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Chapter 4 – Characterization of Tetranychus urticae salivary 
proteome and its comparison to the in silico predicted 
secretome. 

CA Villarroel, W Jonckheere, W Dermauw, T van Leeuwen, RC Schuurink, MR Kant 

Herbivores can use their saliva to make the interaction with their host-plant more compatible. 

For example, herbivore salivary secretions can rewire certain plant processes, such as plant 

defense or resource allocation, to convert the plant into a less hostile host and a more 

nutritious food source. These effects on plant metabolism suggest that herbivore saliva can 
contain components that modulate plant responses, such as effector proteins. In Chapter 2 

we showed that spider mites can suppress host defenses and proposed that spider mites are 

among herbivores that use salivary effectors to manipulate plant defenses. Subsequently in 
Chapter 3 we exploited common features of secreted effector proteins to arrange an in silico 

experimental pipeline, which we employed to find salivary effectors of the two-spotted spider 
mite (Tetranychus urticae). By doing so we selected five protein families that possessed 

effector characteristics and we confirmed their expression in the salivary glands. However, 

whether proteins from these five families were indeed secreted via mite saliva was not 

demonstrated. Recent advances in proteomics have facilitated profiling the saliva proteome 

of herbivore species that secrete small amounts of saliva. Here, we describe the protein 
composition of T. urticae saliva, the spider mite salivary proteome. Salivary secretions of adult 

mites were collected in artificial diet and their protein compositions were analyzed by means 

of LC-MS/MS. A total of 63 proteins were found via this method, which included a number of 

enzymes having a known role, yet for most of these putative salivary proteins we could not 

predict a biological function. Importantly, within this group of unknown salivary proteins we 

found proteins from each of the five families that we had predicted and characterized earlier 
in Chapter 3. Thus their presence in the spider mite saliva was experimentally confirmed, and 

this provided essential support to their potential role as saliva-secreted effectors. Lastly, the 
proteomic data presented here allowed us to critically evaluate the in silico-experimental 

pipeline that we, and others, have used to predict salivary effector-like proteins. 

Introduction 

Plant-eating mites are equipped with two pairs of chelicerate stylets: these have the 

shape of a “roof gutter” and each pair can be joined together to form a two ‘tubes’ 

which can be pierced into plant cells. The stylets are attached to the mite’s salivary 
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glands (Mothes & Seitz, 1981): two pairs of salivary glands presumably produce 

salivary proteins (Shatrov, 2015, Amosova & Stanyukovich, 2008, Nuzzaci et al., 

1999) and one pair presumably produces lubricants for the stylets. The stylets do 

not have separated food and salivary channels, like with aphids and whiteflies, and 

are probably not used for taking up food. Although not properly validated yet, the 

mouth of mite, located just below the exit point of the stylet, probably can take up 
food (cell contents) directly from the pierced cells. This feeding process provokes in 

plants wound trauma and leaves cell-debris in the plants’ mesophyll layer behind 

(Park & Lee, 2002, Kielkiewicz, 1999). During the course of feeding, mites probably 

secrete saliva into the leaf. Chlorotic and/or necrotic cells have been observed in the 

tissue surrounding the wounded site (Kielkiewicz, 1999), and for long it has been 

suggested that putative toxins in mite salivary secretions could elicit these disease 

symptoms (Storms, 1971).  In addition, some phytophagous mite species were 

shown to suppress crucial branches of plant immunity, i.e. tomato (Solanum 

lycopersicum) Jasmonic Acid (JA)- and Salicylic Acid (SA)-related defenses by 

spider mites, Tetranychus urticae (Kant et al., 2008) and T. evansi (Alba et l., 2015; 
Sarmento et al., 2011; Chapter 2), and JA-related defenses by the russet mite 

Aculops lycopersici (Glas et al., 2014). We have proposed for these mite species 

that the secretion of saliva into their host plants is essential for the mechanism for 
defense suppression (Chapter 2) and we identified several proteins that could be 

responsible for some of these effects (Chapter 3). 

For mites that parasitize animals, salivary secretions have been proposed 

to have major roles in host-immunity subversion (Tu et al., 2005). However, as most 

mite species are in general very small, it has been challenging to collect their salivary 

secretions, which has made it difficult to elucidate mite saliva roles and composition. 

Still, salivary proteins have been detected in the saliva of Varroa destructor, a mite 

that parasitizes bees, and which are well over three times bigger than spider mites 

(Richards et al., 2011).  

In contrast, much more is known about salivary secretions of insect 

herbivores. Insect herbivore saliva usually contains enzymes that aid digestion such 

as esterases and amylases (Celorio-Mancera et al., 2011a), or that perform 
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detoxification reactions such as transferases (Francis et al., 2005). Some of such 

salivary molecules ‘betray’ herbivores by eliciting defenses probably after being 

recognized by specialized plant receptors, such as pattern recognition receptors 

(PRRs) (Mithöfer & Boland, 2008), which are also known components of the plant 

surveillance mechanisms for Pathogen-Associated Molecular Patterns (PAMPs) 

(Jones & Dangl, 2006).  However, among such salivary components, there are 
probably also effector-like molecules that manipulate plant processes for the benefit 

of the herbivore (De Vos & Jander, 2009, Hogenhout & Bos, 2011). Salivary glands 

and their secretions have been profiled from a vast number of herbivores, many of 

them hemipteran species, including, for example, the aphids Myzus persicae 

(Harmel et al., 2008) and Acyrthosiphon pisum (Carolan et al., 2009), the whitefly 

Bemicia tabaci (Su et al., 2012), and the planthopper Nilaparvata lugens (Noda et 

al., 2008). Notably aphid saliva has been well studied (Miles, 1999, Will et al., 2007) 

by transcriptome and proteome profiling of aphid salivary glands (Carolan et al., 

2011), by proteomics of aphid saliva (Vandermoten et al., 2014), and by functional 

characterization of individual salivary proteins (Bos et al., 2010, Elzinga et al., 2014, 

Guo et al., 2014, Wang et al., 2015, Mutti et al., 2008). A number of aphid candidate 
effector proteins has been identified, including the plant immunity suppressors Mp10 

(Bos et al., 2010) and Mp55 (Elzinga et al., 2014), and the salivary protein C001 

(Mutti et al., 2008), which is widespread among different aphid species and was 

shown to be crucial for host-colonization (Coleman et al., 2015, Zhang et al., 2015, 

Mutti et al., 2008). Plants, in turn, may have co-evolved receptors to recognize such 

effectors in order to restore suppressed defenses (Kaloshian, 2004, Stuart, 2015). 

