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Abstract

Some ectotherms can survive internal ice formation. In temperate regions, freeze tolerance is
often induced by decreasing temperature and/or photoperiod during autumn. However, we have
limited understanding of how seasonal changes in physiology contribute to freeze tolerance, and
how these changes are regulated. During a six week autumn-like acclimation, late-instar
juveniles of the spring field cricket Gryllus veletis (Orthoptera: Gryllidae) become freeze
tolerant, which is correlated with accumulation of low molecular weight cryoprotectants,
elevation of the temperature at which freezing begins, and metabolic rate suppression. We used
RNA-Seq to assemble a de novo transcriptome of this emerging laboratory model for freeze
tolerance research. We then focused on gene expression during acclimation in fat body tissue due
to its role in cryoprotectant production and regulation of energetics. Acclimated G. veletis
differentially expressed more than 3,000 transcripts in fat body. This differential expression may
contribute to metabolic suppression in acclimated G. veletis, but we did not detect changes in
expression that would support cryoprotectant accumulation or enhanced control of ice formation,
suggesting that these latter processes are regulated post-transcriptionally. Acclimated G. veletis
differentially regulated transcripts that likely coordinate additional freeze tolerance mechanisms,
including upregulation of enzymes that may promote membrane and cytoskeletal remodelling,
cryoprotectant transporters, cytoprotective proteins, and antioxidants. Thus, while accumulation
of cryoprotectants and controlling ice formation are commonly associated with insect freeze
tolerance, our results support the hypothesis that many other systems contribute to surviving
internal ice formation. Together, this information suggests new avenues for understanding the

mechanisms underlying insect freeze tolerance.
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Introduction

Many insects that overwinter in temperate regions risk freezing of their body fluids. Insects
survive these low temperatures using a range of physiological strategies, including freeze
avoidance (depressing the temperature at which body fluids freeze), cryoprotective dehydration
(decreasing the amount of freezable water in the body), vitrification (preventing ice
crystallization by transitioning body fluids to a “glass” state), and freeze tolerance (surviving
internal ice formation; Lee, 2010). Freeze-tolerant insects must survive a combination of
challenges, including those imposed by low temperatures, internal ice, and metabolic limitations
(Toxopeus and Sinclair, 2018). Low temperatures alone can cause injury, such as cell death
associated with membrane depolarization (Bayley et al., 2018). Low temperatures and freezing
are hypothesized to damage cellular macromolecules via cold- or dehydration-induced protein
denaturation or membrane phase transitions (Hazel, 1995; Rinehart et al., 2006; Dias et al.,
2010), accumulation of oxidative damage (Doelling et al., 2014; Lalouette et al., 2011), and
build-up of toxic metabolites (e.g. lactate) over time (Storey and Storey, 1985). For example,
freezing can cause dissociation and damage of cytoskeletal proteins in fat body of the drosophilid
fly Chymomyza costata (Des Marteaux et al., 2018a). In addition, ice formation and
recrystallization (ice crystal growth at equilibrium ice content) may mechanically damage cells
and tissues (Pegg, 2010). We have previously hypothesized that five broad mechanisms
contribute to freeze tolerance (Toxopeus and Sinclair, 2018): freeze-tolerant insects may 1)
control the process of ice formation and propagation, 2) reduce ice content, 3) stabilize cells and
macromolecules, 4) prevent accumulation of harmful metabolites, and 5) coordinate repair and
recovery post-thaw. However, the regulation of these mechanisms and the extent to which they

facilitate freeze tolerance is unknown.

Many temperate insects become freeze tolerant as winter approaches, and descriptive studies
have identified biochemical and molecular correlates that could facilitate this cold tolerance
strategy (Lee, 2010). For example, freeze-tolerant insects can seasonally alter macromolecule
composition (membranes and proteins), and accumulate low molecular weight cryoprotectants,
cytoprotective proteins, ice-binding molecules, and aquaporins (AQPs; Toxopeus and Sinclair,
2018). Altering macromolecule composition (e.g. membranes; Kostal et al., 2003) may reduce

macromolecule damage due to low temperatures and ice. Low molecular weight cryoprotectants

3
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such as sugars, polyols, and amino acids (Lee, 2010), and potentially cyto- and cryo-protective
proteins such as heat shock proteins (HSPs; Lu et al., 2014; Zhang et al., 2011) can also protect
cells and macromolecules at low temperatures. Ice-binding molecules may reduce mechanical
damage from ice: ice-nucleating agents (INAs) can control where and when ice begins to form,
and many antifreeze proteins (AFPs) can inhibit ice recrystallization (Zachariassen et al., 2004;
Duman, 2015). Similarly, AQPs may help control ice location by facilitating osmotic
dehydration of cells during freezing, thereby preventing intracellular ice formation (I1F; Philip
and Lee, 2010; Yi et al., 2011). Freeze-tolerant insects may also suppress their metabolic rate
(e.g. in diapause; Irwin and Lee, 2002), which could reduce metabolic dysregulation in the

frozen state.

Despite the diversity of molecules that may contribute to freeze tolerance, we have limited
understanding of the pathways that regulate seasonal changes and have explored only a narrow
range of other cellular and physiological processes during acclimation that may contribute to
freeze tolerance. Many seasonally-induced physiological changes (e.g. entry into diapause) are
regulated by hormones, including juvenile hormone (JH; Sim and Denlinger, 2013), 20-
hydroxyecdysone (20HE; Poupardin et al., 2015; Kostal et al., 2017) and insulin signalling (Sim
and Denlinger, 2008; Kostal et al., 2017; Sinclair and Marshall, 2018), but whether these initiate
freeze tolerance is undetermined. Seasonal changes in enzyme activity may account for
cryoprotectant accumulation in Eurosta solidaginis (Joanisse and Storey, 1994; Storey and
Storey, 1981), but the mechanisms underpinning other changes (e.g. membrane composition) are
less clear. Untargeted ‘-omics’ (e.g. metabolomics, transcriptomics) studies of freeze-tolerant
insects to date have identified acute responses to cooling, freezing, or dehydration (Courteau et
al., 2012; Teets et al., 2012a; Teets et al., 2013; Dennis et al., 2015; Stétina et al., 2018), but few
have documented the changes associated with seasonal acquisition of freeze tolerance
(Poupardin et al., 2015). Some genes that are seasonally upregulated in freeze-tolerant insects
(e.g. HSPs, AQPs) have been identified via targeted studies (Philip and Lee, 2010; Yi et al.,
2011; Zhang et al., 2011; Lu et al., 2014), but few other genes (e.g. those encoding ice-binding

proteins; Duman, 2015) have been linked to the acquisition of freeze tolerance.
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The spring field cricket, Gryllus veletis (Orthoptera: Gryllidae), is a promising model for
mechanistic studies of insect freeze tolerance (Toxopeus et al., submitted). A laboratory
acclimation that mimics autumn (six weeks of decreasing temperature and photoperiod) induces
freeze tolerance in late instar juveniles, which are freeze tolerant when overwintering in nature
(Toxopeus et al., submitted). Like many other insects, this acquisition of freeze tolerance is
accompanied by increased hemolymph osmolality (e.g. due to accumulation of low molecular
weight cryoprotectants), increased control of ice nucleation (elevated supercooling point, SCP;
the temperature at which ice formation begins), and reduced metabolic rate (Toxopeus et al.,
submitted). Here we assembled a transcriptome for G. veletis and compared gene expression in
the fat body tissue of fifth instar males during six weeks of acclimation or control conditions. We
chose to examine the fat body because of its role in regulation of energetics and cryoprotectant
production (Arrese and Soulages, 2010). We aimed to determine which pathways regulate the
physiological changes associated with freeze tolerance, and to identify previously unexplored

cellular processes that may contribute to the mechanisms underlying freeze tolerance.

Materials and Methods

Study animals

Our laboratory colony of G. veletis originated from individuals collected in 2010 from the
University of Lethbridge campus, Alberta, Canada. We reared the crickets at 25°C, 14:10 L:D
photoperiod, 70% RH, as described previously (Toxopeus et al., submitted). Approximately eight
weeks post-hatch, we isolated fifth instar male nymphs into individual mesh-covered 180 mL
transparent cups (Polar Plastics, Summit Food Distributors, London, ON, Canada) containing
egg carton shelters, rabbit food, and water. We then haphazardly assigned crickets to either
remain in rearing (control) conditions for six weeks (25°C, 14:10 L:D), or to undergo a six week
acclimation mimicking autumn conditions. We acclimated crickets in a Sanyo MIR 154
incubator (Sanyo Scientific, Bensenville, IL, USA), with photoperiod decreasing from 11.5:12.5
L:D to 7.9:16.1 L:D and fluctuating temperatures decreasing from 16/12°C (12 h at each
high/low temperature) to 1/0°C over six weeks. This regime induces freeze tolerance in G. veletis
nymphs, while nymphs maintained under control conditions are freeze-intolerant (Toxopeus et
al., submitted).
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RNA extraction, cDNA library preparation, and sequencing

We dissected fat body tissue for RNA extraction after zero, three, and six weeks of control or
acclimation conditions. At zero weeks we collected tissue from control crickets only. At three
and six weeks we collected tissue from control and acclimated crickets. We briefly blotted fat
body samples on tissue paper to remove hemolymph, transferred them to 1.7 mL microcentrifuge
tubes, and flash froze the samples in liquid nitrogen. Each biological replicate was comprised of
fat body tissue pooled from five males from the same cohort. To limit variability introduced by
sex, we did not collect tissue from female crickets. We generated mRNA libraries for three
biological replicates of each treatment, representing three cohorts of crickets (15 libraries total).
To maximize the breadth of transcript representation for the de novo assembly, we extracted
RNA from an additional G. veletis sample including tissues pooled from various developmental
stages: whole male and female adult crickets, first through fifth instar nymphs, fifth instar
nymphs that had undergone chilling (0°C for 1, 4, and 24 h), freezing (-8°C for 1.5 h), thawing,
dehydration (incubation at room temperature with silica gel for 1, 4, and 24 h), and an immune
challenge (injection with heat-killed bacteria, recovery for 1, 6, and 24 h). All samples were
stored at -80°C until RNA extraction.

