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ARTICLE INFO ABSTRACT

Editor by Michael Hedrick Many fish experience diminished reproductive performance under atypically high or prolonged elevations of

temperature. Such high temperature inhibition of reproduction comes about in part from altered stimulation of

Keywords: gametogenesis by the hypothalamic-pituitary-gonadal (HPG) endocrine axis. Elevated temperatures have also
Temperature been shown to affect thyroid hormone (TH) signaling, and altered TH status under high temperatures may impact
;‘:;‘roducﬁon gametogenesis via crosstalk with HPG axis pathways. Here, we examined effects of temperature and 3'-triiodo-i -
Estrogen receptor thyronine (T3) on pathways for gonadal steroidogenesis and gametogenesis in Amargosa pupfish (Cyprinodon
Evolution nevadensis amargosae) from two allopatric populations: 1) the Amargosa River — a highly variable temperature

habitat, and 2) Tecopa Bore — an invariably warm groundwater-fed marsh. These populations were previously
shown to differ in TH signaling profiles both in the wild and under common laboratory conditions. Sexually-
mature pupfish from each population were maintained at 24 °C or 34 °C for 88 days, after which a subset of
fish was treated with T3 for 18-24 h. In both populations, mRNA abundances for follicle-stimulating hormone
receptor and luteinizing hormone receptor were higher in the ovary and testis at 24 °C compared to 34 °C.
Females from Tecopa Bore — but not from the Amargosa River — also had greater ovarian transcript abundances
for steroidogenic enzymes cytochrome P450 aromatase, 3p-hydroxysteroid dehydrogenase, and 17f-hydrox-
ysteroid dehydrogenase at 24 °C compared to 34 °C, as well as higher liver mRNA levels of vitellogenins and
choriogenins at cooler temperature. Transcript abundances for estrogen receptors esrl, esr2a, and esr2b were
reduced at 34 °C in Amargosa River females, but not in Tecopa Bore females. T3 augmented gonadal gene
transcript levels for steroid acute regulatory protein (StAR) transporter in both sexes and populations. T3 also
downregulated liver estrogen receptor mRNAs in females from the warmer Tecopa Bore habitat only, suggesting
T3 modulation of liver E; sensitivity as a possible mechanism whereby temperature-induced changes in TH status
may contribute to shifts in thermal sensitivity for oogenesis.

Climate change

1. Introduction temperature environments (Motani and Wainwright, 2015). Exposure of
fish to unusually high or prolonged elevations in temperature can
disrupt sexual differentiation (Kitano et al., 1999; Uchida et al., 2004;

Huynh et al., 2019), alter seasonal maturation (Dorts et al., 2012; Webb

Actinoperygiian fishes often depend on temperature to regulate
critical physiological processes including reproduction. Optimal tem-

peratures for reproduction vary widely among fishes depending on the
thermal dynamics of their habitat, latitude, and seasonality of repro-
duction (Pankhurst and Porter, 2003; Pankhurst and Munday, 2011).
However, across fish species, reproduction is sensitive to temperature
perturbations and exposure to above-normal temperatures has delete-
rious effects on reproductive function, even for fishes adapted to high
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et al., 1999), impair gametogenesis and ovulation, or inhibit spawning
behaviors (Tveiten and Johnsen, 2001; Glasser et al., 2004; Suquet et al.,
2005; Soria et al., 2008; Donelson et al., 2010; Alix et al., 2020). These
impacts have been shown to be mediated by several interacting physi-
ological mechanisms including metabolic energy allocation for repro-
duction (Pankhurst and Munday, 2011), activation of physiological
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stress responses via the hypothalamic-pituitary-interrenal (HPI) axis
(Donelson et al., 2010; Pankhurst, 2011), and, critically, direct alter-
ations to hypothalamic-pituitary-gonadal (HPG) axis hormone signaling
(Van Der Kraak and Pankhurst, 1997; Pankhurst and Munday, 2011;
Miranda et al., 2013; Alix et al., 2020; Servili et al., 2020; Zahangir et al.,
2022).

Studies examining temperature effects on the HPG axis in fishes have
documented significant decreases in plasma concentrations of 17f-
estradiol (E3) or testosterone (T) at high temperature (Tveiten and
Johnsen, 2001; King et al., 2007; Soria et al., 2008; Vikingstad et al.,
2016; Wylie et al., 2018; Hani et al., 2019; Bock et al., 2021; reviewed by
Alix et al., 2020; Servili et al., 2020). Such declines in sex steroid con-
centrations may emerge both from shifts in the sensitivity of steroido-
genesis pathways to gonadotropins or temperature-induced changes in
steroidogenic enzyme activity. High temperature-induced reductions of
gonadal luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) receptor expression have been observed in several fishes, sug-
gesting reduced sensitivity of gonadal tissues to gonadotropins (Yama-
guchi et al., 2007; Soria et al., 2008; Veilleux et al., 2018; Anderson
et al.,, 2019; Bock et al., 2021). Supporting this idea, rainbow trout
(Oncorhynchus mykiss) maintained at 18 °C were found to have reduced
induction of steroidogenesis by a luteinizing hormone-releasing hor-
mone (LHRH) analogue compared to fish at 12 °C (Pankhurst and
Thomas, 1998). Similarly, female Arctic charr (Salvelinus alpinus) reared
at 10 °C - a temperature that causes near complete inhibition of
ovulation in this species — and injected with salmon gonadotropin-
releasing hormone (sGnRHa) produced significantly less LH than those
reared at 5 °C (Gillet and Breton, 2009). Such high temperature-
associated changes in gonadotropin sensitivity may ultimately result
in reductions in gonadal steroidogenesis. For instance, Atlantic salmon
(Salmo salar) given a LHRH analogue had lower production of both
testosterone (T) and 17a,20p-dihydroxy-4-pregnen-3-one, an oocyte
maturation-inducing hormone in fish (e.g., Nagahama and Yamashita,
2008), when exposed to elevated temperature (King and Pankhurst,
2004).

Reduced gonadotropin stimulation of gonadal steroidogenesis,
however, does not appear to be the sole endocrine mechanism mediating
reproductive inhibition at elevated temperatures. Fish exposed to
warmer temperatures can also have reduced gonadal expression of ste-
roid acute regulatory protein (star) and P450 side chain cleavage
enzyme (cyp11lal), as well as ovarian P450 aromatase (cyp19ala) (Elisio
et al., 2012; Anderson et al., 2012a, 2019; Mazzeo et al., 2014; Bock
etal., 2021), which appears to result in lower circulating E; in females at
elevated temperatures. Such lower E; subsequently leads to diminished
vitellogenin egg yolk precursor and choriogenin egg envelope protein
production by the liver for female fish exposed to higher temperatures
(Pankhurst and King, 2010; Anderson et al., 2012b; Bock et al., 2021).