Effector proteins from pathogens and insect pests generally contain features 

of secreted proteins, such as the presence of a signal peptide and absence of 

transmembrane domains. These features have been exploited to reveal candidate 

effectors in a wide range of plant parasites, particularly by using computational 

prediction tools on genome and transcriptome sequences. That strategy was applied 
in Chapter 3 to select candidate effectors from the spider mite species T. urticae 

and T. evansi. Five protein families were predicted to contain putative salivary 

effectors, and proteins from two of those families showed indeed effector-like 
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characteristics when expressed transiently in Nicotiana benthamiana leaves while 

their expression in the mite appeared specifically to occur in the salivary glands. Yet, 

no evidence of their presence in salivary secretions was shown. In this Chapter we 

describe T. urticae saliva proteome obtained from artificial diets and analyzed by 

means of liquid chromatography and tandem mass spectrometry (LC-MS/MS). We 

showed that proteins from all five protein families previously predicted to constitute 
salivary effectors were identified in mite saliva. Furthermore, by performing whole-

mount in situ hybridizations, we showed that genes encoding a selection of seven of 

these proteins were expressed specifically in T. urticae prosomal glands. In addition, 

we show evidence of positive selection acting on some gene families encoding for 

salivary proteins, which suggest a potential co-evolutionary arms-race between host 

plants and spider mites. Lastly we discuss the pro’s and con’s of in silico prediction 

and salivary proteomics for identifying salivary secreted effector proteins. 

Results 

T. urticae salivary secretions comprise a complex mixture of proteins

In order to characterize the spider mite’s salivary proteome, T. urticae adult mites 
were allowed to feed for 24 h on a feeding “bubble” (Supplemental Figure 4.1) 
containing protein free artificial diet. Subsequently the protein composition of the fed 

medium was analyzed by means of LC-MS/MS. Four independent experiments to 

collect mite saliva were performed. Two saliva collections were performed on mites 

that had previously been feeding on Phaseoulus vulgaris (faba bean), and the other 

two were from mites that previously had been feeding on Solanum lycopersicum 
(cultivated tomato). Proteins were digested with trypsin and the peptides identified 

using MS/MS could be mapped back to 63 predicted protein sequences inferred from 
the two spotted spider mite genome (Grbic et al 2011; Table 4.1). Of these putative 

salivary proteins, 20 (32%) were found in the saliva of mites that had fed on either 

of two host plants, 28 (44%) were identified only from mites that had been feeding 

on tomato, and 15 (24%) were identified only from mites that had been feeding on 
bean (Figure 4.1A). The majority of these salivary proteins (78%) were encoded by 

genes that were predominantly expressed in mite feeding-stages (larvae, nymph, 
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and adult) compared to the embryonic stage (Figure 4.1B). Moreover, 73% of these 

proteins had a predicted length ranging from 100 to 400 amino acids (Figure 4.1C). 
Most of these salivary proteins (77%) had a percentage of cysteine residues less 
than 3% (Figure 4.1D; Table 4.1), which suggest that mite salivary proteins might 

not operate in the plant apoplast as effectors of pathogenic filamentous fungi often 

do, since these effectors are usually richer in cysteines (3% to 20%), presumably as 

protection against plant extracellular proteases (Stergiopoulos & Wit, 2009). 

To further characterize the T. urticae salivary proteome, a search in public 
databases for similar proteins and conserved domains that could indicate a putative 

biological function was done using the full-length protein sequences for the 63 
matches (Figure 4.1E, Table 4.1). Thirty-seven salivary proteins (63%) did not have 

significant similarity to any protein in the NCBI non-redundant database (blastp, E 

value < e-20). Furthermore, protein sequences of these 37 unknown proteins were 

blasted to the draft genome of the russet mite Aculops lycopersici (Kant et al., 

unpublished) and of the predatory mite Metasilious occidentalis, without any 

significant hits found (tblastn, E value < e-10). Still, seven of these 37 unknown 
proteins contained a recognizable domain according to InterProScan (Table 4.1). 
Among the remaining 37% of salivary proteins that could be annotated, eleven 

proteins were cataloged as enzymes, seven of which containing one or more 

protease domains. Other enzymes were related to sugar metabolism (4 proteins), 
including two beta-mannosidases. Three salivary proteins had protease inhibitor 

domains. Nine proteins had diverse putative functions, including signaling (Mitogen-

activated kinase), nucleotide-binding (GTP-binding protein), or structural 

(microtubule-associated protein); although some of them likely were contaminants 

such as actin and ubiquitin.  

Spider mites have two paired salivary glands located proximal to the 

chelicerae. We previously showed that T. evansi candidate effectors Te28 and Te84 
were expressed exclusively in both anterior glands (Chapter 3). Here, whole-mount 

in situ hybridizations were performed to localize the expression of 19 genes encoding 

proteins identified in T. urticae saliva. This subset included mostly unannotated 

proteins although we selected the ones having a predicted signal peptide to 
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maximize the chance that they are really secreted. In situ hybridizations done for 

these 19 genes showed mites specifically stained either in the anterior salivary 

glands (13 genes) or in the dorsal salivary glands (6 genes) (Table 4.1).  

Comparison between T. urticae salivary proteome to its in silico predicted 
secretome and effector repertoire 

To construct the T. urticae in silico secretome in Chapter 3, putative 

secreted proteins were screened by combining the prediction of five different 
computer programs: SIGNALP, Phobious, TMHMM, WolfPsort, and TargetP (Figure 
4.2A). This delivered the in silico secretome list. Of the 63 salivary proteins identified 

by proteomics, 42 (65%) had a predicted secretion signal according to SIGNALP 
(Table 4.1) and of these only two were not included in the in silico secretome: the 

salivary protein tetur07g07380, a putative beta-galactosidase, was discarded from 

the predicted secretome due to a predicted localization to the mitochondria 

according to WolfPsort, while the salivary protein tetur13g03820, a putative protease 

inhibitor, was discarded due to a predicted presence of one transmembrane domain 

and absence of signal peptide according to Phobious. The 21 proteins (35%) from 

the proteomics analysis that according to SIGNALP lacked a signal peptide were 

consequently also not included in the secretome. Also Phobious did not predict any 

of these 21 proteins as being secreted. However, five of these 21 proteins were 

predicted to be secreted by other routines: two proteins were predicted by both 

WolfPsort and TargetP, one protein only by WolfPsort, and two proteins only by 

TargetP. Finally, of the remaining proteins, three were predicted by SecretomeP 
(Bendtsen et al., 2004) to undergo non-classical secretion: tetur05g02360, 

tetur18g02420, and tetur224g00010 (NN score > 0.6) 

