The spider mite protein that exhibited the highest similarity to the human protein sequence was
chosen as the top hit, and its protein sequence was then used as a search query in a secondary
BLAST search within a human search set (Fig. 1). The goal of this search was to confirm that the

mite ortholog would return the original human TCA cycle enzyme as the top hit?3.

Bit scores (measure of sequence similarity), E-values (means to assess the confidence of the bit
score), % identities (proportion of exact amino acid matches), and % similarities (proportion of
amino acid matches including common amino acid substitutions) were recorded as statistics
describing homology??. Likely functional orthologs were identified using an arbitrary maximum
E-value threshold of 1x10%, with a coverage of at least 50% of the protein sequence?.

Furthermore, the values of all protein alignments were compared to identify outliers.

For proteins that could not be identified directly through ORCAE BLAST?, FLYBASE was used as
an intermediate database to look for orthologous proteins in mites?>. Drosophila served as an
organism bridging the gap between humans and mites due to its similarity to mites as an

arthropod, while paralleling many human biological processes?®.

Xenobiotic Stress Modeling

Synthetic pesticides were not used in this study as the source of xenobiotic stress. Instead, acute
xenobiotic stress was modelled through plant host transfer experiments. Plant host transfers
entail exposing the mites to a novel plant host species that consequently present novel

environmental challenges.

Briefly, plants produce a wide array of allelochemicals, or secondary metabolites, that act as

defense compounds (e.g., terpenoids, nitrogenous compounds, and phenols). These defense



compounds are released in response to herbivore feeding and are highly toxic upon ingestion,
thereby acting as a biological pesticide®?’. Moreover, the allelochemicals produced are plant
species-specific, meaning that each plant species produces a unique profile of defense
compounds. To further illustrate their pesticidal activity, plant allelochemicals have been recently
included in screening compound libraries for pesticide development®. Therefore, the exposure to
novel plant toxins through plant host transfers were justified as a suitable model for pesticide

exposure in our present study.

Animal Model

The following described experiments were previously conducted, and the transcriptomic and
metabolomic data were mined for our purposes. Because spider mites can adapt to novel plant
hosts, comparisons between naive mites that have never been exposed to a specific plant
(xenobiotic-non-adapted) and those that have adapted to the plant (xenobiotic-adapted) could
be conducted. By comparing these two groups, we could control for confounds like diet, such
that any metabolic changes observed were due to the xenobiotic challenge (e.g., the new plant
host). In other words, we selected the spider mite as a potential novel model for studying the
effects of xenobiotic exposure on metabolism due to its unique abilities to rapidly adapt upon
xenobiotic stress exposure (e.g., within 25 generations). In both experiments, plant host transfers
were performed using a reference strain of spider mites named “London”. These mites were

adapted to the bean plant (Phaselous vulgaris) as their preferred plant host.

Host Plant Transfer Effects on Gene Expression



The following transcriptomic analysis was previously conducted by X et. al, where genome-wide
RNA levels were quantitatively examined (Fig. 2). Briefly, female mites were moved from their
preferred bean host to either strawberry (Fragaria x ananassa), tomato (Solanum lycopersicum),
or gorse (Ulex europeus) plants, each of which represented low, moderate, and high xenobiotic
stressors, respectively. These plant host shifts exposed mites to novel and foreign plant toxins,
thereby imposing stressful conditions. Because the toxicity threshold causing differential gene
expression was unknown, it was critical to present plant hosts of varying toxicities. Therefore, we
could ensure identification of the genes most sensitive to transcriptional changes induced by

xenobiotic challenges.

24 hours after these host transfers, three samples of 100 mites per treatment were collected,
frozen in liquid nitrogen, and stored at -80°C until total RNA was extracted using the RNeasy Mini
Kit (Qiagen, Venlo, Limburg, Netherlands). The RNA samples were sequenced using an Illumina
HiSeq2500 Genome Analyzer (lllumina, San Diego, CA) platform. Then, the analysis of differential
gene expression was conducted using a voom/limma workflow, and additional analyses were

performed using R,

We retrieved data relevant to the TCA cycle from this existing dataset, listed in Table 2.