Less considered is that higher temperatures may also modulate other
hormone pathways that interact with the HPG axis to lessen reproduc-
tive performance. The physiological actions of thyroid hormones (THs)
in fish are sensitive to variation in temperature (e.g., Little et al., 2013;
Lema et al., 2016; Zak and Manzon, 2019), and changes in TH iodo-
thyroine deiodinase enzyme or TH receptor expression have been
observed in fish experiencing warmer conditions (Johnston and Eales,
1995; Lema et al., 2016). In rainbow trout (Oncorhynchus mykiss), for
example, fish maintained at warmer temperatures of 18-19 °C have
been shown to exhibit reduced thyroxine (T4) concentrations, higher T4
conversion to 3,5,3'-triiodo- -thyronine (T3), and elevated rates of outer-
ring TH deiodination in liver microsomes (Eales et al., 1982; Johnston
and Eales, 1995). While THs are well established mediators of meta-
bolism and development in fish and other vertebrates, THs also influ-
ence gonad development and function (Jannini et al., 1995; Dittrich
et al., 2011; Habibi et al., 2012; Flood et al., 2013; Sharma and Patino,
2013; Castaneda Cortés et al., 2014; Duarte-Guterman et al., 2014).
Such associations between TH status and reproduction have been
recognized for some time in teleost fishes, although studies are only now
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uncovering the complexity of those interactions (Cyr and Eales, 1996;
Matta et al., 2002; Raine, 2011; Habibi et al., 2012; Tovo-Neto et al.,
2018; Feng et al., 2022). In adult Clarias gariepinus catfish, for instance,
goitrogen treatment reduced testicular T concentrations and led to testes
containing fewer spermatids and spermatozoa (Jacob et al., 2005). And
in goldfish (Carassius auratus), T3 both reduced gene expression of LH
B-subunit (Ihp) in cultured pituitary cells and lowered circulating con-
centrations of E; in vivo in males (Allan and Habibi, 2012). The picture
emerging from those and other studies suggests that TH interactions
with the HPG axis in fish are complex and condition-dependent (Nelson
et al., 2010; Tovo-Neto et al., 2018; Deal and Volkoff, 2020; Ma et al.,
2020a). Recent studies with female goldfish observed that T3 interacts
with both GnRH and gonadotropin-inhibitory hormone (GnIH) to
modulate LH release in differing ways depending on stage of the
reproductive cycle (Ma et al., 2020b). Such TH actions on reproductive
function also appear to extend to tissues involved in reproduction but
beyond the HPG axis directly. In goldfish females — but not males — T3
increased hepatic Vtg mRNA levels, an effect hypothesized to be medi-
ated by T3 modulation of hepatic estrogen receptor o (esrl) gene
expression (Nelson and Habibi, 2016). Even so, while the roles of THs in
fish reproduction are becoming more well-defined, it still is not known if
temperature-associated changes in TH signaling contribute to repro-
ductive inhibition in fish experiencing elevated temperatures.

In the present study, we examined interactions between temperature
and TH status on gene pathways linked to reproductive function in
Amargosa pupfish, (Cyprinodon nevadensis amargosae). Pupfishes of
genus Cyprinodon evolved some of the highest temperature tolerances of
fish (Beitinger et al., 2000; Bennett and Beitinger, 1997; Feldmeth,
1981; Minckley and Minckley, 1986; Heath et al., 1993; Nordlie, 2006;
Carson et al., 2014; Motani and Wainwright, 2015). Many pupfishes
survive in habitats where temperatures routinely reach 40 °C or greater,
and some members of this genus even inhabit environments with tem-
peratures exceeding 44 °C (e.g., Minckley and Minckley, 1986; Carson
etal., 2014). Still, environmental temperature plays an important role in
regulating pupfish reproductive activity (Barlow, 1961; Liu, 1969;
Echelle, 1973). The species studied here — the Amargosa pupfish — has
the highest experimentally demonstrated reproduction temperature of
any fish species examined to date (Motani and Wainwright, 2015; see
also Shrode and Gerking, 1977). While spawning by Amargosa pupfish
can occur in the wild at any time of the year when temperatures rise
above ~18 °C (Soltz, 1974), the optimal temperatures for egg produc-
tion by Amargosa pupfish ranges from 24 °C to 32 °C (Shrode and
Gerking, 1977). Above ~32 °C, egg quality of Amargosa pupfish de-
clines such that a greater proportion of eggs are produced either lacking
yolk or with soft, underdeveloped chorions (Shrode and Gerking, 1977;
Gerking et al., 1979). And, above ~34 °C, reproduction by C. nevadensis
may cease (Shrode and Gerking, 1977; Gerking and Lee, 1983), despite
that temperature being considerably lower than the CTyax value of
~42 °C for the species (Brown and Feldmeth, 1971; Feldmeth et al.,
1974). Climate models predict increasing temperatures in the deserts of
the North American Southwest where this and other pupfish species live
(Seager et al., 2007; Seager and Vecchi, 2010), and understanding the
mechanisms by which temperature influences reproductive perfor-
mance in pupfish and other fish species will be critical for identifying
which populations are most likely to survive under a changing climate
(Chown et al., 2010; Hoffman and Sgro, 2011).

Here, we examined the effects of temperature and T3 on reproductive
endocrine signaling and gametogenesis in C. n. amargosae pupfish ob-
tained from two allopatric populations: the Amargosa River and Tecopa
Bore (Fig. 1). The Amargosa River is small desert stream with highly
variably environmental conditions (Soltz and Naiman, 1978). Temper-
atures in this habitat vary from near freezing to over 40 °C seasonally
and can shift as much as 25 °C between day and night (Lema et al.,
2019). Tecopa Bore is a small artesian spring where water emerges from
the ground at 47.5 °C and then gradually cools as it flows through a
marsh (Naiman, 1974; Lema et al., 2019). The Tecopa Bore habitat was
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Fig. 1. (a) Map showing locations of the Amargosa River and
Tecopa Bore habitats for the Amargosa pupfish (Cyprinodon
nevadensis amargosae) in the Death Valley region of California
and Nevada, USA. Numbers on the map denote locations of the
following: (1) the Amargosa River, which is dry along most of
its length except during extreme rainfall events, but has two
groundwater-fed permanent reaches — one longer ~13 km
permanent section beginning near the dry lakebed of former
Lake Tecopa, and a smaller section of permanent water in the
river's lower basin; and (2) Tecopa Bore, a small marsh habitat
fed by a hot temperature groundwater spring on the north-
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iodothyronine deiodinase (dio3), lower type 2 iodothyronine
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created only ~55 years ago, when mineral drilling by a private company
created the artesian spring; the newly formed Tecopa Bore environment
was soon after colonized by C. n. amargosae from the nearby Amargosa
River. In the wild, C. n. amargosae from the Amargosa River and Tecopa
Bore populations differ in liver gene expression for type 2 (dio2) and
type 3 (dio3) iodothyroine deiodinase enzymes and thyroid hormone
receptor B (trp) (Fig. 1) (Lema et al., 2016). Those differences in liver TH
signaling gene expression sustained even after fish from the populations
were held under common temperature conditions in the laboratory, and
link to broader differences in physiology and phenotypic development
between the populations (Lema et al., 2016, 2019; Lema, 2020). In the
present study, sexually-mature female and male pupfish from the
Amargosa River and Tecopa Bore populations were acclimated to stable
conditions of 24 °C or 34 °C for 88 days and then treated with exogenous
T3 in order to: 1) to test how elevated temperature and T3 interact to
affect gene expression pathways associated with HPG axis signaling and
gametogenesis, and 2) to determine whether the Amargosa River and
Tecopa Bore pupfish populations show differential T3 effects on liver
expression of reproduction-associated genes regulated by E, action,
given previously observed differences in liver TH signaling between the

