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Abstract

Temperature-dependent sex determination (TSD) is a well-
known characteristic of many reptilian species. However, the
molecular processes linking ambient temperature to deter-
mination of gonad fate remain hazy. Here, we test the hy-
pothesis that Wnt expression and signaling differ between
female- and male-producing temperatures in the snapping
turtle Chelydra serpentina. Canonical Wnt signaling involves
secretion of glycoproteins called WNTs, which bind to and
activate membrane bound receptors that trigger -catenin
stabilization and translocation to the nucleus where
[B-catenin interacts with TCF/LEF transcription factors to reg-
ulate expression of Wnt targets. Non-canonical Wnt signal-
ing occurs via 2 pathways that are independent of 3-catenin:
one involves intracellular calcium release (the Wnt/Ca?*
pathway), while the other involves activation of RACT, JNK,
and RHOA (the Wnt/planar cell polarity pathway). We
screened 20 Wnt genes for differential expression between
female- and male-producing temperatures during sex deter-

mination in the snapping turtle. Exposure of embryos to the
female-producing temperature decreased expression of 7
Wnt genes but increased expression of 2 Wnt genes and
Rspol relative to embryos at the male-producing tempera-
ture. Temperature also regulated expression of putative Wnt
target genes in vivo and a canonical Wnt reporter (6x TCF/
LEF sites drive H2B-GFP expression) in embryonic gonadal
cells in vitro. Results indicate that Wnt signaling was higher
atthe female- than at the male-producing temperature. Evo-
lutionary analyses of all 20 Wnt genes revealed that thermo-
sensitive Wnts, as opposed to insensitive Wnts, were less
likely to show evidence of positive selection and experi-
enced stronger purifying selection within TSD species.

© 2021 S. Karger AG, Basel

Introduction

The gonadal primordium in vertebrates is unique in
that it has the potential to develop into 2 distinct organs,
the ovary or the testis [Devlin and Nagahama, 2002; Mor-
rish and Sinclair, 2002]. In amniotes, this primordium
initially develops as a ridge of tissue on the ventral surface
of the embryonic mesonephros and is composed of 2
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parts, the coelomic epithelium and underlying mesen-
chymal cells [Witschi, 1951; Raynaud and Pieau, 1985;
Wibbels et al., 1991; Smith and Joss, 1993; Merchant-Lar-
ios et al., 1997; Greenbaum and Carr, 2001; Morrish and
Sinclair, 2002; Wilhelm et al., 2007]. These cells prolifer-
ate, increasing the size of the primordium, and begin to
rearrange themselves to produce primary sex cords be-
neath the coelomic epithelium. It is at this stage that pri-
mordial germ cells finish their migration from the yolk
sac and enter the gonad [Hubert, 1971, 1976; Fujimoto et
al., 1979]. The bipotential gonad then develops into an
ovary when outer cell layers, including the coelomic epi-
thelium and subcoelomic mesoderm, begin to thicken
into a distinct ovarian cortex, while the primary sex cords
disintegrate and the inner medullary region regresses and
eventually disappears [Loffler and Koopman, 2002]. In
contrast, the bipotential gonad becomes a testis with fur-
ther development of primary sex cords into seminiferous
tubules, formation of the tunica albuginea, and septation
of seminiferous tubes into lobules [Sekido and Lovell-
Badge, 2013]. The tunica albuginea separates the medul-
lary compartment from the coelomic epithelium, which
does not develop any further in the testis.

While this basic pattern of gonadogenesis and mor-
phogenesis of ovaries and testes is largely conserved
across amniotes, other aspects of gonad development
have diverged. The mechanism that determines the fate
of the bipotential gonad is the most dramatic example of
evolutionary divergence. Primary sex-determining mech-
anisms in amniotes include male heterogamety (XX fe-
males and XY males), female heterogamety (ZW females
and ZZ males), genotypic sex determination without dis-
tinct sex chromosomes, and temperature-dependent sex
determination (TSD) [Bachtrog et al., 2014; Capel, 2017].
The phylogenetic distribution of these sex-determining
mechanisms in amniotes suggests TSD was the ancestral
state [Pokorna and Kratochvil, 2016]. Indeed, many rep-
tiles, including all crocodilians, most turtles, some lizards,
and the tuatara, have TSD [Bull, 1980; Janzen and Pauk-
stis, 1991; Valenzuela, 2004].

Since the discovery of TSD, a major goal has been to
identify the mechanism(s) that transduces temperature
into a molecular signal for ovary versus testis determina-
tion. Significant progress has been made identifying genes
that are differentially expressed between temperatures
that produce females versus males in reptiles [Merchant-
Larios et al., 2010; Rhen and Schroeder, 2010; Czerwinski
et al., 2016; Yatsu et al., 2016]. This includes FoxI2 and
Sox9, which are markers of ovary and testis determina-
tion, respectively. We also know from experimental stud-
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ies that aromatase and estrogens play a role in mediating
temperature effects on ovary determination in TSD spe-
cies [Crews, 1996; Pieau and Dorizzi, 2004; Lance, 2009;
Ramsey and Crews, 2009]. Administration of aromatase
inhibitors to embryos during the sex-determining period
increases the number of males produced at temperatures
that normally produce females (or mixed sex ratios), while
estrogens induce ovarian development at temperatures
that normally produce males. Yet, temporal expression
profiles in embryos shifted between male and female tem-
peratures suggest that aromatase is downstream in the
ovary-determining pathway [Rhen et al., 2007; Rhen and
Schroeder, 2010]. Delayed responses to temperature shifts
are also observed for FoxI2 and Sox9 [Rhen et al., 2007],
indicating these genes, like aromatase, are downstream in
the gene regulatory network for sex determination.

This leaves us searching for thermosensitive factors
that play a role in regulating aromatase, FoxI2, and Sox9
expression in TSD species. There are hints that Wnt sig-
naling could play that part, because temperature influ-
ences expression of 2 genes (Rspol and Wnt4) involved
in Wnt signaling [Smith et al., 2008; Shoemaker and
Crews, 2009] and pharmacological activation of B-catenin
inhibits Sox9 expression at a male-producing tempera-
ture in a TSD turtle [Mork and Capel, 2013]. Further-
more, Wnt signaling is involved in sex determination in
other vertebrates. In mice, mutation of individual genes
involved in Wnt signaling (i.e., Wnt4, Rspol, or Ctnnbl)
causes partial female-to-male sex reversal [Vainio et al.,
1999; Chassot et al., 2008; Liu et al., 2009]. Conversely,
constitutive activation of -catenin (encoded by Ctnnbl)
causes complete male-to-female sex reversal [Maatouk et
al., 2008]. Sex reversal with constitutive 3-catenin is due
in part to activation of FoxI2 via TCF/LEF binding sites
in the FoxI2 promoter [Li et al., 2017]. Other work shows
Whnt signaling and FoxI2 are both required for normal
ovarian development: individual knockouts of FoxI2 or
Wnt4 cause partial sex reversal, while double knockout of
both genes causes complete female-to-male sex reversal
[Ottolenghi et al., 2007]. Thus, FoxI2 and canonical Wnt
signaling have complementary roles in ovary determina-
tion in mice, including both the activation of ovarian
genes and the repression of testicular genes like Sox9. The
part non-canonical Wnt pathways play in sex determina-
tion in mammals is thought to be minimal [Tevosian,
2013; Pannetier et al., 2016], though these pathways do
appear to be involved in germ cell migration [Chaweng-
saksophak et al., 2012].

There is experimental evidence that Wnt signaling
might be involved in TSD, but results of gain-of-function
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and loss-of-function experiments are conflicting. On one
hand, B-catenin activation by LiCl or GSK-XV causes
downregulation of Sox9 at a male-producing temperature
in red-eared slider turtles [Mork and Capel, 2013]. On the
other hand, Wnt inhibitors did not upregulate Sox9 or
block cortical development at a female-producing tem-
perature in this species [Mork and Capel, 2013]. The for-
mer result supports the idea that Wnt signaling is in-
volved in ovary determination (via repression of Sox9),
while the latter result is equivocal. One possibility is that
Wnt signaling does not play a physiological role in ovary
determination in TSD species. Another possibility is that
Wnt inhibitors did not work in the turtle or that Wnt in-
hibition alone is not sufficient to derepress Sox9 expres-
sion at the female-producing temperature. In fact, it is
likely that other factors, like estrogens, independently re-
press Sox9 at female-producing temperatures [Barske
and Capel, 2010]. Thus, it remains a distinct possibility
that Wnt signaling is involved in ovary determination at
female-producing temperatures in TSD species. It also re-
mains to be determined which of the 20 Wnt ligands
found in amniotes could be involved in mediating tem-
perature effects on the bipotential gonads.

