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Accurately predicting the effects of future warming on aquatic ectotherms

requires an understanding how thermal history, including average temperature

and variation, affects populations of the same species. However, many

laboratory studies simplify the thermal environment to focus on specific

organismal responses and sacrifice environmental realism. Here, we paired

laboratory-based transcriptomic RNA-seq analysis to identify thermally

responsive genes with NanoString analysis of a subset of those genes to

characterize natural field-based variation in thermal physiology among

populations. We tested gene expression responses of three populations of

field-acclimatized larval caddisflies (Dicosmoecus gilvipes) from streams in

different eco-regions (mountain, valley, and coast) following exposure to

current and future summertime temperatures. We hypothesized that distinct

thermal histories across eco-regions could differentiate populations at baseline

“control” levels of gene expression, as well as gene expression changes in

response to daily warming and heat shock. Population-specific patterns of gene

expression were apparent under the control and daily warming conditions

suggesting that local acclimatization or local adaptation may differentiate

populations, while responses to extreme temperatures were similar across

populations, indicating that response to thermal stress is canalized.

Underlying gene co-expression patterns in the daily warming and heat

shock treatments were different, demonstrating the distinct physiological

mechanisms involved with thermal acclimatization and response to thermal

stress. These results highlight the importance and limitations of studies of the

thermal biology of wild-caught organisms in their natural environment, and

provide an important resource for researchers of caddisflies and aquatic insects

in general.
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Introduction

Predicting the responses of aquatic ectothermic animals to

changing temperature regimes is critical for managing

biodiversity in the future. Temperature influences many vital

aspects of physiology, development, and life history, and

ultimately shapes biogeography (Sweeny et al., 1992; Gillooly

et al., 2001; Seebacher et al., 2015). Animals can deal with changes

in temperature at different time and biological scales. At the

organismal level, animals can acclimate or adjust their physiology

after long-term exposure to a thermal stimulus (days to weeks)

(Bowler, 2005; Angilletta, 2009; Shah et al., 2017). Organisms

from more variable environments are expected to have a greater

capacity for acclimation than organisms in stable environments

(Shah et al., 2017). Warm acclimated individuals are expected to

have higher thermal tolerances than cold-acclimated individuals.

In freshwater organisms specifically, this results in decreased

thermal sensitivity of organismal traits to further warming for

already warm acclimated populations (Seebacher et al., 2015). At

the biochemical level, organisms can change the regulation of

gene expression in response to thermal exposures. Specifically,

expression of heat shock proteins and other molecular

chaperones, macromolecules that quickly protect damaged or

denaturing proteins, is a reliable indicator of rapid temperature

changes (over hours) (Feder and Hoffman, 1999; Dahlhoff, 2004;

Somero, 2005; Somero, 2010).

Thermal history is made up of both average temperatures

and thermal variation and can lead to sustained differences in

physiological responses between environments or populations.

Protein expression of aquatic stonefly species in Japan differs

along stream temperature gradients that covary with latitude and

elevation. Protein expression was more similar between species

with shared thermal history than within a species across regions

(Gamboa et al., 2017). Acclimation to different thermal histories

can also cause warm-acclimated populations to induce heat

shock protein expression at higher temperatures than cold-

acclimated populations (Bowler, 2005). What may appear as a

muted response to a temperature change in one population may

indicate a warmer thermal history. Thermal history plays a

critical role in our ability to forecast future responses to

temperature change in wild populations.

Physiologists often acclimate animals to constant

temperatures before an experiment and use “average”

conditions as the experimental treatments (e.g., average

summer temperature vs. average winter temperature) (Morash

et al., 2018). In these highly controlled lab studies, we can focus

on responses to a particular stimulus without certain complexity

(e.g., individual variation, temperature variation), but this

simplicity comes at the cost of biological realism. Stable

laboratory conditions mask thermal history and rarely elicit

responses similar to those measured under fluctuating

conditions (Denny, 2017; Morash et al., 2018; Marshall et al.,

2021). One solution is to study animals in their natural, variable

environments to understand how thermal history affects the

response of different populations. To make the best

conclusions about future changes in biogeography and

population dynamics under future warming conditions, we

need to make population-level inferences under realistic

conditions (Pörtner and Knust, 2007; Dong et al., 2015;

Morash et al., 2018).

Caddisfly larvae are an integral element of California river

ecosystems. Dicosmoecus gilvipes occur in various eco-regions of

California, including mountain, valley, and coastal populations

experiencing different thermal means and variabilities. Mountain

streams freeze over then warm dramatically through the summer,

while coastal streams stay within a much warmer, narrower

temperature range. Future warming is likely to raise the

maximum water temperatures in all eco-regions (Null et al.,

2013). Temperature has clear effects on the physiology and life

history ofD. gilvipes. Larvae develop faster in stream regions with

a higher number of degree days until they disappear in the most

downstream regions (Hannaford, 1998; Resh et al., 2011). There

is low gene flow between populations due to a short-lived adult

stage (~2 weeks) and short-range mating cues (Resh and Wood,

1985; Peterson et al., 2017), thus separating populations

genetically and by thermal environment. Therefore, D. gilvipes

is a good model for understanding how temperature warming

will impact wild, free-living aquatic animals with different

thermal histories.

This study tests the hypotheses that wild populations of larval

D. gilvipes will differ in baseline gene expression and responses to

current and future warming scenarios due to differences in

thermal history. Specifically, we expect that 1) populations

from warm locations will have less thermally sensitive gene

expression responses, 2) that the more extreme warming

scenario will generate more extreme transcriptional responses,

3) that long and short summer acclimatization will generate

different transcriptional responses, and that 4) gene co-

expression will be similar between warming scenarios. To test

these hypotheses, we assayed the expression of thermally

sensitive mRNA transcripts in three populations of field

acclimated D. gilvipes from three eco-regions at two dates

through the summer.

Materials and methods

Animal collection and thermal exposure

We collected larval Dicosmoecus gilvipes (Hagen, 1875) from

three distinct populations at stream sites within the University of

California Natural Reserve System. Larvae in the fifth (terminal)

instar stage were collected by hand in the morning on the day of

each experiment from Angelo Coast Range Reserve

(39.7186°, −123.6528°), Sagehen Creek Reserve

(39.4333°, −120.2407°), and Landels-Hill Big Creek Reserve
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(36.071298°, −121.599153°) (Figure 1A). Larval stage was

determined by case-building materials (Resh et al., 2011;

Holomuzki et al., 2013). Thermal stress experiments were

performed streamside May-June of 2013 (Table 2). The

experiment was run twice at the Angelo site (i.e., “Angelo

early,” “Angelo late”) just under 1 month apart to measure the

effects of seasonal acclimatization on the same population.