Host Plant Transfer Effects on Relative Metabolite Abundance

The following metabolomic analysis experiment was previously conducted by Schulz et. al ?°. The
purpose of analyzing metabolomics was to avoid drawing conclusions based solely off
transcriptomic data, as analysis of only one data type may not reflect complete enzyme activity3°.

Briefly, spider mites were either maintained on bean plants (non-adapted) or maintained on



tomato plants for over 25 generations to allow adaptation to tomato defense compounds
(adapted). Following adaptation, the mites were moved back to the bean and their fitness was

assessed, ensuring the elimination of physiological and acclimation effects (Fig. 3)%°.

Subsequently, both adapted and non-adapted mites were moved to tomato plant hosts as a
source of acute xenobiotic stress. The relative metabolite abundance, which describes the net
level of metabolites (e.g., both their production and degradation), was recorded. In observing the
metabolite abundance changes of non-adapted mites, adapted mites were used as the control
group for comparison. Metabolomic analyses of whole mite homogenates and tomato plants
were carried out at 0, 3-, 12-, 24-, and 48-hour time points. Tomato metabolite levels served as
an additional control measure to ensure that the fluctuations in mites were not reflective of their

diet (e.g., plant host metabolite fluctuations)?°.

Samples were measured with Reversed Phase Ultra Performance Liquid Chromatography (RP-
UPLC) coupled to a Thermo-Fisher Exactive mass spectrometer. The spectrometer also consisted
of an Agilent Technologies Gas Chromatography (GC) coupled to a Leco Pegasus HT mass

spectrometer. REFINER MS 10.5 software (GeneData, http://www.genedata.com) was used for

mass spectrometry data extraction, and data were processed and analyzed in R?°.

Of the 4563 analytes identified in this experiment, only 4 were found relevant to the TCA cycle

and therefore used for our analysis?°.

Statistical Analysis

The data for transcriptomic and metabolomic experiments were processed and analyzed as

previously described by X et. al and Schulz et. al?®, respectively. We conducted further one-way


http://www.genedata.com/

ANOVA and post-hoc tests for the relevant metabolomic data in Microsoft Excel3! to compare

relative metabolite abundance of differing time points.

Results

Finding Functional Orthologues with Reciprocal BLAST

One-to-one mite orthologs were found for all proteins except PDHA1 using bidirectional best hit
(BBH) BLAST searches (Table 1). These reciprocal searches between mite and human protein
sequences provided a robust method to confirm likely conserved enzyme function?.

The sequence alignments between the majority of the human and mite TCA cycle proteins: PC,
PDK-1, PDHA2, PDHB, DLAT, DLD, CS, ACO1, ACO2, IDH3A, IDH3B, IDH3G, DLST, OGDH, SUCLG1,
SDHA, SDHB, MDH1, MDH2, and FH revealed high sequence similarity and likely conserved
function, as described by their relatively high bit scores and % similarities with sub-threshold E-
values (< 1x104) (Table 1).

The similarity statistics for SUCLA2, SDHC, and SDHD were relatively lower, with % similarities
below 70% (Table 1). Despite the lower % similarities, the bit scores and E-values still indicated
likely homology. Lastly, No PDHA1 ortholog was identified. Instead, the mite ortholog for its
isoform, PDHA2 (tetur04g09090), was returned as the top result for the human PDHA1 protein
sequence.

Based on the low E-values, relatively high bit scores and % similarities, the mite proteins
identified for all TCA cycle enzymes besides PDHA1 were likely functional orthologs, confirming

TCA cycle conservation in the mite.