populations (Lema et al., 2016).
2. Materials and methods
2.1. Animals

Adult C. n. amargosae pupfish were collected by minnow trap on 9
May 2014 from two habitats located in the Death Valley desert region of
eastern California, USA: the Amargosa River (35°51.275'N,
116°13.833'W) and Tecopa Bore (35°53.140'N, 116°14.050'W). Details
on the environmental differences between these habitats as well as the
phenotypic differences between the Amargosa River and Tecopa Bore
C. n. amargosae populations are provided elsewhere (Lema et al., 2016,
2019; Lema, 2020). Pupfish were transported to California Polytechnic
State University in San Luis Obsipo, California, USA, and maintained in
208 L tanks. For both the initial holding period and during experimental
testing, all fish were maintained under a 14 L:10D photoperiod in syn-
thetic 2.1 ppt salinity water made with Instant Ocean® salt (Unified Pet
Group, Inc., Blacksburg, VA, USA) and deionized water. Pupfish were
acclimated to captivity at temperatures representative of their
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respective habitats: 24 °C for pupfish from the Amargosa River, and
34 °C for fish from Tecopa Bore. These temperatures were selected to
compare a temperature within the optimal range for reproductive per-
formance (24 °C) for this species to an elevated temperature (34 °C)
shown to impair egg quality and spawning (e.g., Shrode and Gerking,
1977; Gerking et al., 1979; Feuerbacher et al., 2015). All experimental
procedures were approved by the Animal Care and Use Committee of
California Polytechnic State University (Protocol #1507).

Within 16 d of collection, pupfish were transferred to 38 L experi-
mental tanks with 2 males and 2 females per tank. Four replicate tanks
were used for each temperature-population-hormone treatment combi-
nation. The average body size of females (37.57 &+ 1.01 mm standard
length [SL], 1.53 + 0.12 g mass; mean + SEM) and males (40.96 + 0.85
mm SL, 2.18 £+ 0.12 g mass) from the Amargosa River was larger than
that of females (30.97 + 0.55 mm SL, 0.82 + 0.05 g mass) and males
(38.85 + 0.67 mm SL, 1.88 + 0.10 g mass) from Tecopa Bore (SL:
population*sex interaction, Fq,116 = 8.067, p = 0.0053; mass: population
effect, F1,116 = 22.416, p < 0.0001), which reflects previously docu-
mented body size differences between these populations (Lema et al.,
2019). Pupfish were maintained in these 38 L tanks for 88 days under
stable temperatures of 24 °C or 34 °C. Temperature was recorded at 10
min intervals using HOBO® U12 External Data Loggers (Onset Corp.,
Bourne, MA, USA), which confirmed average temperatures in the
treatments to be 23.97 + 0.40 °C and 34.18 & 0.24 °C (mean + SD). All
fish were fed ad lib twice daily with a 1:1 ratio mixture of commercial
spirulina flakes (Aquatic Eco-Systems, Inc., Apopka, FL) and brine
shrimp flakes (San Francisco Bay Brand, Inc., Newark, CA) for the
duration of the experiment.

On the day immediately prior to sacrifice and tissue collection, fish in
a subset of tanks were exposed to a 15 nM concentration of waterborne
3'-triiodo-L -thyronine (T3) for 18-24 h. The exogenous T3 treatment was
generated by dissolving T3 (Sigma-Aldrich) in 0.01 M NaOH and adding
stock T3 solution to a tank; all other tanks received control vehicle (0.01
M NaOH) only. Additional data on variation in TH signaling and
metabolic physiology measured from the same fish used in this same
experiment are reported in Lema et al. (2016).

2.2. Tissue collection

Fish sampling from the experimental 38 L tanks occurred between
the hours of 13:00 and 16:00 to minimize photoperiod influences. Each
fish was collected by hand net and euthanized (tricaine methansulfo-
nate, MS222; Argent Chemicals, Inc., Redmond, WA, USA). Fish were
measured (SL, £ 0.05 mm) and weighed (+ 0.01 g), and blood was
collected. Blood was centrifuged for 10 min at 3000 rpm and 4 °C, and
the resulting plasma stored at —80 °C for subsequent T3 quantification
by radioimmunoassay following the procedure of Dickhoff et al. (1982).
Anti-L-T3 antiserum (1:10,000) for this RIA was obtained from Fitzger-
ald Industries International (Acton, MA, USA). The intra-assay % coef-
ficient of variation (CV) for the T3 RIA was 4.83%, and inter-assay CV
was 6.21%. Specific details on these RIA methods are provided in Lema
et al. (2016). The gonads and liver of each fish were also dissected, flash
frozen with liquid Ny, and stored at —80 °C.

2.3. Quantitative real-time RT-PCR

Total RNA was extracted from gonad and liver tissues using Tri-
Reagent (Molecular Research Center, Inc.) with bromochloropropane
as the phase separation reagent. The resulting RNA was DNase I treated
(TURBO DNA-free Kit, Ambion) and quantified using a P300 Nano-
Photometer (Implen, Inc.) (260:280 ratios >1.97). Total RNA was
reverse transcribed in 20 pl reaction volumes containing 6 pl of RNA
(100 ng/pl for liver or 33 ng/pl for gonad), 1.5 pl ANTPs (Promega), 1.5
pl random primers (500 pg/ml; Promega), 0.375 pl recombinant RNasin
ribonuclease inhibitor (40 u/pl; Promega), 9 pl nuclease-free H,O, and 6
pl 5x buffer, 4.5 ul MgCly, and 1.125 pl GoScript™ reverse transcriptase
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(Promega). Reverse transcription reactions were run as the following
thermal profile: 25 °C for 5 min and 42 °C for 1 h, followed by 70 °C for
15 min to inactivate the reverse transcriptase.

Primer sets were designed to quantify relative expression levels of
several genes linked to reproductive endocrine function in the gonads
including a follicle-stimulating hormone receptor (fshr) and luteinizing
hormone/choriogonadotropin receptor (lhcgr), the steroidogenic en-
zymes ovarian cytochrome P450 aromatase (cypl9ala), 3f-hydrox-
ysteroid dehydrogenase (3phsd), 11p-hydroxysteroid dehydrogenase
(11phsd), and 17B-hydroxysteroid dehydrogenase (hsd1743), and the
steroid acute regulatory protein (star) transporter (Supplemental Mate-
rials, Table S1). Transcript abundances for nuclear estrogen receptors
esrl, esr2a and esr2b, vitellogenins A (vtgA) and B (vtgB), and chorio-
genins L (cgL), H (cgH), and H-minor (cgHm) were also quantified in the
liver. Primer sets for SYBR Green qRT-PCR assays were designed to
protein coding regions of partial cDNAs for choriogenins cgL (GenBank
accession no. KJ850333) and cgHm (KJ850332) sequenced from C. n.
amargosae using degenerate primers described previously (Johnson and
Lema, 2017). All other qRT-PCR assays were designed to genes identi-
fied from the unannotated genome of the closely-related pupfish C. n.
pectoralis (GenBank accession no. GCA_000776015). When possible,
qRT-PCR primer sets were designed to span an intron boundary. Primers
were synthesized by Eurofins MWG Operon (Huntsville, AL, USA), and
nucleotide sequences for all primers are provided in Supplemental Ma-
terials, Table S1. The specificity of each primer set was confirmed by
Sanger sequencing select PCR amplification products amplified by each
primer set. Relative mRNA levels for elongation factor-1a (efla) were
quantified as a control gene using SYBR green primers designed and
validated previously (Lema, 2010; Lema et al., 2015).