Stream temperatures for the 30 days preceding each

experiment were obtained from stream sensor data collected

by other researchers (Table 1; Figure 1B). These sites represent

three temperature regions in California: mountain (Sagehen,

elevation 1972m), valley (Angelo), and coastal (Big Creek).

Three to four individual caddisflies were held in continuously

aerated 1 L glass jars inside one of three insulated water coolers to

maintain specific temperatures (Table 2). We collected a small

number of individuals for each treatment due to the availability

of appropriate larval stage on the experimental dates. Cooler

temperatures were manipulated to represent three temperature

FIGURE 1
Thermal histories and experimental exposures of larval Dicosmoecus gilvipes caddisflies (A) Three California populations used in this study and
(B) stream temperatures at each of these sites in the 30 days before the experiment. The data represent the following dates from each site: Angelo (4/
29/13–5/29/13 and 5/24/13–6/22/13) in blue and pink, respectively, Big Creek (5/10/13-6/9/13) in green, and Sagehen (5/12/13–6/11/13) in violet.
The solid line represents themean daily stream temperature. The shaded area around the line indicates the daily temperature range (C) Example
of experimental temperature treatments from Big Creek (6/9/13). Colors and line types represent the warming treatment.

TABLE 1 Stream temperatures in the field for 30 days before collection (°C).

Site Avg.
Daily
Temp

Avg.
Daily
Max

Avg.
Daily
Min

Avg.
Daily
range

Absolute
Max

Absolute
Min

Source Date
range

Angelo 12.8 14.0 11.7 2.4 15.6 10.1 Berkeley Sensor Databasea 4/29–5/29/
2013

Big Creek 13.8 15.0 12.8 2.2 16.4 10.9 NOAA Fisheries, Santa
Cruzb

5/10-6/9/2013

Sagehen 9.19 13.9 6.1 7.9 18.5 3.2 USGS NWICc 5/12–6/11/
2013

Angelo 14.9 17.0 13.6 3.4 21.2 10.1 Berkeley Sensor Databasea 5/24–6/22/
2013

ahttp://sensor.berkeley.edu/cgi/sensor_query2?view=check_password&Access=4&username=Guest+User&MC_Name=Angelo+Reserve&VariableCode=Water+Temp+C&ONEVAR=1.
bPersonal communication with Dave Rundio.
chttps://waterdata.usgs.gov/ca/nwis/uv/?site_no=10343500&PARAmeter_cd=00065,00060.
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treatments: a cool control, gradual warming mimicking the daily

increase in stream temperature, or a heat shock to 30°C. We will

refer to the treatments as “cool control,” “daily warming,” and

“heat shock.” The cool control treatment was held at the

temperature of the stream at the time the caddisflies were

collected in the morning (Table 2; Figure 1C) for the duration

of the experiment, approximately 9 h. The daily warming

treatment matched the warming stream through the day by

measuring the temperature of the stream every 2 minutes with

an Omega HH603A handheld thermometer. The temperature of

the treatment water was manipulated manually by adding hot

water or bags of ice into the outer chamber of the cooler to

achieve a temperature matching the stream. Each site had a

slightly different natural warming profile, but endpoint

temperatures were between 15° and 17°C (Table 2). The heat

shock treatment water was warmed from the control temperature

to 30°C at a rate of approximately 3 C/h. The maximum

temperature, 30°C, reflects the annual maximum temperature

observed at the Angelo Coast Reserve plus a 4°C warming based

on end-century climate change predictions (Hannaford, 1998;

IPCC, 2019). After a 1-h exposure to the maximum temperature

of the respective treatment, individuals were removed from their

case, blotted dry, flash-frozen in liquid nitrogen, and stored

at −80°C prior to RNA extraction. There were no mortalities

in any treatment at any site.

Selection of biomarkers

Target genes were chosen for NanoString analysis from

among the most differentially expressed genes in a laboratory

temperature exposure RNA-Seq experiment (Supplementary

Material; Supplementary Figures S1, S2; Supplementary Table

S1) ([D. gilvipes transcriptomic response] Stillman, 2022).

Reference candidate genes were selected based on the lowest

coefficient of variation in FPKM (fragments per kilobase of exon

per million fragments mapped) values from the same RNA-Seq

experiment with a range of expression levels and reasonable

biological function (i.e., transcription apparatus, cytoskeleton).

Thirty-one NanoString targets were selected, representing both

those that increased and decreased with warming, to be

normalized to the three reference genes described above

(Supplementary Table S2).

RNA preparation

Head and thorax tissues were homogenized with stainless

steel ball bearings (3 mm, McMaster Carr) in Tri Reagent

(Molecular Research Center, United States) using a

TissueLyser II (Qiagen). RNA was isolated according to the

manufacturer’s recommended protocol, using

bromochloropropane (BCP, Molecular Research Center,

United States) for phase separation and isopropanol for RNA

precipitation (Chomczyński and Sacchi, 1987). RNA quality and

quantity were measured with a Bioanalyzer (Agilent). Only

samples with little to no degradation and adequate

concentration were used in downstream steps.

DNA-free RNA was prepared by mixing 5 µg of RNA, 5 µl of

10x reaction buffer (Thermo Scientific, 100 mM Tris-HCl,

25 mM MgCl2, 1 mM CaCl2) and 5 U of DNase I enzyme

(Thermo Scientific). RNase-free water was added to a final

volume of 55 µl. The DNase reaction proceeded at 37°C for

30 min and was stopped by adding 5 µl of 50 mM EDTA with

heating at 65°C for 10 min. The DNA-free RNA was stored

at −80°C.

NanoString expression and data quality
control

Gene expression was measured using the nCounter

System (NanoString Technologies) (Geiss et al., 2008).

Some of the RNA extracted from each caddisfly sample

was diluted with RNase-free water to a concentration of

20 ng/μl in a final volume of 20 µl. Samples were then sent

to NanoString Technologies in Seattle, WA, USA for

processing and gene expression quantification. This

method allows for many genes to be analyzed at once

without cDNA reverse transcription or amplification to

reduce bias in counts of rare or abundant transcripts. The

resulting expression data were background corrected by

subtracting the mean plus two standard deviations of the

negative controls. Transcripts with post-background

correction expression values in the negative range were

excluded. Expression levels of the remaining transcripts

were normalized to the geometric mean of the three

reference genes for that individual and log-transformed.

TABLE 2 Experimental temperatures treatments (°C) and number of individuals analyzed in parentheses.