We therefore screened all 20 Wnt genes and Rspo1 for
differential expression between male- and female-pro-
ducing temperatures during the sex-determining period
in the snapping turtle, Chelydra serpentina. We also mea-
sured expression of putative Wnt targets and used a ca-
nonical Wnt pathway reporter to test the hypothesis that
Wnt signaling is higher at a female- than at a male-pro-
ducing temperature. Finally, we carried out evolutionary
analyses of all 20 Wnt genes to test whether there is a re-
lationship between Wnt thermosensitivity in the snap-
ping turtle and selection on Wnt amino acid sequences
within TSD species.

Materials and Methods

Embryos and Temperature Shift

Eggs were collected from snapping turtle nests in northern
Minnesota within 24 h of laying. Upon collection, eggs were trans-
ported to the animal quarters at the Department of Biology, Uni-
versity of North Dakota, washed with tepid water, and stored for
less than 1 week at 20°C to allow embryos to develop enough for
candling. Eggs were candled to determine embryo viability and to
separate infertile eggs. Roughly equal numbers of viable eggs were
assigned to treatment groups at random to control for clutch ef-
fects on thermosensitivity [Rhen and Lang, 1998]. Eggs were then
placed into their respective containers in moist vermiculite and
randomly placed into foam box incubators as previously described
[Rhen and Lang, 1994].
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Eggs were initially incubated at a male-producing temperature
0f 26.5°C. Embryos from each clutch were periodically sampled to
monitor the developmental stage [Yntema, 1968]. Once embryos
reached stage 17, about half of the eggs were shifted to a female-
producing temperature of 31°C for a 6-day period and then re-
turned to 26.5°C while the other half of the eggs remained at 26.5°C
throughout incubation. Snapping turtle embryos from this popu-
lation are very sensitive to a 6-day exposure to 31°C at stage 17,
which produces 100% females [Rhen et al., 2015]. Hereafter, the
masculinizing 26.5°C treatment is designated 26C whereas the
feminizing 31°C temperature shift is referred to as 26-31-26C. A
subset of eggs was left to hatch and gonads were examined to ver-
ify that 26C produced only males and 26-31-26C produced only
females.

Tissue Collection, RNA Extraction, and Synthesis of

Complementary DNA

Eggs were removed from incubators for tissue collection on
days 1,2, 3,4, and 5 of the temperature shift (i.e., the window when
bipotential gonads are most thermosensitive and sex is deter-
mined) [Rhen et al., 2015]. Eggs were opened and embryos were
quickly staged and euthanized via rapid decapitation. Adrenal-
kidney-gonad (AKG) complexes were dissected from the embryo,
placed in RNAlater® solution (Ambion, Austin, TX, USA), and
stored at —20°C.

Embryonic gonads were subsequently micro-dissected from
the AKG complexes before RNA extraction to measure gene ex-
pression in pure gonadal tissue. Total RNA was extracted from
pairs of gonads using the PicoPure RNA Isolation Kit (Arcturus,
Mountain View, CA, USA). We adapted the manufacturer’s pro-
tocol for laser capture microdissection and RNA extraction to iso-
late embryonic gonadal RNA as described in Rhen et al. [2007].
This protocol included an on-column DNAse I treatment to re-
move genomic DNA. Total RNA concentration was quantified us-
ing a NanoDrop ND-1000 spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE, USA) and/or a Qubit 3 Fluorometer
using the RNA High Sensitivity quantification kit (Invitrogen
Corp., Carlsbad, CA, USA; Cat. No. 32852).

Total RNA had 260/280 absorbance ratios between 1.70 and
2.20. Average RNA concentration was 62.1 ng/pL on the Nano-
Drop, while average RNA concentration was 50.2 ng/uL on the
Qubit 3. All RNA samples were diluted to the same final concen-
tration of 5 ng/pL (150 ng total RNA in a final volume of 30 uL).
Total RNA (5 ng) was tested for genomic DNA contamination via
qPCR. A positive control (5 ng genomic DNA) amplified at a Ct
value of 25, while RNA samples and a negative control (filtered
water) did not amplify at all or amplified very late (>34 Ct). This
indicated no (or miniscule) genomic DNA contamination in total
RNA.

Total RNA (100 ng) from each sample was reverse transcribed
in 20 pL reaction volumes using the Applied Biosystems High
Capacity cDNA Reverse Transcription kit according to the man-
ufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA,
USA; Cat. No. 4368814). Reactions employed random primers
and incubation at 25°C for 10 min, 37°C for 2 h, 85°C for 5 min,
and a 4°C hold until samples were retrieved from a Bio-Rad iCy-
cler (Bio-Rad Laboratories, Hercules, CA, USA). After reverse
transcription, cDNA was diluted to a final working concentra-
tion of 1.25 ng input RNA/uL for subsequent gene expression
analyses.
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Standard Curves for Measuring Gene Expression via gPCR

Primers for all 20 Wnt genes (Wntl, Wnt2, Wnt2b, Wnt3a,
Wnt3b, Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7a, Wnt7b, Wnt8a,
Wnt8b, Wnt9a, Wnt9b, Wntl0a, Wnt10b, Wntll, Wnt11b, and
Wntl6) and Rspol were designed to hybridize to cDNA sequences
retrieved from the snapping turtle genome [Das et al., 2020]. We
measured FoxI2 and Sox9 expression as positive controls for the
temperature shift paradigm [Rhen et al., 2007]. We also designed
primers to genes known to be Wnt targets in other species: Axin2,
Btrc, and Vean [Spiegelman et al., 2000; Jho et al., 2002; Willert et
al., 2002; Rahmani et al., 2005]. In addition, Axin2, Btrc, and Dkk3
were selected because they regulate canonical Wnt signaling and
could be part of autoregulatory feedback loops. We examined Osr1
because it is a potential new marker for pre-granulosa cells and is
co-expressed with Wnt4 during sex determination in chicken em-
bryos [Estermann et al., 2020] and because OSR1 appears to be a
Whnt target during induction of bipotential gonad cells from hu-
man embryonic stem cells [Sepponen et al., 2017] as well as in hu-
man fibroblasts [Klapholz-Brown et al., 2007]. Primers were pur-
chased from Integrated DNA Technologies (Coralville, IA, USA).
PCRs with melt-curve analyses were performed to verify the spec-
ificity of primers (i.e., each primer pair amplified just 1 PCR prod-
uct). PCR products for each gene were purified using the Zymo
Research DNA Clean & Concentrator™ —5 Kit (Zymo Research,
Irvine, CA, USA; Cat. No. D4013). Purified PCR products were
diluted to produce rigorous standard curves to quantify expression
in absolute terms of attograms (ag) cDNA/2.5 ng of total RNA in-
put. Standard curves spanned 8 orders of magnitude from 2,000,000
ag/tube, 200,000 ag/tube, 20,000 ag/tube, 2,000 ag/tube, 200 ag/
tube, 20 ag/tube, 2 ag/tube, and 0.2 ag/tube as previously described
[Rhen et al., 2007].

Quantitative PCR was carried out in 10 pL reaction volumes
comprised of 5 uL of 2x SsoFast EvaGreen Supermix PCR Master
Mix solution (Bio-Rad Laboratories; Cat. No. 1725204), 0.3 uL of
each forward and reverse primer (= 300 nM final primer concen-
tration), 2 uL of cDNA (= 2.5 ng of total RNA input), and 2.4 pL
of filtered Milli-Q water. Quantitative PCR included enzyme acti-
vation at 95°C for 30 s and 40 cycles of a 2-step PCR (95°C for 5 s
and 60°C for 5 s) on a BioRad CFX384 thermocycler.

Transfection Optimization

We developed a protocol to transfect plasmids into dissociated
turtle gonadal cells in vitro to monitor canonical Wnt signaling
with a reporter plasmid. We first dissected gonads from embryos
under sterile conditions and washed them in sterile 1x PBS. Gonads
were pooled and dissociated using Liberase DH (18 uL) and TM (18
pL) enzymes in 2.5 mL of sterile 1x PBS with periodic pipetting for
1 h until cells were completely disassociated. The cell suspension
was centrifuged, supernatant removed, and cells resuspended in
nucleofection buffer. The number of gonads pooled and the volume
of nucleofection buffer are described below for each experiment.

