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Synopsis  Ectothermic species in lowland tropical forests have evolved in historically stable climates, leading to the prediction
that transcriptomic and phenotypic plasticity do not play major roles in their responses to changes in environmental temper-
ature. However, these species are often thermoconformers and are therefore exposed to short-term temporal fluctuations in
temperature. Hence, transcriptomic plasticity in tropical forest ectotherms might replace behavioral thermoregulation as a
mechanism to buffer against thermal stress. In particular, upregulation of heat shock proteins can occur during thermal stress
in a range of organisms. However, while many studies have explored gene expression plasticity in response to heat stress in
model organisms, little is known about transcriptomic plasticity in the tropical, non-model species that will be the most im-
pacted by climate change. We studied the effects of moderate and severe acute heat stress events in the Panamanian slender
anole (Anolis apletophallus) to gain insight into a mechanism that might allow tropical ectotherms to withstand the heat waves
that are likely to rise in frequency over the coming decades under anthropogenic climate change. We found that multiple genes
were upregulated across several heat shock protein networks in three tissues, and the magnitude of the expression response was
similar irrespective of whether heat stress was moderate or severe. Overall, our results indicate a potentially crucial role for heat
shock protein networks in the ability of tropical ectotherms to resist the negative effects of rising temperatures.

Introduction specialists” that are thought to have minimal ability to

Environmental temperature is a major driver of biolog-
ical processes, playing an important role in local adap-
tation (Chown and Terblanche 2006; Angilletta 2009).
As such, organisms at high latitudes, where environ-
mental temperature is more temporally variable, are of-
ten found to have substantial thermal acclimation ca-
pacity (Stillman 2003; Rohr et al. 2018). Individuals of
these taxa can experience plastic increases in heat tol-
erance, which can allow them to maintain function at
warmer temperatures (Sinervo et al. 2010). In the trop-
ics, organisms have evolved in historically stable ther-
mal environments—in other words, they are “thermal
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alter thermal tolerance via plasticity (Huey et al. 2009;
Hoffmann et al. 2013; Sunday et al. 2014).

In the spatially homogenous thermal environments
that are typical under the dense canopy of tropical
forests, ectothermic organisms are usually thermocon-
formers; that is, they do not use behavior to regulate in-
ternal body temperatures because of the high energetic
and opportunity costs that such behaviors would im-
pose in these habitats. Thus, the body temperatures of
tropical forest ectotherms tend to track changes in the
environmental temperature during activity and when
conditions decline sufficiently (e.g., get too hot), they
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frequently cease all activity and retreat to a thermal
refugium (Sinervo et al. 2010; Buckley et al. 2015).
Accordingly, behavioral and transcriptomic plasticity
might be an important mechanism that allows tropical
forest ectotherms to maintain activity as climate change
progresses (Vickers et al. 2011; Sears and Angilletta
2015).

Phenotypic plasticity—which we define broadly as
any change in morphology, behavior, and physiology
within an individual organism—is most often driven
by differential gene expression that can increase and
decrease certain cellular processes to maintain cellu-
lar homeostasis (West-Eberhard 1989; Whitman and
Agrawal 2009). In situations of thermal stress, upreg-
ulation of genes involved in maintaining cellular pro-
teostasis is important in order to maintain protein con-
formation at high temperatures (Somero 2020). Among
the most important genes involved in maintaining cel-
lular proteostasis are those that encode heat shock pro-
teins (HSPs). This cellular response to acute increases
in temperature is referred to as the heat shock response
(De Maijo et al. 2012), and is linked to HSP expression
across taxa (Lindquist 1986; Feder and Hofmann 1999;
Lang et al. 2021). HSPs are highly conserved “molec-
ular chaperones” that prevent the misfolding of other
proteins, repair misfolded proteins to prohibit confor-
mational changes, or guide proteins throughout the
cell (Burdon 1986; Lindquist 1986; Lindquist and Craig
1988; Parsell and Lindquist 1993; Chen et al. 2018; Lang
et al. 2021). HSP networks may allow ectotherms to
withstand acute heat stress by buffering them against
cellular stress and increasing their heat tolerance. While
HSPs are constitutively present, they are often upreg-
ulated in response to cellular stressors such as disease,
pesticides, heavy metals, and high temperatures (Feder
and Hofmann 1999; Serensen et al. 2003; Schopf et al.
2017).