We homogenized each of the 16 tissue samples with a plastic micropestle in TRIzol
(ThermoFisher Scientific, Mississauga, ON, Canada) and extracted RNA according to
manufacturer’s instructions. We purified RNA extracts using the GeneJet RNA Cleanup &
Concentration Micro Kit (ThermoFisher Scientific) according to manufacturer’s instructions and
measured absorbance at 260 nm to determine the RNA concentration. Génome Québec
(Montréal, QC, Canada) conducted quality analysis on each sample with an Agilent Bioanalyzer,
prepared KAPA/NEB stranded cDNA libraries from mRNA transcripts, and performed paired-
end, 125 bp sequencing on the Illumina HiSeq 2500 platform (lllumina, San Diego, CA, USA).

De novo transcriptome assembly and annotation

We assembled the G. veletis transcriptome using a pipeline similar to that described previously
(Des Marteaux et al., 2017). Briefly, we removed Illumina adapter sequences and discarded
sequences shorter than 15 nucleotides or containing unknown bases using Cutadapt (Martin,

2011). We grouped trimmed sequences from all 16 libraries and assembled de novo an initial
6
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transcriptome with a minimum contig length of 200 nucleotides using Trinity v2.2.0 (Grabherr et
al., 2011; Haas et al., 2013) on the SHARCNET computing cluster (https://www.sharcnet.ca).

We compared transcriptome assembly ‘completeness’ to a database (October 2016) of arthropod
Benchmark Universal Single Copy Orthologs (BUSCO) using BUSCO v1.22 (Siméo et al.,
2015). We used Trinotate v3.0.1 on the SHARCNET computing cluster to assign putative
identities to each contig from the Trinity assembly using BLASTx and BLASTp with an e-value
threshold = 1x107 (Altschul et al., 1990) against the UniProt database (September 2016). We
also used Trinotate to identify GO (Gene Ontology) terms (Ashburner et al., 2000), KEGG
(Kyoto Encyclopedia of Genes and Genomes) terms (Kanehisa et al., 2011), and Pfam (protein

family) domains (Punta et al., 2011) associated with each contig.

Differential gene expression analysis

To determine contig (putative transcript) read counts in each library, we first mapped the original
cleaned sequence reads back onto the Trinity-assembly using Bowtie2 v2.2.9 (Langmead and
Salzberg, 2012; Li et al., 2009b) and reassembled them with the Cufflinks package v2.2.1
(Trapnell et al., 2012) to filter out transcriptional artifacts, misassembled transcripts, and poorly
supported transcripts. We then quantified contig abundance using HTSeq v0.6.1p1 (Anders et al.,
2015), and normalized read counts for differential gene expression analysis using the edgeR
Bioconductor package (Robinson et al., 2010) in R v3.4.1 (Risso et al., 2014; R Core Team,
2017).

To compare expression patterns over time between control and acclimated crickets, we used the
maSigPro Bioconductor package (Conesa et al., 2006) in R to identify differentially expressed
transcripts (with at least one read count in half of the libraries) and cluster them into nine
expression patterns using a stepwise regression function. We used the same zero-week samples
for both control and acclimated crickets in the analysis. This approach revealed that gene
expression changed over six weeks in both control and acclimation conditions. As a result, we
approached age-matched pairwise comparisons indirectly in subsequent analyses by comparing
each group to the zero week control. We avoided direct age-matched pairwise comparisons
because of their potential to be misleading. If (for example) control crickets upregulated a

transcript after six weeks but acclimated crickets did not differentially express that same
5
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transcript, comparing the control and acclimated groups at the six week time point would

(incorrectly) suggest that acclimated crickets actively downregulated that gene.

To identify processes that were up- or down-regulated during acclimation, we conducted GO
enrichment analysis using the goseq Bioconductor package (Young et al., 2010) in R on contigs
identified as differentially regulated by maSigPro. We did pairwise comparisons of each
treatment group relative to the zero week control, and accepted GO terms as over- or under-
represented if the FDR-adjusted P-value was < 0.1, and if there were more than three transcripts
representing that GO term. Redundant GO terms were removed with REVIGO (Supek et al.,
2011), using the SimRel algorithm, allowing medium similarity. We also identified
differentially-enriched KEGG pathways in each treatment group relative to the zero week control
using the Generally Applicable Gene-set Enrichment (GAGE) and Pathview Bioconductor
packages (Luo and Brouwer, 2013; Luo et al., 2009) in R. These packages identify coordinated
differential expression in gene sets (pre-defined, functionally-related groups of genes; Luo et al.,

2009). We accepted pathways as differentially-expressed if the FDR-adjusted P-value was < 0.1.

Results and Discussion

Transcriptome summary

We assembled 672 million 125-bp paired-end reads from 16 libraries into a reference
transcriptome (see Table 1 for detailed description). The transcriptome included 77.6 % complete
arthropod BUSCOs, which is similar to or better than other recent arthropod de novo
transcriptome assemblies (Tassone et al., 2016; Theissinger et al., 2016; Des Marteaux et al.,
2017). Approximately 28,000 contigs (putative transcripts) were annotated, of which 97 % were
assigned identities based on BLAST matches to the UniProt database, 88 % had GO terms, 47 %
had KEGG IDs, and 65 % had identifiable Pfam domain(s) (Table 1). Our analysis focuses
primarily on these annotated transcripts, although we speculate that subsequent exploration of

unannotated transcripts may reveal novel factors associated with freeze tolerance.

Differential gene expression in early and late acclimation may contribute to freeze tolerance
A total of 3,306 putative transcripts were differentially-regulated in fat body tissue from juvenile
G. veletis males during six weeks of control or acclimation conditions, each clustering into one

8
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of nine differential expression patterns (Fig. 1). This differential expression resulted in over- or
under-representation of 63 GO terms (Fig. 2) and 29 KEGG pathways (Fig. 3), suggesting
altered activity of many biochemical and physiological processes in fat body during acclimation.
The quantity of differentially-regulated transcripts was similar to that of cold-acclimated Gryllus
pennsylvanicus tissues (Des Marteaux et al., 2017). Approximately one third (1,054) of the
differentially-regulated transcripts had putative gene identities (Dataset S1). Most (2,508) of the
differentially-regulated transcripts exhibited different expression patterns between control and
acclimated crickets (Fig. 1A, B, D, E, G, and H), and the remaining (800) transcripts changed
similarly over time in both conditions (Fig. 1C, F, and I). The latter group of transcripts likely
represents changes due to aging, and we therefore focus on the former group to identify
transcriptional changes in the fat body that may be important for freeze tolerance. Acclimation
likely also initiates differential gene expression in other tissues that may contribute to freeze

tolerance, which we have not captured in this experiment.

Most (2,559) of the differentially-expressed transcripts up- or down-regulated at three weeks of
acclimation did not change significantly thereafter (Fig. 1A, B, D, E), whereas the remaining
transcripts (747) were differentially regulated throughout the six weeks (Fig. 1G, H). However,
G. veletis only becomes freeze tolerant after six weeks of acclimation (Toxopeus et al.,
submitted). Therefore, we hypothesize that early differential gene expression (Fig. 1A, B, D, E)
contributes to general low temperature tolerance or long-term changes that are necessary for
freeze tolerance, e.g. changes to cell structure/function that take several weeks to complete.
Additionally, we hypothesize that differential gene expression late in acclimation (Fig. 1G, H) is
associated with short-term responses to the freezing process (e.g. mitigating the damaging effects
of ice formation). Broadly, we expect both early and late processes to act in synergy to confer
freeze tolerance — as well as contribute to general low temperature tolerance — which we expand

on in subsequent sections.

How does differential gene expression during acclimation confer freeze tolerance?
Of the five broad mechanisms we hypothesize contribute to freeze tolerance (Toxopeus and
Sinclair, 2018), the transcriptional changes in G. veletis fat body during acclimation generally

support mechanisms 3 (stabilize cells and macromolecules) and 4 (prevent accumulation of

9
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harmful metabolites). For example, acclimated G. veletis differentially regulated transcripts
involved in membrane lipid biochemistry, cytoskeletal regulation, cryoprotectant transport, and
general cytoprotection (Tables 2, 3), which could help stabilize cells at low temperatures and
when frozen (Toxopeus and Sinclair, 2018). In addition, G. veletis upregulated detoxifying
enzymes and downregulated many metabolic enzymes during acclimation (Tables 2, 3), which
may contribute to reduced accumulation of harmful metabolic end-products (Toxopeus and
Sinclair, 2018). Many of the transcriptional changes parallel those during cold acclimation of
chill-susceptible insects, such as differential expression of genes encoding cytoskeletal regulators
and antioxidant enzymes in G. pennsylvanicus (Des Marteaux et al., 2017) and Drosophila
melanogaster (MacMillan et al., 2016). We hypothesize that these changes in gene expression
increase chill tolerance of G. veletis, a requisite for freeze tolerance (Toxopeus and Sinclair,
2018).