__________________________________________________________________ 

Figure 4.1. Description of the T. urticae salivary proteome profiled by LC-MS/MS. A) 

Venn diagram representing the number of proteins identified in salivary secretions from mites 

that have been feeding on bean or on tomato prior to their transfer to artificial diet B) Venn 

diagram representing the mite stage where the highest expression occurs for the genes 

encoding the proteins found in mite saliva. Feeding stage refers to larvae, nymph, and adult 

stages; the embryonic stage was considered a non-feeding stage. Forty-nine genes were 
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highest expressed at a feeding stage (ratio feeding stage: embryonic stage >1.5); 12 genes 

were highest expressed in the embryonic stage (ratio <0.8); 2 genes has similar transcript 

levels in both stages (ratio 0.8-1.5). C) The histogram indicates the distribution of the predicted 
full-length protein sizes for the proteins found in T. urticae saliva. D) The percentage of 

cysteines and the protein length is shown for the 63 salivary proteins identified by LC-MS/MS.  

The presence or absence of a predicted signal peptide (SP) is indicated by black or white dots 

respectively. The dotted line indicate the threshold (3%) adopted by Saunder et al. (2012) to 

classify candidate effectors as cysteine-rich. E) The pie graph indicates the function 
distribution of T. urticae salivary proteins found by LC-MS/MS. Functions were predicted by 

InterProScan analysis of the full-length protein sequences predicted from the genome. 
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Ten salivary proteins were members of the five protein families that 
constituted the candidate effector list of Chapter 3. To predict effector protein 

families, we performed three data-mining (i.e. annotation, gene family size, and 

whole-transcriptome profile) and one experimental selection step (i.e. gene 

expression in dissected mites) on the mite in silico secretome, which also included 
T. evansi secreted proteins (Figure 4.2B). Thirty salivary proteins identified by

proteomics were not considered as potential effector proteins by our criteria for in

the in silico pipeline: seven salivary proteins did not group within expanded gene

families (Step I), fifteen salivary proteins were discarded because they were

annotated (Step II), and four salivary proteins were not found to be predominantly

expressed during feeding stages (Step III). Finally, four salivary proteins,

represented by two protein families, were excluded on the basis of gene-expression

ratios in dissected mite samples when comparing these to whole-mites (Step IV).
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Figure 4.2. Detailed description of the in silico-experimental pipeline employed in 
Chapter 3 to predict the spider mite secretome and effector repertoire. The in silico-

experimental pipeline performed in Chapter 3 to discover effector proteins consisted on two 

main phases: secretome prediction (A) and effector repertoire prediction (B). A) T. urticae 

secretome was predicted by agreement of five different programs: SIGNALP, Phobious, 

TMHMM, TargetP, and WolfPsort. The number of proteins identified by proteomics in mite 

salivary secretions but excluded by a certain routine is showed in parenthesis. * SignalP and 
Phobious excluded the same 21 proteins. B) T. urticae and T. evansi candidate effectors were 

selected after three data-mining and one experimental filtering step on the combined in silico 

secretome. The number of proteins and protein families left after applying each filter step is 

shown. The number of salivary proteins identified by proteomics but excluded by a certain 

criterion is indicated in parenthesis.  

_________________________________________________________________________ 

Positive selection in some gene families harboring salivary proteins 

Spider mite salivary proteins presumably function in host tissues and on host 

components, hence we expect that these proteins are likely under positive selective 

pressures to: (1) avoid recognition by host immune receptors and thus to prevent 

becoming defense elicitors; (2) to maintain activity on host proteins that are under 

diversifying selection; and (3) to function on similar protein targets of other host 

species to increase host-range. Still, negative selection on certain protein regions is 
also expected in order to maintain correct functionality. These selective forces leave 

distinct signatures on protein-coding gene sequences, especially the proportion of 

non-synonymous to synonymous nucleotide substitutions (dN/dS or ω) that occurred 

during the evolutionary history of a certain gene (Aguileta et al., 2009). Roughly, a 

higher proportion of non-synonymous changes (dN/dS>1) indicate positive selection 

(although also relaxed selection), a higher proportion of synonymous changes 

(dN/dS<1) indicate negative selection, while dN/dS ratios close to 1 indicate neutral 

selection (Yang et al., 2000). These selective forces are best estimated from dN/dS 

ratios calculated among orthologous genes of related species, but also they can be 

estimated from dN/dS ratios among paralogs within a species genome (Win et al., 
2007). T. urticae possess many expanded secreted protein families (Chapter 3; 
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Grbic et al., 2011) of which here we found some harboring genes encoding for 
salivary proteins (families in Table 4.1). If (certain) spider mite salivary proteins are 

indeed involved in a co-evolutionary arm race with host plant components (i.e. 

effector targets or immune receptors), we should expect that some of these gene 

families encoding salivary proteins show evidence of positive selection. Therefore, 

we investigated whether these gene families, or certain paralogs within, have 

signatures of positive selection. 

To ensure reliable selection analyses, we only evaluated families that 
contained at least 6 paralogous genes (11 families, Table 4.2), including candidate 

effector families Tu28 and Tu19.  All analysis were performed by using the HyPhy 

package hosted in the public server www.datamonkey.com (Delport et al., 2010; see 

Materials and Methods). We first evaluated the global dN/dS of each family by using 
SLAC (Table 4.2). None of the families showed ratios above one, however global 

dN/dS values can underestimate positive selection if only certain genes, or a specific 

gene region (e.g. one codon), are under positive selection. The four families with 

higher dN/dS ratio were Family 32 (dN/dS =0.97), which contains proteins of unknown 

function, Family 6 (dN/dS=0.75), which contains type A lipocalins (Dermauw et al., 
2013), Family 28 (dN/dS =0.6), which contains the candidate effector Tu28 (Chapter 
3), and Family 21 (dN/dS =0.6), which contains cysteine-rich proteins that possess 

the lipid-recognition domain MD-2. Phylogenetic trees of these four families are 
shown in Figure 4.3 and their corresponding codon alignments are shown in 