Heat shock proteins can be separated into several
families, which include the HSP70, HSP40, HSP110,
and HSP90 families (Burdon 1986; Lindquist 1986;
Parsell and Lindquist 1993; Moseley 1997; Feder and
Hofmann 1999). The HSP70 family is one of the most
ubiquitous and conserved across organisms. This fam-
ily of HSP proteins recognizes substrates, interacts with
other proteins such as co-chaperones and other HSP
network members, and is involved in signal transduc-
tion cascades (Mayer and Bukau 2005; Rosenzweig et al.
2019). The HSP40 family, or J-domain proteins (JDPs),
operate as a co-chaperone with HSP70 family mem-
bers (Rosenzweig et al. 2019; Braun 2023) to initi-
ate the HSP70 network cycle and increase the num-
ber of binding sites on the protein through allosteric
regulation (Liberek et al. 1991; Mayer and Bukau
2005; Rosenzweig et al. 2019). The HSP110 family (in
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conjunction with the HSP70 family) ensures that pro-
teins leaving the HSP70 complex after folding do not
return (Yam et al. 2005). Finally, the HSP90 family as-
sists in protein folding (Zierer et al. 2016), and has mul-
tiple cofactors that aid in its functionality. For example,
the gene responsible for the activator of HSP90 ATPase
activity (AHA1) is the only activator of HSP90 and aids
in the breakdown of ATP (Hu et al. 2022; Tripathi et al.
2014). Cofactor CDC37 associates with substrates prior
to the HSP90 cycle to enable the HSP90 cycle to oc-
cur (Wandinger et al. 2008). Ultimately, HSP90 coop-
erates with other heat shock networks such as HSP70
and its co-chaperone HSP40, which are linked to each
other in order for HSP90 to bind to a steroid hormone
receptor molecule (Wandinger et al. 2008). Much pre-
vious research of HSP network function has focused on
cell lines, ex vivo organs, or laboratory model organ-
isms (e.g., Shi and Tu et al. 2006; Zanini et al. 2007).
Hence, there remains a lack of research on HSP net-
work function in non-model organisms, and especially
those from the tropics, that might employ HSPs in eco-
logically relevant contexts. Previous work in ectotherms
has found that temperature changes are associated with
shifts in the expression of HSP networks (e.g., Phryno-
soma hernandesi and Takydromus, Dang et al. 2018;
Refsnider et al. 2019). However, whether and how tem-
perature shifts impact HSP network expression in ec-
totherms from the lowland tropics is not well under-
stood, which is particularly important given their vul-
nerability to climate change (Huey and Slatkin 1976;
Alford and Lutterschmidt 2012).

As a tropical ectotherm from the lowland forests of
Central America, the Panamanian slender anole (Ano-
lis apletophallus) is an ideal organism to study the HSP
network response to thermal stress (Mayer and Bukau
2005; Pearl and Prodromou 2006). These lizards are en-
demic to central and western Panama and do not be-
haviorally thermoregulate during their active periods
such that their field-active body temperatures closely
track ambient temperatures (Logan et al. 2021; Neel et
al. 2021). Because they are found underneath the rel-
atively constant and cool environment of the rainfor-
est canopy, they have relatively low tolerance of heat
(mean voluntary thermal maximum = 29.6°C; Logan
etal. 2021) compared to terrestrial ectotherms globally.
There is also evidence that the abundance of this species
has been steadily declining due to climactic changes
such as increased drought (Stapley et al. 2015), which
likely makes them vulnerable to further temperature
shifts (Huey et al. 2009; Neel et al. 2021). Thus, under-
standing the cellular mechanisms that this species can
employ to accommodate heat stress is important. In par-
ticular, given the absence of behavioral thermoregula-
tion, the expression of heat shock protein networks may
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be crucial in their capacity to resist rising temperatures
(Lindquist 1986).