All qRT-PCR reactions were run as 16 pl reaction volumes containing
8.0 pliQ Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA),
0.8 pl each of forward and reverse primers (10 pM), 4.9 pl nuclease-free
water (Sigma, St. Louis, MO, USA), and 1.5 pl of reverse-transcribed
cDNA template. Assays were run on either a 7300 Real-Time PCR Sys-
tem (Applied Biosystems, Inc.) or CFX Connect Real-Time PCR System
(Bio-Rad) with the following thermal profile: 50 °C for 2 min, 95 °C for
10 min, 42 cycles of 95 °C for 15 s and 59 °C for 1 min, followed by a
melt curve analysis. For each gene, a standard curve was made from a
pool of RNA from samples representing all factor categories (e.g., pop-
ulation, temperature regime, hormone treatment, sex). Each standard
was serially diluted and assayed in triplicate. DNA contamination was
assessed for each gene by analyzing RNA samples that were not reverse-
transcribed. Each qPCR run also included samples without cDNA tem-
plate as a further contamination control. PCR efficiencies for each gene
were calculated using the equation: % efficiency = [10(%/ slopey _ 114100,
and are provided in Supplemental Materials, Table S1. Correlation co-
efficients (rz) were < 0.97 for the standard curve for each gene exam-
ined. The expression of each gene of interest was expressed as a relative
level by dividing the resulting values by the mean values of females in
the lower 24 °C temperature, control injection treatment group. The
mean intra-assay coefficient of variation (CV) was 7.17%, and inter-
plate CV was calculated as 9.22%.

2.4. Statistical analyses

Plasma T3 concentrations were log; o transformed to meet parametric
assumptions and then compared using a three-factor ANOVA model with
population origin, temperature, and hormone treatment as factors. All
interaction terms were included in the ANOVA model. Sexes were
combined for plasma T3 analyses since the small number of females in
some population-temperature-hormone treatment combinations pre-
cluded the analysis of treatment effects on sexes separately.

Preliminary statistical analyses revealed that gonadal efla mRNA
abundance varied significant between the sexes (p < 0.001). Statistical
analyses on gonadal gene transcript abundance were therefore con-
ducted separately for female and male pupfish. Even so, data values for
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female and male gonadal mRNA levels were normalized to the same
scale to allow for visual comparisons of sex differences in gonadal
transcript abundance on figures. Gene transcript data for the ovary and
testis were logjo(x + 1) transformed, and then analyzed using ANOVA
models with population origin, temperature, and hormone treatment as
main effect factors and all interaction terms. Post hoc Tukey HSD tests
were then calculated to identify pairwise differences among treatment
groups.

The abundance of gene transcripts encoding vtgA, vtgB, cgL, cgH, and
cgHm in the liver were examined in females only since cDNA amplifi-
cation of these transcripts using qRT-PCR was either undetectable or
detected at exceedingly low abundance in male fish. Transcripts
encoding the nuclear ER genes esrl, esr2a, and esr2b however, were
examined in both sexes separately. Hepatic transcript data were also
log1o(x + 1) transformed and analyzed using ANOVA models with
population origin, temperature, and hormone treatment as factors as
well as all interaction terms, as described above. To further explore in-
teractions between liver estrogen pathway-associated gene expression
and thyroid hormone status, principal components analysis (PCA) was
used to test for associations among patterns of gene transcript regulation
in the liver. Principal components (PCs) with eigenvalues <1.5 were
then used for further analyses. Analysis of covariance (ANCOVA) models
were used to test whether individual fish PC values varied in patterns
associated with population origin, temperature treatment, hormone in-
jection treatment. Data for liver type 2 iodothyronine deiodinase (dio2),
type 3 iodothyroine deiodinase (dio3), and thyroid hormone receptor f
(trf) mRNA abundance reported in Lema et al. (2016) were from the
same individual pupfish used in the current experiment; those relative
mRNA values were thus again used here in ANCOVA models to test for
associations between liver PC2 and liver dio2, dio3, and trf mRNA levels.

All data are presented as mean + SEM values, and all statistical tests
were two-tailed. All statistical analyses were calculated using JMP Pro
15 software (SAS Institute, Inc.).

3. Results

3.1. Temperature effects on gene pathways linked to steroidogenesis and
oogenesis

Males and females from both populations exhibited similar
temperature-induced responses of gonadal fshr and lhcgr mRNA
expression. The relative abundance of fshr transcripts was significantly
reduced in both the ovary (temperature effect: F1 49 = 5.486, p =
0.0242) and testes (Fq 44 = 7.765, p = 0.0078) of fish held at 34 °C
compared to 24 °C, while only males exposed to the higher temperature
exhibited a significant reduction (F; 44 = 5.658, p = 0.0218) in relative
lhcgr expression (Fig. 2).

The most significant differences in steroidogenic gene expression in
response to temperature variation occurred in Tecopa Bore females.
Compared to those held at 24 °C, Tecopa Bore females at 34 °C produced
significantly less mRNA transcripts for 3phsd (temperature effect: Fy 49
= 6.985, p = 0.0117), hsd17/3 (temperature effect: F1 40 = 5.1824,p =
0.0282), and cypl9ala (population*temperature interaction, Fj 49 =
6.1594, p = 0.0174) (Fig. 3). Relative expression levels for star mRNAs
also trended toward being reduced in Tecopa Bore females at 34 °C,
although the effect was not significant (temperature*population effect:
F1,40 = 4.018, p = 0.0518) (Fig. 3a). Ovarian expression of 11phsd in
Tecopa Bore fish, however, did not vary with temperature (Fig. 3d).
Temperature was not a significant factor affecting steroidogenic gene
expression in the ovaries of Amargosa River females or in the testes of
males from either population.

Similar to the steroidogenic gene expression, hepatic abundances of
transcripts encoding vitellogenin and choriogenin genes exhibited high
temperature-induced reductions in Tecopa Bore but not Amargosa River
females (Fig. 4a,b) (vtgA: population*temperature interaction: Fy 47 =
9.690, p = 0.0032; vtgB: population*temperature interaction: Fy 47 =
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Fig. 2. Temperature-induced changes in levels of gonadal gene transcripts for
FSH receptor (fshr) and LH receptor (lhcgr). (a) Relative mRNA levels for fshr
were lower in the ovary and testis of pupfish at 34 °C compared to 24 °C. (b)
Male pupfish at 34 °C also exhibited lower relative gene transcript abundance
for lhcgr in testis, although no statistical effect of temperature was detected for
ovarian lhcgr expression. Pupfish originating from both the Amargosa River and
Tecopa Bore populations responded similarly to temperature, so data from both
populations are plotted together. Sample sizes (n) for each sex and temperature
treatment are provided in (b). Asterisks indicate post hoc pairwise comparisons
wherein * indicates p < 0.05 and ** indicates p < 0.025.

5.028, p = 0.0269). Hepatic gene transcripts encoding choriogenins cgL
(population*temperature interaction: Fy 47 = 7.225, p = 0.0099), cgH
(population*temperature interaction: Fy 47 = 4.297, p = 0.0437), and
cgHm (population*temperature interaction: Fy 47 = 7.406, p = 0.0091)
were all also higher in Tecopa Bore females at 24 °C than at 34 °C
(Fig. 4c-e).