Site Experiment date Control Daily warming Heat shock

Angelo early 29 May 2013 12°(3) 12°–15°(3) 12°–30°(4)

Sagehen 9 June 2013 13°(4) 13°–17°(4) 13°–30°(3)

Big Creek 11 June 2013 14°(4) 14°–16°(4) 14°–30°(3)

Angelo late 22 June 2013 14°(4) 14°–17°(4) 14°–30°(2)
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Data analysis

All analysis was completed in the R Computing Environment (R

Core Team 2018). Principal components analysis using the

“pcaMethods” package in R (v1.72.0, Stacklies et al., 2007) was

used to identify potential population-level differences in the entire

suite of genes. The data were mean-centered and scaled using the

Pareto scaling method prior to running the principal components

analysis. The Pareto method scales the data with the square root of

the standard deviation (Eriksson et al., 1999).We tested for statistical

differences in PC scores between groups using aMANOVAwith the

Wilks λ test statistic. One analysis compared the first sampling date at

all sites and the second analysis compared the two sampling dates

from Angelo (early and late). The model structures were:

PC1+PC2~Population*Treatment and PC1+PC2~Date*Treatment.

We ran univariate ANOVAs on the significant components of the

MANOVA to do Tukey’s multiple pairwise comparisons

(Supplementary Table S2). We excluded one individual (from

Sagehen control) from the PCA analysis because inspection of

residuals suggested that it was a multivariate outlier and thus

violated the assumptions of MANOVA (Supplementary Figures

S3, S4). The overall conclusions did not change when this outlier

was excluded, and normality of residuals was improved

(Supplementary Figure S4).

To focus on the responses to the two warming scenarios,

we analyzed the change in expression between the cool

control and each of the warming treatments. For each

transcript, the average expression level for that population

under control conditions was subtracted from each

individuals’ warming response to give Δ expression,

separately for daily warming and heat shock. The resulting

positive values indicate increased expression under a

warming treatment, while negative values indicate

decreased expression relative to the control. This

procedure was performed for the daily warming treatment

and the heat shock treatment. Comparisons between sites

within one warming treatment and between warming

treatments were made using Kruskal-Wallis tests and

Nemenyi post-hoc tests to handle non-parametric datasets.

Heatmaps were created with “heatmap3” (v1.1.9, Zhao et al.,

2021). Dendrograms clustered rows of genes by similarity of Δ
expression from the treatment control. The colors of the heat

map cells represent the magnitude and direction of the change in

expression, scaled and centered by row.

Gene co-expression matrices were created for each warming

treatment using “corrplot” (v0.84, Wei and Simko 2016). Matrix

data were Pearson’s correlations of gene expression in each

treatment and were ordered by gene function. The threshold

for a significant correlation was α = 0.05. Populations were

combined to provide a sufficient sample size for correlation

analysis. Clusters of important genes were identified by visual

inspection.

Results

Thermal history

In the month preceding the first round of sampling, the

stream temperature was very similar at Angelo (valley) and Big

Creek (coastal) (Table 1; Figure 1B). Stream temperature at

Sagehen, a montane site, is characterized by much lower

minimum temperatures and a much larger daily temperature

range. At Sagehen, there was also a sustained warming trend in

the 10 days before the experiment (Figure 1B). A few days before

the experiment, maximum daily water temperatures exceeded the

temperature of the daily warming treatment for that population

(Tables 1, 2). The mean temperature preceding the Angelo “late”

sampling was 2°C warmer with a wider range and higher

maximum temperature relative to the Angelo “early”

sampling. Fifteen days before the Angelo “late” sampling time,

maximum temperatures were higher than any daily warming

treatment and were only exceeded by the heat shock treatments

(Table 1).

Gene expression differentiates
populations and treatments

Population, treatment, and their interaction had significant

effects on PCs 1 and 2 for the first sampling time from all

populations (Figure 2A; Tables 3A,B). PC1 represented 28% of

the variation in expression, while PC 2 represented 15% of the

variation. Differences along PC1 were significantly positively

correlated with 4 of 5 heat shock proteins in our study

(Supplementary Figure S5). PC1 was negatively correlated

with apoptosis inhibitor and circadian clock protein. PC 2 was

positively correlated with a suite of genes containing metabolic

genes and molecular transporters, among genes of other

functions. Broadly, all treatments in the same populations

grouped together (Figure 2A). Angelo typically had low

PC1 scores and high PC2 scores. Big Creek had significantly

lower PC2 scores than the other populations (Supplementary

Table S3B). Sagehen hadmedium to high PC1 scores significantly

different from the other populations (Supplementary Table S3A).

When the treatments are compared separately, they group by

population in the control and daily warming treatments, but not

in the heat shock treatment (Figures 2B–D).

We compared the early and late sampling times from Angelo

to understand if gene expression responses to warming change

with seasonal acclimatization during summer warming. The two

sampling dates and the treatments significantly differed along

PC1, but there was no differentiation on PC2 (date: p < 0.001,

treatment: p < 0.01) (Table 3B). The Angelo “late” samples

generally had lower scores on PC1 compared to the Angelo

“early” samples. The daily warming treatment did not differ from
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the control treatment, but all other treatments were distinct from

each other (Supplementary Table S3).

Response towarming is site and treatment
specific

The magnitude of changes in gene expression relative to the

control treatment was larger in the heat shock treatment than the

daily warming treatment (Figure 3A) (Kruskal-Wallis test, χ2 =
6.3835, p < 0.05). At Sagehen, Δ expression in the daily warming

treatment is more than two times higher than at Angelo

(Kruskal-Wallis test, p < 0.05, Table 4A). Δ expression in the

heat shock treatment did not differ across populations (Kruskal-

Wallis test, p > 0.05).

Five genes were clustered together with the most similar Δ
expression profiles (Figure 3B). Three genes in that cluster are

molecular chaperones (hsp10, hsp23, hsp90 activator), and the

FIGURE 2
Gene expression analysis of Dicosmoecus gilvipes caddisflies exposed to three different temperature treatments. PC 1 represents 28% of the
variation, while PC 2 represents 15% of the variation. (A)Mean PC scores for all population and treatment combinations. Points represent means with
standard error bars along both axes. Point outlines represent population of origin, fill color represents the treatment (B–D) Individuals plotted by their
scores on PC1 and PC2 in the (B) cool control treatment, (C) daily stream warming treatment, and (D) heat shock treatment. This analysis
removed one outlier point from Sagehen control.