We tested whether and how HSP networks are ex-
pressed in the brain, liver, and femoral leg muscle tissues
of the Panamanian slender anole as they are exposed to
either a moderate (32°C) or more severe (35°C) heat
shock. The brain and liver are important organs in-
volved in the response to heat stress, as the liver is largely
responsible for the metabolic processes in organisms,
which are largely affected by heat (Zeng et al. 2014;
Emami et al. 2021; Liu et al. 2022). The brain is impor-
tant in regulating function under changes in tempera-
ture and studies have shown that HSPs can help pro-
tect the tissue (Armstrong et al. 2011; Kim and Yenari
2017; Tan et al. 2024; Yoneda et al. 2024). Femoral mus-
cle function is vital for individuals to successfully escape
stressfully high temperatures (Bennett 1984; Pomella
et al. 2023; Kukushkina et al. 2024), and skeletal mus-
cle is an energetically costly tissue to maintain function
within organisms (Homsher and Kean 1978; Hargreaves
and Spriet 2020). We analyzed genes expressed in the
HSP 40, 70, 90, and 110 families. We predicted that: (1)
expression of HSP networks would differ between treat-
ments (moderate heat shock, severe heat shock, and
control), (2) the magnitude of the gene expression re-
sponse would be positively correlated with the magni-
tude of heat shock across all three tissues, (3) the direc-
tion of HSP network expression patterns would be sim-
ilar for the moderate and severe heat shock treatments,
and (4) that HSP network expression would be tissue-
specific, with the greatest upregulation occurring in the
brain, followed by the liver, and then the muscle tissue.

Methods

Our previous work has established that Panamanian
slender anoles have average field-active body tempera-
tures (28.2°C) that are close to the maximum tempera-
ture that they voluntarily tolerate (29.6°C; Logan et al.
2021; Neel et al. 2021; Rosso et al. 2024). Therefore, they
have a narrow thermal safety margin, and in the ab-
sence of compensating mechanisms, even slight devi-
ations in environmental temperature may have ramifi-
cations for their survival. In May-July 2017 and 2018,
we captured male Panamanian slender anoles in Sober-
ania National Park near Gamboa, Panama. We brought
24 lizards back to the lab each year (total = 48 across
both years) and acclimated them to standard laboratory
conditions for 48 h (ambient temperature = 22.5°C).
Each lizard was housed individually in a plastic con-
tainer with a wad of damp paper towel to maintain hu-
midity. For the experiment, lizards in their enclosures
were placed in one of two Percival incubators (Perci-
val Scientific, Perry, IA, USA) set to either 32°C (2017)

or 35°C (2018) and a control at 28°C (both years) for
2 h. Lizards were removed from the incubators and im-
mediately euthanized via decapitation before removal of
brain, liver, and femoral muscle tissue. Tissues were dis-
sected out within a minute of decapitation, preserved
in RNA-later (Quiagen, Valencia, CA, USA), and then
placed in a 4°C fridge for 24 h for the RNA-later to be
absorbed before longer term storage in a —80°C freezer.

RNA was extracted from each tissue using the TRIzol
(Invitrogen) reagent protocol. Briefly, we lysed tissues
with TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and eluted RNA with BCP (trimethylene bromochlo-
ride) and isopropanol. RNA was then washed with 75%
ethanol, dried under a fume hood until all remain-
ing ethanol was evaporated, and was resuspended in
110 pL nuclease-free water. Isolated RNA was then se-
quenced on the Illumina NextSeq platform (Illumina,
Inc., San Diego, CA, USA) at Georgia Genomics and
Bioinformatics Core (GGBC, UG Athens, GA, RRID:
SCR_010994). Libraries were created and sequences
mapped to the Anolis carolinensis reference genome us-
ing methods as in Cox et al. (2017), as it was the closest
relative of the slender anole with a published genome
at the time of sequencing and has well-annotated HSP
network members (Afoldi et al. 2011). Previous stud-
ies have found that A. carolinensis and A. apletophallus
have genomes with high synteny, and heat shock protein
genes are generally conserved (Tollis et al. 2018; Pirani
etal. 2023). We then used edgeR (Robinson et al. 2010)
to conduct transcriptome-wide analyses of differential
expression, including log-fold change of each gene. We
used Ensembl (release 109; Harrison et al. 2024) to iden-
tify all known transcripts across HSPs 40, 70, 90, and
110 within the A. carolinensis genome. We narrowed
down the transcript list to include major HSP family
members, binding proteins, transcription factors, and
known, conserved activators or associated cofactors. In
total, 40 genes were deemed to be usable in both func-
tion and feasibility given our sequencing data. These
included 24, 10, 5, and 1 genes in the HSP40, HSP70,
HSP90, and HSP110 networks, respectively.