Supplemental Figures 4.2, 4.3, 4.4 and 4.5. Meanwhile, the families possibly under 

strong negative selection (dN/dS <0.4) were Family 1 (serine proteases), Family 19 
(which contain the candidate effector Tu19, Chapter 3), and Family 5 (Cathepsin-L 

cysteine proteases) (Table 4.2).    
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Table 4.2. Selective pressures among paralogs in eleven T. urticae gene families 
harboring salivary proteins 

Family 
N° a Annotation 

N° of 
salivary 
proteins 

b
N° of 

sequences 

Global 

dN/dS 
c 

N° positively/negatively 
selected sites d 

1 Serine protease 5 14 0.34 4/122 (341) 

5 Cathepsin-L 2 18 0.37 10/142 (414) 

6 
Lipocalin 

(apolipoprotein) 2 26 0.75 7/33 (220) 

8 Cathepsin-B 1 19 0.40 1/137 (398) 

9 Cystatin 2 12 0.56 4/29 (152) 

16 Unknown protein 3 9 0.50 4/46 (202) 

19 Unknown protein 1 8 0.35 3/67 (226) 

21 
 Allergen (Lipid-
binding) 2 10 0.60 5/30 (157) 

28 Unknown protein 7 7 0.60 2/47 (343) 

32 Unknown protein 2 6 0.96 6/13 (226) 

42 Unknown protein 3 8 0.40 0/63 (372) 

a Families were constructed after clustering T. urticae and T. evansi predicted secretomes (Chapter 3) 

b Number of family members identified in saliva. Some peptides mapped to more than one family member 

c Ratio of non-synonymous to synonymous changes (dN/dS) among family members estimated by SLAC. 

d Number of codons under positive or negative selection estimated by FEL (p-value < 0.1). Number of 
aligned codons (including gaps) is shown in parenthesis 

Then we evaluated if certain codons (sites) are under positive or negative 

selection by using FEL. Family 5 (Cathepsin-L) showed the highest number of both 

positively and negatively selected sites, which indicates strong negative selection 

acting on the whole protein with the exception of certain residues being actively 
changed (Table 4.2). Also the families consisting on Cathepsin-B and serine 

proteases (Family 8 and Family 1, respectively) showed a relatively high number of 

negatively selected codons. To examine if certain paralogs (branches in the 

phylogenetic trees) are under positive selection we performed a branch-specific 

selection analysis using GA-Branch, which test if certain branches or nodes in a 

phylogeny show signatures of positive selection when compared to the rest of the 

phylogenetic tree. The two families with the highest global dN/dS values, Family 6 
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(lipocalins) and Family 32, were the only ones that showed significant branch-
specific positive selection (Figure 4.3AD), however their family members detected 

in mite saliva were not under strong positive selection. In Family 28 we found that 

the branch-specific dN/dS values ranged from 0.03 (strong negative selection) to 

0.68, yet not significantly different according to GA-Branch (Figure 4.3C). 
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Figure 4.3. Maximum likelihood (ML) phylogenetic trees of four gene families encoding 
salivary proteins that showed the highest dN/dS ratios. The cladograms show ML trees 

constructed for the salivary-protein-encoding gene families 6 (A), 21 (B), 28 (C), and 32 (D). 

The family number, global dN/dS (estimated by SLAC), and the number of positively (p) and 

negatively (n) selected residues (estimated by FEL) is indicated for each ML tree. Numbers 

above branches indicate branch-specific ω values estimated by GA-Branch. Ticker lines in 

ML trees indicate branches under positive selection estimated by GA-Branch (Prob [dN>dS] > 

0.95). No branches under positive selection were found for Family 21 and Family 28. Genes 

encoding salivary proteins identified by LC-MS/MS are shown in bold-italics (some LC-MS/MS 

mass spectra mapped to more than one gene-family member). Bootstrap values given as 

percentage for each node are shown in parenthesis.  

_________________________________________________________________________ 

Discussion 

In this study we reported on the salivary proteome of T. urticae, collected from 

artificial diet on which adult mites had been allowed to feed and profiled by LC-
MS/MS, and we compared it to the in silico secretome predicted in Chapter 3. The 

majority of the proteins identified could not be annotated using any of the public and 
private databases to which we had access, which included the predicted proteomes 

of two recently sequenced mite genomes i.e. T. urticae (public) and A. lycopersici 

(unpublished). Thus it is feasible that many functions of T. urticae saliva are 

performed by novel proteins such as the protein families to which Tu28 and Tu84 
belong, and for which in Chapter 3 was shown that they suppress SA-related 

defenses and improved T. urticae performance when expressed in Nicotiana 

benthamiana. Mothes and Seitz (1982) proposed that spider mites use salivary 

secretions for pre-oral digestion, as they observed that the gut contents of T. urticae 

is filled with granal thylakoids, starch grana, and cytoplasmic portions, which led to 

the authors to suggest that the decomposition of nuclei, chloroplast stroma and other 

organelles should occur prior to ingestion by the mite. In this study we found some 
known digestive enzymes in mite saliva which further supports that spider mites use 

saliva to pre-digest their food, as insect herbivores do (Miles, 1999, Shukle et al., 

2009, Watanabe & Tokuda, 2010). 
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The salivary proteome of spider mites contained seven proteolytic enzymes: 

five serine proteases and two cysteine proteases. Both groups of enzymes are 

significantly expanded in the T. urticae genome, which could be possibly related to 

the extreme polyphagous nature of this mite species, i.e. generalist spider mites 

need to digest and/or detoxify a large variety of plant secondary metabolites 

(Santamaria et al., 2012a). It has been suggested that phytophagous mites mainly 
rely on cysteine peptidases to digest plant proteins (Nisbet & Billingsley, 2000). 

Accordingly, Michaud et al. (1996) showed that the protease activity of whole-body 

extracts from T. urticae mites mostly is explained by cysteine type proteases. Serine 

protease activity (trypsin or chymotrypsin) has not been detected in mite extracts 

(Santamaria et al., 2012b, Carrillo et al., 2011). However, overexpression of a trypsin 

inhibitor gene (Itr1) in barley and Arabidopsis increased resistance of these plants to 

T. urticae (Santamaria et al., 2012b). The authors suggested that mite serine

proteases might play roles in physiological processes other than digestion, such as

development, since the majority of serine protease encoding genes are constantly

and equally expressed during all mite developmental stages, including the non-

feeding embryonic stage, which contrasts to the highest expression reached at the
adult stage of genes encoding for cysteine proteases (Santamaria et al., 2012b).