TABLE 3A Effect of population and date on principal component scores of temperature-sensitive transcripts in Dicosmoecus gilvipes. Results of
MANOVA tests to determine the effects of population on the early experiments.

df Wilks λ F Num df Den df p

Population 2 0.18238 14.0869 4 42 2.27e-07

Treatment 2 0.57752 3.3168 4 42 0.019

Population*Treatment 4 0.33791 3.7815 8 42 0.002

Residuals 22

Significant results are bolded.
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others are related to metabolism (ATPase inhibitor, carbonic

anhydrase). There are significant differences in Δ expression with

the main effects of population, treatment, and their interaction

(MANOVA, Table 4B). Within that cluster, gene expression was

generally up-regulated to a greater degree in response to heat

shock than daily warming at Angelo and Big Creek, with little or

no up-regulation of gene expression in response to daily warming

(Figure 4). In contrast, Sagehen individuals up-regulated

expression of these genes to similar levels in both warming

treatments (Figure 4).

Gene co-expression differs between
warming treatments

We constructed co-expression matrices to explore

patterns of co-regulation among genes. There were a

greater number of significant correlations in the daily

warming treatment than the heat shock treatment,

295 and 244, respectively (Figure 5; Table 5). Positive

correlations in expression levels among genes were more

prevalent under daily warming conditions than heat shock,

while the number of negative correlations in expression

levels was similar between treatments (Table 5).

Correlations in the daily warming treatment were stronger

on average than correlations in the heat shock treatment,

both more positive and more negative (Table 5). In the daily

warming treatment, there were three major clusters of strong

positive correlations: 1) between molecular chaperones, 2)

molecular chaperones and a mixed group of metabolic genes,

transporters, and transcription/translation regulators, and 3)

the group of metabolic genes, transporters and transcription/

translation regulators with themselves. In the heat shock

treatment, cluster 1was maintained (between molecular

chaperones) while cluster 2 was reduced. In the daily

warming treatment, there were 3 genes with strong

negative correlations with many other genes: protein

henna, apoptosis inhibitor, and GST. However, the sign of

the correlations between protein henna and the molecular

chaperones changed under heat shock conditions. Protein

henna was positively correlated with molecular chaperones

under heat shock conditions but negatively correlated with

the same genes under daily warming.

Discussion

Accurately predicting the future of ectotherms to warming

requires studies that include populations with distinct thermal

histories to understand variations in the physiological response

to warming. In the current study, we tested the molecular

physiology responses of three populations of D. gilvipes from

different eco-regions (mountain, valley, and coast) to different

heat exposures. We found population-specific responses under

the control and daily warming conditions, while responses to

heat shock were similar across populations. In addition,

underlying gene expression patterns in the daily warming and

heat shock treatments were different.

Mild temperatures differentiate
populations, but extremes connect them

Under control conditions, the three populations had distinct

expression profiles. As temperature-sensitive biomarkers, heat

shock proteins can signal current stress or the effects of thermal

history (Feder and Hoffman, 1999; Dahlhoff, 2004; King and

Macrae, 2015). Given that these animals were not exposed to

temperatures we expected to induce stress, differences in

constitutive expression of thermally sensitive transcripts

support our hypothesis that the populations experienced

distinct thermal histories (Bowler 2005; King and Macrae 2015).

Thermal history likely also contributed to and magnified the

gene expression responses in the daily warming treatment. There

was a 5°C warming trend at the Sagehen site beginning 12 days

before the experiment was performed, while the other sites stayed

within 2.5°C. This rapid warming may have already induced a

warming response that was magnified during an otherwise mild

temperature increase that resulted in molecular chaperone

expression under daily warming conditions that was greater

than or equal to the expression of those genes under heat

shock (Figures 3, 4). This difference between the response to

daily warming at Sagehen and the other sites may also be related

to differences in the thermal sensitivity of gene expression. The

average Δ expression at Sagehen was two times that of other

populations after a similar increase in temperature. Big Creek

and Angelo are generally warmer than Sagehen throughout the

year. This supports our hypothesis that warm-adapted

populations would be less thermally sensitive and exhibit a

more muted expression response to warming. Similarly, the

common killifish, Fundulus heteroclitus, from warm-

acclimated populations showed a muted response in the

expression of several hsp70 isoforms in response to high

TABLE 3B Effect of population and date on principal component
scores of temperature-sensitive transcripts in Dicosmoecus
gilvipes. Results of MANOVA tests to determine the the effect of the
additional warming between the two Angelo dates.

df Wilks λ F Num df Den df p

Date 1 0.34354 12.4207 2 13 0.001

Treatment 2 0.28410 5.6949 4 26 0.002

Date*Treatment 2 0.77925 0.8634 4 26 0.499

Residuals 14

Significant results are bolded.
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temperatures when compared with cold-adapted populations

(Fangue et al., 2006). Muted responses in other physiological

traits have also been measured in response to warmer thermal

histories (Seebacher et al., 2015; Tanner et al., 2019).

Under heat shock conditions, there were no differences

between the populations. Potentially, 30°C is approaching a

sub-lethal thermal limit and the response to such

temperatures is canalized evolutionarily. The CTmax for

several North American aquatic insects, including

caddisflies, is near 30°C (Houghton et al., 2014; Houghton

and Shoup, 2014; Hotaling et al., 2020). Hotaling et al. (2020)

also found no transcriptomic grouping by population in high

altitude stoneflies exposed to their CTmax. This evidence

does not support our hypothesis that we would see a muted

thermal response in populations that are already warmer

since all populations responded similarly. This contrasts

FIGURE 3
Change in expression between cool control and warming treatments for Dicosmoecus gilvipes from three California streams (A) Mean ±
standard error of the absolute change in expression (Δ expression) from the control at each site and treatment. Gray points represent the daily stream
warming treatment, and black points represent the heat shock treatment. (B)Heatmap of difference in gene transcript abundance relative to the cool
control treatment. Genes are arranged in rows and grouped by similarity of induction value (dendrogram). Each column is an individual
caddisfly, labeled by its warming treatment. Black and grey bars correspond to the daily warming treatment and heat shock, respectively. The colors
of the heat map cells represent the magnitude and direction of the change in expression, scaled and centered by row. The black box highlights a
cluster of genes with similar expression patterns (See Figure 4).
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with the differences in thermal sensitivity we saw in the daily

stream warming treatment. Extreme warming (rate and

maximum temperature achieved) may trigger a consistent

species-level response that supersedes differences in thermal

history.

Population-specific responses may mask
the effects of seasonal acclimatization

We repeated our experiment at Angelo 1 month later in the

summer to assess the effect of a warmer thermal history on the

TABLE 4A Effect of population and treatment on gene expression responses to warming results of Kruskal-Wallis test to determine population
differences for absolute Δ expression of genes in the daily warming treatment and the Nemenyi post-hoc test.