Although freeze-tolerant G. veletis elevate their SCP and hemolymph osmolality (Toxopeus et
al., submitted) — physiological changes that may contribute to mechanisms 1 (control the process
of ice formation and propagation) and 2 (reduce ice content), respectively (Toxopeus and
Sinclair, 2018) — we did not identify gene expression changes that support these mechanisms.
For example, acclimated crickets did not differentially regulate genes required synthesis of low
molecular weight cryoprotectants (which could elevate hemolymph osmolality; Table S1). We
also did not detect putative ice binding proteins (e.g. INAs that could elevate the SCP) in the
transcriptome (Table S2) — that is, the annotation did not identify any putative genes with the GO
identifier ‘ice binding,” or with Pfam domains ‘ice nucleation,” ‘AFP,” or ‘CfAFP.’. However, no
insect INAs have been sequenced, and ice binding proteins have evolved multiple times (Duman,
2015) which limits our ability to identify putative INAS in freeze-tolerant insects based on
homology to known sequences. We identified four putative AQPs in the G. veletis transcriptome
(Table S1), which may contribute to freeze tolerance by facilitating osmotic dehydration of cells
during ice formation (Kikawada et al., 2008; Philip et al., 2008; Li et al., 2009a; Sgrensen and
Holmstrup, 2013). However, none of these putative AQPs were differentially expressed during
acclimation. In the following sections, we elaborate on transcriptional changes in fat body cells

that likely support freeze tolerance via mechanisms 3 and 4.

10
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Transcriptional regulation of metabolism and cell cycle activity

Acclimated G. veletis have slow development and suppressed metabolic rate (Toxopeus et al.,
submitted), which we expected to see reflected in differential gene expression. Gryllus veletis
downregulated transcripts in the KEGG pathways ‘pentose phosphate pathway,’ ‘cysteine and
methionine metabolism,” ‘amino sugar and nucleotide sugar metabolism,” and ‘alanine, aspartate
and glutamate metabolism’ early in acclimation (Figs. 3, S1, Table 3). In addition, acclimated
crickets downregulated transcripts with the GO identifiers ‘NADH dehydrogenase (ubiquinone)
activity,” ‘mitochondrial membrane,” and ‘respiratory chain’ (Fig. 2, Table 3). We hypothesize
that these latter changes contribute to downregulation of electron transport activity late in
acclimation, similar to dehydrated Belgica antarctica, which downregulates several transcripts
involved in electron transport and the TCA (tricarboxylic acid) cycle coincident with metabolic
rate suppression (Teets et al., 2012a). However, the KEGG pathway ‘oxidative phosphorylation’
was under-represented in control crickets relative to acclimated crickets (Fig. 3), suggesting that
the mechanisms underlying metabolic rate suppression in freeze-tolerant G. veletis should be
investigated further, particularly given the tentative link between transcription and metabolism
(Suarez and Moyes, 2012). In addition, we hypothesize that transcriptional and post-
transcriptional changes are required in multiple tissue types to drive whole-animal metabolic rate

suppression.

Insects modify metabolism in response to stressors. For example, B. antarctica upregulates the
genes encoding lipid metabolism enzyme Acyl-CoA dehydrogenase and the rate-limiting enzyme
in gluconeogenesis Phophoenolpyruvate kinase (PEPCK) in response to dehydration (Lopez-
Martinez et al., 2009; Teets et al., 2012a), while both B. antarctica and Sarcophaga bullata
upregulate PEPCK following a cold shock (Teets et al., 2012b; Teets et al., 2013). Aphids
starved for 36 h also upregulate both Acyl-CoA dehydrogenase and PEPCK (Enders et al., 2015).
Gryllus veletis upregulated transcripts in the ‘PPAR signaling pathway’ throughout acclimation
(Figs. 3, S2), which suggests upregulation of lipid catabolism and carbohydrate metabolism. For
example, upregulation of Medium chain acyl-CoA dehydrogenase may increase lipid catabolism
via B-oxidation, and upregulation of PEPCK may increase glucose synthesis through the
gluconeogenesis pathway (Fig. S2, Table 2). Gryllus veletis stops eating late in acclimation and

must rely on stored energy reserves. We therefore hypothesize that these transcriptional changes
11
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reflect an increase in lipid consumption (rather than carbohydrates) in response to starvation
(Enders et al., 2015; Sinclair et al., 2011). This possible transcriptional restructuring of

metabolism may also improve stress tolerance, which we discuss in the next section.

Developmental arrest often accompanies metabolic suppression (Irwin and Lee, 2002): for
example, diapausing C. costata downregulate genes that promote cell cycle activity and DNA
replication (Kostal et al., 2009; Poupardin et al., 2015). We observed some evidence for
developmental arrest in the cricket transcriptome. Early in acclimation, G. veletis downregulated
transcripts with the GO identifier ‘positive regulation of cell proliferation” (Fig. 2), and subunits
of DNA polymerase (Table 3). We therefore hypothesize that G. veletis transcriptionally inhibits
developmental progression via cell cycle arrest during acclimation. Conversely, the KEGG
pathways ‘DNA replication’ and ‘cell cycle’ were enriched after six weeks of control conditions
(Fig. 3). These changes likely promote cell cycle activity and may be an indicator of continued

developmental progression under control conditions.

Low molecular weight cryoprotectants and their transporters

Cold-hardy arthropods that accumulate low molecular weight cryoprotectants often upregulate
genes encoding cryoprotectant synthesis enzymes, yet we found no evidence of direct
transcriptional control of cryoprotectant synthesis in G. veletis fat body tissue. Belgica antarctica
(Teets et al., 2013), Polypedilum vanderplanki (Mitsumasu et al., 2010), and Megaphorura
arctica (Clark et al., 2009) promote trehalose accumulation by upregulating Trehalose-6-
synthase and/or Trehalose phosphatase. Similarly, D. melanogaster (MacMillan et al., 2016) and
B. antarctica (Teets et al., 2012a) upregulate Pyrroline-5-carboxylate synthase and/or reductase
in association with proline accumulation. Sarcophaga bullata accumulates myo-inositol
following cold exposure, concurrent with transcriptional enrichment of the pathways ‘inositol
phosphate metabolism’ and ‘glycerolipid metabolism’ (Teets et al., 2012b). During acclimation,
G. veletis did not alter transcript abundance of any cryoprotectant synthesis enzymes (Table S1),
and we therefore hypothesize that they post-translationally increase activity of these enzymes
(Joanisse and Storey, 1994) to promote cryoprotectant accumulation during acclimation. In
addition, we hypothesize that the following transcriptional changes indirectly support

cryoprotectant accumulation: 1) G. veletis downregulates Inositol oxygenase early in acclimation

12
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(Table 3), which may facilitate inositol accumulation by reducing its degradation (Torabinejad
and Gillaspy, 2006); 2) transcriptional changes in the ‘alanine, aspartate and glutamate
metabolism’ pathway (Fig. S1) could facilitate the accumulation of glutamate and glutamine,
which are precursors for proline synthesis (Weeda et al., 1980); 3) increased gluconeogenesis
activity (via upregulation of PEPCK; Table 2) could increase abundance of glucose, a precursor
for the low molecular weight cryoprotectants trehalose (Teets et al., 2012a; Teets et al., 2013)

and myo-inositol (Loewus and Loewus, 1983).

We expect low molecular weight cryoprotectants to most effectively protect cells when they
accumulate intracellularly (Wolkers et al., 2001), a process that likely requires cryoprotectant
transmembrane transporters. For example, P. vanderplanki (Kikawada et al., 2007) upregulates
the Facilitated trehalose transporter Tret-1 during dehydration, facilitating both trehalose export
from fat body, and trehalose import into tissues throughout the insect (Kikawada et al., 2007;
Sakurai et al., 2008). This trehalose transporter is not, however, upregulated by chill-susceptible
D. melanogaster during cold acclimation (MacMillan et al., 2016) or by B. antarctica in
response to cooling/freezing (Teets et al., 2013). The GO term ‘trehalose transport’ was enriched
in fat body tissue throughout acclimation (Fig. 2), driven by increased transcript abundance of
Tret-1 (Table 2). This study is the first (to our knowledge) to document a correlation between
freeze tolerance and the upregulation of a trehalose transporter. We hypothesize that Tret-1 in G.
veletis facilitates trehalose export from fat body during acclimation, resulting in hemolymph
trehalose accumulation. If Tret-1 is upregulated in other tissues, we hypothesize that this
transporter imports trehalose into tissues (Kikawada et al., 2007), facilitating intracellular
trehalose accumulation (and therefore cryoprotection) during acclimation and/or freezing
(Wolkers et al., 2001). While we detected other putative cryoprotectant transporter genes (i.e.
transcripts with GO identifiers ‘proline transport’ or ‘myo-inositol transport’) in the
transcriptome (Table S1), G. veletis did not differentially express them in fat body tissue. These
transporters may instead be post-transcriptionally regulated, or differentially expressed in other

tissues.
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Upregulation of cytoprotective genes during acclimation

We have previously hypothesized that several families of proteins contribute to macromolecule
protection during freezing and thawing, including antioxidants, ion chelators, molecular
chaperones, cytochrome P450s (CYPs), disordered proteins, and sirtuins (Toxopeus and Sinclair,
2018). We identified putative genes representing most of these families in the G. veletis
transcriptome, with the exception of disordered proteins (no annotations containing the words
‘disordered’ or ‘unstructured’; Dataset S1). Gryllus veletis upregulated genes putatively
encoding one antioxidant, one ion chelator, 13 CYPs, and one molecular chaperone (Table 2,

Dataset S1), which may improve chill and freeze tolerance.