We conducted pairwise comparisons across each
gene to test for gene-specific differential gene expres-
sion between control and treatment severity in each
tissue using ANOVAs, where counts per million were
the response variables and treatment was the indepen-
dent variable. We compared each treatment severity
with their control group separately to reduce the likeli-
hood that results were biased by regression to the mean
(Gunderson 2023). We also ran linear models to test for
differences between each control group to test for the ef-
fect of year on our analysis. Next, we conducted Tukey-
HSD post-hoc tests for each individual gene compar-
ison to determine the direction of differential gene
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expression (up- or down-regulation). In order to ex-
plore the patterns of expression across both treatment
severities and treatment type, we performed principal
component analyses across the counts per million of
each tissue and both experiments. We calculated the
% variance captured from the first several principal
components and found the top genes driving variation
across the experiments based on factor loadings. Finally,
we compared the pattern of expression (using the log,-
transformed difference in normalized counts per mil-
lion) between treatment severity using linear regression
models to compare the log-fold change of each gene in
both treatment severities. A positive relationship would
indicate the same pattern of expression in both experi-
ments, meaning the same genes are responding to both
severities of heat stress in the same direction (i.e., genes
are upregulated or downregulated similarly). All sta-
tistical analyses were conducted in RStudio (version
2023.06.1 4 524).

Results

In total, 30 of the 40 genes across all HSP networks were
differentially expressed in at least one tissue in at least
one heat stress treatment (Table 1). Within each net-
work, the number of genes that were upregulated varied
by network type and tissue. In the brain, the number of
genes that were upregulated in each network were 10 in
the HSP40 family, nine in the HSP70 family, four in the
HSP90 family, and one in the HSP110 family (Fig. 1A).
In the liver, five genes were upregulated in the HSP40
family, six in the HSP70 family, three in the HSP90 fam-
ily, and one in the HSP110 family (Fig. 1B). In muscle,
six genes were upregulated in the HSP40 family, one in
the HSP70 family, three in the HSP90 family, and one
in the HSP110 family (Fig. 1C). The brain had the high-
est number of upregulated genes in response to heat
stress, with 24 differentially expressed genes, whereas
15 were upregulated in the liver and nine in muscle (Fig.
2). Within each tissue, the number of upregulated genes
differed by heat shock severity. In the brain, five genes
were upregulated in both moderate (32°C) and severe
(35°C) heat, while 19 were upregulated in only mod-
erate heat. In the liver, nine genes were upregulated in
both heat shock treatments and six were upregulated in
only moderate heat. In the muscle, six genes were upreg-
ulated in both heat shock treatments and three were up-
regulated in only severe heat. There were only two genes
that were significantly upregulated in all tissues and at
both heat stress severities (HSP90AA-201 and HSPA2-
201), members of the HSP90 and HSP70 networks, re-
spectively. The gene AHSA1-201, an activator of HSP90
ATPase activity (Desjardins et al. 2012), was signifi-
cantly upregulated in nearly all tissues and heat stress

K. L. Wuthrich et al.

severities except in severe heat in muscle (although even
this was marginally significant at P = 0.06; Fig. 3). In
the brain, five genes were downregulated in moder-
ate heat, and in the muscle, two genes were downreg-
ulated in moderate heat (Fig. 2). No HSP genes were
downregulated in the liver at either heat shock sever-
ity. See Fig. S1 for remaining gene comparisons. In
the liver and muscle, there was no significant differ-
ence between each year’s control group (P = 0.128 and
P = 0.091, respectively). However, there was a signif-
icant effect in the brain (P < 0.001) between control
groups.