Still, the serine proteases that we found in mite saliva were encoded by genes mostly

expressed during feeding stages, which suggest that these particular serine

proteases might indeed play a role in feeding. Metalloproteases are present in the

spider mite in silico secretome (11 members in Family 22), but we did not find any in

mite saliva. Metalloproteases have been found in the saliva of aphids (Carolan et al.,

2009) and thrips (Frankliniella occidentalis) (Stafford-Banks et al., 2014), and also in

the saliva of blood-feeding ticks (Francischetti et al., 2003), on which these enzymes

potentially play roles in host-immunity suppression. In addition, three protease

inhibitors were found in mite saliva: Two serine (trypsin) protease inhibitors and one

cysteine protease inhibitor (cystatin), all of which are among the few cysteine-rich
proteins found in mite saliva. Acari protease inhibitors can perform a variety of

functions, which include the regulation of proteolytic enzymes (Santamaria et al.,

2012a) and, in ticks, host-immunity suppression (Kotsyfakis et al., 2007). Plant

pathogens also make use of protease inhibitors to suppress host immunity. The
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effectors Avr2, EPIC1/2B, and Pit2 secreted by the fungal plant pathogens 

Cladosporium fulvum (Shabab et al., 2008), Phytophthora infestans (Song et al., 

2009), and Ustilago maydis (van der Linde et al., 2012), respectively, target specific 

plant proteases to inhibit their activities, thereby interrupting the function of these 

enzymes in plant defenses.  

Two type of salivary enzymes that function on hydrolysis of carbohydrates 

were found: two β-mannosidase and one β-galactosidase. It was previously reported 

that spider mite extracts have β-glucosidase, β-galactosidase, and β-glucuronidase 
activities (Nisbet & Billingsley, 2000), and it was suggested that these enzymes 

(activities) might function to weaken cell wall structure, to digest hemicellulose, or to 

cleave carbohydrates from glycoproteins. Still, spider mite’s catalogue of 

carbohydrate hydrolytic enzymes found in salivary secretions is limited when 

compared to that found in insect herbivores saliva such as thrips (Stafford-Banks et 

al., 2014), which are also mesophyll-feeding, and the phloem-feeding whiteflies (Su 

et al., 2012) and aphids (Carolan et al., 2011), in which cellulases, pectins, amylases, 

and several type of enzymes that digest a variety oligosaccharides can be found. 

Spider mite saliva also contained proteins with putative roles in 

detoxification. We found two salivary proteins that belong to the T. urticae’s extensive 

family of lipocalins. Lipocalins are small secreted proteins that bind hydrophobic 

molecules, and are widely distributed in bacteria, plants, arthropods and animals 

(Flower et al., 2000). Dermauw et al. (2013) showed that the spider mite lipocalin 

gene family is highly responsive to xenobiotic stress, and these proteins might 
function in sequestration of allelochemicals or protection to oxidative stress. 

Additionally, we found evidence that the lipocalin gene family is under positive 

selection, which was also shown for lipocalins of primates (apolipoprotein-L) (Smith 

& Malik, 2009) and aphids (Ollivier et al., 2010). In spider mites this accelerated 

evolution rate may relate to the extreme plasticity of T. urticae to adapt to different 

host species (Agrawal, 2000) and to develop resistance to acaricides (Van Leeuwen 

et al., 2015).  
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Evaluation of the in silico pipeline to predict mite effectors 

In Chapter 3 we predicted, from the T. urticae genome, the whole spider mite 

secretome consisting of 1493 proteins, which clustered in 999 similarity families 

together with T. evansi secreted proteins. Our goal was to discover salivary effector 

proteins, yet dealing with a large starting dataset making it impossible to validate all 

candidates, we performed a stringent filtering strategy that consisted on two main 

phases: genome-wide secretome prediction and effector repertoire prediction 
(Figure 4.2; Chapter 3). That strategy led to the selection of five families, which 
ultimately were confirmed as salivary-gland specific by in situ hybridization (Chapter 
3; this chapter). In this study, we showed that proteins from each of these five 

families were indeed found in T. urticae salivary secretions. Still those represented 

a small fraction of the spider mite saliva. The proteomic dataset reported here grant 

us an opportunity to critically assess our pipeline that predicted spider mite salivary 

effectors. 

Secretome prediction 

We confirmed 40 of the 1493 T. urticae predicted secreted proteins via 

proteomics while 23 were not in the list.  Twenty-one proteins identified in salivary 

secretions lacked a predicted signal peptide and therefore were not included in the 
in silico secretome (Chapter 3). This proportion of proteins not predicted to be 

secreted yet found in saliva is similar to that found by proteomics in the saliva of 

insect herbivores such as the aphid Macrosiphum euphorbiae (Chaudhary et al., 

2015), the lepidopteran Helicoverpa armigera (Celorio-Mancera et al., 2011b), or in 

the saliva of blood-feeding ticks (Ixodida sp) (Díaz-Martín et al., 2013). Multiple 

reasons can account for the occurrence of these proteins, including: i) the secretion 

of proteins into saliva possessing a non-canonical secretion signal; ii) the signal 
peptide was not predicted due to incomplete or inaccurate gene models; iii) to cross-

contaminations (i.e. due to histolysis). Using alternative programs for predicting 

secretion, such as the ab initio predictor SecretomeP (Bendtsen et al., 2004), which 

predicted the secretion of three mite salivary proteins that lacked a signal peptide, 
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and improving gene model annotations can prevent losing proteins that were not 

contaminants in a predicted secretome list.   

The in silico secretome was constructed by combining predictions of five 
different programs (all programs had to agree) (Figure 4.2A). If we exclude the 

TMHMM criterion, 47 of the 63 salivary proteins identified by proteomics were 

predicted to be secreted by at least one program, and importantly, 40 (87%) of those 

proteins were predicted by all of them. Of the five routines, TargetP contributed least 
in reducing the size of the in silico secretome (11 proteins; Figure 4.2A), while it 

excluded one salivary protein. Therefore, with the exception of TargetP, the 

programs employed to predict the whole-mite secretome reduced considerably the 

number of putative secreted proteins while, simultaneously, they did not 

considerably increase the number of false negatives. Seven salivary proteins could 

have been incorporated in the secretome list by omitting some routines but not 

without adding a large number of false positives to the predicted secretome.  