Cold-hardy arthropods increase antioxidant capacity to mitigate oxidative stress, and G. veletis
differentially regulated several transcripts during acclimation that may likewise reduce oxidative
damage of macromolecules. For example, many insects upregulate transcription or activity of
antioxidant enzymes (e.g. catalase, superoxide dismutase, glutathione S transferase,
peroxiredoxins) and CYPs during cold acclimation (Torson et al., 2015; Des Marteaux et al.,
2017), in association with freeze tolerance (Joanisse and Storey, 1996; Poupardin et al., 2015), in
response to cold shock or freezing (Joanisse and Storey, 1998; Dunning et al., 2014; Stétina et
al., 2018), and during or following dehydration (Clark et al., 2009; Lopez-Martinez et al., 2009;
Sgrensen and Holmstrup, 2013). Freeze-tolerant E. solidaginis (Storey and Storey, 2010) and
other cold-hardy arthropods (Clark et al., 2009; Rinehart et al., 2010) also upregulate Ferritin,
which encodes an iron ion chelator that is hypothesized to reduce reactive oxygen species (ROS)
production via the iron-catalyzed Fenton reaction (Theil, 1987). Gryllus veletis upregulated
transcripts with GO identifiers related to detoxification (i.e. ‘iron ion binding’ and ‘aromatase
activity;” Fig. 2), including Ferritin and several putative CYPs early in acclimation, and Catalase
throughout acclimation (Table 2). We hypothesize that the genes upregulated early in
acclimation mitigate oxidative stress (e.g. by reducing ROS abundance) during acclimation itself.
Because Catalase is highly expressed late in acclimation, we hypothesize that accumulation of
this antioxidant enzyme protects specifically against oxidative stress associated with freezing and
thawing (Doelling et al., 2014).
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Many insects upregulate molecular chaperones such as HSPs to mitigate the challenges of
thermal stress (King and MacRae, 2015), potentially decreasing protein denaturation and
aggregation induced by low temperatures and ice (Rinehart et al., 2006; Toxopeus and Sinclair,
2018). Freeze-tolerant C. costata (Poupardin et al., 2015) and E. solidaginis (Zhang et al., 2011)
upregulate multiple HSP family members (e.g. small HSPs, HSP40, HSP70, HSP83). Gryllus
veletis upregulated one HSP family member (HSP70) early in acclimation (Table 2), but more
than 30 other putative heat shock genes were not differentially expressed during acclimation
(Table S1). We speculate that G. veletis may upregulate additional HSPs, but at different times
during acclimation (as in C. costata; Poupardin et al., 2015), or in different tissues (as in Chilo
suppressalis; Lu et al., 2014). Alternatively, G. veletis may upregulate cytoprotective proteins

after freezing (see Zhang et al., 2011; Lu et al., 2014; Stétina et al., 2018) to facilitate recovery.

Potential cellular remodelling during acclimation

Cold-acclimated insects alter cell membrane composition to retain membrane fluidity at low
temperatures (Bennett et al., 1997; Kostal et al., 2011; Kostal et al., 2013), and we observed
some transcriptional support for this process in G. veletis. Early in acclimation, G. veletis
upregulated Stearoyl CoA desaturase (SCD, or 49 fatty acid desaturase) (Fig. S2, Table 2), a
rate-limiting enzyme in synthesis of monounsaturated fatty acids (Stanley-Samuelson et al.,
1988). Increased expression of SCD is hypothesized to facilitate homeoviscous adaptation of
membranes (Clark and Worland, 2008), and is upregulated in cold-tolerant arthropods such as B.
antarctica (Lopez-Martinez et al., 2009), C. costata (Poupardin et al., 2015), M. arctica
(Serensen and Holmstrup, 2013), and Sarcophaga crassipalpis (Rinehart et al., 2000), but
downregulated in hindgut and Malpighian tubules of G. pennsylvanicus (Des Marteaux et al.,
2017). In addition, G. veletis upregulated putative Acyl transferase transcripts (Table 2), which
could facilitate modification of membrane phospholipid composition (Hazel, 1984). Based on
these changes in gene expression, we suggest additional characterization of G. veletis to
determine whether membrane lipid composition (e.g. Kostal et al., 2003; MacMillan et al., 2009)
and fluidity (e.g. Lee et al., 2006) change during acclimation, and the extent to which those

changes protect cells at low temperatures and when frozen.
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Cold-acclimated or -acclimatized insects can differentially regulate cytoskeletal gene expression
(Carrasco et al., 2011; MacMillan et al., 2016; Des Marteaux et al., 2017), which may improve
cytoskeleton stability at low temperatures (Kim et al., 2006; Des Marteaux et al., 2018a, b).
Gryllus veletis differentially-regulated cytoskeletal transcripts, including those with the GO
terms ‘structural constituent of cytoskeleton’ and ‘microtubule-based process’ during
acclimation (Fig. 2). We hypothesize that early differential expression of cytoskeletal genes (e.g.
actin-regulators Supervillin and Integrin; Tables 2, 3) reduces cytoskeletal depolymerization in
the cold (see Des Marteaux et al., 2018b), maintaining cell integrity during acclimation. In
addition, we hypothesize that differential expression of cytoskeleton genes later in acclimation
(e.g. Actin, alpha- and beta-Tubulin, and Microtubule-associated protein Jupiter; Tables 2, 3)

are necessary specifically for preserving cell integrity during freezing and thawing.

Regulation of acclimation

We drew inferences from the transcriptome data to identify potential regulation of acclimation at
the local (subcellular) or central (neuroendocrine) level. Acclimated G. veletis differentially
regulated more than 40 transcription factors in fat body tissue (Table S2), and several GO terms
related to transcription were enriched throughout acclimation (e.g. ‘transcription from RNA
polymerase II promoter;” Fig. 2). Similar to acclimated G. pennsylvanicus (Des Marteaux et al.,
2017), these transcription factors included circadian rhythm regulators such as Protein cycle
(‘circadian regulation of gene expression’; Fig. 2), a transcriptional regulator of the circadian
genes Period and Timeless (Tomioka and Matsumoto, 2010). Our tissue-specific approach
identified more transcription factors that might coordinate acclimation than is typical for whole-
body transcriptomes (e.g. Poupardin et al., 2015; Torson et al., 2015; MacMillan et al., 2016).
However, the downstream effects of most of the differentially-regulated transcription factors are
uncharacterized (Table S2). To identify putative downstream targets, we suggest high resolution
co-expression or gene network analysis (Alok et al., 2017; Wang et al., 2017; Wang and Chen,
2017; Xing et al., 2017): We predict that transcriptional activators will exhibit similar expression
patterns to their targets, while transcriptional repressors will have opposite expression patterns to

their targets.
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Intracellular signalling is likely an important regulator of gene expression, but we observed few
transcriptional changes in cell signalling pathways in G. veletis fat body tissue. Cold-acclimated
G. pennsylvanicus exhibit differential enrichment of more than a dozen KEGG cell signalling
pathways in hindgut and Malpighian tubule tissues (Des Marteaux et al., 2017). Conversely, only
two KEGG cell signalling pathways were enriched in the fat body of acclimated G. veletis: the
‘PPAR signaling pathway’ and the ‘MAPK signaling pathway,” the latter of which was also
enriched under control conditions (Figs. 3, S3). Metabolic implications of altered PPAR
signalling are discussed above. We hypothesize that slight differences in MAPK signalling
between control and acclimated crickets (e.g. downregulation of Ras GTPase activating protein
in acclimated crickets only; Fig. S3, Table 3) contribute to differences in cell cycle activity and
cytoskeletal remodelling (Pearson et al., 2001). MAPK signalling may also alter responses to
cold stress (Zhao et al., 2017). We identified several other differentially-regulated transcripts
related to signal transduction (Tables 2, 3, S2), but it is challenging to predict the role of these

transcriptional changes in cold or freeze tolerance.

Neuroendocrine signalling via insulin, JH, and 20HE can coordinate processes such as metabolic
regulation and developmental arrest (Denlinger, 2002; Hahn and Denlinger, 2011), and likely
influences the acclimation process. For example, several arthropod species differentially regulate
genes involved in JH signalling during cold acclimation (Torson et al., 2015; MacMillan et al.,
2016; Des Marteaux et al., 2017), and in response to dehydration (Clark et al., 2009; Lopez-
Martinez et al., 2009). In addition, freeze-tolerant C. costata (Poupardin et al., 2015) and cold-
shocked S. crassipalpis (Teets et al., 2012b) upregulate ecdysteroid signalling genes. Gryllus
veletis downregulated an inhibitor of JH signalling, Juvenile hormone epoxide hydrolase 1 early
in acclimation (Table 3), and upregulated transcripts with the GO identifier ‘response to insulin’
late in acclimation (Fig. 2; Table 2). We did not detect any differential regulation of genes
involved in ecdysteroid signalling. Fat body tissue is responsive to both insulin and JH (Sim and
Denlinger, 2013), and we hypothesize that these hormones coordinate expression of genes that
drive changes in metabolism and developmental progression in G. veletis during acclimation
(Sim and Denlinger, 2008; Sim and Denlinger, 2013).
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Conclusions

Freeze tolerance likely requires coordination of many systems, yet we know little about how
insects regulate the changes that promote survival of internal ice formation. By characterizing the
transcriptome of the laboratory model G. veletis, we generated novel hypotheses about how
acclimation promotes freeze tolerance. Specifically, we hypothesize that G. veletis also: 1)
preserves cell integrity at low temperatures and when frozen by remodelling the cell membrane
and cytoskeleton; 2) protects macromolecules by accumulating cryoprotectant transporters,
cytoprotective proteins, and antioxidants; and 3) transcriptionally suppresses metabolic and
developmental activity (Fig. 4). This broadens our understanding of potential mechanisms that
contribute to freeze tolerance, and we encourage further investigation (e.g. by knocking down
gene expression with RNA interference) in G. veletis and other organisms to test these
hypotheses.
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Figure legends

Figure 1 — Acclimation alters patterns of gene expression in Gryllus veletis fat body.
Transcripts were clustered into expression profiles using the maSigPro package for R. Each line
indicates relative median expression (arbitrary units) of three biological replicates at each time
point under control (red, solid line) or acclimation (blue, dashed line) conditions. Each panel
represents for one cluster of transcripts that share a common expression pattern, with the number
of transcripts in that cluster indicated above the panel. Dots represent outliers, with each dot
representing one putative transcript. The list of transcripts in each cluster is available in Dataset
S1.