Across all tissues, most variation in expression be-
tween individuals was explained by the first two
principal components. For the brain, all four groups
(two heat shock severities and two control groups)
were separated along PC1 and PC2 (PC1 = 51.41%,
PC2 = 18.46%; Fig. 4A). Within both liver and mus-
cle tissue, there was separation along PC1 between the
control groups and the heat shock severities, but there
was no separation between the two heat shock severi-
ties (liver: PC1 = 55.35%, PC2 = 23.75%, Fig. 4B; mus-
cle: PC1 = 51.32%, PC2 = 20.14%, Fig. 4C). The major
drivers of the variation in PC1 and PC2 across networks
were a few genes as determined by the top factor load-
ings in the PCAs. In the brain, the top loadings were heat
shock protein 70 family A member 12 (HSPA12-201),
heat shock protein 70 family A member 14 (HSPA14),
heat shock protein 70 family A member 5 (HSPA5),
heat shock protein 40 family C member 21 (DNAJC21),
and heat shock protein 70 family A binding protein 1
(HSPBPI). In the liver, the top loadings were heat shock
protein 70 family A member 12 (HSPA12), heat shock
protein 70 family A member 14 (HSPA14), heat shock
protein 70 family A member 5 (HSPAS5), heat shock pro-
tein 70 binding protein 1 (HSPBPI), and heat shock pro-
tein 40 family A member 4 (DNAJA4). In the muscle, the
top loadings were heat shock protein 70 family A mem-
ber 12 (HSPA12), heat shock protein 70 family A mem-
ber 14 (HSPA14), heat shock protein 70 family A mem-
ber 5 (HSPA5), heat shock protein 40 family C mem-
ber 21 (DNAJC21), and heat shock transcription factor
1 (HSFI; involved in the HSP90 cycle; Table 2). Finally,
log-fold change of each gene was positively correlated
across the brain, liver, and muscle such that genes were
differentially expressed in a similar pattern in both heat
shock severities (brain: P = 0.002, adj. R? = 0.245; liver:
P < 0.0001, adj. R? = 0.800; muscle: P < 0.0001, adj.
R? = 0.840; Fig. 3D, E, F).

Discussion

We found pervasive shifts in the expression of HSP
networks in a lowland tropical forest lizard, the
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Liver Muscle Brain Liver Muscle
3 h heat shock at 35°C