Hepatic esrl transcripts were less abundant in female pupfish at
34 °C than at 24 °C (Fig. 5a; temperature effect: F; 47 = 9.787, p =
0.0030). In male pupfish, hepatic esr] mRNA levels were also affected by
temperature, although the direction of that effect differed between the
populations (population*temperature interaction: Fi 56 = 7.121, p =
0.0099) such that only males from the Tecopa Bore habitat exhibited
reduced hepatic esr] mRNA levels at 34 °C. Hepatic mRNAs encoding
esr2a were at lower relative levels in both females and males at 34 °C
than at 24 °C (Fig. 5b) (temperature effect, females: Fy 47 = 12.348,p =
0.0010; males: Fq 56 = 4.065, p = 0.0486). Liver esr2b mRNA levels were
similarly reduced in males experiencing the higher 34 °C temperature
(temperature effect: Fy56 = 9.110, p = 0.0039), although post hoc
pairwise comparison revealed this temperature effect was more pro-
nounced in males from the Amargosa River than from Tecopa Bore
(Fig. 5¢). For females, however, liver esr2b mRNA abundance was only
reduced at 34 °C in females from the Amargosa River and not those from
Tecopa Bore (temperature*population interaction: Fy 47 = 22.907, p <
0.0001).

3.2. Tj effects on steroidogenic enzyme and estrogen receptor gene
expression

Treatment with exogenous T3 increased plasma T3 concentrations in
fish from both populations, however, the resulting plasma T3
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Fig. 3. Temperature influences on steroid acute regulatory protein (star) and steroidogenic enzyme gene transcript levels in the gonads. Transcripts encoding (a) star
were marginally lower in the gonad of female at the higher 34 °C than at 24 °C. Transcript abundances for (b) 3phsd and (c) hsd17$3 were both at lower relative
abundance in the ovary of Tecopa Bore pupfish at 34 °C than at 24 °C. (d) Gonadal 11phsd mRNA levels did not vary in either sex. (e) Female pupfish from Tecopa
Bore maintained at 34 °C had lower relative cyp19ala mRNA levels in the ovary compared to females at 24 °C. This temperature effect was only observed in females
from the Tecopa Bore population and not in the Amargosa River. Sample sizes (n) for each group are provided in (a). Asterisks indicate: * p < 0.05, ** p < 0.025, and

*** p < 0.0001.

concentration of pupfish at 34 °C was over three-fold higher than that of
24 °C fish (temperature*hormone interaction: F; 61 = 8.732, p = 0.0044)
(Table 1). While we are unaware of any study that has examined
temperature-dependent kinetics of T3 uptake from water in fish;
waterborne E; uptake across the fish gill has been shown to be associated
positively with temperature (Blewett et al., 2013a, 2013b), and
temperature-associated variation in uptake rates likely helps explain the
high plasma T3 concentrations observed in hormone-treated pupfish
from the 34 °C treatment.

Treatment with T3 increased the abundance of star transcripts in the
testis (hormone effect: Fy 44 = 6.202, p = 0.0166), with a more pro-
nounced hormone effect in males from the Amargosa River than from
Tecopa Bore (Fig. 6a). Conversely, in females, the effect of T3 varied

significantly by population (population*hormone interaction: Fq 49 =
4.663, p = 0.0369), with Tecopa Bore females exhibiting a greater Ts-
mediated increase in ovarian star transcript levels than Amargosa River
females (Fig. 6a). Male pupfish from the Amargosa River - but not from
Tecopa Bore — treated with T3 at both acclimation temperatures had a
lower relative abundance of testicular hsd17p33 transcripts (Fig. 6b)
(population*hormone interaction: F; 44 = 7.807, p = 0.0077). Females
from both populations expressed similar levels of hsd17/3 in the absence
of any effect of T3,

Ts also altered hepatic esr] estrogen receptor mRNAs in both female
and male pupfish from both populations. In males, the effect of T3 on
hepatic esr] mRNA levels depended on temperature (temper-
ature*hormone interaction: F1 56 = 19.784, p < 0.0001), with T3-treated
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Fig. 4. Hepatic mRNA abundance for the vitellogenins vtgA (a) and vtgB (b) and the choriogenins cgL (c), cgH (d), and cgHm (e) was significantly higher in female
pupfish from Tecopa Bore population maintained at 24 °C compared to females at 34 °C. Those temperature effects were only detected in females from Tecopa Bore,
and not from the Amargosa River. Sample sizes (n) for each treatment are provided in (a). Asterisks indicate post hoc pairwise comparisons: ** p < 0.025 and *** p

< 0.0001.

males expressing higher relative levels of hepatic esr1 at 24 °C, but lower
esr] mRNA abundance following T3 supplementation at 34 °C (Fig. 7a).
While the overall ANOVA indicated that the direction of effects of T3 was
consistent across populations, post hoc pairwise comparisons indicated
the amount of Ts-induced decline in esrl transcript varied somewhat
among populations. In females, esrl expression was decreased in fish
treated with T3 (hormone effect: F; 4¢3 = 5.299, p = 0.0257) (Fig. 7b),
although the extent of this decline was relatively small and not statis-
tically significant in post hoc pairwise comparisons. T3 also reduced
hepatic esr2a mRNA levels in female pupfish with that effect most pro-
nounced in Tecopa Bore females at 34 °C (Fig. 7c) (hormone effect: Fq 47
= 7.245, p = 0.0098). T3 had no effect on liver esr2a transcript abun-
dance in males. T3 did not affect hepatic esr2b mRNA levels in either sex.

Principal component analysis on liver estrogen-associated pathway
mRNA levels in females generated two PCs that together accounted for
78.4% of the variation in hepatic mRNA profiles (Fig. 8a). PC1 (eigen-
value = 4.274) explained 53.4% of the variation in liver mRNA abun-
dance with transcripts encoding vitellogenins vtgA and vtgB and
choriogenins cgL, cgH, and cgHm all loading positively on PC1 (Fig. 8b).
PC2 (eigenvalue = 2.001) explained another 25.0% of the observed
variation in hepatic mRNA levels. Transcripts encoding the three
measured estrogen receptors — esrl, esr2a, and esr2b — all had high
positive loadings on PC2 (Fig. 8b). Comparison of PC values across
population, temperature, and T3 treatment conditions revealed effects
similar to those observed when transcript abundances were analyzed as
individual genes (Fig. 8c). PC1 values, comprising transcripts for vitel-
logenin and choriogenins, exhibited a temperature effect that depended
on population (population*temperature interaction: Fy 47 = 7.547, p =
0.0085). Only Tecopa Bore females held at the lower temperature of
24 °C had elevated transcripts associated with PC1. Temperature did not
affect PC1 values in Amargosa River females, and there was no effect of
T3 on PC1 for either population or temperature treatment. For PC2, the
effects of temperature again varied depending on population origin
(population*temperature interaction: Fq 47 = 14.491, p = 0.0004). Liver
PC2 values were greatly reduced in Amargosa River females at 34 °C but
showed only minor reductions for Tecopa Bore females at that same
elevated temperature. T3 reduced liver PC2 values (hormone effect:
F1,47 = 5.189, p = 0.0273), although this effect appeared considerably
more pronounced in females from the Tecopa Bore population (Fig. 8c).