For a variety of reasons we cannot assume that the saliva proteome 

presented here will include all salivary proteins secreted by spider mites. First of all, 

diet-dependent regulation of genes encoding for secreted proteins was shown for T. 

urticae when feeding on different hosts (Dermauw et al., 2013). Here we showed 

that there only was 31% overlap between the salivary proteomes from mites that 
have been feeding on bean or on tomato (Figure 4.1D). As the T. urticae host-range 

spans more than 1100 plant species (Dermauw et al., 2013), we assume that we 

missed many salivary proteins that may only be produced in detectable amounts on 
particular host plants. Moreover, although mass-spectrometry-based proteomics are 

increasingly powerful in terms of resolution, sensitivity, and accuracy (Cravatt et al., 

2007, Aebersold & Mann, 2003), probably some salivary proteins are very low-

abundant in the artificial medium and hence possibly under current detection limits.  

Effector repertoire prediction 

The in silico secretome contained (most likely) not only proteins secreted 

from salivary glands, but also many other secreted proteins from other organs such 

as the tracheal gland, the silk glands, or the midgut. Hence, the relatively low number 
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of salivary proteins obtained from the proteomics (63) compared to the relatively high 

number of predicted secreted proteins (1493) emphasizes the need of the additional 

filtering steps that were performed on the secretome dataset to construct the 

candidate list that consisted of five putative effector families. Gene family expansion, 

annotation, and higher expression in feeding stages were used as criteria on three 

selection steps, yet these criteria aimed to select for effector features while only step 
IV aimed to select for a salivary protein feature (enriched expression potentially in 

the salivary glands). As to expand the list of candidates to add more salivary proteins 

by excluding some of the criteria that we used to define a potential effector, arguably 

the family expansion step could have been forgone. Many effectors genes of 

filamentous plant pathogens are multiplied and clustered in specific genomic regions 

(Saunders et al., 2012, Soanes & Talbot, 2008), but this may not be the case for (all) 

spider mite effectors. For example, some T. urticae candidate effector gene families 

were found to be relatively highly expanded (such as Tu19, Tu28, and Tu90), while 

others had only two paralogs (as Tu84 and Tu128). Seven salivary proteins that did 

not group in families (singletons) could have been added to the final candidate list, 

while still retaining the other two data-mining selection filters. However, there would 
have been 37 more pre-candidates from the in silico secretome to screen by Q-PCR 

in dissected mite samples (Step IV) if the family size criterion would not have been 

used. A similar drawback would have occurred if we had omitted other selection 

steps, such as the lack of annotation criterion. The family expansion and/or the 

annotation criteria could have been skipped if we had access to a quantitative 

transcriptome from isolated salivary glands, or even from anterior-body-dissected 

mites, but given the fact we had to do the Q-PCRs we needed these criteria for 

obtaining a feasible sample size.  

Protein size could have been an additional selection criterion that we can 

infer from the mite salivary proteome, that could enrich a predicted secretome with 

salivary proteins (and hence with mite effectors), since most of the salivary proteins 

(78%) were predicted tob be less than 400 amino acids long. However, the 

effectiveness of such criterion might have been marginal on our dataset since 80% 

of the T. urticae predicted secretome was already composed of proteins smaller than 
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400 amino acids, i.e. most of the predicted mite secretome fits under this size. 

Cysteine-richness is a common criteria employed in bioinformatics pipelines 

predicting apoplastic pathogen effectors (Saunders et al., 2012, Ma et al., 2010). 

Here we found that only few mite salivary proteins (8 possessing a signal peptide; 
Table 4.1) contained a relatively high percentage of cysteine residues (i.e. more than 

3%), therefore a cysteine-rich criteria would not be effective to select for spider mite 
effectors.  Cysteine residues can form disulfide bridges that, in the case for 

apoplastic effectors, increase protein stability in the plant protease-rich extracellular 

environment (Stergiopoulos & Wit, 2009). Hence we predict that spider mite salivary 

proteins, like aphid effectors, function in the cytoplasm or intracellular organelles. 

Another potential parameter comes from genome-wide assessment of dN/dS ratios, 

which provide reliable evidence by which to rank candidate effectors according to 

the extent of positive selection. An increasing number of pathogen effectors have 

been shown to display signatures of positive selection, for example Phytophthora 

infestans effector family scr74 (Liu et al., 2005), and many effector families in 

Puccinia graminis (Sperschneider et al., 2014); which is in accordance to the highly 

dynamic evolutionary history of most effector-encoding genes as a result of the 
molecular arms-race between plants and their parasites (Anderson et al., 2010). Also 

positive selection has been found in the aphids effectors C002 (Ollivier et al., 2010), 

PintO1 and PintO2 (Pitino & Hogenhout, 2013); these effectors dN/dS ratios range 

from 0.375 to 1.038, which are considerably higher than an average dN/dS calculated 

among a set of 253 orthologous genes shared by aphid species that range from 

0.064 to 0.094 (Ollivier et al. 2010). Here we provided evidence of positive selection 

operating on two protein families harboring salivary proteins, i.e. salivary lipocalins 

and an unknown salivary protein, although our current dataset limited us to only 

evaluate selection among paralogous genes of one species genotype (T. urticae 

London strain). Genome sequencing of other spider mite species, such as T. evansi, 

T. cinnabarinus, T. lintearius, or other T. urticae strains, can provide the data needed
to perform genome-wide assessment of dN/dS ratios among orthologous candidate

effectors, independently if these do not occur as expanded gene families.
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In conclusion, from the starting whole-mite proteome to the final candidate 

effector list, a total of nine filtering steps were performed including secretome 

prediction and data mining screens. Each filtering came at a cost of excluding 

potential salivary effector proteins, and with the proteomic data presented here we 

could determine how many salivary proteins we lost after executing each step. 

Excepting the Target-P filter step, the trade-off that came after each step was 
necessary and acceptable as our main goal was to obtain a candidate list of a 

practical quantity for which we could do downstream functional analysis. As such, to 

perform transient transgenic expression, plant defense profiling, and herbivore 

performance assays is still the main bottleneck that constrains the pipeline. 

For some herbivore species of importance to agriculture, proteomic analysis 

of salivary secretions will remain a challenge, for instance with small herbivores such 

as the mite A. lycopersici. Likewise, isolating salivary glands in sufficient quantities 

for transcriptome or proteome profiling gets more difficult and laborious as smaller 

the herbivore is. Therefore, bioinformatics prediction tools on genome and whole-

transcriptomes of non-model pests are a viable alternative to expose their salivary 

secreted proteins and putative effector arsenal, and thereby can ignite progress into 

knowing host-manipulation mechanisms of these species, and subsequently it can 

lead to the application of such insight towards improving crop protection against 

those pests. 