For initial optimization of transfection, we used the Lonza 4D
Nucleofector system to transfect plasmids into primary gonad cells
from snapping turtle embryos. Optimal nucleofection programs
were determined using the P3 Optimization kit and a range of set-
tings suggested by the manufacturer. Approximately 2.4 million
dissociated gonad cells were resuspended in 334 pL of nucleofec-
tion buffer (263 uL P3 solution, 58 pL of Supplement 1, 6.4 pL of
pmaxGFP™ plasmid [1 pg/pL], and 6.4 uL of pEFla-mCherry-N1
plasmid [1.89 pg/mL ]). The GFP and mCherry vectors were used
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because they contain different promoters, CMV and human EFla,
which are constitutively active in mammalian cells. We did not
know beforehand whether these promoters would drive reporter
expression in turtle cells. After cell resuspension, 20 pL of nucleo-
fection buffer (about 150,000 cells) was transferred into each well
of a 16-well Nucleocuvette strip.

An initial set of 15 nucleofection programs was tested, includ-
ing CA-137, CM-138, CM-137, CM-150, DN-100, DS-138, DS-
137, DS-130, DS-150, DS-120, EH-100, EO-100, EN-138, EN-150,
and EW-113 (programs were suggested by the manufacturer).
Lonza does not provide details regarding variables in their nucleo-
fection programs, but electroporation variables generally include
voltage, pulse length, and number of pulses. One well in the strip
contained cells but received no electrical shock (negative control).
The Nucleocuvette strip was removed from the instrument after
nucleofection and cells were allowed to recover for 10 min at room
temperature. We used 100 pL of pre-warmed L-15 medium to re-
suspend nucleofected cells in each well by gently pipetting up and
down for 3 times. L-15 media contained 10% charcoal-stripped
fetal bovine serum and 1% antibiotic/antimycotic solution (peni-
cillin, streptomycin, and amphotericin; Sigma A5955). The entire
120 pL volume from each nucleofection program was plated in
separate wells containing 480 pL of L-15 media on a 24-well TPP
Tissue Culture plate (600 pL total volume).

The plate was sealed in a sterile Ziploc bag and placed in the
same type of incubator used for the eggs. Nucleofected cells were
cultured at 26.5°C for 24 h. Cells were observed and digital images
were captured using an inverted fluorescence microscope. Nucleo-
fection programs DS-150 and EW-113 were determined to be op-
timal based on the strength of fluorescence, transfection efficiency
(i.e., the highest percentage of cells expressing the reporters; aver-
age transfection efficiency was 18.6% for DS-150), and the obser-
vation that more cell types with different morphologies were trans-
fected using these programs. Additional testing revealed DS-150
performed better than EW-113, so program DS-150 was used in
subsequent experiments.

Expression of Wnt Reporter in Gonadal Cells after Sex

Determination

Gonads were micro-dissected from 40 presumptive female (in-
cubated at 31°C during the temperature sensitive period) and 40
presumptive male embryos (incubated at 26.5°C during the tem-
perature sensitive period) at Yntema stage 20.3, which is the end
of the sex-determining period. Gonads were pooled by sex and
kept separate for the rest of the procedure.

Presumptive ovaries and presumptive testes were digested sep-
arately using Liberase DH (18 uL) and TM (18 uL) enzymes in 2.5
mL of sterile 1x PBS with periodic pipetting for about 1 h until cells
were disassociated. The concentration of cells was determined us-
ing a Coulter counter. Roughly 800,000 cells were centrifuged for
10 min, and the supernatant was removed and discarded. Ovarian
and testicular cells were each resuspended using 91.7 pL of nucleo-
fection buffer (half of a master mix containing 147.6 pL P3 solu-
tion, 32.4 pL of Supplement 1, and 3.38 uL of a Wnt reporter [2 pL/
uL]). We used the TCF/LEF:H2B-GFP plasmid described by Fer-
rer-Vaquer et al. [2010]. This reporter has 6 copies of a TCF/LEF
response element next to a minimal promoter that drives expres-
sion of a human histone H2B-GFP fusion protein.

After resuspension, 20 pL (about 200,000 cells) of nucleofec-
tion buffer containing ovarian or testicular cells was placed into 4
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Table 1. Results from aBSREL analyses of Wnt genes in vertebrates

Gene Test statistic Species/Node W W,

Wnt2 LRy? = 40.9, p < 0.00001 Crocodylus porosus 0.091 (97.8%) 9,650 (2.2%)
Wnt2 LRy?*=7.8, p =0.098 Sphenodon punctatus 0.211 (98.3%) 1,560 (1.7%)
Wnt2b LRy? = 122, p < 0.00001 Terrepene carolinensis 0.058 (90.9%) 7,730 (9.1%)
Wnt3a LRy? = 35.3, p < 0.00001 Chelonia mydas 0.047 (97.7%) 336 (2.3%)
Wnt6 LRy? = 89.0, p < 0.00001 Chelonoidis abingdonii 0.06 (92%) 31.8 (8%)
Wnt7a LRy? = 26.9, p < 0.00001 Gopherus evgoodei 0.04 (98.4%) 132 (1.6%)
Wnt7a LRy? = 70.5, p = 0.00028 Terrepene carolinensis 0.225 (95%) 817 (5%)
Wnt7b LRy? = 45.1, p < 0.00001 Crocodilians and Sphenodon punctatus 0.34 (96.4%) 1,000,000 (3.6%)
Wnt9a LRy? = 12.5, p = 0.0137 Sphenodon punctatus 0.014 (98%) 46.5 (2%)
Wnt9a LRx?*=9.21,p =0.07 Crocodilians 0.005 (93.3%) 7,410 (6.7%)
Wntl0a LRy? = 48.82, p < 0.00001 Chelonoidis abingdonii 0.00 (96.2%) 120 (3.8%)
Wnt10b LRy? = 13.1, p = 0.0058 Chelydra serpentina 0.235 (94.5%) 47.4 (5.5%)
Wntll LRy? = 14.75, p = 0.0055 Sphenodon punctatus 0.043 (95.4%) 29.4 (4.6%)
Wntl6 LR)(2 =21.42, p = 0.0002 Chelonia mydas 0.125 (98.7%) 9,090 (1.3%)
Wntl6 LRy? = 12.64, p = 0.015 Sphenodon punctatus 0.138 (93.6%) 1,560 (6.4%)

Species with TSD were designated as foreground branches, while non-TSD species were designated as background branches. Tests
were performed at each branch to compare the full model (allowing positive selection) to the null model where branches were not al-
lowed to have rate classes of w > 1. aBSREL infers the optimal number of rate classes on each foreground branch and calculates the av-
erage value for each significant wy. Probability values were corrected for multiple testing.

separate wells (2 sexes x 4 wells/sex = 8 wells total) on a Nucleocu-
vette strip. Cells were nucleofected with program DS-150, allowed
to recover, and plated using the optimal protocol described above.
Female and male cells were plated on separate 24-well plates. Fe-
male cells were returned to the 31°C incubator for 2 days, while
male cells were returned to the 26.5°C incubator for 2 days. Cells
were then observed and images captured using an inverted fluo-
rescence microscope to semi-quantitatively measure expression of
H2B-GFP. We used exactly the same settings for capturing all im-
ages to allow comparison of fluorescence between dissociated
ovarian and testicular cells (see quantification method below).

Temperature Effects on Expression of a Wnt Reporter in

Bipotential Gonad Cells

We dissected 25 embryos to collect bipotential gonads for an-
other study using the Wnt reporter. Embryos were incubated at
26.5°C throughout development and dissected at Yntema stage
18.5 (during the thermosensitive period). Gonad cells were disas-
sociated as described above. The solution was centrifuged, and the
supernatant was removed. Cells were resuspended in 61.1 pL of
nucleofection buffer (49.2 uL P3 solution, 10.8 uL of Supplement
1, and 1.125 pL of Wnt reporter [2 pg/uL]). After resuspension, 20
uL nucleofection buffer containing about 200,000 bipotential cells
were placed into 2 wells on a Nucleocuvette strip (replicate trans-
fections). Cells were nucleofected with program DS-150 and al-
lowed to recover for 10 min.

We used 100 pL of pre-warmed L-15 medium to resuspend nu-
cleofected cells in each well by gently pipetting up and down for 3
times. The 120 pL volume from each well was split in half (2 x 60
pL aliquots) and plated in 540 uL L-15 media on two 24-well plates
(600 pL total volume). One plate was placed in a 31°C incubator
while the other was placed in a 24°C incubator to mimic in vivo
temperature shifts. Thus, bipotential gonads were dissociated to-

Whnt Signaling and Evolution in TSD

gether and then split into 2 batches of cells that were transfected in
anidentical manner. Each batch of transfected cells was split in half
and exposed to female or male temperatures (2 batches x 2 tem-
peratures = 4 wells total). Images of cells were captured at 2 and 4
days of incubation at 24 or 31°C (equivalent to days 2 and 4 of in
vivo temperature shifts).