3 h heat shock at 32°C

Brain

HSP
net-

work

Description

Gene

0.01
0.67
0.00
0.27
0.50
0.06
0.0l
0.00
0.31

0.29
0.00

9.03
0.19
12.64

0.00
0.38

0.11

10.81
0.80
2.88
3.36
0.03

10.94
0.12

0.24
0.8l

0.02
0.72
0.21

0.03
0.33
0.03
0.75
0.48
0.21

1.46
0.06
6.20
0.13

0.15
0.10
0.03
0.32
0.06
0.04
0.19
0.00
0.30
0.85
0.04

2.37
3.09
5.93
1.05
4.04
5.28
1.88
41.88

0.00
0.04
0.00
0.13
0.00
0.00
0.07
0.00
0.0l
0.66
0.00

19.31

0.00
0.00
0.00
0.0l
0.00
0.00
0.15
0.00
0.00
0.00
0.00

24.61

Heat shock protein family A (Hsp70) member 4 liket

HSPA4L-201

5.01
33.88
2.54
11.21
35.38
3.94
55.05
9.92
0.21
16.44

73.50
43.74

Heat shock protein family A (Hsp70) member 5

HSPA5-201

Heat shock protein family A (Hsp70) member 8}

HSPA8-201

1.34
0.49
433
8.75

48.96

0.09
0.87
0.00
0.74
0.00
0.61

0.84
0.00

9.60
25.60

182.22

Heat shock protein family A (Hsp70) member 9

HSPA (Hsp70) binding protein |

HSPA9-201

1.69
5.56

HSPBPI-201

90

Activator of HSP90 ATPase activity |

AHSAI1-201

1.03
5.83

0.11

2.28
57.76

101.19

Cell division cycle 37, HSP90 cochaperone

CDC37-201

Heat shock protein 90 alpha family class A member |

HSP90AAI-201
HSP90ABI-201
HSP90B1-202
HSPH1-201

1.13

1.21
14.35

0.27
0.04
14.47

1.18
0.04
5.34

Heat shock protein 90 alpha family class B member |

0.51

107.39

Heat shock protein 90 beta family member |

1.70

17.08

110

Heat shock protein family H (Hsp110) member |

Bold text indicates significance at P < 0.05.
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Panamanian slender anole. Heat shock proteins were
upregulated across all HSP networks in brain, liver, and
muscle tissue when lizards were exposed to both mod-
erate (32°C) and severe (35°C) heat stress, and the same
genes and gene families were differentially expressed
in both treatments, suggesting that there is a general
gene expression response that occurs irrespective of the
particular level of heat stress. We also found that the
brain had the most pronounced HSP expression re-
sponse compared to liver and muscle tissue. However,
these results may be due to the different time scale of dif-
ferential expression among tissues. For example, brain
tissue is likely to respond rapidly to increases in temper-
ature for protection, whereas skeletal muscle is slower to
increase gene expression (Cullinan et al. 1995; Hoppeler
et al. 2007). Our results have implications for under-
standing mechanisms of resilience to climate change in
tropical ectotherms, who have been traditionally con-
sidered to have minimal capacity for plastic compensa-
tion to acute thermal stress. However, this plasticity is
less obvious at higher temperatures.

Contrary to our predictions, we found that fewer
genes were upregulated under severe, compared to
moderate, heat stress. This result implies that the HSP
response might be diminished at especially high tem-
peratures in this species. In nature, Panamanian slen-
der anoles almost never achieve body temperatures ap-
proaching 35°C (the temperature of our severe heat
shock treatment), suggesting that they may simply not
have the neurological, endocrine, or genetic machin-
ery to further upregulate HSP expression beyond what
we observed at 32°C (the moderate heat shock treat-
ment). Indeed, cellular limits to HSP protein accumula-
tion at especially high temperatures have been observed
in other species (Feder and Hoffman 1999). Neverthe-
less, a reduction in HSP expression at high temperatures
could also have occurred because protein synthesis is
energetically costly and metabolic rate rises exponen-
tially with body temperature in ectotherms (Brand et al.
1991; Fuery et al. 1998; Cherkasov et al. 2006). Hence,
the decline of heat shock protein network expression
under severe heat may suggest that the HSP response
is energetically limited.

Besides energetic limitations, high expression of
HSPs may incur a survival cost because overexpres-
sion of proteins can have detrimental effects in or-
ganisms. First, HSPs may interfere with normal cel-
lular function when the cell is not stressed, and can
be detrimental when present in high quantities (Feder
and Hofmann 1999; Serensen et al. 2003). Second, even
at high temperatures, expression of HSPs might incur
costs in terms of reproduction and survival. For exam-
ple, Huang et al. (2007) found that high temperatures
elevated HSP expression, but decreased fecundity in the
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pea leafminer (Liriomyza huidobrensis). In contrast, in-
creased HSP expression in fruit flies may increase lifes-
pan when upregulated in response to long-term heat
stressors (Sarup et al. 2014), which in turn may also in-
crease population growth rate. While we did not collect
data to evaluate how HSP network expression impacts
survival or reproduction in Panamanian slender anoles,
we found that HSP expression decreased in severe com-
pared to moderate heat, perhaps suggesting that ac-
celerating expression of HSPs at higher temperatures
could be costly. Regardless of the specific mechanism,
our results suggest that while slender anoles can re-
spond to increasing temperatures by instigating upreg-
ulation of HSP networks, this presumably adaptive re-
sponse is limited at more severe temperatures. However,
we interpret our results with caution given that we con-
ducted separate experiments in two consecutive years.
First, library construction and sequencing were separate
for each experiment, which can impact downstream

analyses (Kircher et al. 2011). Second, the developmen-
tal environment might have varied between the wild
lizards sourced for our two experiments, although av-
erage temperatures were similar between our sampling
years.

In the brain, there was a significant effect of year in
the control groups, indicating a difference between the
baseline gene expression in the 2017 and 2018 study.
This difference was also seen within the principal com-
ponent analysis of the brain, as control groups were sep-
arated on PCI and PC2. However, our study design of
comparing gene expression between the warm and con-
trol groups within each year avoids estimating a differ-
ence in expression based on year, or sequencing changes
between experiments. The warm treatment groups in
the brain were not separated in the PCA, indicating that
the trend of expression is similar between treatment
severity, which is also seen in our log-fold change anal-
ysis. Taken together, our results indicate a significant
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difference in gene expression when exposed to a short
heat stress event.