Concluding remarks 

The use of effectors as a virulence mechanism extends beyond phytopathogens to 
include herbivorous pests. By using a bioinformatics pipeline on the predicted 

proteome of the two-spotted spider mite we revealed that these effectors may very 

well exist, as salivary proteins, in this herbivore species. The proteomic data 

presented in this chapter is the first compelling evidence reporting the existence of, 

above all, spider mite salivary secretions, and provides a magnificent reference for 
the in silico-predicted effectors in these secretions. In Chapter 3 and this chapter we 

concluded that genome-wide predictions, transcriptome profiling, in situ 

hybridization, and high-throughput proteomics, are all complementary approaches 
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that help to uncover the repertoire of effector-like salivary proteins in phytophagous 
mites. Still, we could regard the in silico-experimental strategy performed in Chapter 
3 and the saliva proteomics showed here as two complementary approaches to find 

salivary effector proteins; therefore, to guide future research on the discovery of 

salivary effectors in other mite pest species, we next outline some advantages, 

disadvantages, challenges, and limitations of both approaches to discover effector 

proteins: 

In silico-experimental pipeline pro and cons: 

1. – Bioinformatics pipelines for predicting a species secretome and its effector

repertoire are fast, inexpensive (in terms of computing resources), straightforward,

and well-documented.

2. – The integration of quantitative transcript data (e.g. of salivary glands) to an in

silico pipeline can narrow the number of candidate effectors down to a size
manageable for characterization. However, for small organisms, such data can be

hard to obtain.

3. – Both approaches (in silico pipelines and proteomics) require a comprehensive
sequence reference database. Still, for a thorough secretome prediction, a genome

with complete annotations is imperative in order to cover the signal peptide.

4. – In the case of not possessing an expression library of salivary glands, the

majority of false positives will consist of secreted proteins that do not occur in the

saliva and without confirmation (e.g. in situ hybridization) the chance for making a

wrong effector prediction is high

Proteomics on salivary secretions pro and cons: 

1. – Identification of an effector-like protein in the saliva by proteomics, supported

with evidence indicating specific expression in the salivary glands of the

correspondent gene, provide strong evidence that that salivary protein is indeed

secreted and thereby is in the position to interact with the host plant.
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2. – Proteomics on saliva of insect herbivores consistently have identified proteins

not predicted for secretion, which could be an advantage if these proteins are true

positives. However, a number of these proteins could instead be contaminants (false

positives).

3. – As with the in silico pipeline approaches, a comprehensive reference database

is also required for proteomics.

4. – Bottom-up proteomics hardly can discern between splice variants, or among

proteins sharing similar sequence.

5. – Although detection limits of MS-based proteomics are progressively improving,

the absence of a protein of interest in a saliva proteome profile is not proof that this

protein is absent in the saliva (false negatives).

6. – Herbivores have to feed on artificial diet, which could cause them to change to

not produce certain salivary proteins, as it has been shown for aphids (Cooper et al.,

2010).

7. – Collecting sufficient material will be more difficult for smaller organisms.

Materials and Methods 

Spider mites 

Tetranychus urticae strain London was reared and maintained on Phaseolus vulgaris 

(bean) detached leaves. Mites were collected from bean leaves and then transferred 

either to Solanum lycopersicum or uninfested bean leaves prior to saliva collection 

assays.  

Diet 

A 10X diet stock solution was prepared by adding 0.025 g of Rifampicin to 50 ml of 

distilled water (0.05%). Also a 10X control stock solution was prepared by adding 

0.025g of Rifampicin and 0.025g of Eurioglacin dye to distilled water (both 0.05%). 

The control (dye) solution was used to check if mites fed from the bubbles. Aphid 

diet was added to the diet solution.  
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Saliva collection 

To collect saliva, spider mites were allowed to feed on an artificial diet. Briefly, a 

pocket-like invagination was made in stretched Parafilm® M using a custom built 

vacuum device consisting of a 96 well plate (plate thickness 4.2 mm, hole diameter 

4.5 mm) fitted in the bottom of a vacuum manifold plate (Analytical Research 

Systems, Florida, USA) connected to a vacuum pump (model N 035.1.2 A_.18, KNF 

Neuberger, Germany). Next, 70 μl sterile holidic artificial diet (1/30 diluted aphid diet, 

Febvay et al. 1988) supplemented with the antibiotic rifampicin (0.05 mg/ml) was 
added, after which the pocket was sealed with packaging tape (Scotch Packaging 

Tape, Extra Strong, Belgium). The parafilm, with the diet-filled hemisphere side 

directed upwards, was cut to size (approx. 4 x 4 cm), mounted on the back of a small 

petri dish, and placed in a large petri dish filled with water. Using cotton wool and 

paper tissue, a water barrier was created, confining the spider mites in close 

proximity of the diet hemisphere. Thirty to 40 adult female mites were transferred to 

each feeding arena. These mites originated from replicate lines adapted to bean, 

maize, soy or tomato (mites adapted to cotton were not used for the collection of 

saliva). For each host-plant-specific sample, mites originating from each replicated 

host plant line were pooled. Addition of a blue colorant (0.05 mg/ml erioglaucine) to 

the control diet hemispheres was used to verify spider mite feeding as assessed by 

staining of gut contents . Petri dishes with feeding hemispheres were placed in an 
incubator (Panasonic MLR-352H) at 26°C with 60% RH and 16:8 L:D. After 24 hours, 

the remaining content of the feeding hemispheres, enriched with secreted salivary 

components, was collected using a Hamilton microsyringe under sterile conditions 

(ESCO Laminar Flow cabinet). Samples were stored at -80°C until enough sample 

(about 0.3 ml) was collected for nano-LC-MS/MS analysis. Feeding hemispheres 

that did not receive spider mites were treated identically and served as reference 

sample during nano-LC-MS/MS analysis. 