Kruskal-Wallis test

χ2 = 60.317 df: 3 p < 0.001

Post-hoc comparisons using Nemenyi test

Angelo early Angelo late Big Creek

Angelo late 0.9988 — —

Big Creek 0.0727 0.0330 —

Sagehen 3.8e-07 4.0e-10 0.0064

Significant results are bolded.

TABLE 4B Effect of population and treatment on gene expression responses to warming results of MANOVA to determine the effects of population
and treatment on the expression of genes grouped together in Figures 3, 4.

df Wilks λ F Num df Den df p

Population 3 0.15806 2.6503 15 41.81 0.007

Treatment 1 0.09988 27.0362 5 15 <0.001

Population*Treatment 3 0.15948 2.6327 15 41.81 0.007

Residuals 19

Significant results are bolded.

FIGURE 4
Change in expression relative to the control treatment for the five genes clustered in the box in Figure 3B for each site. The daily warming
treatment is represented in gray, and the heat shock treatment is represented in black.
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same population’s gene expression response. The late samples

had lower expression of molecular chaperones than the early

samples, especially in the control and daily warming treatments

(Figure 2, Supplementary Figure S4). This may be evidence of the

effect of thermal history on thermal sensitivity, an effect of

developmental stage of the individual caddisflies, or some

combination of the two. Several individuals observed in the

creek on the experiment day were older but were not included

in the experiment. The month between the two trials at Angelo

represented a large number of the degree-heating days for

emergence. By late June, most caddisflies near our study site

on the Eel River will have entered prepupal diapause (Hannaford,

1998; Resh et al., 2011). Similar gene expression effects have been

measured in walleye maintained in warming regions of Lake

Manitoba for a short or long portion of the summer (Jeffrey et al.,

2020). Fish held in the lake until later in the summer had

increased expression of molecular chaperones. Though the

directionality was reversed in our experiment, it is clear that

seasonal acclimation can change gene expression patterns.

The main difference between the early and late experiments

is that the later time point had lower values on PC1, which were

driven by expression of apoptosis inhibitor and circadian clock

FIGURE 5
Correlation matrices of gene expression change ordered by functional category for the daily warming treatment on the lower triangle and the
heat shock treatment on the upper triangle. The yellow bar indicatesmolecular chaperones. The green bar indicates metabolic genes. The remaining
genes have various functions (see Supplementary Table S2). Each row/column is one gene-by-gene comparison. The color and width of the ellipse
indicate the correlation strength and direction. Blank cells represent non-significant correlations. Numbered boxes denote clusters of strong
positive correlations described in the text.

TABLE 5 Significant gene correlations in each warming treatment.

Treatment Mean positive SE positive N positive Mean negative SE negative N negative Total significant

Daily Warming 0.552 0.013 198 −0.349 0.018 97 295

Heat Shock 0.390 0.020 152 −0.254 0.020 92 244
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protein (Figure 2, Supplementary Figure S4). This circadian-

clock protein, named daywake in Drosophila melanogaster, was

primarily expressed in individuals from Angelo. Only one

individual from elsewhere, Sagehen, expressed this gene. In D.

melanogaster, daywake acts as a behavioral thermometer that

promotes daytime sleep under warm conditions to avoid heat

damage (Yang and Edery, 2019). Higher expression of daywake

in the later Angelo samples would indicate warmer days, which

matches the actual thermal history at the site. However, we would

expect to see this gene expressed more widely at Sagehen after the

warming trend. Surprisingly, the late Angelo samples were more

similar to the earlier Angelo samples and even further

differentiated than the other groups from the Sagehen samples

in every treatment (Figure 2). This indicates some combination

of population-specific and temperature-specific responses

occurring under natural conditions.

Differences between mild and extreme
warming are greatest in a subset of genes

The differences we expected to see between the daily warming

treatment and the heat shock treatment were only apparent relative to

control expression (Figures 3, 4). Even then, the differenceswere gene-

and population-specific. Consistently, the heat shock proteins were

more strongly induced in the heat shock treatment at all sites except

Sagehen. A large body of research supports our findings that heat

shock protein expression increases with higher temperature exposure

(Feder and Hoffman, 1999; King and Macrae, 2015; Somero, 2020).

Co-expression patterns between genes also changed between

warming treatments suggesting that it is important to focus on

the relationships between genes in addition to individual genes.

Under daily warming conditions, protein henna, an amino acid

metabolism gene, was negatively correlated with molecular

chaperones, suggesting that the importance of protein

protection superseded energy production. However, the

correlation changed sign under the heat shock conditions.

This may indicate that our heat shock treatment was so

stressful that energy production and protein homeostasis both

needed to increase simultaneously. Similarly, Dong and Zhang

(2016) also found that molecular chaperones, specifically hsp70,

were only positively correlated with metabolic genes under

extreme heat conditions. Some other changes in co-expression

between treatments signaled that some macromolecules were not

further protected under extreme heat. Under daily warming

conditions, trehalose transporter was positively correlated with

many genes but negatively correlated with them under heat

shock. Trehalose has multiple protective roles during heat

stress, such as stabilizing membranes and preventing further

unfolding of proteins (Ebner et al., 2019; Somero, 2020). Its

decrease in relation to other molecular chaperones at very high

temperatures may highlight a change in exactly which molecules

are being protected (Ebner et al., 2019).

Importance of individual and
environmental variation

We studied wild-caught and naturally acclimatized

individuals, thus incorporating ecologically relevant impacts of

thermal history. In addition, we used a warming treatment that

mirrored natural increases in water temperature throughout the

day. Maintenance of population-specific thermal history allowed

us to measure the baseline expression levels of each population

more accurately than a laboratory study could. For example, we

can contrast the effects of the warming trend that occurred before

sampling at Sagehen with stable temperatures before early

sampling at Angelo and Big Creek.

However, ecological realism comes at the cost of control and

standardization; and in our study, undetected differences in

developmental stage, body condition, or sex may have

influenced gene expression patterns. We collected individuals

in the final larval instar, indicated by case-building materials in

this species (Hannaford, 1998; Holomuzki et al., 2013), but we do

not know the individual’s age or proximity to pupation.

Warming is known to increase developmental rate and has

even been seen to drive pupation and emergence during

thermal stress experiments in stoneflies (Hannaford, 1998;

Hotaling et al., 2020). Though the differences in

developmental state were likely products of degree heating

days at each site, we must consider that the warming

treatment itself may have had an effect.