One gene that was upregulated across almost all tis-
sues and heat severity treatment was the activator of
heat shock protein homolog-1 (AHSA1I), which modu-
lates HSP90 ATPase activity (Desjardins et al. 2012). A
recent study showed that AHSAI can accelerate HSP90
activity by changing the conformation of HSP90 so that
ATP can then be hydrolyzed by HSP90 (Hessling et al.

2009). While the specific function is unknown in squa-
mate reptiles, it is likely that increasing AHSAI pro-
duction enhances the function of the HSP90 family of
heat shock proteins. This upregulated gene may also
be related to the significantly upregulated HSP90 gene,
HSP90AA, which occurred in all tissues and at both heat
shock severities.

The fact that slender anoles upregulate heat shock
proteins in response to thermal stress in the short
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Table 2 Factor loadings for the genes driving the most variation across PC| and PC2 in the brain, liver; and muscle tissues.

Tissue Gene Description PCI PC2
Brain HSPAI2A-201 Heat shock protein family A (Hsp70) member 12A 0.031 0.160
HSPA14-201 Heat shock protein family A (Hsp70) member 14 0.010 0.020
HSPAS5-201 Heat shock protein family A (Hsp70) member 5 0.123 -0.131
DNAJC21-201 DnaJ heat shock protein family (Hsp40) member C21 0.127 -0.157
HSPBPI-201 HSPA (Hsp70) binding protein | 0.114 -0.033
Liver HSPAI12A-201 Heat shock protein family A (Hsp70) member [12A -0.060 -0.001
HSPA14-201 Heat shock protein family A (Hsp70) member 14 -0.091 -0.144
HSPA5-201 Heat shock protein family A (Hsp70) member 5 -0.194 -0.199
DNAJC21-201 DnaJ heat shock protein family (Hsp40) member C21 -0.073 -0.028
HSPBPI-201 HSPA (Hsp70) binding protein | -0.119 -0.094
Muscle HSPAI12A-201 Heat shock protein family A (Hsp70) member 12A 0.014 0.015
HSPA14-201 Heat shock protein family A (Hsp70) member 14 0.022 -0.048
HSPAS5-201 Heat shock protein family A (Hsp70) member 5 0.140 -0.073
DNAJC21-201 DnaJ heat shock protein family (Hsp40) member C21 0.109 -0.164
DNAJA4-201 DnaJ heat shock protein family (Hsp40) member A4 0.204 0.274

term may have ramifications for their response to long-
term warming. For example, a recent study on this
same population found that heat tolerance (VT ,x) in-
creased via physiological and behavioral plasticity af-
ter three weeks of experimental warming in a green-
house (Rosso et al. 2024). While the transcriptomic
response after three weeks of warming is not known,

the observed shift in heat tolerance suggests that gene
(potentially HSP) expression shifts may underlie this
plasticity. Increases in HSP expression have been doc-
umented in a broad range of species when exposed to
heat stress (Ulmasov et al. 1992;Hoekstra et al. 1998;
Iwama et al. 1998; Gao et al. 2014; Xie et al. 2014,
2018; King and MacRae 2015). Conversely, some studies
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found that HSP expression was not a major response to
some environmental stressors (Bettencourt et al. 1999;
Serensen et al. 1999), but see review in Serensen et al.
(2003).

Our study explored changes in HSP expression in re-
sponse to mild and severe heat stress in the tropical
forest lizard, the Panamanian slender anole. We con-
firmed that this species can upregulate HSP expression
in response to acute shifts in temperature. Plasticity in
gene expression is thus likely an important way in which
Panamanian slender anoles can respond to rapid envi-
ronmental change. An avenue for future work would be
to test the impact of duration of heat stress on gene ex-
pression, as these lizards will be faced with variation in
the length of heat waves. Testing for how other similar
species can alter expression of heat-protective networks
in response to shifting temperatures and the role these
transcriptomic responses play in the survival and repro-
ductive success of vulnerable species is also an impor-
tant next step in assessing how climate warming impacts
tropical ectotherms.
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