LC-MS/MS 

The equivalent of 1 µg of total protein was loaded and analyzed by nanoLC-mass 

spectrometry. Liquid chromatography mass spectrometric analysis was performed 
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on an Eksigent Waters nanoAquity LC-Ultra system connected to a Thermo 

Scientific LTQ Velos Orbitrap mass spectrometer. The equivalent of 2 µg of total 

protein of the digested sample was dissolved in 20 µl of 2% acetonitrile in HPLC-

grade water. 10 µl of the sample was loaded on the trapping column (Pepmap C18 

300 µm x 20 mm, Dionex) with an isocratic flow of 2% acetonitrile in water with 0.1% 

formic acid at a flow rate of 5 µl min-1. After 2 min, the column-switching valve was 
switched, placing the pre-column online with the analytical capillary column, a 

Pepmap C18, 3 µm 75 µm x 150 mm nano column (Dionex). Separation was 

conducted using a linear gradient from 2% acetonitril in water, 0.1% formic acid to 

40% acetonitril in water, 0.1% formic acid in 100 min. The flow rate was set at 400 

nl min-1. The LTQ Orbitrap Velos (Thermo Scientific) was set up in a data dependent 

MS/MS mode where a full scan spectrum (350–5000 m/z, resolution 60000) was 

followed by a maximum of ten CID tandem mass spectrum (100 to 2000 m/z). 

Peptide ions were selected as the twenty most intense peaks of the MS1 scan. 

Collision induced dissociation (CID) scans were acquired in the LTQiontrap part of 

the mass spectrometer. The normalized collision energy used was 35% in CID. We 

applied a dynamic exclusion list of 45 s. 

Protein Identification 

Peak lists obtained from MS/MS spectra were identified using OMSSA version 2.1.9 

(Barsnes et al., 2009), X!Tandem version X! Tandem Sledgehammer (Craig & 

Beavis, 2004), and MS-GF+ (Kim & Pevzner, 2014). The search was conducted 

using SearchGUI version 1.26.3 (Vaudel et al., 2011). 

     Protein identification was conducted against a concatenated target/decoy 

version of the Tetranychus urticae protein database (Grbic et al., 2011). Reversing 

the target sequences in SearchGUI created the decoy sequences. The identification 
settings were as follows: Trypsin with a maximum of 2 missed cleavages; 100.0 ppm 

as MS1 and 0.5 Da as MS2 tolerances; variable modifications: carbamidomethyl c 

(+57.021464 Da), oxidation of m (+15.994915 Da), pyro-glu from n-term q (-

17.026549 Da), acetylation of protein n-term (+42.010565 Da), pyro-cmc (-

17.026549 Da) and pyro-glu from n-term e (-18.010565 Da).  
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     Peptides and proteins were inferred from the spectrum identification results 

using PeptideShaker version 0.37.5 (Vaudel et al., 2015). Peptide Spectrum 

Matches (PSMs), peptides and proteins were validated at a 1.0% False Discovery 

Rate (FDR) estimated using the decoy/hit distribution.  

     Spectrum counting abundance indexes were estimated using the Normalized 

Spectrum Abundance Factor (Powell et al., 2004) adapted for better handling of 

protein inference issues and peptide detectability. 

Blast procedures 

T. urticae predicted protein sequences that matched the MS/MS spectra

were submitted to Blast2GO annotation (nr database, blastp, E value e-20). In 

addition, the 63 putative salivary proteins were submitted to a local blast search on 

the predicted proteome of the russet mite A. lycopersici (blastp, E value e-20) and 

on the genome of the predatory mite M. occidentalis (tblastn, E value e-20). An 
InterproScan (Jones et al., 2014) was performed to identify conserved domains or 

motifs in the 63 putative salivary protein sequences. 

In situ hybridization 

In situ hybridization experiments were performed as described in Chapter 3. 

Positive selection analysis 

To estimate the extent of selection affecting genes encoding for salivary proteins, 

we used the HyPhy package to calculate synonymous and non-synonymous 
substitutions among paralogs (family members) constituting gene families (Chapter 
3) that contained at least one salivary protein and a minimum of 6 T. urticae genes.

We first aligned family member protein sequences using MUSCLE (Edgar, 2004)
and inferred the corresponding codon-alignments by using RevTrans (Wernersson

& Pedersen, 2003). A maximum likelihood (ML) phylogenetic tree was calculated for

each protein sequence alignment using PHYML v2.4.5 (Guindon et al., 2010).

Codon-alignments and corresponding ML trees were uploaded to the Datamonkey

server (Delport et al., 2010; www.datamonkey.org) to execute HyPhy analyses. For

all selection analysis we used the HKY85 nucleotide substitution bias model. To



Chapter 4  146 

estimate recombination among family members a GARD analysis was performed 

(Kosakovsky Pond et al., 2006). All families showed evidence of recombination 

among their members, hence GARD inferred trees were used for all subsequent 

analysis. We used SLAC (Pond & Frost, 2005a) to estimate the global non-

synonymous to synonymous substitution ratio (dn/ds) among family members. We 

used FEL (Pond & Frost, 2005a) to estimate which codons were under positive or 
negative selection (p-value<0.1 as suggested by the Datamonkey server; Pond & 

Frost, 2005a). To estimate branch-specific positive selection and branch-specific 

dN/dS ratios a GA-Branch analysis was performed (Pond & Frost, 2005b).
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Supplemental Material 

Supplemental Figure 4.1. Experimental setup used to collect spider mite salivary 
secretions. The picture shows feeding bubble-arenas where 30 T. urticae adult female mites 
were allowed to feed on artificial diet for 24h after which the arena was cleaned and the liquid 
inside the bubble was extracted for LC-MS/MS analysis. 
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 Supplemental Figure 4.2 

Multiple sequence alignment of the full length coding sequences of the 26 T. urticae 
members from Family 6 (Lipocalins). Codon alignment was inferred from a protein alignment 
done by MUSCLE 
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(Continuation) Supplemental Figure 4.2 
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(Continuation) Supplemental Figure 4.2 
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Supplemental Figure 4.3 

Multiple sequence alignment of the full length coding sequences of the 10 T. urticae 
members from Family 21 (Lipid-binding). Codon alignment was inferred from a protein 
alignment done by MUSCLE 
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 Supplemental Figure 4.4 

Multiple sequence alignment of the full length coding sequences of the 7 T. urticae members 
from Family 28. Candidate Tu28 from Chapter 2 is tetur31g1040. Codon alignment was 
inferred from a protein alignment done by MUSCLE 



Chapter 5  163 

(Continuation) Supplemental Figure 4.4 
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Supplemental Figure 4.5 

Multiple sequence alignment of the full length coding sequences of the 6 T. urticae members 
from Family 32. Codon alignment was inferred from a protein alignment done by MUSCLE 