Figure 2 — Relative enrichment of GO terms in Gryllus veletis fat body during six weeks in
control or acclimation conditions. Differentially-expressed GO categories in each group of
crickets (at three and six weeks of control or acclimation conditions) relative to the zero-week
control (FDR-corrected P < 0.1), based on three biological replicates at each time point. The
number of transcripts in each GO category that are represented in the G. veletis transcriptome is
indicated in parentheses. The circle area represents the relative proportion (0 to 100 %; relative
sizes indicated in the legend, bottom right) of transcripts within each GO category that was

upregulated (filled) or downregulated (open) in the treatment group

Figure 3 — Summary of KEGG pathway enrichment in Gryllus veletis fat body during six
weeks in control or acclimation conditions. Each box represents the enrichment of transcripts
in a KEGG pathway in one biological replicate (1, 2, or 3) within a treatment group (three and
six weeks of control or acclimation conditions) relative to the average expression in the zero-
week control (FDR-corrected P < 0.1). Blue indicates over-representation (positive GAGE
statistic) and yellow indicates under-representation (negative GAGE statistic) of a KEGG
pathway; solid grey areas indicate that transcript abundance in that pathway did not differ from

zero-week controls. Selected KEGG pathway diagrams are available in Figs. S1-3.

Figure 4 — Candidate mechanisms of freeze tolerance acclimation in Gryllus veletis fat body
tissue. Processes associated with acclimation that are hypothesized to preserve cell structure,
protect macromolecules, and reduce metabolic and developmental activity. Changes in transcript
27
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abundancer that support each process are listed under the arrows. Straight arrows indicate
transcript expression that changes early and then plateaus; widening arrows indicate transcript
expression that changes throughout acclimation. The predicted effect of each process is
described under each cell icon. CYP, cytochrome P450; HSP70, heat shock protein 70.
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599 Tables

600 Table 1. Summary of the Gryllus veletis transcriptome de novo assembly. bp, base pairs; GC
601 %, percentage of transcriptome comprised of guanines and cytosines; N50, weighted median
602  statistic.

Sequencing & Quality Control

Libraries 16
125-bp paired-end reads (raw) 672,647,607
125-bp paired-end reads (trimmed/cleaned) 666,449,419

Trinity Assembly

Assembly length (bp) 108,582,884
Contigs 136,332
Mean contig length (bp) 796
Median contig length (bp) 396
N50 1429
GC % 40
BUSCO Analysis?
Complete BUSCOs 77.6 %
Fragmented BUSCOs 55%
Missing BUSCOs 16.9 %

Trinotate Annotation

Contigs with BLAST hit 27,311
Contigs with GO description 24,688
Contigs with KEGG IDs 13,308
Contigs with Pfam domain(s) 18,331

603  ?Percentage of the 2,675 Arthropod BUSCOs (Benchmark Universal Single Copy Orthologs) in
604  the transcriptome assembly.

605

606
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608
609

Table 2. Selected transcripts upregulated in Gryllus veletis during acclimation whose putative function in freeze tolerance is
discussed in the text. Pattern refers to the maSigPro clusters; i.e. the panels in Fig. 1. Select KEGG pathways are illustrated in Figs
S1-3. Fold change indicates the logo(fold change), calculated in edgeR relative to zero-week control crickets.

Fold change
Function Description Contig ID Pattern KEGG 3wk 6 wk
Metabolism
Gluconeogenesis Glycerol kinase Gvel 56057 c0 gl i2 D ko03320 2.19 241
Phosphoenolpyruvate carboxykinase (PEPCK) Gvel 47855 c0 g2 il k003320 2.37 241
6-Phosphofructo-2-kinase/Fructose-2,6-bisphosphatase Gvel_54367_c0 g1 il E 2.72 2.34
Lipid metabolism Medium chain acyl-CoA dehydrogenase Gvel _18079 c0 g1 il ko03320 2.73 1.96
Stearoyl CoA desaturase Gvel_67809_c0_gl i1 E ko03320 1.79 2.05
1-acyl-sn-glycerol-3-phosphate acyltransferase Gvel_62590_c2_g1 i1 E 2.53 2.40
Transport
Trehalose transport Facilitated trehalose transporter Tret-1 Gvel_80068_c0_gl i1 E 3.28 3.57
Gvel_51736_c0_g2_i2 H 3.79 5.12
Cytoskeleton proteins and regulators
Microtubules Tubulin (alpha) Gvel 16545 c0 g1 il H 1.33 1.58
Gvel_8000_c0 g1 i1 E 1.98 1.99
Tubulin (beta) Gvel_43107_c1_gl i1 H 2.31 2.76
Myosin regulators Microtubule-associated protein Jupiter Gvel _79158 c0 g1 i2 G 1.75 3.67
Actin regulators Supervillin Gvel 64991 c0 g1 il E 251 2.36
Cell protection
Detoxification Cytochrome P450 4C1 Gvel_10729_c0_gl i1 E 4.86 4.62
Cytochrome P450 6a23 Gvel_69868_c0_gl il E 4.61 3.74
Cytochrome P450 6k1 Gvel_10560_c0_g3_i5 E 4.81 3.72
Cytochrome P450 6j1 Gvel_39812 c2 gl il E 4.19 4.69
Chaperones Heat shock protein 70 Gvel_60996 _c0 g1 i2 D 1.36 1.16
Antioxidants Catalase Gvel 66513 ¢3 g1 il H ko04146 1.02 211
Ferritin heavy chain Gvel 62685 c1 g2 il E 2.79 3.16
Cellular processes
Transcription RNA polymerases I, 11, and 111 subunit RPACBC3 Gvel 16630 _c0 g2 il E 3.74 3.61
Cell cycle & division Death-associated inhibitor of apoptosis 1 Gvel_56478_c0_gl il D 0.96 0.62
Signal transduction
AMP kinase pathway 5’-AMP-activated protein kinase subunit gamma-2 Gvel 61474 c0 g1 il E 1.40 1.65
CAMP pathways Adenylate cyclase type 5 Gvel 28980 c0 g4 i4 D 3.00 2.60
G-protein coupled receptor Mth Gvel 35842 c0 gl il H 1.82 2.38
G-protein coupled receptor Mth2 Gvel_27887_c0_gl i1 E 291 2.23
Endocrine
Insulin signalling Insulin-like peptide receptor Gvel 33468 c0 g1 il H 2.23 2.34
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610 Table 3. Selected transcripts downregulated in Gryllus veletis during acclimation whose putative function in freeze tolerance is

611 discussed in the text. Pattern refers to the maSigPro clusters; i.e. the panels in Fig. 1. Select KEGG pathways are illustrated in Figs
612  S1-3.Fold change indicates the logz(fold change), calculated in edgeR relative to zero-week control crickets.

Fold change
Function Description Contig ID Pattern KEGG 3wk 6 wk
Metabolism
Pentose phosphate pathway Gluconolactonase Gvel 9398 c0 g2 il A ko00030 2.00 2.38
Tricarboxylic acid (TCA) cycle Isocitrate dehydrogenase subunit gamma Gvel 54615 c0 g1 il A 1.99 0.72
Electron transport system NADH-ubiquinone oxidoreductase chain 1 Gvel_44854 cl1 gl i1 C 0.39 1.31
NADH-ubiquinone oxidoreductase chain 3 Gvel_46034 c0 g1 il C 0.59 1.99
NADH-ubiquinone oxidoreductase chain 5 Gvel_41420 c0 g1 i1 C 1.34 2.65
Amino acid metabolism Alanine-glyoxylate transaminase Gvel 56575 c0 g1 il A ko04146 2.68 2.79
Alanine aminotransferase Gvel _31546 c0 g1 il A 1.20 1.66
Polyol metabolism Inositol oxygenase Gvel_26533_c0_g3 i4 2.65 151
Cytoskeleton proteins and regulators
Microfilament Actin Gvel 18303 c0 g1 il 0.89 1.56
Actin regulators Integrin Gvel 32105 c2 g1 il A 1.40 1.38
Cellular processes
DNA replication DNA polymerase alpha catalytic subunit Gvel 31138 c0 g1 il ko03030 1.48 1.47
DNA polymerase delta catalytic subunit Gvel 11665 c0 g1 il ko03030 1.65 1.62
Cell cycle & division Serine/threonine-protein kinase Chk2 Gvel_15060_c0_g1 i1 B 2.67 3.08
Caspase-1 Gvel_79011_c0_g1 i2 A 1.55 1.77
Signal transduction
MAPK pathway Ras GTPase activating protein 1 Gvel_17341_c0_g1 i2 B ko04013 1.03 1.22
Phosphatidylinositol pathway Inositol 1,4,5-trisphosphate receptor Gvel 41178 c0 g4 il B 1.62 1.76
Phosphatidylinositol 5-phosphate 4-kinase Gvel 53190 c0 g1 i1 B 1.08 1.09
Phosphatidylinositol phosphatase PTPRQ Gvel 80174 ¢5 g1 il A 1.43 1.59
Endocrine
Juvenile hormone signalling Juvenile hormone epoxide hydrolase 1 Gvel 46923 c0 gl il B 0.86 1.33
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ko01110 Biasynthesis of secondary metabolitas
ko01230 Biosynthesis of aming acids

ko02040 Spliceosome

ko03010 Ribosome

k03013 RMA trans port

ko032020 RMA polymerase

k04260 Cardiac muscle confraction

k03060 Protein export

k000970 Amingacyl-tRiNA biosynihesis

k00190 Cridative phosphorylation

623 k003008 Ribosome biogenesis in eukaryotes
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628 Supplementary Material