Image Capture and Processing (Corrected Total Cell

Fluorescence)

We first identified the brightest cell within an experiment by
visual inspection on an Olympus CK2 Inverted Microscope. Im-
ages were captured using a Hamamatsu digital camera (8-bit, 256
intensity levels) and Simple PCI imaging software. Exposure was
adjusted so the brightest cell almost saturated the detector as de-
scribed by Brown [2007]. Every image within an experiment was
captured using exactly the same settings. In the experiment using
ovarian and testicular cells after sex determination, we captured
images of cells in 3 regions in each well (left, center, and right along
the horizontal transect through the center of the wells). In the ex-
periment with primary cells from bipotential gonads, we captured
images of cells in 5 regions in each well (left, center, right, top, bot-
tom). We also captured brightfield images for every region before
moving to the next region in order to count total cells within an
image.

Images were imported into Image J®, which was used to mea-
sure total cell fluorescence and the area of the selected cell. Every
cell with fluorescence above background was measured. Mean
background was calculated for 5 randomly selected spots that were
the same size as an average cell in each image. The total number of
cells in each region was counted in brightfield images. Corrected
total cell fluorescence (CTCF) was calculated using the formula:

CTCEF = total cell fluorescence — (area of the cell x mean of the
background fluorescence).
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Statistical Analyses

Data were analyzed using JMP 13.1.0 software (SAS Institute,
Cary, NC, USA). Gene expression was analyzed with 2-way, mixed
model ANOVA. Temperature, sampling day, and the temperature
x day interaction were fixed effects, and clutch identity was a ran-
dom effect in restricted maximum likelihood (REML) ANOVA.
Nested ANOVA was used to analyze CTCF in transfected cells.
Temperature and well identity were main effects in the model. Re-
gion, nested within well, was used to control for potential variation
in light transmittance within wells. Transformations (log;o, square
root) were used, when needed, to ensure each dependent variable
met the assumptions of ANOVA. Different transformations were
used for different genes as shown in Table 1. Comparisons were
only made between experimental groups within a given gene but
did not compare expression between genes. Means were back-
transformed for presentation in figures.

Comparative Analysis of Wnt Expression in Embryonic

Gonads

We retrieved gene expression values for 19 Wnt ligands
(Wntl11b has been lost in mammals) in ovaries and testes from
embryonic humans using the EMBL Gene Expression Atlas
(https://www.ebi.ac.uk/gxa/home). These data were originally
published as part of a larger study that compared gene expression
patterns in several organs across the lifespan of humans and other
mammals [Cardoso-Moreira et al., 2020]. We specifically retrieved
expression data from normal ovaries and testes at weeks 6, 7, 8, and
9 of gestation, which encompasses the sex-determining period in
humans. Expression values in this database are reported as tran-
scripts per million (TPM), with isoforms collapsed into a single
gene model. We separately calculated average ovarian expression
for each Wnt gene and average testicular expression of each Wnt
gene during the sex-determining period. We also calculated the
average across both sexes for each gene as an overall index of gene
expression in human embryonic gonads. Overall gonadal, ovarian,
and testicular expression values in humans were then correlated
with the corresponding expression values for orthologous genes in
turtle gonads. That is, human WNTI expression was paired with
turtle Wntl expression, human WNT2 was paired with turtle
Wnt2, human WNTS3 is paired with turtle Wnt3, and so on. There
was a much wider range between Wnt genes with the lowest versus
highest expression in snapping turtle (absolute expression) versus
human (relative expression) with a 14,478-fold difference versus a
626-fold difference, respectively. In addition, when we examined
histograms of expression values for the 19 Wnt genes in humans
and the 20 Wnt genes in turtles, the distributions were not normal.
The distribution of Wnt expression values was skewed to the right
in both species. To achieve bivariate normality, we log;, trans-
formed expression values from both species to calculate correla-
tions and to make scatterplots.

Analyses of Wnt Sequence Evolution

We retrieved cDNA sequences for Wnt ligands from 259 ver-
tebrate species, though not all Wnt ligands were found in each in-
dividual taxon (online suppl. Table 1; for online suppl. material,
see www.karger.com/doi/10.1159/516973). These taxa included
members of 5 of the 7 traditionally recognized vertebrate lineages:
Class Osteichthyes (bony fishes), Class Amphibia (amphibians),
Class Reptilia (reptiles), Class Aves (birds), and Class Mammalia
(mammals). We aligned amino acid sequences for each Wnt ligand
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using CLUSTAL with the Blosum Model [Larkin et al., 2007] via
the CIPRES portal [Miller et al., 2010]. We then back-translated
the aligned amino acid sequences into aligned nucleotides using
RevTrans 2.0 through the RevTrans 2.0b server [Wernersson and
Pederson, 2003]. We excluded cDNA sequences that were less than
85% of the full-length reading frame.

We uploaded files with aligned cDNAs for each Wnt gene to
DataMonkey [Weaver et al., 2018] to test whether Wnt genes dis-
played evidence of diversifying selection over evolutionary time in
TSD species. We will provide the trimmed, aligned sequences in
fasta format upon request. We first used BUSTED to detect selec-
tion in each Wnt locus [Murrell et al., 2015]. We then examined
each Wnt locus to find the position of amino acids under diversi-
fying selection, setting p < 0.05 to determine significance [Smith et
al,, 2015]. We also compared TSD versus GSD lineages using aB-
SREL, using default settings, to determine if TSD linages experi-
enced differential rates of selection [Smith et al., 2015]. We select-
ed the following species, along with connecting internal nodes, as
“test branches” to determine the presence of lineage specific, non-
neutral rates of evolution: Alligator mississippiensis (American al-
ligator), Alligator sinensis (Chinese alligator), Crocodylus porosus
(Saltwater crocodile), Gavialis gangeticus (Gharial), Chelonia my-
das (green sea turtle), C. serpentina (common snapping turtle),
Chrysemys picta (painted turtle), Terrapene mexicana (Mexican
box turtle), Trachemys scripta (red-eared slider), Terrapene caro-
lina (common box turtle), Gopherus evgoodei (Sinaloan desert tor-
toise), Chelonoidis abingdonii (Pinta Island tortoise), and Sphen-
odon punctatus (Tuatura).

We also examined evolutionary relationships among the Wnt
genes. We constructed a phylogenetic tree of Wnt loci using amino
acid sequences for representative vertebrate species that had all loci
represented in public databases or from this work: A. mississippi-
ensis, C. serpentina, Coturnix japonica, Danio rerio, Gekko japoni-
cus, Homo sapiens, Latimeria chalumnae, Monodelphis domestica,
Python bivittatus, and Xenopus tropicalis. Amino acids were
aligned using CLUSTAL with the JTT Model [Larkin et al., 2007]
via the CIPRES portal [Miller et al., 2010], as specified by jModel-
Test2 [Guindon and Gascuel, 2003; Darriba et al., 2012]. Phyloge-
netic trees were constructed in RAXML with this model, using
1,000 bootstrap replications to assess nodal support [Stamatakis,
2014].

The mode of sex determination is almost completely con-
founded with the class for available Wnt sequences: all mammals
and birds have GSD, all crocodilians have TSD, turtle Wnt se-
quences are almost entirely from TSD species (only 1 GSD species
is available), and squamate Wnt sequences are only available for
GSD species. We therefore compared evolutionary rates between
thermosensitive Wnts versus insensitive Wnts in TSD species, as
determined by the thermosensitivity observed in snapping turtle.