Transcriptomic Analysis
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Figures and Tables

Figure 1. Example of a reciprocal BLAST search to find functional mite orthologs of human TCA cycle enzymes
(pictured here is citrate synthase). (A) The human amino acid sequence was acquired from NCBI and (B) this
sequence was entered as a query into the ORCAE (spider mite) database to find a putative mite ortholog. (C) The top
hit for the gene was selected from the ORCAE BLAST result and (D) the spider mite amino acid sequence was acquired.
(E) The mite amino acid sequence was then entered as a query back into another Protein BLAST within a human
search set (NCBI) to (F) confirm that the mite orthologue returned the original human enzyme (citrate synthase) as
the top hit. This bidirectional best hit (BBH) method ensured that the two genes were likely functional orthologs.

Table 1. List of human TCA cycle enzymes with their respective genes and mite orthologs. The reciprocal BLAST
statistics of bit score, E-value, % identity, and % similarity describe the similarity between the amino acid sequences
of the mite and human orthologs.

Reciprocal BLAST Results

Protein Human Mite Gene Bit Score E value % Identity % Similarity
Gene
Pyruvate carboxylase PC tetur05g04260 1626 bits 0.0* 66.52% 81%
Pyruvate dehydrogenase kinase 1 PDK-1 tetur11g03710 108 2e 8% 57% 72%
(putative)
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Pyruvate dehydrogenase E1 subunit PDHA1 No orthologue

alpha 1 found.

Pyruvate dehydrogenase E1 subunit PDHA2 tetur04g09090 465 bits 4163 * 59.78% 73%
alpha 2

Pyruvate dehydrogenase E1 subunit PDHB tetur01g02450 526 bits 0.0* 71.34% 88%
beta

Dihydrolipoamide-S-acetyltransferase DLAT tetur11g02780 482 bits 3166 * 56% 71%
Dihydrolipoamide dehydrogenase DLD tetur10g03230 711 bits 0.0* 72% 82%
Citrate synthase CS tetur01g06960 662 bits 0.0* 69% 83%
Aconitase 1 ACO1 tetur02g09460 1264 bits 0.0* 66% 80%
Aconitase 2 ACO2 tetur13g01190 1161 bits 0.0* 71% 82%
Isocitrate dehydrogenase (NAD (+)) 3 IDH3A tetur12g00780 509 bits 0.0* 75% 85%
catalytic subunit alpha

Isocitrate dehydrogenase (NAD(+)) 3 IDH3B tetur13g01460 488 bits le16* 65% 79%
non-catalytic subunit beta

Isocitrate dehydrogenase (NAD(+)) 3 IDH3G tetur08g03960 412 bits feta2 * 59% 79%
non-catalytic subunit gamma

Dihydrolipoamide S- DLST tetur08g00510 481 bits 2e7167 * 64% 76%
succinyltransferase

Oxoglutarate dehydrogenase OGDH tetur01g13490 1295 bits 0.0* 64% 77%
Succinate-CoA Ligase Beta Subunit SUCLA2 tetur03g02660 372 bits 3e 1 * 53% 68%
Succinate-CoA Ligase Alpha Subunit SUCLG1 tetur01g06160 425 bits 4149 * 75% 86%
Succinate Dehydrogenase Complex SDHA tetur08g03210 998 bits 0.0* 75% 85%
Flavoprotein Subunit A

Succinate Dehydrogenase Complex SDHB tetur01g15710 408 bits le43 * 68% 83%
Iron Sulfur Subunit B

Succinate Dehydrogenase Complex SDHC tetur30g00210 84.7 bits 5e20 * 39% 52%
Subunit C

Succinate Dehydrogenase Complex SDHD tetur20g00790 83.6 bits leto* 43% 61%
Subunit D

Malate dehydrogenase cytoplasmic MDH1 tetur12g04290 371 bits 6e128 * 58% 71%
isoform

Malate dehydrogenase 2 MDH2 tetur18g01070 459 bits Se163 * 71% 85%
Fumarate hydratase FH tetur19g01980 658 bits 0.0* 67% 79%

Note: * indicates a significant E-value. E-values less than 10 may be considered significant, according to previous
studies?2.
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Figure 2. Design of the data-generating experiment for transcriptomic analysis previously conducted by X et al.,,
where the data collected were mined for our purposes.
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Figure 3. Design of the data-generating experiment for the metabolomic analysis, previously conducted by Schulz et
al?*®, where the data collected were mined for our purposes..
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Table 2. Relative gene expression fold changes of spider mite TCA cycle genes in response to acute xenobiotic stress.
Spider mites adapted to bean plants (control) were moved to moderate xenobiotically challenging plants (tomato)
and highly xenobiotically challenging plants (ulex). Fold changes refer to RNA levels of mites exposed to xenobiotic
stress relative to RNA levels under the controlled condition. P-values are listed to the right of fold changes. Significant
gene downregulation is denoted by blue shading, and significant gene upregulation is denoted by red shading.