629  Supplementary Tables
630 Table S1. Selected transcripts of interest that were not differentially expressed in Gryllus

631  veletis fat body during acclimation.
632
Function Description Contig ID
Potential cryoprotectant synthesis enzymes
Inositol synthesis Inositol-P synthase Gvel_56451_c5 g2
Proline synthesis P5C synthase Gvel_66589 c0 g1
P5C reductase Gvel_69512_c0 g1
Trehalose synthesis Bifunctional T6P synthase/phosphatase Gvel_54376_c0_g1
Glycogen breakdown Glycogen phosphorylase Gvel_23709 c0 g1
Glycogen phosphorylase Gvel_38846_c0 g1
Glycogen phosphorylase Gvel 50699 c0 g1
Potential cryoprotectant transporters
Proline transport Sodium-dependent neutral amino acid transporter B(0)AT2 Gvel_26522_c1_g1
Proton-coupled amino acid transporter 4 Gvel_42160_c0_g1
Proton-coupled amino acid transporter 4 Gvel_73282_c0_g1
myo-Inositol transport ~ GPI inositol-deacylase Gvel_10568_c0_g1
General amino acid transport
Putative sodium-coupled neutral amino acid transporter 7 Gvel_83253_c2_g1
Sodium-coupled neutral amino acid transporter 9 homolog Gvel_69575_c0_g1
Sodium-dependent neutral amino acid transporter B(0)AT1 Gvel_74286_c0_g1
Sodium-dependent neutral amino acid transporter B(0)AT3 Gvel_17082_c0_g1
Putative sodium-coupled neutral amino acid transporter 11 Gvel_78773_c1_g1
Proton-coupled amino acid transporter 4 Gvel_17696_c0_g1
Proton-coupled amino acid transporter 4 Gvel_18085_c0_g1
Proton-coupled amino acid transporter 4 Gvel_25506_c0_g1
Proton-coupled amino acid transporter 4 Gvel_25679_c0_g1
Proton-coupled amino acid transporter 4 Gvel_26291_c0_g1
Proton-coupled amino acid transporter 4 Gvel_56726_c0_g1
Amino acid transporter ANTL1 Gvel_19506_c0_g1
b(0,+)-type amino acid transporter 1 Gvel_5247 c0_g1
b(0,+)-type amino acid transporter 1 Gvel_42656_c0_g1
b(0,+)-type amino acid transporter 1 Gvel_41737_c0 g1
High affinity cationic amino acid transporter 1 Gvel_13471_c0_g1
High affinity cationic amino acid transporter 1 Gvel_32998_c0_g1
High affinity cationic amino acid transporter 1 Gvel_72649_c0_g1
High affinity cationic amino acid transporter 1 Gvel_73575_c0_g1
High affinity cationic amino acid transporter 1 Gvel_26563 c0_g1
633
634
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637

Table S1 continued

Function Description Contig ID
Cationic amino acid transporter 2 Gvel_5461_c0_g1
Cationic amino acid transporter 2 Gvel_29535 c0 g1
Cationic amino acid transporter 2 Gvel_73575_c0_g1
Cationic amino acid transporter 3 Gvel_6717_c0_g2
Cationic amino acid transporter 3 Gvel_58226 _c0_g1
Cationic amino acid transporter 4 Gvel_60049 c0 g1
Excitatory amino acid transporter 3 Gvel_28987_c0_g2
Sodium-dependent nutrient amino acid transporter 1 Gvel_66850_c0_g1
Sodium-dependent nutrient amino acid transporter 1 Gvel_60491_c0 g1

Aqguaporins

Water transport

Molecular Chaperones
Heat shock proteins

Aquaporin AQPcic
Aquaporin AQPcic
Aquaporin AQPAe
Aquaporin-12

10 kDa heat shock protein, mitochondrial
60 kDa heat shock protein, mitochondrial
60 kDa heat shock protein, mitochondrial
Heat shock protein 67B2

Heat shock protein HSP 90-alpha A2
Heat shock protein HSP 90-alpha

Heat shock protein Hsp-16.2

Heat shock protein Hsp-16.2

Heat shock protein 70

Heat shock 70 kDa protein

Heat shock cognate 70 kDa protein

Heat shock 70 kDa protein

Major heat shock 70 kDa protein Ab
Heat shock 70 kDa protein 1

Heat shock protein 70 B2

Heat shock protein 70 B2

Heat shock 70 kDa protein 4

Heat shock 70 kDa protein 4

Heat shock 70 kDa protein A

Heat shock 70 kDa protein A

Heat shock 70 kDa protein cognate 1
Heat shock 70 kDa protein cognate 2
Heat shock 70 kDa protein cognate 2
Heat shock cognate 71 kDa protein

Gvel_37176_c0_g1
Gvel_46914_c0_g1
Gvel_51308_c1_g1
Gvel_56044_c0_g1

Gvel_78446_c0_g1_i1
Gvel_27658_c0_g1_i1l
Gvel_56040_c0_g1_il
Gvel_79017_c0_g1_i1
Gvel_28035_c0_g1_il
Gvel_68127_c0_g1 i1
Gvel_37784_c0_g2_i1
Gvel_37784_c0_ gl i1
Gvel_78482_cl1 g1 i1
Gvel_78482_c2 gl i1
Gvel_9203_c0_g1_il
Gvel_57949 c0_g3_il
Gvel_16103_c0_g1 i1
Gvel_18794_¢c0_ g1 i1
Gvel_61233_c0_g1 i1
Gvel_83898_c0_g1_il
Gvel_87722_¢c0 gl i1
Gvel_87722_c0_g1_i2
Gvel_57949 c0_g1_il1
Gvel_57949 c0_g2_il
Gvel_60996_c0_g2_il
Gvel_78482_c0_g1_il
Gvel_19946_c0_g1_il
Gvel 12474 c0 gl il
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641

Table S1 continued

Function

Description

Contig ID

Heat shock 70 kDa protein cognate 3
Heat shock 70 kDa protein cognate 3
Heat shock 70 kDa protein cognate 3
Heat shock 70 kDa protein cognate 3
Heat shock cognate 71 kDa protein
Heat shock 70 kDa protein cognate 4
Heat shock 70 kDa protein cognate 4
Heat shock 70 kDa protein 14

Heat shock 70 kDa protein cognate 5
Heat shock 70 kDa protein cognate 5
Heat shock protein 83

Heat shock protein 83

Heat shock protein 83

Heat shock protein 90

Heat shock protein 75 kDa, mitochondrial

Gvel_60796_c0_g1_il
Gvel_78480_c0_g1_i2
Gvel_78480_c0 g1_il1
Gvel_78770_c0_g1_il1
Gvel_22440 c0 g1_i1
Gvel_34771_c0 _g1_il1
Gvel_31684 c0 _g1_il1
Gvel_57508 _c0_g1_il1
Gvel_51846 _c0 _g1_il
Gvel_78850_c0_g1_il
Gvel_18505_c0_g1_il
Gvel_76432_c0_g1_il
Gvel_26469_c4_g9_il
Gvel_6014_c0_g1_i1

Gvel_87650 c0 gl il
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642 Table S2. Selected transcripts upregulated in Gryllus veletis fat body during acclimation, in
82112?1 addition to those discussed in the text.

