - E I GKL L GI I V- - - - - - - - GS- EKGNPDVGL L I AGYR- KF L AHPEA       MDP84
F RENM- - - - HF CL KL AQNGENHVSKGDSGGPI VS- T - - - - - ET GEL VGI I A- - - - - - - - T S- AVGKPDVCI KI ASYK- QF L ADPDR       MDP85
I T PDK- - - - - F CAGL L NSN- VSVCQGDSGGGL VF PST ENGRT KYYI RGI VST GANKQD- SCDSDKYT T F - T NVA- YY- DNL I ST YES      MDP91
I T SDK- - - - - F CAGYL - T G- ASVCQGDSGGGL VF PKT I GL KT QYT I RGI VSVGGNKAG- SCDNDKF T T F - T NVA- F Y- MEF I NAHVS      MDP92
I SNRT - - - - - F CAGT L - DG- NGPCHGDSGGGL T I F Q- - N- - GRWSL RGI VST GL ADGSGACKL T DY- VVF T DVSF F S- VWI SNYL         MDP93
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Figure 3.  RT‐PCR analyses of various protease transcripts in insects at different developmental stages.  542 
A. Transcript abundance of putative trypsin genes.    B. Transcript abundance of putative chymotrypsin 543 
genes.  C. Transcript abundance of putative cysteine protease genes.  1L, 3L, 6L, 12L, P, and A on the top 544 
of images represent one‐day, 3‐day, 6‐day, and 12‐day old larvae, pupae, and adults, respectively.  Gene 545 
names are given on the left of the images.  Transcript abundance is shown in grey scale, with darker 546 
rectangles indicating higher transcript abundance.   547 
 548 

 549 
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Figure 4.  RT‐PCR analyses of various protease transcripts in different tissues of three‐day old larvae.  550 
A. Transcript abundance of putative trypsin genes.    B. Transcript abundance of putative chymotrypsin 551 
genes.  C. Transcript abundance of putative cysteine protease genes.  MG, SG, FB, MT, and CC on the top 552 
of images represent mid‐gut, salivary gland, fat body, Malphagian tubule, and the remaining carcass, 553 
respectively.  Gene names are given on the left of the images.  Transcript abundance is shown in grey 554 
scale, with darker rectangles indicating higher transcript abundance. 555 

 556 

  557 
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Figure 5.  qPCR analyses of changes in transcript abundance of selected protease genes in Hessian fly 558 
larvae feeding in plants of different genotypes.  A. Increased transcript abundance of protease genes in 559 
larvae feeding in fly resistant Molly (M) plants that contains the resistance gene H13 in comparison with 560 
that in larvae feeding in susceptible isogenic Newton (N) plants (Patterson et al., 1994).    B. Decreased 561 
transcript abundance of protease genes in larvae feeding in resistant Molly plants.  The numbers 1 and 3 562 
under the graphs represent samples from 1‐day and 3‐day larvae, respectively.  563 

A 564 

 565 

B 566 

 567 
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Table 1. Characteristics of putative chymotrypsins, trypsins, and cysteine proteases.  568 

Gene  MW pI 
Length 
(aa) 

First hit 
(Accession) Scores E-value Organism name 

Trypsins 

MDP3 27657 8.6 251 ABM26904 264 6E-85 Lutzomyia longipalpis 

MDP5 27070 5.91 246 XP_001652944 249 2E-79 Aedes aegypti 

MDP90 27872 8.92 251 ABM26904 246 4E-78 L. longipalpis 

MDP9 26803 6.98 245 CAA80515 277 7E-90 A. gambiae 

MDP4 29676 6.38 273 CAA79327 282 2E-91 A. gambiae 

MDP10 26751 8.12 244 AAB66878 207 7E-63 An. stephensi 

MDP12 31284 8.75 283 ACT21118 183 9E-53 Drosophila mojavensis 

MDP13 27666 8.78 253 ACT21122 195 5E-58 D. mojavensis 

MDP25 Truncate ? ? NP_001166078 370 3E-124 Nasonia vitripennis 

MDP26 25870 8.05 233 XP_001658407 305 9E-101 Ae. aegypti 

MDP27 36858 8.4 331 XP_001658409 441 2E-153 Ae. aegypti 

MDP28 35521 8.51 321 AEW46850 390 3E-132 Chilo suppressalis 

MDP29 Truncate ? ? XP_001650120 461 3E-155 Ae. aegypti 

MDP34 105255 9.03 959 EFN77168 522 2E-168 Harpegnathos saltator 

MDP35 Truncate ? ? XP_001870897 607 0E+00 Culex quinquefasciatus 

MDP59 38446 6.71 348 ADD18853 343 1E-112 Glossina morsitans 

MDP61 43822 8.42 393 NP_649734 296 2E-93 D. melanogaster 

MDP71 54246 8.29 491 XP_001654732 418 4E-138 Ae. aegypti 

MDP72 73460 7.49 657 XP_001662898 586 0E+00 Ae. aegypti 

MDP74 Truncate ? ? NP_729453 652 0E+00 D. melanogaster 

MDP77 32416 8.72 296 EFN86055 167 7E-46 Ha. saltator 

MDP78 42673 5.64 384 AAT09848 138 7E-34 Anthonomus grandis 

MDP79 28179 6.92 257 ACH56915 110 7E-26 Simulium vittatum 

MDP23 26008 7.14 235 CAA80516 169 7E-48  An. gambiae 

MDP24 21824 9.3 203 AAV84270 137 1E-36 Culicoides sonorensis 

MDP30 71237 8.73 647 XP_001651579 451 1E-152 Ae. aegypti 

MDP33 62722 4.99 562 XP_001857202 390 1E-129 C. quinquefasciatus 

MDP51 64951 5.69 592 EHJ76340 221 3E-63 Danaus plexippus 

MDP58 47573 6.59 423 AAD21841 284 1E-88 Ctenocephalides felis 

MDP48 44640 5.72 400 XP_001655815 232 8E-69 Ae. aegypti 

MDP57 40874 6.23 366 XP_001655816 291 5E-92 Ae. aegypti 

Chymotrypsins                  

MDP1 27569 5.58 256 ADR80135 256 2E-81 Sitodiplosis mosellana 

MDP18 27138 6.17 251 EHJ72680 196 2E-58 Danaus plexippus 

MDP19 27280 5.67 246 ADR80135 215 1E-65 S. mosellana 

MDP20 29230 9.04 264 AAD17493 256 1E-81 Anopheles darlingi 

MDP6 29239 5.47 267 AAA97479 204 4E-61 A. stephensi 

MDP8 31322 4.98 280 ADR80134 188 2E-94 S. mosellana 
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