Studies of ecologically relevant stress must also consider the

timing, intensity, duration, and frequency of the stress. Our study

matches the ecological timing of stress to the later larval period

and used a relevant duration and two relevant warming

intensities (current and future), but for only one cycle. In

nature, both warming and cooling on a diel cycle contribute

to population acclimatization. Under future warming scenarios,

caddisflies may experience warming to 30°C repeatedly with

carryover effects each day that influence gene expression and

phenotypes that may take longer to appear. These carryover

effects may be detrimental such as reduced growth and faster

development, resulting in small individuals that are

phenologically mismatched, or positive effects such as rapid

heat hardening that prepare and protect them from the effects

of future thermal stress (Bowler, 2005; Bergmann et al., 2010;

Verberk and Calosi, 2012; King and Macrae, 2015; Bernhardt

et al., 2020; Hotaling et al., 2020). Field-acclimatized gene

expression in response to warming over 1 day is a critical

snapshot of the processes that underlie the whole organism

response. Still, it is only part of the story that will help us

understand the future of the species. Aquatic invertebrates in

California face a warmer future due to climate change induced

droughts and surface water warming (Null et al., 2013; Swain

et al., 2014; Diffenbaugh et al., 2015). Using physiology to

understand the effects of warming may help us understand

which populations are likely to persist or not.
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The present study investigated the field-acclimatized

transcriptional response to two warming regimes in the three

populations of the larval caddisfly Dicosmoecus gilvipes from

three eco-regions.We found that gene expression of populations

from different eco-regions differ in cool control and mild

warming scenarios, but not under extreme warming.

Populations from warmer eco-regions showed evidence of

decreased thermal sensitivity under mild warming conditions.

Co-expression between genes should be considered to

understand the interactions between molecular processes

affected by warming. Our results highlight the importance and

limitations of measuring the stress response of wild-caught

organisms in their natural environment.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: The RNA-Seq shotgun assembly

can be accessed at: https://www.ncbi.nlm.nih.gov/nuccore/

GJZL00000000.1/; The unmodified eXpress output data (library)

can be accessed at: https://www.ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSE206349; The data generated specifically for this

manuscript and from which the conclusions are drawn have

been submitted to Dryad : https://doi.org/10.6078/D1T41G.

Author contributions

JS designed the experiment, oversaw data collection and

analysis and contributed to writing and revising the

manuscript. EK analyzed the data and wrote the manuscript.

Funding

This work was supported by the Gordon and Betty Moore

Foundation through the Berkeley Initiative for Global Change

Biology, and the University to JS. Publication made possible in

part by support from the Berkeley Research Impact Initiative

(BRII) sponsored by the UC Berkeley Library, and through funds

from the UC Berkeley Department of Integrative Biology.

Acknowledgments

Carl Hendrickson and Joseph Gapuz performed the field-

based experiments. Scott Fay (SF) performed the laboratory

experiments. SF and Cecilia Tran prepared RNA samples for

RNA-seq and NanoString, and SF developed the bioinformatics

pipeline used in the RNA-seq study. Special thanks to Dave

Rundio (NOAA Fisheries, Santa Cruz) for Big Creek stream

temperature data. This work was supported by the Gordon and

Betty Moore Foundation through the Berkeley Initiative for

Global Change Biology. This work appeared in a modified

form in EK’s doctoral dissertation at the University of

California, Berkeley.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphys.

2022.990390/full#supplementary-material

References

Angilletta, M. J. (2009). Thermal adaptation: A theoretical and empirical synthesis.
New York: Oxford University Press. doi:10.1093/acprof:oso/9780198570875.001.1

Bergmann, N., Winters, G., Rauch, G., Eizaguirre, C., Gu, J., Nelle, P., et al. (2010).
Population-specificity of heat stress gene induction in northern and southern
eelgrass Zostera marina populations under simulated global warming. Mol. Ecol.
19, 2870–2883. doi:10.1111/j.1365-294X.2010.04731.x

Bernhardt, J., O’Connor, M., Sunday, J., and Gonzalez, A. (2020). Life in
fluctuating environments. Phil. Trans. R. Soc. B 375, 20190454. doi:10.1098/rstb.
2019.0454

Bowler, K. (2005). Acclimation, heat shock and hardening. J. Therm. Biol. 30,
125–130. doi:10.1016/j.jtherbio.2004.09.001

Chomczyński, P., and Sacchi, N. (1987). Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162,
156–159. doi:10.1006/abio.1987.9999

Dahlhoff, E. P. (2004). Biochemical indicators of stress and metabolism:
Applications for marine ecological studies. Annu. Rev. Physiol. 66, 183–207.
doi:10.1146/annurev.physiol.66.032102.114509

Denny, M. (2017). The fallacy of the average: On the ubiquity, utility and continuing
novelty of jensen’s inequality. J. Exp. Biol. 220, 139–146. doi:10.1242/jeb.140368

[D. gilvipes transcriptomic response] Stillman, J. H. (2022). Transcriptomic
responses of caddisfly Dicosmoecus gilvipes to temperature. NCBI GEO. Avaliable
at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206349.

Frontiers in Physiology frontiersin.org12

King and Stillman 10.3389/fphys.2022.990390

https://www.ncbi.nlm.nih.gov/nuccore/GJZL00000000.1/
https://www.ncbi.nlm.nih.gov/nuccore/GJZL00000000.1/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206349
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206349
https://doi.org/10.6078/D1T41G
https://www.frontiersin.org/articles/10.3389/fphys.2022.990390/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.990390/full#supplementary-material
https://doi.org/10.1093/acprof:oso/9780198570875.001.1
https://doi.org/10.1111/j.1365-294X.2010.04731.x
https://doi.org/10.1098/rstb.2019.0454
https://doi.org/10.1098/rstb.2019.0454
https://doi.org/10.1016/j.jtherbio.2004.09.001
https://doi.org/10.1006/abio.1987.9999
https://doi.org/10.1146/annurev.physiol.66.032102.114509
https://doi.org/10.1242/jeb.140368
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206349
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.990390


Diffenbaugh, N. S., Swain, D. L., and Touma, D. (2015). Anthropogenic warming
has increased drought risk in California. Proc. Natl. Acad. Sci. U. S. A. 112,
3931–3936. doi:10.1073/pnas.1422385112

Dong, Y. W., and Zhang, S. (2016). Ecological relevance of energy metabolism:
Transcriptional responses in energy sensing and expenditure to thermal and osmotic
stresses in an intertidal limpet. Funct. Ecol. 30, 1539–1548. doi:10.1111/1365-2435.12625