TH effects on liver vitellogenin expression have been shown to occur
via TH upregulation of estrogen receptor esrl via a thyroid hormone
receptor B (tr) pathway (Nelson and Habibi, 2016). Since prior work
documented persistent differences in liver trj expression, as well as liver
dio2 and dio3 iodothyronine deiodinase expression, between pupfish
females from the Tecopa Bore and Amargosa River populations (Lema
et al., 2016), we also tested for relationships between liver PC2 values

and liver trf, dio2, and dio3 expression to explore whether observed
population differences in PC2 values might link to liver TH pathway
gene expression. These analyses revealed that individual differences in
liver PC2 related positively to individual variation in liver mRNA
abundance for both tr} (F1,39 = 9.089, p = 0.0045) and dio2 (Fy 39 =
7.467, p = 0.0094) in both populations (Fig. 8d). Liver PC2 also showed
a relationship with liver dio3 mRNA abundance wherein females with
elevated dio3 due to T3 treatment exhibited lower PC2 values (hormo-
ne*liver dio3 mRNA level interaction: F; 39 = 5.425, p = 0.0251).

4. Discussion

Pupfishes of the southwestern deserts of North America evolved to
tolerate some of the hottest temperature environments inhabited by
Actinopterygiian fishes (Brown and Feldmeth, 1971; Feldmeth et al.,
1974; Motani and Wainwright, 2015), and yet these species — like other
fishes — still show reductions in reproductive output at high tempera-
tures (e.g., Shrode and Gerking, 1977; Feuerbacher et al., 2015; Bock
et al., 2021). Here, we examined how temperature conditions influence
the relative abundance of transcripts encoding genes key to reproductive
endocrine signaling in the gonad or liver (e.g., Nakamura et al., 2005;
Kusakabe et al., 2006), with the aims of examining whether changes in
HPG endocrine signaling might help explain the reduced reproductive
performance observed in pupfish at high temperature and testing
whether conspecific populations from different thermal conditions in
the wild vary in those gene expression responses to temperature. We also
tested for effects of T3 modulation of gametogenic and steroidogenic
pathways under those differing temperature conditions to explore how
variation in TH signaling might contribute to alterations in reproductive
performance at elevated temperatures.

4.1. High temperature effects on HPG axis and oogenesis pathways

Data obtained in this study showed that sexually-mature female and
male C. n. amargosae pupfish exposed to a stable 34 °C environment had
several changes in HPG axis gene expression that correspond with what
has been observed previously in Cyprinodon pupfish at elevated tem-
perature (Bock et al., 2021), as well as other teleost fishes experiencing
high temperatures (e.g., Alix et al., 2020). Those changes include a
lower abundance of transcripts encoding receptors for FSH and LH in the
gonads. While we were unable to histologically evaluate the stages of
oogenesis and spermatogenesis in the gonadal tissues of pupfish in the
current study, that female and male C. n. amargosae maintained at 34 °C
show a lower gonadal abundance of fshr and lhcgr transcripts suggests
that pupfish at this elevated temperature may have altered gonadotropin
stimulation of the gonad (Planas and Swanson, 2008; Levavi-Sivan et al.,
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Fig. 5. Liver mRNAs encoding estrogen receptors (a) esrl, (b) esr2a, and (c)
esr2b were at lower relative levels in females maintained at 34 °C temperature
than at 24 °C. Pairwise post hoc comparisons revealed these temperature effects
on hepatic estrogen receptor mRNA levels to be more pronounced in females
from the Amargosa River habitat than from Tecopa Bore. Males from Tecopa
Bore, but not the Amargosa River, likewise exhibited lower hepatic esrl tran-
script abundance at 34 °C. Hepatic esr2b receptor mRNA expression was also
reduced in the testis of Amargosa River males at 34 °C. Sample sizes (n) are
provided in (a), and asterisks indicate post hoc comparisons: * p < 0.05, ** p <
0.025, and *** p < 0.001.

Table 1
Plasma T3 concentration (mean + SEM) in pupfish acclimated to 24 °C or 34 °C
and treated with waterborne Ts.

Acclimation temperature Hormone treatment Plasma T3 (ng/ml)

24°C control 12.98 + 2.59%
Tz 94.96 + 11.91°

34°C control 12.72 4+ 1.38*
T3 328.45 + 38.01¢

Note: Letters indicate Tukey HSD comparisons among groups.
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Fig. 6. Tj affects gonadal mRNA levels for (a) star and (b) hsd1743. Sample
sizes (n) for each treatment are shown in (a). Asterisks indicate post hoc pair-
wise comparisons: * p < 0.05, and ** p < 0.025.

2010). We also observed that female pupfish maintained at 34 °C
exhibited lower relative levels of mRNAs encoding steroidogenic en-
zymes cypl9ala, 3phsd, and hsd1743 in the ovary. Ovarian aromatase
mediates the synthesis of E3 from T (Guigen et al., 2010; Young et al.,
2005), and the lower abundance of cypI9ala transcripts in females at
34 °C suggests reduced gonadal Ey production at higher temperatures.
Similarly, if the lower ovarian abundance of 3phsd and hsd1783 mRNAs
in females maintained at 34 °C is indicative of reduced activity for these
steroidogenic enzymes, then ovarian synthesis of 17a-hydrox-
yprogesterone and androstenedione, as well as the rate of androstene-
dione conversion to T, might be lower in females at 34 °C than at 24 °C,
ultimately providing less T for E; synthesis (Young et al., 2005). Sup-
porting this idea, a recent study in the related Cyprinodon variegatus
pupfish revealed that fish maintained at 37 °C showed a similar pattern
of altered mRNA abundances for gonadal fshr, lhcgr, 3phsd, hsd17p3, and
cyp19ala that was accompanied by lower ovarian GSI, a reduction in
spawning capable oocytes, and lower circulating E, (Bock et al., 2021),
implying that the ovarian mRNA changes observed here in C. n. amar-
gosae may also result in altered ovarian gametogenesis. What is more,
reductions in ovarian cypl9ala have now been observed in several
fishes exposed to high temperatures including Atlantic salmon (Salmo
salar, Watts et al., 2004; Anderson et al., 2012a), coho salmon (Onco-
rhynchus kisutch, Anderson et al., 2019), and pejerrey (Odontesthes
bonariensis, Elisio et al., 2012), implying that reduced E, synthesis is
likely a key mechanism underlying reduced reproductive performance
of female fish at elevated temperatures (reviewed by Alix et al., 2020;
Servili et al., 2020).

The low volume of blood obtainable from pupfish prevented us from
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Fig. 7. T3 and temperature interactions on liver esrl estrogen receptor mRNA levels in (a) male and (b) female pupfish, and (c) liver esr2a mRNA levels in females
only. Sample sizes (n) are 7-10 fish per group, with * p < 0.05, ** p < 0.025, and *** p < 0.0001.