Results

Temperature Effects on Expression of Positive Control

Genes and Putative Wnt Targets

Incubation temperature and the temperature-by-day
interaction influenced expression of positive control
genes FoxI2 and Sox9 (Table 2). Expression of FoxI2 in
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Table 2. Results from mixed model ANOVA for mRNA expression in gonads from embryonic snapping turtles

Day

Temperature-by-day
interaction

using REML

Gene Temperature

Axin2 (sqrt) Fy,105 = 48.67, p < 0.0001
Btrc F1 104 = 9.40, p = 0.003
Dkk3 (loglo) F1,104 = 4902,P < 0.0001
FoxI2 (logyo) Fy 70 = 26.34, p < 0.0001

Osrl (loglo)
RSP01 (loglo)

Fy 0 = 71.7, p < 0.0001
Fl,69 = 1428,p =0.0003

Sox9 (loglo) F1,63 = 912,p =0.004
Vean (sqrt) F} 104 = 3941, p < 0.0001
Wntl Fl,66 = 545,p =0.02
Whnt2 (sqrt) F171=0.99,p=0.32
Wnt2b (logy,) Fles = 13.22, p = 0.0006
Wnt3 Fl,69 = 168,p =0.20
Whnt3a (logy,) Fles = 2.55,p=0.16
Wnt4 Fl,68 = 564,p =0.02
Wnt5a Fl,67 = 634,p =0.01
W}’lt5b F1,71 = 375,p =0.06
Wnt6 F\ ¢ = 0.006, p = 0.94
Wnt7a F\ 0 = 24.81, p < 0.0001
W}’lt7b Fl,64 = 112,p =0.29
Wnt8a F\ 64 = 9.08, p = 0.004
Wl’ltgb Fl,65 = 083, P =0.36
Wnt9a Fl,67 = 230, P =0.13
Wnt9b (logy,) Fle1 =4.93,p=0.03
Wnt10a F\ ¢ = 0.0006, p = 0.98
Wnt10b Fier =2.75,p=0.10
Wntll (sqrt) Fi 60 =6.17, p =0.015
Wnt11b (logyo) Fle6 = 2.00, p=0.16
Wntl6 F1,69 =0.16, p= 0.69

Fy105 = 2.87, p = 0.026
Fy04 = 0.57, p = 0.68
F4,104 = 234,P =0.059
F470 = 4.06, p = 0.005
F4,69 = 066,p =0.62
Fygo = 5.44, p = 0.0007
F4,65 = 118,p =0.33
F4,104 = 353,p = 0009
F4,68 = 060,p = 066
F4,71 = 048,p = 075
F4,65 = 073,p = 058
F4,69 = O60,p = 067
F4,68 = 216,p = 008
F4,68 = 203,p = 010
F4,69 = 082,p = 052
F4,71 = O40,p = 081
F4,68 = 118,p = 032
F4,69 = 226, P = 007
F4,64 = 029, p = 088
F4,66 = 134, p = 026
F4,67 = 297, P = 002
F4,69 = 032, P = 086
Fy63 = 6.05, p = 0.0003
F4,69 = IOI,P = 041
F4,69 = 018, P = 095
F4,69 = 083, p = 051
F4,67 = 175, p = 015
F4,69 = 326, p =0.01

F4,105 = 240,P =0.054
F4’104 = 034,P =0.85
F4’104 = 154,p =0.20
F47 = 5.61, p = 0.0006
F4,69 = 259,p =0.04
F4,69 = 185,p =0.13
F4,63 = 277,p =0.03
F4’104 = 114,p = 034
F4,66 = 072,p = 058
F4’71 = 183,p = 013
F4,64 = 198,p = 011
F4,69 = 021,p = 093
F4,66 = 087,p = 048
F4,68 = 130,p = 028
F4,67 = 052,p = 072
F4’71 = 023,p = 092
F4,67 = 089,P = 047
F4,69 = 335,P = 001
F4,64 = 071,P = 058
F4,64 = 061,P = 066
F4,65 = 067,P = 062
F4,67 = 022,p = 092
F4,61 = 017,p = 095
F4,69 = 074,p = 057
F4,67 = 014,P = 097
F4,69 = 117,P = 033
F4,66 = 508, p = 0001
F4,69 = 148, p =0.22

Transformations were used when necessary to meet assumptions of ANOVA (shown in parentheses for each
gene). Incubation temperature, sampling day, and the temperature-by-day interaction were fixed effects in the
model. Clutch identity was a random effect in the model.

embryonic gonads increased significantly on days 3, 4,
and 5 of the shift to 31°C but remained low in gonads of
embryos kept at 26.5°C (Fig. 1a). FoxI2 expression was
6.7-fold higher at the female-producing temperature than
at the male-producing temperature by day 5 of the shift.
The opposite pattern was observed for Sox9 expression,
which remained constant in embryos at 26.5°C but de-
creased significantly in embryos at 31°C on days 4 and 5
of the shift (Fig. 1b). Sox9 expression was 6-fold higher at
the male-producing temperature than at the female-pro-
ducing temperature by day 5 of the shift. These findings
mirror a prior temperature shift study [Rhen et al., 2007]
and indicate that this experimental paradigm produces
highly repeatable results.

To begin to test whether Wnt signaling was affected by
temperature, we first measured expression of putative

Whnt Signaling and Evolution in TSD

Wt targets. Temperature affected expression of all genes
examined, including Axin2, Btrc, Dkk3, Osrl, and Vcan
(Table 2). The temperature-by-day interaction for Axin2
also approached significance (Table 2). Exposure of em-
bryos to 31°C had no effect on day 1 but increased Axin2
expression by 2.5-fold on days 2-5 of the shift when com-
pared to gonads at 26.5°C (Fig. 1¢). Temperature and the
temperature-by-day interaction significantly influenced
expression of Osrl, a new pre-granulosa cell marker and
potential Wnt target. Expression of Osrl increased on
days 2, 3, 4, and 5 of the shift to 31°C in snapping turtle
embryos but did not change in gonads of embryos kept at
26.5°C (Fig. 1d). In contrast, expression of Btrc was 1.31-
fold higher in gonads at 26.5°C than gonads at 31°C
(Fig. 2a). Stronger effects were observed for Dkk3 and
Vcan, which were 1.74-fold and 1.92-fold higher at 26.5
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Fig. 1. Expression of FoxI2 (a), Sox9 (b), Axin2 (c), and Osrl (d)
mRNAs in embryonic snapping turtle gonads during the tempera-
ture sensitive period. Eggs were incubated at a male-producing
temperature (26C) throughout embryogenesis or briefly shifted to
a female-producing temperature (26-31-26C) when embryos
reached stage 17. Embryos were sampled at the indicated times

than at 31°C, respectively (Fig. 2b, c¢). The temperature
shift altered expression of several putative Wnt target
genes, suggesting that temperature influences Wnt sig-
naling.

Temperature Effects on Expression of a Wnt Reporter

To further test the hypothesis that temperature alters
Wnt signaling, we measured temperature effects on ex-
pression of a canonical Wnt reporter transfected into em-
bryonic gonadal cells. In the first experiment, all embryos
were incubated at the same male-producing temperature
(26.5°C) until stage 18.5 (mid-late thermosensitive period
in the snapping turtle). Bipotential gonads were then col-
lected, dissociated, and cells transfected with the Wnt re-

54 Sex Dev 2021;15:47-68
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during the temperature shift. Expression levels are least squares
means (+1 SE) for each temperature and time point. Arrows indi-
cate significant differences between temperatures at the specified
time, and asterisks indicate level of significance. *p < 0.05, **p <
0.01, ***p < 0.001.

porter in 2 batches. Transfected cells from each batch
were evenly split between wells on 2 plates and then
placed at a male (24°C) or a female-producing tempera-
ture (31°C) to mimic in vivo temperature shifts (i.e., em-
bryos were incubated at the same male temperature until
gonads were dissociated, cells transfected, plated, and
then shifted to a female temperature or kept at a male-
producing temperature). Temperature significantly in-
fluenced expression of the Wnt reporter (F; ,,; = 14.8,
p = 0.0002), with greater CTCF in cells incubated for 2
days at the female temperature than in cells kept at a male
temperature (Fig. 3a). Temperature also influenced the
percentage of cells with detectable GFP expression 2 days
after transfection (F; ;6 = 13.95, p = 0.002), with a higher
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Fig. 2. Average expression of Wnt target genes beta-TrCP (a),
Dkk3 (b), and Vcan (¢) mRNAs in embryonic snapping turtle go-
nads during a 5-day temperature shift experiment. Eggs were in-
cubated at a male-producing temperature (26C) throughout em-
bryogenesis or shifted to a female-producing temperature (26-31-
26C) for 5 days when embryos reached stage 17. Expression was
averaged across the 5-day temperature shift because there was no
temperature-by-day interaction for these genes. Temperature sig-
nificantly influences expression of all genes presented in this fig-
ure. Expression levels are least squares means (+1 SE) for each
temperature. Asterisks indicate level of significance for tempera-
ture comparison. *p < 0.05, **p < 0.01, ***p < 0.001.