Dong, Y. W., Han, G. D., Ganmanee, M., andWang, J. (2015). Latitudinal variability
of physiological responses to heat stress of the intertidal limpet Cellana toreuma along
the Asian coast. Mar. Ecol. Prog. Ser. 529, 107–119. doi:10.3354/meps11303

Ebner, J. N., Ritz, D., and von Fumetti, S. (2019). Comparative proteomics of
stenotopic caddisfly Crunoecia irrorata identifies acclimation strategies to warming.
Mol. Ecol. 28, 4453–4469. doi:10.1111/mec.15225

Eriksson, L., Johansson, E., and Kettaneh-Wold, N. W. S. (1999). Introduction to
multi- and megavariate data analysis using projection methods (PCA & PLS). Umeå,
Sweden: Umetrics AB. Available at: https://www.worldcat.org/title/introduction-to-
multi-and-megavariate-data-analysis-using-projection-methods-pca-pls/oclc/
473695569

Fangue, N. A., Hofmeister, M., and Schulte, P. M. (2006). Intraspecific variation
in thermal tolerance and heat shock protein gene expression in common killifish,
Fundulus heteroclitus. J. Exp. Biol. 209, 2859–2872. doi:10.1242/jeb.02260

Feder, M. E., and Hoffman, G. E. (1999). Heat-shock proteins, molecular
chaperones, and the stress response: Evolutionary and ecological physiology.
Annu. Rev. Physiol. 61, 243–282. doi:10.1146/annurev.physiol.61.1.243

Gamboa, M., Tsuchiya, M. C., Matsumoto, S., Iwata, H., andWatanabe, K. (2017).
Differences in protein expression among five species of stream stonefly (Plecoptera)
along a latitudinal gradient in Japan. Arch. Insect Biochem. Physiol. 96, e21422–16.
doi:10.1002/arch.21422

Geiss, G. K., Bumgarner, R. E., Birditt, B., Dahl, T., Dowidar, N., Dunaway, D. L.,
et al. (2008). Direct multiplexed measurement of gene expression with color-coded
probe pairs. Nat. Biotechnol. 26, 317–325. doi:10.1038/nbt1385

Gillooly, J. F., Brown, J. H., West, G. B., Savage, V. M., and Charnov, E. L. (2001).
Effects of size and temperature on metabolic rate. Science 293 (80), 2248–2251.
doi:10.1126/science.1061967

Hannaford, M. (1998). Development and comparison of biological indicators of
habitat disturbance for streams and wetlands. Berkeley: Univ California. doi:10.
16953/deusbed.74839

Holomuzki, J. R., Furey, P. C., Lowe, R. L., and Power, M. E. (2013).
Microdistributional variability of larval caddisflies in Mediterranean-climate
streams in Northern California. West. N. Am. Nat. 73, 261–269. doi:10.3398/
064.073.0304

Hotaling, S., Shah, A. A., McGowan, K. L., Tronstad, L. M., Giersch, J. J., Finn, D.
S., et al. (2020). Mountain stoneflies may tolerate warming streams: Evidence from
organismal physiology and gene expression. Glob. Chang. Biol. 26, 5524–5538.
doi:10.1111/gcb.15294

Houghton, D. C., Logan, A. C., and Pytel, A. J. (2014). Validation of CTmax
protocols using cased and uncased Pycnopsyche guttifer (Trichoptera:
Limnephilidae) larvae. Gt. Lakes Entomol. 47, 1–8.

Houghton, D. C., and Shoup, L. (2014). Seasonal changes in the critical thermal
maxima of four species of aquatic insects (Ephemeroptera, Trichoptera). Environ.
Entomol. 43, 1059–1066. doi:10.1603/EN13344

IPCC (2019). Climate change and land: An IPCC special report on climate
change, desertification, land degradation, sustainable land management, food
security, and greenhouse gas fluxes in terrestrial ecosystems. Report.

Jeffrey, J. D., Carlson, H., Wrubleski, D., Enders, E. C., Treberg, J. R., and Jeffries,
K. M. (2020). Applying a gene-suite approach to examine the physiological status of
wild-caught walleye (Sander vitreus). Conserv. Physiol. 8, coaa099–12. doi:10.1093/
conphys/coaa099

King, A. M., and Macrae, T. H. (2015). Insect heat shock proteins during stress and
diapause. Annu. Rev. Entomol. 60, 59–75. doi:10.1146/annurev-ento-011613-162107

Marshall, K. E., Anderson, K. M., Brown, N. E. M., Dytnerski, J. K., Flynn, K. L.,
Bernhardt, J. R., et al. (2021). Whole-organism responses to constant temperatures
do not predict responses to variable temperatures in the ecosystem engineerMytilus
trossulus. Proc. R. Soc. B 288, 2968. doi:10.1098/rspb.2020.2968

Morash, A. J., Neufeld, C., MacCormack, T. J., and Currie, S. (2018). The
importance of incorporating natural thermal variation when evaluating
physiological performance in wild species. J. Exp. Biol. 221, jeb164673. doi:10.
1242/jeb.164673

Null, S. E., Viers, J. H., Deas, M. L., Tanaka, S. K., and Mount, J. F. (2013). Stream
temperature sensitivity to climate warming in California’s Sierra Nevada: Impacts to
coldwater habitat. Clim. Change 116, 149–170. doi:10.1007/s10584-012-0459-8

Peterson, M. G., O’Grady, P. M., and Resh, V. H. (2017). Phylogeographic
comparison of five large-bodied aquatic insect species across the Western USA.
Freshw. Sci. 36, 823–837. doi:10.1086/694466

Pörtner, H. O., and Knust, R. (2007). Climate change affects marine fishes
through the oxygen limitation of thermal tolerance. Science 80315, 95–97.
doi:10.1126/science.1135471

R Core Team (2018). R: A language and environment for statistical computing.
Avaliable at: https://www.R-project.org/.