Strawberry Gorse

Human Gene Mite Gene Fold Change Fold Change P-Value Fold Change P-Value
PC tetur05g04260 -0.60 -0.10 0.93 -0.16 0.23
PDK-1 tetur11g03710 -0.38 0.54 0.16 0.02 *
PDHA2 tetur04g09090 -0.05 -0.23 0.20 8.15e > *
PDHB tetur01g02450 0.02 -0.19 0.46 1.11e08*
DLAT tetur11g02780 0.11 -0.15 0.55 2.71e9*
DLD tetur10g03230 -0.01 -0.19 0.37 2.25e 3%
(&) tetur01g06960 0.11 0.01* 1.53e 9%
ACO1 tetur02g09460 0.13 0.007 * 1.89e# *
ACO2 tetur13g01190 -0.21 -0.05 1 0.04 0.84
IDH3A tetur12g00780 0.02 0.01 * - 9.26e75*
IDH3B tetur13g01460 0.19 -0.05 1 -0.16 0.11
IDH3G tetur08g03960 0.02 0.00 1 -0.10 0.27
DLST tetur08g00510 -0.02 -0.19 0.36 3.76e%*
OGDH tetur01g13490 -0.16 -0.13 0.71 - 0.0004 *
SUCLA2 tetur03g02660 -0.31 -0.18 1 -0.03 0.94
SUCLG1 tetur01g06160 0.03 -0.29 1 0.001 *
SDHA tetur08g03210 -0.06 -0.20 1 - 0.008 *
SDHB tetur01g15710 -0.17 -0.02 1 0.08 0.44
SDHC tetur30g00210 -0.05 -0.18 1 - 0.03 *
SDHD tetur20g00790 0.10 -0.09 1 -0.12 0.16
MDH1 tetur12g04290 0.38 0.04 1 7.54e700 %
MDH2 tetur18g01070 0.27 0.0002 * 1.78e22*
FH tetur19g01980 -0.12 0.03 * 0.0008 *

Note: * denotes significance (p < 0.05)
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Figure 4. Spider mite gene expression changes in response to (A) a moderately xenobiotically challenging plant host
(tomato) and (B) a highly xenobiotically challenging plant host (gorse) mapped on the TCA cycle. TCA cycle enzymes
are listed with the corresponding mite genes underneath, and blue and red labeling indicates significant down- and
up-regulation, respectively.
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Figure 5. Mean relative metabolite abundance in T. urticae in response to acute xenobiotic stress (exposure to
allelochemicals of tomato plants). Light green bars represent non-adapted mites (mites that have not developed
resistance to tomato plant allelochemicals) and dark green bars represent adapted mites (mites maintained on
tomato plants for >25 generations to develop resistance to tomato allelochemicals). Error bars are SD. Letters denote
significant differences (p < 0.05) in relative metabolite abundance between time points, as determined by one-way
ANOVA and post-hoc t tests.
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Figure 6. Mean relative metabolite abundance in tomato plants when exposed to adapted (dark blue bars) and non-
adapted (light blue bars) spider mites. The non-adapted mites were maintained on bean plants and have not
developed resistance to tomato plant allelochemicals. The adapted mites were maintained on tomato plants for >25
generations to develop resistance to the plant’s defence chemicals. Error bars are SD. There were no significant
differences (p > 0.05) between time points or between plants exposed to non-adapted compared to adapted mites,
as determined by one-way ANOVA and post-hoc tests.
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