Whnt Signaling and Evolution in TSD

Fig. 3. Expression of a Wnt reporter plasmid (TCF/LEF:H2B-GFP)
transiently transfected into primary cells from bipotential gonads
of snapping turtles. Eggs were incubated at a male-producing tem-
perature (26.5°C) until embryos reached stage 18.5 when gonads
were isolated and dissociated into individual cells. Cells were
transfected with the Wnt reporter, plated into replicate wells, and
then incubated at a male-producing temperature (24°C) or a fe-
male temperature (31°C). a Expression of the reporter was mea-
sured after 2 and 4 days at 24 and 31°C. Expression was measured
as corrected total cell fluorescence (CTCF) of the H2B:GFP fusion
protein in individual GFP positive cells and reported as least
squares means (+1 SE) for each temperature and time point. Ar-
rows indicate significant differences between temperatures at the
specified time, and asterisks indicate level of significance. b Rep-
resentative brightfield and fluorescence images of transfected pri-
mary gonadal cells incubated at 24 or 31°C for 4 days. *p < 0.05,
**p <0.01, ***p < 0.001.
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Fig. 4. Average expression of WntI (a), Wnt4 (b), Wnt5a (c), Wn-
t7a (d), Wnt8a (e), Wnt9b (f), and Wnt11 (g) mRNAs in embry-
onic snapping turtle gonads during a 5-day temperature shift
experiment. Eggs were incubated at a male temperature (26C)
throughout embryogenesis or shifted to a female temperature
(26-31-26C) for 5 days when embryos reached stage 17. Expression
was averaged across the 5-day shift because there was no temper-
ature-by-day interaction for these genes. Temperature significant-
ly influences expression of all genes presented in this figure. Ex-
pression levels are least squares means (+1 SE) for each tempera-
ture. Asterisks indicate level of significance for temperature
comparison. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5. Expression of Wnt2b (a), Wnt11b (b),and Rspol (c) mRNAs
in embryonic snapping turtle gonads during the temperature sen-
sitive period. Eggs were incubated at a male-producing tempera-
ture (26C) throughout embryogenesis or briefly shifted to a fe-
male-producing temperature (26-31-26C) when embryos reached
stage 17. Embryos were sampled at the indicated times during the
temperature shift. Expression levels are least squares means (+1
SE) for each temperature and time point. Arrows indicate signifi-
cant differences between temperatures at the specified time and
asterisks indicate level of significance. *p < 0.05, **p < 0.01, ***p <
0.001.
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percentage of GFP positive cells at the female tempera-
ture (12.6 £ 1.5%) than at the male temperature (4.1 +
1.9%). Yet, there was no difference in CTCF between cells
in replicate wells (F; 5,7 = 0.04, p = 0.84) or among regions
within wells (F; 557 = 0.67, p = 0.75) at the same tempera-
ture. The percentage of GFP positive cells did not differ
between replicate wells (Fy 5 = 1.88, p = 0.19) or among
regions within wells (Fjg 16 = 1.09, p = 0.42) at the same
temperature.

Plates were returned to their original incubators for 2
more days. Temperature continued to have a significant
effect on expression of the Wnt reporter after 4 days
(F 640 = 17.6, p < 0.0001), with greater CTCF in cells at
the female- compared to cells at the male-producing tem-
perature (Fig. 3a, b). In contrast to the 2-day time point,
there were no differences in the percentage of GFP posi-
tive cells at the male-producing temperature (16.6 +1.8%)
versus the female-producing temperature (19.2 + 1.8%)
after 4 days (Fy 19 = 1.10, p = 0.31). The finding that the
percentage of GFP positive cells increased from day 2 (4-
13%) to day 4 (17-19%) for both temperatures suggests
gradual accumulation of GFP to a detectable level in
transfected cells. Again, there was no difference in CTCF
between cells in replicate wells (F; 49 = 0.26, p = 0.61) at
the same temperature or among regions within wells
(F1640 = 0.67, p = 0.75). The percentage of GFP positive
cells did not differ between replicate wells (F; 9 = 1.01,
p =0.33) or among regions within wells (F; 9 =1.08, p =
0.42). Together, these findings strongly suggest tempera-
ture-induced differences in Wnt signaling in bipotential
gonadal cells in culture and that exposure of cells to a
female-producing temperature induced a higher level of
canonical Wnt signaling than exposure to a male-produc-
ing temperature.

In a second experiment, embryos were incubated at
male- (26.5°C) and female-producing (31°C) tempera-
tures throughout the thermosensitive period (from stage
17 until stage 20.3). After the sex-determining period,
presumptive testes and ovaries were dissociated and the
Wnt reporter was transfected into gonadal cells. Testicu-
lar and ovarian cells were plated separately and returned
to their original incubators (i.e., male- or female-produc-
ing temperatures). There was a significant difference in
expression of the Wnt reporter between testicular and
ovarian cells 2 days after transfection (F; 56 = 12.0, p =
0.0006). CTCF was higher in ovarian cells at the female-
producing temperature (0.137 + 0.017) compared to tes-
ticular cells at the male-producing temperature (0.080 +
0.010). However, there was no difference between tes-
ticular and ovarian cells in the percentage of cells with
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detectable GFP expression (F; 5 = 0.9, p = 0.39), indicat-
ing that transfection efficiency was similar in testicular
and ovarian cells. There was no difference in CTCF be-
tween cells in replicate wells (F; ;56 = 1.74, p = 0.19) or
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among cells in different region in wells (Fy,5¢ = 1.74, p =
0.19). These results indicate that Wnt signaling was high-
er in differentiating ovarian cells than in differentiating
testicular cells.

Temperature Effects on Expression of Wnt Genes

Next, we searched for Wnt ligands whose expression
was compatible with the observed temperature effect on
Whnt signaling. Temperature did not influence expression
of 11 Wnt genes but did have a significant effect on ex-
pression of 9 Wnt genes (Table 2). For initial comparison
of the overall magnitude and direction of the temperature
effect, we divided average expression at the female-pro-
ducing temperature by average expression at the male-
producing temperature. Effects were relatively small
when averaged across all 5 days of the shift: Wnt1 (0.80x),
Wnt2b (1.37x), Wnt4 (0.81x), Wnt5a (0.82x), Wnt7a
(0.57x), Wnt8a (0.65x), Wnt9b (0.78x), Wnt1l (0.72x),
and Wnt11b (1.26x). Expression of Wntl1, Wnt4, Wnt5a,
Whnt7a, Wnt8a, Wnt9b, and Wntll was significantly
higher in gonads of embryos at 26.5°C versus embryos at
31°C (Fig. 4a-g). The temperature-by-day interaction af-
tected Wnt7a expression (Table 2) with a significant dif-
ference between temperatures on day 2 of the shift (3.15-
fold higher expression at the male vs. the female temper-
ature) but no difference on the other days. Conversely,
Wnt2b expression was significantly higher (1.37-fold) in
gonads of embryos at 31°C versus gonads of embryos at
26.5°C (Fig. 5a), but there was no temperature-by-day in-
teraction for Wnt2b (Table 2). There was a strong tem-
perature-by-day interaction for Wnt11b expression (Ta-
ble 2) with 3-fold higher expression in embryos at the
female-producing temperature on days 4 and 5 of the
shift, but not earlier (Fig. 5b). Both temperature and day
influenced expression of Rspol, but the temperature-by-
day interaction was not significant (Table 2) even though
there appeared to be no difference on day 1, a spike in

Fig. 6. Correlation between mRNA expression of Wnt orthologs in
snapping turtle gonads and human gonads during the sex-deter-
mining period. Turtle Wntl expression is paired with human
WNT1 expression, turtle Wnt2 is paired with human WNT2, turtle
Wnt3 is paired with human WNT3, and so on. Expression in hu-
mans is measured in transcripts per million (TPM) from RNA-Seq
studies. a Average expression in turtle gonads versus average ex-
pression in human gonads (overall average of ovarian and testicu-
lar expression across the sex-determining period). b Average ex-
pression in turtle gonads at a female-producing temperature ver-
sus expression in human gonads from genetic females. ¢ Average
expression in turtle gonads at a male-producing temperature ver-
sus expression in human gonads from genetic males.
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expression at the female temperature on day 2, and small-
er but significant differences on days 3-5 (Fig. 5¢). When
averaged across all 5 days, Rspol expression was 1.88-fold
higher at the female-producing temperature than at the
male-producing temperature (Fig. 5¢). In sum, exposure
of embryos to 31°C decreased expression of 7 Wnt genes
but increased expression of 2 Wnt genes and Rspol rela-
tive to embryos at 26.5°C.