Function Description Contig ID Pattern
Putative ice binding proteins?
C-type lectin domain
protein Hemolymph lipopolysaccharide-binding protein Gvel_14378 c0 gl i1 E
Hemolymph lipopolysaccharide-binding protein Gvel_73626_c0 gl_i2 E
Hemolymph lipopolysaccharide-binding protein Gvel 15098 c0 g1 i1 H
Putative transcription factors®
General ATP-dependent RNA helicase DHX36 Gvel_85658 c0 g2_i1 B
CCHC-type zinc finger protein CG3800 Gvel_73663 c0 gl1_i1 C
CCHC-type zinc finger protein CG3800 Gvel_48092_c0 g1 i1 D
Chorion transcription factor Cf2 Gvel_30148_c2 gl1_i1 G
Chromodomain-helicase-DNA-binding protein 1 Gvel_62761_c0_gl1_i1 D
CREB/ATF bZIP transcription factor Gvel_22640 c0 g1_i1 C
CXXC-type zinc finger protein 1 Gvel_82026_c0_g2_i1 G
DNA-binding protein D-ETS-4 Gvel_16617_c0_gl1_i1 H
DNA-binding protein Ets97D Gvel_35132_c0_gl1_i1 D
Gastrula zinc finger protein XICGF26.1 Gvel_8013_c0 g2_i1 B
Gastrula zinc finger protein XICGF57.1 Gvel_44855_c2_g2_i1 G
Gastrula zinc finger protein XICGF57.1 Gvel_30226_c5 g4_i1 A
General transcription factor I1E subunit 1 Gvel_62557_c0_g2_i1 D
General transcription factor 11H subunit 1 Gvel_63875_c0_gl1_i2 D
General transcription factor 11H subunit 1 Gvel_63875_c0_g1_i3 E
General transcription factor 11H subunit 4 Gvel_41185_¢0_gl1_i1 C
Mediator of RNA polymerase Il transcription Gvel_39856_c1 g1_i1 H
subunit 13
Mediator of RNA polymerase Il transcription s Gvel_43951 c0 g2_i1 C
subunit 26
Mushroom body large-type Kenyon cell-specific Gvel_55728 c0 gl_i1 E
protein 1
NFX1-type zinc finger-containing protein 1 Gvel_51372_c0_gl1_i2 A
Nucleolar transcription factor 1 Gvel_19437_c0_gl_i2 B
RB-associated KRAB zinc finger protein Gvel_53258_c0_g2_i1 B
SAM pointed domain-containing Ets transcription Gvel_22687_c0_gl1_i2 H
Trarfgg:?prtion factor GATA-4 Gvel_33512 c0 g1 i1 H
Transcription factor SOX-5 Gvel_70660 _c0 g1 i1 H
WD repeat-containing protein 43 Gvel_17203_c0_gl1_i1 D
Zinc finger MYND domain-containing protein 11 Gvel_78950 c0 g2_i1 C
Zinc finger protein 26 Gvel_67773 c0 gl i1 G
Zinc finger protein 79 Gvel_78746_c1 g3_i1 A
Zinc finger protein 84 Gvel_70614_c0_gl1_i1 A
Zinc finger protein 84 Gvel_50214_c1 gl1_i1 B
Zinc finger protein 84 Gvel_30148 c1 gl i1 G
Zinc finger protein 182 Gvel_44834_¢c8 g7_i1 A
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Table S2 continued

Function

Description

Contig ID

Pattern

Response to Stress

Cell Cycle/Apotosis

RNA Processing

Zinc finger protein 271

Zinc finger protein 330 homolog

Zinc finger protein 391

Zinc finger protein 425

Zinc finger protein 436

Zinc finger protein 436

Zinc finger protein 583

Zinc finger protein 652

Zinc finger protein 658

Zinc finger protein 706

Zinc finger protein basonuclin-2

Zinc finger protein jing homolog

Zinc finger protein ush

Zinc finger protein Xfin

Forkhead box protein L2

Metal regulatory transcription factor 1
Homeodomain-interacting protein kinase 2
Homeodomain-interacting protein kinase 2
LIM domain-containing protein jub
Max-binding protein MNT

HMG box-containing protein 1
Transcription factor kayak

Transcription factor kayak

Transcriptional repressor CTCF

Zinc finger HIT domain-containing protein 1
Homeodomain-interacting protein kinase 2
Homeodomain-interacting protein kinase 2
ATP-dependent RNA helicase DHX8
ATP-dependent RNA helicase p62
ATP-dependent RNA helicase p62

Box C/D snoRNA protein 1

LIM and calponin homology domains-containing
protein 1

Peptidylprolyl isomerase domain and WD repeat-
containing protein 1

Probable ATP-dependent RNA helicase DDX5

Probable ATP-dependent RNA helicase DDX17
Probable ATP-dependent RNA helicase DDX46
Probable ATP-dependent RNA helicase DHX35
WD repeat-containing protein 36
WD repeat-containing protein 37
Zinc finger CCCH domain-containing protein 13

Gvel_80211 c1 g1 i1
Gvel_79200 c1 gl _i2
Gvel_70172_c3 g6_il
Gvel_23073_c0 g1 il
Gvel_67274_c0_gl_i2
Gvel_4482 c0 gl i2
Gvel_30226_c5_g12_i2
Gvel_64997 c0 g1 il
Gvel_47218 c0 g1 il
Gvel_88016_c0_g1_il
Gvel_78940_c0_g1_il1
Gvel_41632_c0_g1_il1
Gvel_24964_c0_g1_il1
Gvel_44802_c0_g1_il1
Gvel_41282_c0_g1_i2
Gvel_51888_c0_g1_il
Gvel_46976_c1_g1_il
Gvel_46976_c1_gl_i2
Gvel_63855_c0_g1_i2
Gvel_54552_c0_g1_il
Gvel_80210_c0_g4_i2
Gvel_55714 c0_g1_i1
Gvel_55714 c0_g1_i3
Gvel_84806_c0_g1_il1
Gvel_82020_c0_g1_i1
Gvel_46976_c1_g1_il1
Gvel_46976_c1_gl_i2
Gvel_62756_c0_g1_il1
Gvel_49169 c0_g1_i1
Gvel_49169 c0_gl1_i2
Gvel_63966_c0_g1_i2
Gvel_82488 c0_g1_i3

Gvel_80573_c0_g1_il1

Gvel_82013_c0_g1_i3
Gvel_37175_c0_g1_i2
Gvel_81996_c0_g3_il
Gvel_32073_c0_g1_il1
Gvel_63749_c0_g1_i2
Gvel_62586_c0_g1_il
Gvel_15051_c0_g1_i1

T O 0OO0OOI®WOOUIUOI®ODI»MII®OoOI®W®WIMIOXDPPOUP>PITOTP

(@)

O mommm QO

40



647
648

Table S2 continued

Function Description Contig ID Pattern
Zinc finger protein 36, C3H1 type-like 1 Gvel 35319 c0 g1 i1 D
Ubiquitination Ankyrin repeat and SOCS box protein 8 Gvel_70174 c8 g9 i1 B
Ankyrin repeat and SOCS box protein 8 Gvel_70174 c8 g9 i2 C
CCR4-NOT transcription complex subunit 4 Gvel 35911 cl1 g1 i3 A
F-box only protein 9 Gvel_36722 c0 gl i2 B
F-box/LRR-repeat protein 7 Gvel_46226 c0 gl i1 A
F-box/WD repeat-containing protein 1A Gvel_41154 c0 g1 i3 B
F-box/WD repeat-containing protein 4 Gvel_68222 c0 g2 i1 B
RING-box protein 1A Gvel_4127 c0 gl il C
SPRY domain-containing SOCS box protein 3 Gvel_54345 c0 gl_i4 A
WD repeat-containing protein 11 Gvel_25027_c0 g1_i3 B
Other Glutamate-rich WD repeat-containing protein 1 Gvel_84817_c0 gl1_i1 C
Probable ATP-dependent RNA helicase DDX28 Gvel_23096_c0_gl1_ i1 D
Protein cycle Gvel_46912 c0 gl1_i2 E
Signal transducer and activator of transcription 5B Gvel_23665_c0 gl1_i4 C
Putative signalling transduction genes®
General Homeodomain-interacting protein kinase 2 Gvel_46976_c1 g1 _i2 H
Homeodomain-interacting protein kinase 2 Gvel_46976_c1 g1_i1 B
Serine/threonine-protein phosphatase 5 Gvel_61181_c0 gl i1 A
Serine/threonine-protein phosphatase PP1-beta Gvel_48735_c0 g2_i1 E
catalytic subunit
Metabolism 5-AMP-activated protein kinase subunit gamma-2 Gvel_61474 c0 gl_i1 E
Adiponectin receptor protein Gvel_46799 cO gl1_i1 B
FGGY carbohydrate kinase domain-containing protein ~ Gvel_51886_c0 g2_i1 C
Tyrosine-protein phosphatase non-receptor type 23 Gvel_85672_c0 g1_i2 D
Scavenger receptor class B member 1 Gvel_70834 _c0 gl1_i1 B
Serine/threonine-protein phosphatase 2A 65 kDa Gvel_46757_c0 gl_i2 A
regulatory subunit A alpha isoform
Serine/threonine-protein phosphatase 2A catalytic Gvel_45193_c0_g1_i1 H
subunit alpha isoform
Insulin signalling 3-phosphoinositide-dependent protein kinase 1 Gvel_8541 c0 gl il G
3-phosphoinositide-dependent protein kinase 1 Gvel_85409_c0 gl1_i1 E
Cell cycle/Apoptosis CDK-activating kinase assembly factor MAT1 Gvel_21437_c0_gl1_i1 C
Dual specificity protein phosphatase 10 Gvel_34643 c0 gl i1 H
Death-associated protein kinase 1 Gvel_79256_c0_gl1_i1 A
Kinase D-interacting substrate of 220 kDa Gvel_44786 _c3 gl i1 E
Kinase D-interacting substrate of 220 kDa Gvel_70232_c1 gl1_i1 A
Mitogen-activated protein kinase 14A Gvel_17318_c0_gl1_i2 B
NUAK family SNF1-like kinase 1 Gvel_37649_c0_gl_i1 B
Ras GTPase-activating protein 1 Gvel_17341_c0 gl1_i2 B
Transforming growth factor-beta receptor-associated Gvel_47003_c0_gl1_i1 A
protein 1
Serine/threonine-protein phosphatase 1 regulatory Gvel_19509 c1 gl1_i2 C

subunit 10
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649 Table S2 continued