quantifying E, concentrations in addition to T3. Nonetheless, if ovarian
Ey production was indeed reduced in pupfish maintained at 34 °C
compared to fish at 24 °C, that difference might be evident in the
expression patterns of estrogen-responsive genes. Along those lines, we
observed that the abundances of mRNAs encoding the egg yolk vitello-
genins and egg envelope choriogenins were significantly lower in the
liver of female pupfish from Tecopa Bore at 34 °C than at 24 °C. It is well
established in fish that E; promotes the synthesis and release of egg yolk
precursor vitellogenin proteins (Bowman et al., 2000; Folmar et al.,
2000; Denslow et al., 2001a, 2001b; Johnson and Lema, 2017), as well
as choriogenins that will form the egg envelope of the oocyte (Arukwe
and Goksoyr, 2003; Denslow et al., 2001a, 2001b; Johnson and Lema,
2017). Here, we observed that both female and male pupfish at 34 °C
exhibited a lower abundance of transcripts encoding estrogen receptors
esrl and esr2b, two of the three nuclear estrogen receptors commonly
present in fishes (Hawkins et al., 2000). In fish, these nuclear receptors
are autoinduced by estrogens (Yadetie et al., 1999; Arukwe et al., 2001).
Lower relative mRNA levels of hepatic Vtg and Cg genes in female
pupfish at 34 °C - coupled with lower estrogen receptor mRNA levels at
this same temperature — is consistent with high temperatures having
inhibited ovarian E; production in female pupfish to, ultimately, result
in a downregulation or impairment of oogenesis. That interpretation
would again be consistent with effects observed recently in Cyprinodon
variegatus, where exposure of females to 37 °C led to lower circulating Eo
and corresponding reductions in both ovarian cyp19ala mRNA levels
and liver vitellogenin and choriogenin gene expression (Bock et al.,
2021). Such reductions in liver vitellogenin or choriogenin production
associated with elevated temperatures have similarly been observed in
other fishes (King et al., 2003; Pankhurst et al., 2011; Pérez et al., 2011;
Anderson et al., 2012b).

While our results here provide evidence for temperature-associated
changes in HPG endocrine signaling in C. n. amargosae, the magnitude
of those changes varied considerable between the Amargosa River and
Tecopa Bore populations, suggesting that these two populations — while
isolated for <55 years — exhibit differential sensitivities of reproduction
to elevated temperatures. Thermal tolerance ranges have been docu-
mented to vary among pupfish taxa (e.g., Feldmeth, 1981; Beitinger
et al.,, 2000; Nordlie, 2006), including allopatric populations of
C. nevadensis pupfishes that have been isolated for only a few thousand
years (Hirshfield et al., 1980). Local adaptation of thermal tolerance has
thus evolved in pupfish experiencing differing temperature regimes. Our
finding that the Amargosa River and Tecopa Bore pupfish populations
vary in temperature effects on several key reproductive gene pathways
including ovarian cypl9ala and liver vitellogenin and choriogenin
expression may thus reflect contemporary population divergence in
thermal scope. Future studies, however, are needed to unravel how

those endocrine-associated gene expression differences between the
Amargosa River and Tecopa Bore populations are attributable to genetic
differences, epigenetic variation, and plastic acclimation effects (Lema,
2014; Lema and Kitano, 2013; see also Veilleux et al., 2018).

It has already been shown that the critical thermal ranges of Cypri-
nodon pupfishes are plastic and sensitive to several interacting factors
including acclimation temperature (Lowe and Heath, 1969; Feldmeth
et al., 1974; Feldmeth, 1981), the thermal stability of the environment
(Brown and Feldmeth, 1971; Feldmeth et al., 1974; Feldmeth, 1981),
and co-occurring physical conditions such as salinity (Otto and Gerking,
1973; Beitinger et al., 2000). And yet, understanding the ability of
pupfish and other fishes to rapidly evolve differences in temperature
ranges for reproduction and the role of plastic developmental or multi-
generational acclimation of reproduction to temperature remains a
critical gap in understanding of how fish populations will respond to
warming conditions under a changing global climate. Recent studies
into temperature effects on reproductive performance in the tropical
marine damselfish Acanthochromis polyacanthus found that the temper-
ature that a fish experiences during early life influences its offsprings'
reproductive performance at differing temperatures (Donelson et al.,
2014; Veilleux et al., 2018). In one study by Donelson et al. (2014), for
instance, offspring of damselfish reared at higher temperatures were
observed to have enhanced reproductive performance at elevated tem-
peratures. While we are unaware of any similar multi-generational study
on reproduction in Cyprinodon pupfish, Salinas and Munch (2012) did
observe transgenerational effects of temperature on growth rate in
C. variegatus pupfish, indicating that temperature experience may
indeed have cross-generational sway on pupfish physiology.

Pupfish in Tecopa Bore routinely experience temperatures exceeding
36 °C, while temperature conditions in the Amargosa River fluctuate
widely (up to 25 °C diurnally) and typically cool below 24 °C at night
even in the hot summer months (Lema et al., 2019; Lema, unpub. data).
Since our present study was conducted with pupfish collected as adults
out of their habitats, the dissimilar thermal experience of fish used in
this experiment could also help explain the observed differences in
thermal effects on ovarian and hepatic mRNA expression between
Tecopa Bore and Amargosa River fish. It is possible that Tecopa Bore
females in this experiment exhibited heightened cyp19ala expression at
low temperatures as part of a thermal ‘release’ wherein females in the
lower experimental temperature (24 °C) — which is lower than they
would experience in Tecopa Bore — strongly upregulated steroidogene-
sis. The dramatic increase in liver vitellogenin and choriogenin expres-
sion observed in those Tecopa Bore females at 24 °C supports that
possibility. Prior studies have suggested that, even though the majority
of spawning activity in variable temperature habitats can occur under
high temperatures in late afternoon (Lema et al., 2010), ovulation in
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Fig. 8. (a) Principal Components Analysis (PCA) of liver relative mRNA abundance in female pupfish. PCA for the eight transcripts quantified in liver reduced into
two independent PCs, which together explained 78.4% of observed variation. (b) Factor loadings for the PCA performed on liver mRNA abundance showed PC1
represented choriogenin and vitellogenin mRNA levels, while PC2 represented estrogen receptor gene transcript abundance variation. (c) Mean values of each PC1
were elevated at the lower 24 °C temperature in Tecopa Bore pupfish only, but not in Amargosa River pupfish, and were unaffected by Ts. Liver PC2 values were
lower at the higher 34 °C temperature in the females from both populations, and were also reduced in Ts-treated Tecopa Bore females, but not in Amargosa River
females. (d) Individual variation in liver PC2 in females showed positive relationships with liver gene expression of both thyroid hormone receptor f (&rf3) and type 2
iodothyronine deiodinase (dio2). Those relationships did not vary between populations and or with temperature condition.

pupfishes primarily occurs at night when temperatures are lower
(Echelle et al., 1973). Echelle et al. (1973) suggested that, during cooler
temperatures at night, pupfish may undergo a “critical repair period”
(Lowe and Heath, 1969) that involves shifts in energy metabolism and
increased ovarian activity (Echelle et al., 1973). Yet for pupfish living at
consistently high temperatures — including pupfish in Tecopa Bore —
such a period of recovery may not occur as temperatures may not decline
sufficiently at night. Instead, Tecopa Bore pupfish may either be moving
into microhabitat areas with sufficiently low temperatures to support
oogenesis, or might have genetic evolutionary or epigenetic regulatory
differences that enable reproduction at consistently high temperatures.
In either case, additional studies are need to explore those questions
further.
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4.2. T3 modulation of estrogen receptors and StAR