Correlated Expression of Wnt Orthologs in Snapping

Turtle and Human Gonads

Given that all Wnt genes were expressed at a detectable
level in turtle gonads and that temperature influenced
Wnt expression and Wnt signaling, we tested whether
there was any relationship to expression of Wnt orthologs
in human gonads. Average expression of Wnt genes in
turtle embryonic gonads was correlated with average ex-
pression of their orthologs in human embryonic gonads

Table 3. Results from BUSTED analyses of Wnt genes in vertebrates

(p = 0.75, p = 0.0002; Fig. 6a). Expression levels of Wnt
orthologs were also correlated in gonads that were devel-
oping into ovaries (p = 0.75, p = 0.0002; Fig. 6b) or into
testes (p = 0.75, p = 0.0002; Fig. 6¢). These correlations
were significant despite evolutionary changes in sexually
dimorphic expression patterns during the sex-determin-
ing period. For instance, Wntl, Wnt4, Wnt5a, Wnt7a,
Wnt9b, and Wnt11 were all sexually dimorphic in snap-
ping turtle, but their orthologs were not dimorphic in hu-
man. Conversely, expression of Wnt3 and Wnt10a were
not dimorphic in snapping turtle, while expression of
WNT3 and WNTI10A increased significantly in develop-
ing ovaries in human. Patterns were completely reversed
for Wnt8a expression, which was higher at the male-pro-
ducing temperature than at the female-producing tem-
perature in turtle gonads. Expression of WNT8A in-
creased significantly in developing ovaries but remained
extremely low in developing testes in human. The only

Gene Test statistic Model W w; w3
Wntl LRX2 =10.8, p =0.001 Unconstrained 0.00 (1.70%) 0.01 (97.03%) 7.92 (1.27%)
Constrained 0.00 (4.56%) 0.00 (90.11%) 1.00 (0.01%)
Wnt2 Lsz =18.0, p = 0.00002 Unconstrained 0.00 (8.55%) 0.13 (91.04%) 32.72 (0.41%)
Constrained 0.04 (61.14%) 0.05 (26.76%) 1.00 (12.10%)
Wnt2b LRy? = 52.8, p < 0.00001 Unconstrained 0.03 (97.70%) 0.39 (1.63%) 500.57 (0.67%)
Constrained 0.01 (89.49%) 0.01 (3.81%) 1.00 (6.69%)
Wnt3a LRy? = 23.0, p < 0.00001 Unconstrained 0.01 (92.74%) 0.05 (7.09%) 127.00 (0.17%)
Constrained 0.00 (10.75%) 0.00 (86.38%) 1.00 (2.88%)
Wnt6 LRX2 =9.8,p=0.0017 Unconstrained 0.03 (94.03%) 0.03 (2.08%) 3.42 (3.88%)
Constrained 0.01 (2.00%) 0.01 (87.19%) 1.00 (10.81%)
Wnt7a LRX2 =89.0, p < 0.00001 Unconstrained 0.01 (93.73%) 0.05 (5.75%) 104.81 (0.51%)
Constrained 0.00 (27.80%) 0.00 (66.73%) 1.00 (5.47%)
Wnt7b Lsz =26.4, p <0.00001 Unconstrained 0.00 (3.43%) 0.04 (96.28%) 77.95 (0.30%)
Constrained 0.00 (92.38%) 0.06 (0.00%) 1.00 (7.62%)
Wnt9a LRy? = 13.2, p = 0.00028 Unconstrained 0.00 (96.57%) 1.00 (3.11%) 65.31 (0.33%)
Constrained 0.00 (94.61%) 1.00 (0.71%) 1.00 (4.68%)
Wntl0a LRy = 54.6, p < 0.00001 Unconstrained 0.00 (13.12%) 0.06 (86.16%) 154.28 (0.72%)
Constrained 0.03 (39.14%) 0.03 (54.16%) 1.00 (6.70%)
Wntl6 LRX2 =13.0, p =0.0003 Unconstrained 0.05 (85.88%) 1.00 (13.99%) 265.48 (0.13%)
Constrained 0.04 (83.66%) 1.00 (1.17%) 1.00 (15.17%)

Species with TSD were designated as foreground branches, while non-TSD species were designated as background branches. The
statistical test compares the log likelihoods for an unconstrained model to a constrained model in the test branches. Both models have
3 rate classes for dN/dS ratios (wy) with w; < w, < w; and w; = 1 for the null hypothesis (i.e., no positive selection) in the constrained
model. Mean values for wy are shown for the unconstrained and constrained models with the percentage of residues in each class with-

in parentheses.
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Table 4. Results from MEME analyses of Wnt genes in vertebrates

Gene Number of Codon position Protein domains
selected
codons
(p <0.05)
Wntl 4 2,6,7,67 Unique amino terminus
Wnt2 5 7, 25,29, 367, 371 Unique amino terminus, unique carboxy terminus
Wnt2b 9 46, 60, 62, 67, 201, 292, 293, 366, 367 Unique amino terminus, Wnt domain
Wnt3 1 8 Unique amino terminus
Wnt3a 13 2,5,12,13, 14, 15, 18, 79, 80, 107,142, 165, 251 Unique amino terminus, Wnt domain
Wnt4 4 49, 146, 160, 262 Wnt domain
Wnt5a 4 8, 162, 269, 302 Unique amino terminus, Wnt domain
Whnt5b 5 6, 15, 35, 146, 239 Unique amino terminus, Wnt domain, near Fzd binding site
Wnt6 9 6, 14, 35,97, 108, 111, 197, 332, 333 Unique amino terminus, Wnt domain, Fzd binding site
Wnt7a 14 3, 14, 24, 55, 64, 65, 66, 74, 97, 99, 100, 139, 140, 142 Unique amino terminus, Wnt domain
Wnt7b 13 4,5,8,9,10, 12,18, 19, 22, 28, 30, 269, 351 Unique amino terminus, Wnt domain
Wnt8a 8 7,17, 132, 306, 343, 362, 368, 370 Unique amino terminus, Wnt domain, unique carboxy
terminus
Wnt8b 6 5,135,175, 262, 292, 306 Unique amino terminus, Wnt domain, near Fzd binding site
Wnt9a 12 8,18, 27, 35, 37, 105, 129, 188, 312, 375, 377, 399 Unique amino terminus, Wnt domain, Fzd binding site
Wnt9b 10 6,19, 27, 53, 80, 225, 337, 354, 355, 382 Unique amino terminus, Wnt domain, near Fzd binding sites
Wntl0a 15 6, 8, 16, 18, 30, 31, 32, 35, 36, 76, 184, 267, 268, 280, 285 Unique amino terminus, Wnt domain, Fzd binding site
Wntl0b 12 10,17, 31, 116, 118, 120, 121, 122, 124, 125, 126, 127 Unique amino terminus, Wnt domain
Wntll 14 13,23, 116, 118, 120, 121, 123, 125, 145, 153, 189, 328,331,  Unique amino terminus, Wnt domain, near Fzd binding site
334
Wntllb 6 15, 32, 129, 170, 188, 272 Unique amino terminus, Wnt domain
Wntl6 10 7,9, 30, 49, 121, 154, 155, 156, 157, 206 Unique amino terminus, Wnt domain

Individual sites are subject to positive selection. Codon position refers to the multiple sequence alignment. Protein domains specify the location of se-

lected positions relative to functional domains within Wnt genes.

gene to display the same pattern of sexually dimorphic
expression was Wnt2b in turtle and WNT2B in human
(i.e., higher expression in developing ovaries than testes
in both species). All remaining Wnt genes displayed
monomorphic expression in turtles and humans. This
raises the possibility of evolutionary shifts in which Wnt
ligands play a role in sex determination and gonadal dif-
ferentiation.

Molecular Evolution of Wnt Genes in TSD Vertebrates

We therefore examined Wnt genes for evidence of pos-
itive selection in TSD vertebrates (foreground) while using
non-TSD vertebrates as background. BUSTED revealed
episodic diversifying selection for at least one site on at
least one test branch for 10 Wnt genes (Table 3). Likewise,
aBSREL detected positive selection on 11 Wnt genes and
identified branches that have experienced positive selec-
tion (Table 1). Five Wnt genes displayed evidence of posi-
tive selection in tuatara (Wnt2, Wnt7b, Wnt9a, Wntll,
Wntl16). C. porosus or crocodilians as a group also exhib-
ited evidence of selection for 3 of the same genes (Wnt2,
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Wnt7b, Wnt9a). Other species only displayed evidence of
positive selection on 1 or 2 Wnt genes (Table 1).