650
Function Description Contig ID Pattern
Cytoskeleton EGFR kinase substrate 8-like protein 2 Gvel_43838 c0 g1 i1 B
Ras GTPase-activating protein 1 Gvel_17341 c0 gl1_i2 B
Rho GTPase-activating protein 100F Gvel_4601_c0 gl i1 H
Serine/threonine-protein kinase OSR1 Gvel_48744 c1 gl i1 E
Serine/threonine-protein phosphatase 2A 65 kDa Gvel_46757_c0 gl i2 A
regulatory subunit A alpha isoform
Serine/threonine-protein phosphatase 2A catalytic Gvel_45193 c0 gl i1 H
subunit alpha isoform
Tyrosine-protein kinase Src64B Gvel_81960 cO gl i1 B
Stress response G-protein coupled receptor Mth Gvel_35842 c0 gl i1 H
G-protein coupled receptor Mth2 Gvel_27887_c0 gl i1 E
Stress-activated protein kinase INK Gvel_49939 c0 gl i1 A
Serine/threonine-protein kinase OSR1 Gvel_48744 c1 gl i1 E
RNA processing Serine/threonine-protein kinase Doa Gvel_62201_c0 g3_i2 H
Serine/threonine-protein kinase Doa Gvel_62201_c0_g2_i1 D
Serine/threonine-protein kinase SMG1 Gvel_19473_¢c0 g2_i2 C
CAMP signalling Adenylate cyclase type 5 Gvel_28980_c0 g4 i4 D
Metabotropic glutamate receptor 3 Gvel_3867_c0 gl i1 A
Protein kinase DC2 Gvel_84502_c0 g1 i1 H
Inositol signalling Inositol 1,4,5-trisphosphate receptor Gvel_41178 c0 g4_i1 B
Inositol-trisphosphate 3-kinase A Gvel_87759 c0 g1 i1 H
Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha  Gvel_53190_c0 gl il B
Phosphatidylinositol phosphatase PTPRQ Gvel_80174 c5 gl i1 A
Tyrosine-protein phosphatase non-receptor type 13 Gvel_70163 c1 gl_i1 B
Inhibitor of nuclear factor kappa-B kinase Gvel_31546_c0 gl i1 A
Immune subunit alpha
Interleukin-1 receptor-associated kinase 4 Gvel_62503 c0 gl i1 C
Protein toll Gvel_60975_c0 gl i1 E
Serine/threonine-protein kinase RIO3 Gvel_73695_c0_gl1_i1 G
Src kinase-associated phosphoprotein 2-A Gvel_88116_c0_gl_i1 A
Vesicles ADP-ribosylation factor GTPase-activating protein 1 Gvel_27359 c0 gl i1 A
Low-density lipoprotein receptor-related protein 1B Gvel_65167_c0_gl1_i1 B
Prolow-density lipoprotein receptor-related protein 1 Gvel_78586 _c0 gl i1 B
Autophagy Phosphoinositide 3-kinase regulatory subunit 4 Gvel_64764 c0 g1 i1 D
Rab3 GTPase-activating protein non-catalytic subunit ~ Gvel_51317_c0_g2_i2 A
Other Serine/threonine-protein kinase Sgk3 Gvel_84125 c0 gl1_i2 B
Tankyrase Gvel_41304_c0 gl1_i1 E
UMP-CMP kinase 2, mitochondrial Gvel_32063_c0_gl1_i1 C

651  2Transcripts with homology to C-type lectins (homologous to fish antifreeze proteins), Pfam domain PF00059. Two putative
652  sialic acid synthase (homologous to fish antifreeze proteins), Pfam domain PF08666 were not differentially expressed;

653  “Transcript names that include: ‘box,” ‘DNA-binding,” ‘homeodomain,” ‘LIM domain,” ‘RNA’ (excluding polymerases,
654  RNA binding proteins, tRNA), transcription,” “WD repeat,” ‘zinc;’

655 “Transcript names that include: ‘cyclase,” ‘G-protein,” ‘GTPase,” ‘kinase,” ‘phosphatase’ (excluding biochemical

656 pathway kinases and phosphatases), ‘receptor’ (excluding organelle level receptors, PPAR signalling).

42



657  Table S3. Selected transcripts of interest whose transcripts were abundant, but not
658 differentially expressed, in Gryllus veletis fat body during acclimation. ‘--NA--' indicates the
659 transcript is unannotated.

660
Description Contig ID Transcript count?
Transferrin Gvel_70215_c1_g7_il1 1,094,891
Transferrin Gvel_70215 c1 g4 i1 680,004
--NA-- Gvel_37243 c0_g2_il 657,095
Putative uncharacterized protein ART2 Gvel_53547_c0_g1_il1 642,521
Phosphoenolpyruvate carboxykinase [GTP] Gvel_47855_c0_g2_il 641,599
Acyl-CoA Delta(11) desaturase Gvel_54359 c1_gl1_i2 493,723
Carboxypeptidase N subunit 2 Gvel_61067_c0_g1_il1 444,731
--NA-- Gvel_31776_c0_g1_il1 370,799
Elongation factor 2 Gvel_9392 c0 gl i1 358,856
Cytochrome P450 4C1 Gvel_66551_c6_g2_il 352,700
—-NA-- Gvel_70215 ¢l g5 il 313,522
Heat shock 70 kDa protein cognate 4 Gvel_34771_c0_g1_il1 253,490
Hemolymph lipopolysaccharide-binding protein Gvel_57983 c0 g1 il 232,161
3-ketoacyl-CoA thiolase, mitochondrial Gvel_62183 c0_g2_il 214,886
Myosin heavy chain, muscle Gvel_62487_c0_g1_il 180,653
--NA-- Gvel_32829 c0_g1_il 161,287
Probable phospholipid hydroperoxide glutathione peroxidase Gvel_65566_c0_g1_il 144,136
Probable medium-chain specific acyl-CoA dehydrogenase Gvel_18079 c0_g1_il1 137,974
—-NA-- Gvel_35884 c1 g1 il 134,723
Delta(24)-sterol reductase Gvel_84826_c0_g1_il 133,590
--NA-- Gvel_75329 c0_g1_il 124,759
--NA-- Gvel 52219 c0 gl il 124,207
Clavesin-1 Gvel_51746_c0_g1_il1 123,962
Glycerol-3-phosphate dehydrogenase [NAD(+)], cytoplasmic Gvel_82643_c0_g2_il 123,713
Long-chain-fatty-acid--CoA ligase 5 Gvel_3925_¢c0_g1_i1 121,244
Bifunctional trehalose-6-phosphate synthase/phosphatase Gvel_54376_c0_g1_il 119,317
ATP-binding cassette sub-family G member 1 Gvel_44596_c0_g2_il1 115,246
Very low-density lipoprotein receptor Gvel_82464_c0_g1_il1 115,013
Glutathione peroxidase Gvel_12774_c0_g1_il1 113,014
Catalase Gvel 54149 c0 g1 il 111,760
40S ribosomal protein S2 Gvel_87148 c0 gl i1 104,344
Long-chain-fatty-acid--CoA ligase 3 Gvel_57805_c1 g1 il 101,293
-NA-- Gvel 24150 c0 gl il 100,799

661

662  2Sum of transcript read counts across three biological replicates of acclimated crickets; each biological replicate includes

663  fat body RNA from five freeze-tolerant G. veletis (acclimated for six weeks).

664
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Figure S1 — Differential transcript expression in the ‘alanine, aspartate and glutamate
metabolism’ KEGG pathway in Gryllus veletis acclimated for three weeks relative to zero-
week controls. Each pathway component contains three colour bars indicating the three biological
replicates of crickets acclimated for three weeks compared to the mean expression of control
crickets (week zero), with red indicating increased expression, and green indicating decreased
expression. 2.6.1.1 - aspartate transaminase; 2.6.1.2 - alanine transaminase; 2.6.1.44 - alanine-
glyoxylate transaminase; 6.3.5.4 - asparagine synthase. For a complete description of each pathway
component, see the KEGG ‘alanine, aspartate and glutamate metabolism’ reference pathway

(http://www.genome.jp/kegg-bin/show_pathway?ko00250).
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Figure S2 — Differential transcript expression in the ‘PPAR signaling’ KEGG pathway in

Gryllus veletis acclimated for six weeks relative to zero-week controls. Each pathway component

contains three colour bars indicating the three biological replicates of crickets acclimated for six

weeks compared to the mean expression of control crickets (week zero), with red indicating

increased expression, and green indicating decreased expression. GyK, glycerol kinase; MCAD,

medium chain acyl-CoA dehydrogenase; PEPCK, phosphoenol pyruvate carboxykinase; SCD,

stearoyl-CoA desaturase (SCD). For a complete description of each pathway component, see the

KEGG ‘PPAR signaling pathway’ reference pathway (http:// www.genome.jp/kegg-

bin/show_pathway?ko03320)
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Figure S3 — Differential transcript expression in the ‘MAPK signaling’ KEGG pathway in Gryllus veletis (A) acclimated or (B)
maintained under control conditions for six weeks relative to zero-week controls. Each pathway component contains three colour
bars indicating the three biological replicates of crickets under acclimation or control conditions for six weeks compared to the mean
expression of control crickets (week zero), with red indicating increased expression, and green indicating decreased expression.
RasGAP, Ras GTPase activating protein. For a complete description of each pathway component, see the KEGG ‘MAPK signaling’
reference pathway (http://www.genome.jp/kegg-bin/show_pathway?ko04013)
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