Resh, V. H., Hannaford, M., Jackson, J. K., Lamberti, G. a., and Mendez, P. K.
(2011). The biology of the limnephilid caddisfly Dicosmoecus gilvipes (Hagen) in
Northern California and Oregon (USA) streams. Zoosymposia 5, 413–419. doi:10.
11646/zoosymposia.5.1.34

Resh, V. H., and Wood, J. R. (1985). Site of sex pheromone production in three
species of Trichoptera. Aquat. Insects 7, 65–71. doi:10.1080/01650428509361202

Seebacher, F., White, C. R., and Franklin, C. E. (2015). Physiological plasticity
increases resilience of ectothermic animals to climate change. Nat. Clim. Chang. 5,
61–66. doi:10.1038/nclimate2457

Shah, A. A., Chris Funk, W., and Ghalambor, C. K. (2017). Thermal acclimation
ability varies in temperate and tropical aquatic insects from different elevations.
Integr. Comp. Biol. 57, 977–987. doi:10.1093/icb/icx101

Somero, G. N. (2005). Linking biogeography to physiology: Evolutionary and
acclimatory adjustments of thermal limits. Front. Zool. 2, 1. doi:10.1186/1742-9994-
2-1

Somero, G. N. (2020). The cellular stress response and temperature: Function,
regulation, and evolution. J. Exp. Zool. A Ecol. Integr. Physiol. 333, 379–397. doi:10.
1002/jez.2344

Somero, G. N. (2010). The physiology of climate change: How potentials for
acclimatization and genetic adaptation will determine “winners” and “losers.
J. Exp. Biol. 213, 912–920. doi:10.1242/jeb.037473

Stacklies, W., Redestig, H., Scholz, M., Walther, D., and Selbig, J. (2007).
pcaMethods - a bioconductor package providing PCA methods for incomplete
data. Bioinformatics 23, 1164–1167. doi:10.1093/bioinformatics/btm069

Swain, D. L., Tsiang, M., Haugen, M., Singh, D., Charland, A., Rajaratnam, B.,
et al. (2014). The extraordinary California drought of 2013/2014: Character,
context, and the role of climate change. Bull. Amer Meteor Soc. 95, S3–S7.

Sweeny, B. W., Jackson, J. K., Newbold, J. D., and Fun, D. H. (1992). “Climate
change and the life histories and biogeography of aquatic insects in eastern North
America,” in Global climate change and freshwater ecosystems. Editors P. Firth and
S. G. Fisher (New York: Springer-Verlag), 143–176.

Tanner, R. L., Faye, L. E., and Stillman, J. H. (2019). Temperature and
salinity sensitivity of respiration, grazing, and defecation rates in the
estuarine eelgrass sea hare, Phyllaplysia taylori. Mar. Biol. 166, 109–112.
doi:10.1007/s00227-019-3559-4

Verberk, W. C. E. P., and Calosi, P. (2012). Oxygen limits heat tolerance and
drives heat hardening in the aquatic nymphs of the gill breathing damselfly
Calopteryx virgo (Linnaeus, 1758). J. Therm. Biol. 37, 224–229. doi:10.1016/j.
jtherbio.2012.01.004

Wei, T., and Simko, V. (2016). The corrplot package R Core Team. Available
at: http://www.sthda.com/french/wiki/matrice-de-correlation-la-fonction-r-
qui-fait-tout.

Yang, Y., and Edery, I. (2019). Daywake, an anti-siesta gene linked to a splicing-
based thermostat from an adjoining clock gene. Curr. Biol. 29, 1728–1734. e4.
doi:10.1016/j.cub.2019.04.039

Zhao, S., Yin, L., Guo, Y., Sheng, Q., and Shyr, Y. (2021). Advanced heat
map and clustering analysis using heatmap3. Heatmap 3, 986048. doi:10.
1155/2014/986048

Frontiers in Physiology frontiersin.org13

King and Stillman 10.3389/fphys.2022.990390

https://doi.org/10.1073/pnas.1422385112
https://doi.org/10.1111/1365-2435.12625
https://doi.org/10.3354/meps11303
https://doi.org/10.1111/mec.15225
https://www.worldcat.org/title/introduction-to-multi-and-megavariate-data-analysis-using-projection-methods-pca-pls/oclc/473695569
https://www.worldcat.org/title/introduction-to-multi-and-megavariate-data-analysis-using-projection-methods-pca-pls/oclc/473695569
https://www.worldcat.org/title/introduction-to-multi-and-megavariate-data-analysis-using-projection-methods-pca-pls/oclc/473695569
https://doi.org/10.1242/jeb.02260
https://doi.org/10.1146/annurev.physiol.61.1.243
https://doi.org/10.1002/arch.21422
https://doi.org/10.1038/nbt1385
https://doi.org/10.1126/science.1061967
https://doi.org/10.16953/deusbed.74839
https://doi.org/10.16953/deusbed.74839
https://doi.org/10.3398/064.073.0304
https://doi.org/10.3398/064.073.0304
https://doi.org/10.1111/gcb.15294
https://doi.org/10.1603/EN13344
https://doi.org/10.1093/conphys/coaa099
https://doi.org/10.1093/conphys/coaa099
https://doi.org/10.1146/annurev-ento-011613-162107
https://doi.org/10.1098/rspb.2020.2968
https://doi.org/10.1242/jeb.164673
https://doi.org/10.1242/jeb.164673
https://doi.org/10.1007/s10584-012-0459-8
https://doi.org/10.1086/694466
https://doi.org/10.1126/science.1135471
https://www.R-project.org/
https://doi.org/10.11646/zoosymposia.5.1.34
https://doi.org/10.11646/zoosymposia.5.1.34
https://doi.org/10.1080/01650428509361202
https://doi.org/10.1038/nclimate2457
https://doi.org/10.1093/icb/icx101
https://doi.org/10.1186/1742-9994-2-1
https://doi.org/10.1186/1742-9994-2-1
https://doi.org/10.1002/jez.2344
https://doi.org/10.1002/jez.2344
https://doi.org/10.1242/jeb.037473
https://doi.org/10.1093/bioinformatics/btm069
https://doi.org/10.1007/s00227-019-3559-4
https://doi.org/10.1016/j.jtherbio.2012.01.004
https://doi.org/10.1016/j.jtherbio.2012.01.004
http://www.sthda.com/french/wiki/matrice-de-correlation-la-fonction-r-qui-fait-tout
http://www.sthda.com/french/wiki/matrice-de-correlation-la-fonction-r-qui-fait-tout
https://doi.org/10.1016/j.cub.2019.04.039
https://doi.org/10.1155/2014/986048
https://doi.org/10.1155/2014/986048
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.990390

	Mild temperatures differentiate while extreme temperatures unify gene expression profiles among populations of Dicosmoecus  ...
	Introduction
	Materials and methods
	Animal collection and thermal exposure
	Selection of biomarkers
	RNA preparation
	NanoString expression and data quality control
	Data analysis

	Results
	Thermal history
	Gene expression differentiates populations and treatments
	Response to warming is site and treatment specific
	Gene co-expression differs between warming treatments

	Discussion
	Mild temperatures differentiate populations, but extremes connect them
	Population-specific responses may mask the effects of seasonal acclimatization
	Differences between mild and extreme warming are greatest in a subset of genes
	Importance of individual and environmental variation

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