The data presented here suggest that TH modulation of reproductive
pathways can occur via TH alterations to liver estrogen receptor
expression as well as gonadal star mRNA levels. Interestingly, we
observed that T3 downregulated liver estrogen receptor expression in
females from the Tecopa Bore population, but not from the Amargosa
River population. Although few studies to date have examined TH ef-
fects on estrogen receptor expression in fish, Nelson and Habibi (2016)
observed that goldfish given an intraperitoneal injection of T3 responded
by upregulating esr] mRNA abundance and downregulating esr2a
mRNAs in the liver, while showing no changes in esr2b transcript
abundance in that same tissue. Using culture hepatocytes from goldfish,
Nelson and Habibi (2016) also showed that T3 upregulation of esrl was
dependent on the expression of TH receptors (goldfish tral and tr3), and
that these effects of T3 on liver estrogen receptor expression function in
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part to prime the liver for Ey-mediated upregulation of Vtg. Although the
current experiment here with pupfish was not designed to test that same
mechanism of TH potentiation of liver sensitivity to Ep, our findings
offer further support for T3 modulation of liver estrogen receptor
expression in female fish, albeit in population-specific patterns. Those
population-specific patterns might be explained in part by the observed
positive correlation between individual liver PC2 values, which repre-
sent estrogen receptor mRNA expressional variation, and liver trf mRNA
levels. Lema et al. (2016) found that Amargosa River pupfish show
elevated liver trp mRNA expression at 24 °C compared to 34 °C, while
Tecopa Bore fish show the opposing pattern with higher liver trf mRNA
levels at 34 °C. If those population differences in trj gene regulation
equate to differences in liver TR protein expression, higher PC2 values
in Amargosa River pupfish at 24 °C might be in part related to the
positive relationship between liver trf mRNAs and PC2 detected here
(see, Fig. 8d). In any case, it is clear from the divergent patterns of T3
effects on liver PC2 values between Amargosa River and Tecopa Bore
pupfish that several interacting factors including environmental tem-
perature and TH action can influence liver estrogen receptor gene
expression in female pupfish. While we cannot fully explain the evolved
genetic or plastic epigenetic mechanistic underpinnings of those popu-
lation differences at this time, the observed population variation in T3
modulation of liver estrogen receptor expression supports the idea that
TH effects on reproductive endocrine pathways can show complex pat-
terns of seasonal-, sex-, and population-specific variation (e.g., Ma et al.,
2020a).

Variation in gonadotropin-induced stimulation of steroidogenesis in
ovarian tissues is regulated indirectly via changes in the expression of
StAR (Nunez and Evans, 2007), which transports cholesterol from the
outer mitochondrial membrane to the inner mitochondrial membrane
where it is converted to pregnenolone by P450scc (Stocco et al., 2005).
Both female and male pupfish treated with T3 had higher relative gonad
abundances of star mRNAs compared to pupfish not treated with hor-
mone. Short term (8 h) increases in T3 have been demonstrated previ-
ously to induce star mRNA and StAR protein expression — as well as
steroid production - in mammalian Leydig cells (Manna et al., 1999,
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2001a, 2001b). In mammals, THs regulate testicular Sertoli cell differ-
entiation and steroidogenesis by Leydig cells (Gao et al., 2014; Palmero
et al., 1995). In fish, TH receptor expression likewise is present in the
gonads (e.g., Lema et al., 2009), and THs have been found to regulate
testicular Sertoli cell number (Matta et al., 2002), as well as T produc-
tion (Jacob et al., 2005). THs have also been observed to enhance
gonadotropin-mediated E, production from the fish ovary (Cyr and
Eales, 1988, 1996; see also Blanton and Specker, 2007). Our observation
of T3-induced elevations in star mRNAs in both the testicular and
ovarian tissues of pupfish suggests that THs may be able to affect
gonadal function by altering mitochondrial cholesterol uptake either via
Ts-induction of StAR expression directly or, possibly, through a more
general effect of THs on mitochondrial biogenesis (Lombardi et al.,
2015; Weitzel and Iwen, 2011), given that T3 induction of mitochondrial
biogenesis occurs via TH receptor-dependent regulation of the mitoge-
nome in mammals (Weitzel et al., 2003). Since pupfish from both the
24 °C and 34 °C conditions showed similar T3-induction of gonadal star
mRNA levels (p > 0.367) — and given that these findings agree with
previous observations in mammals (Manna et al., 1999, 2001a, 2001b) -
we consider it likely that these T3 effects will be reproducible in other
fishes. Nonetheless, since plasma T3 concentrations in the waterborne
Ts-treated pupfish from this experiment exceeded normal physiological
range (for additional details, see Lema et al., 2016), our observation that
T3 induces gonadal star transcription should be explored further in
future experiments.

4.3. Conclusions

The data collected in this study indicate that female pupfish showed
greater sensitivity to temperature-induced alterations of reproductive
gene expression than males (see also, Bock et al., 2021). An overview of
how temperature affected gene pathways involved in steroidogenesis
and oogenesis in pupfish females is provided in Fig. 9. The picture that
emerges from those gene expression responses points to females from
the abidingly warm habitat of Tecopa Bore experiencing larger
temperature-mediated shifts in Ep; steroidogenesis compared to

Amargosa River | Tecopa Bore
24°C  34°C 24°C  34°C
o 1 1 1
No T; effect No T; effect
star = = I l
l by Ty t by Ty
3Bhsd, hsd173, = = t ‘
cypl9ala
No T; effect No T; effect

Amargosa River

Tecopa Bore
24°C  34°C

1
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T 1
| I

Liver
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vtgA, vtgB, cgl, - -

cgH, cgHm
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Tt
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esrl, esr2a, esr2b

Fig. 9. Summary of temperature and T3 effects on ovarian and hepatic reproductive gene expression in female C. n. amargosae pupfish from the allopatric Amargosa
River and Tecopa Bore populations. Arrows denote higher or lower relative mRNA levels of each gene transcript in a given population exposed to conditions of 24 °C
(blue arrows) or 34 °C (red arrows). Equal sign symbols indicate ‘no difference’ in relative expression level of that transcript between temperatures in that population.
T effects on each transcript are indicated in gray text below each set of temperature response arrows. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Amargosa River females, as suggested by the consistent pattern of larger
changes in ovarian fshr, star, and steroidogenic enzyme gene expression.
Those changes in ovarian gene expression were paralleled by greater
temperature-related modifications to liver vitellogenin, choriogenin,
and estrogen receptor gene expression in females from Tecopa Bore
compared to the Amargosa River population, implying that Tecopa Bore
females experienced greater alterations to E; induction of liver oogen-
esis gene expression at the different temperatures. Interestingly, T3 ef-
fects on ovarian star and liver estrogen receptor gene expression were
also more pronounced in Tecopa Bore females. Prior work revealed that
T3 upregulated relative levels of liver dio3 mRNAs in pupfish from both
the Amargosa River and Tecopa Bore populations at 34 °C, but not at
24 °C (Lema et al., 2016). That same study also observed population
differences in liver trj expression responses to temperature — suggesting
that nearer-term (in this case, 88 d) thermal experience may shape E,
induction of liver vitellogenesis and choriogenesis in part by modulating
local TH deiodination dynamics (i.e., T3 availability) and TH receptor
expression (i.e., tissue sensitivity to TH action) in population-specific
patterns, with consequence for T3 regulation of liver esrl and esr2a
expression. Whether endocrine dissimilarities between females from the
Amargosa River and Tecopa Bore populations originated from longer-
term developmental influences (i.e., early life experience), trans-
generational effects, or evolved population-level variation is not clear.
Even so, observed differences between these populations in how T3
modulated liver esr] and esr2a expression make clear that even closely-
related fish populations can differ in temperature regulation of repro-
duction, and point to a role for TH signaling as a contributing mecha-
nism underlying population variation in temperature regulation of
gonadal steroidogenesis and oogenesis.
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