Results from BUSTED and aBSREL were highly con-
cordant (LR)(2 =11.0, p = 0.0009), with 17 of 20 genes ei-
ther showing significant selection (n = 9) or no selection
(n = 8) with both methods. The 2 methods produced dis-
cordant results for just 3 genes: WntI was only significant
with BUSTED, while Wnt10b and Wnt11 were only sig-
nificant with aBSREL. There was a tendency for Wnt
genes that were thermosensitive in snapping turtle to be
less likely to display evidence of positive selection in TSD
species (2 of 9 genes or 22.2%) than Wnt genes that were
not thermosensitive (7 of 11 genes or 63.6%) (Fisher’s ex-
act test, p = 0.08).

This raised the possibility that thermosensitive Wnt
genes might be more conserved than temperature insen-
sitive Wnt genes. To test this hypothesis, we compared
dN/dS ratios for the first 2 rate classes (w; and w,) weight-
ed by their frequency (i.e., wy times proportion of codons
in rate class N) from the unconstrained BUSTED analy-
ses. Repeated measures MANOVA indicated that there
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Fig. 7. Wnt gene family evolution in vertebrates. Boxes and arrows indicate lineage-specific losses of Wnt11b in
mammals, Wnt10b in archosaurs, and Wnt2 in squamates.

was no difference between thermosensitive versus insen-
sitive Wnt genes in the overall intensity of negative/neu-
tral selection (w; + w,) (Fy,;7 = 0.84, p = 0.37). However,
the interaction between thermosensitivity and rate class
was significant (F; ;; = 5.17, p = 0.036). Thermosensitive
and insensitive Wnt genes had similar weighted w; (ther-
mosensitive = 0.028 + 0.009; insensitive = 0.016 + 0.008),
while weighted w, was lower in thermosensitive Wnt
genes (0.014 + 0.014) than in temperature insensitive
Wnt genes (0.047 £ 0.012). This suggests stronger purify-
ing selection has occurred on thermosensitive Wnt genes
in TSD species.

We used MEME to further assess selection at individ-
ual sites in Wnt genes. Analysis of all Wnts revealed that
numerous sites have been subject to episodic diversifying
selection (Table 4). Most Wnt genes (19/20) had posi-
tively selected sites within their unique amino terminus,

Wnt Signaling and Evolution in TSD

which is highly variable among Wnt paralogs. The major-
ity of Wnt genes (16/20) also had positively selected sites
within the Wnt domain. However, less than half of Wnt
genes (7/20) had selected sites near or within Frizzled
binding sites.

Evolutionary Loss of Wnt Genes in Specific Vertebrate

Lineages

In retrieving and analyzing Wnt genes for evidence of
selection, we also examined gene content in different ver-
tebrate groups for loss of Wnt genes (Fig. 7). Wnt11b or-
thologs were not found in placental or marsupial mam-
mals supporting the previously described evolutionary
loss of Wnt11b in mammals. Wnt10b orthologs were not
found in birds or crocodilians, which suggests Wnt10b
was lost in archosaurs. Wnt2 orthologs were not detected
in lizards and snakes, but Wnt2 was found in tuatara, sug-
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gesting specific Wnt2loss in the squamate lineage after its
divergence from the last common ancestor of lepidosaurs
(lizards, snakes, and the tuatara).

Discussion

Here, we present evidence that Wnt expression and
Wnt signaling in embryonic gonads differs between fe-
male- and male-producing temperatures in the snapping
turtle, C. serpentina. Exposure of embryos to a female-
producing temperature decreased expression of 7 Wnt
genes but increased expression of 2 Wnt genes and Rspol
relative to embryos at a male-producing temperature.
The finding that temperature also influenced expression
of putative Wnt target genes indicates that differences in
Wnt expression translated into differences in Wnt signal-
ing in bipotential gonads. One of these genes, Axin2, is a
well-characterized transcriptional target directly induced
by canonical WNT/f-catenin/TCF signaling [Jho et al.,
2002]. Exposure of embryos to the female-producing
temperature increased Axin2 expression within 48 h, sug-
gesting that endogenous Wnt signaling in embryonic go-
nads is higher at a temperature that induces ovarian de-
velopment versus one that induces testis development.
This result is consistent with studies showing that Axin2
is activated during ovary determination in mice [Chassot
etal., 2011, 2014; Jameson et al., 2012].

Like Axin2, Osr1 was upregulated by exposure of turtle
embryos to the female-producing temperature. OsrI is a
putative Wnt target because WNT3A ligand induces OSR1
expression within 4 h in human fibroblasts [Klapholz-
Brown et al., 2007]. Furthermore, Wnt signaling in com-
bination with activin A and BMP signaling induces dif-
ferentiation of human embryonic stem cells into bipoten-
tial gonad cells [Sepponen et al., 2017]. In that study, the
most effective mix of signaling molecules induced expres-
sion of OSR1 and other intermediate mesoderm markers
before upregulating markers of bipotential gonad progen-
itors. In addition to its key role in urogenital formation
from intermediate mesoderm in mice [Wang et al., 2005],
Osr1 may be involved in granulosa cell development. Es-
termann et al. [2020] describe a bipotential progenitor cell
population that is Pax2*/Dmrt1*/Osr1*/ Wnt4* in chicken
gonads during sex determination. During ovary forma-
tion, this population loses Pax2, and cells differentiate
into Osr1*/FoxI2*/Cyp19al™ pre-granulosa cells. A subset
of these pre-granulosa cells lose Osr1, FoxI2, and Cyp19al
expression and become thecal cells. During testis forma-
tion, Pax2, Osrl, and Wnt4 are all downregulated, where-
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as Dmrtl levels increase. Together, those findings raise the
possibility that maintenance of Osr1 expression is impor-
tant for granulosa cell development.

Our finding that Vean, another Wnt target [Rahmani
etal., 2005], is expressed at a higher level at a male- versus
a female-producing temperature is consistent with higher
Vcan expression in XY supporting (pre-Sertoli) cells ver-
sus XX supporting (pre-granulosa) cells in mice [Piprek
et al., 2018]. Versican is an extracellular matrix protein
that can either have anti-adhesive or pro-adhesive effects
on cells, depending upon the ratio of isoforms (VO, V1,
V2, V3) [Rahmani et al., 2006; Mead et al., 2018]. Chang-
es in Vcan expression may therefore play a part in cell
migration, remodeling of the extracellular matrix and
basement membrane, and morphogenesis of testis cords
and ovarian cysts [Tilmann and Capel, 1999; Piprek et al.,
2018].

Downregulation of Wnt target Btrc [Spiegelman et al.,
2000] and Dkk3 at the female-producing temperature is
interesting because these genes encode inhibitors of ca-
nonical Wnt signaling. Dickkopf proteins interact with
LRP5/6 to inhibit Wnt activation of the frizzled-LRP5/6
co-receptor complex. Lower Dkk3 expression at female-
producing temperatures could therefore contribute to
higher Wnt signaling in turtle gonads, as observed with
Dkk3 downregulation in cancer cells [Yue et al., 2008].
B-Transducin repeat containing E3 ubiquitin protein li-
gase (Btrc) ubiquitinates 3-catenin and marks it for deg-
radation by the proteasome. Again, downregulation of a
Wnt pathway inhibitor (Btrc) could lead to higher Wnt
signaling in gonads at the female temperature, as occurs
with epigenetic silencing of Btrc in lung cancer [Tseng et
al., 2008]. The combined effect of downregulation of 2
Whnt inhibitors could enhance even subtle differences in
Whntligand expression and secretion at female-producing
temperatures.

The inference that Wnt signaling is higher at female-
versus male-producing temperatures in the snapping tur-
tle is supported by our studies of Wnt reporter activity in
embryonic gonadal cells in vitro. Within 48 h, expression
of a canonical Wnt reporter containing 6 TCF/LEF re-
sponse elements was significantly higher in primary cells
at the female- versus the male-producing temperature.
Higher expression of the Wnt reporter at the feminizing
temperature was also observed on the 4th day of the tem-
perature shift. This experiment showed that primary cells
from bipotential gonads respond directly to temperature,
because cells were treated identically prior to the tem-
perature shift (i.e., during in vivo incubation, tissue dis-
sociation, and cell transfection). It also indicates that Wnt
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signaling was higher at a temperature that induces ovary
determination versus one that induces testis determina-
tion. A second experiment using primary cells collected
at the very end of the sex-determining period also re-
vealed higher Wnt reporter expression in presumptive
ovarian versus testicular cells. Together, these results sug-
gest that exposure to a feminizing temperature elevated
Wnt signaling during specification (day 2 of the shift) and
determination of ovarian fate (day 4 of the shift), as well
as after ovarian fate had been determined (at stage 20.3).
One caveat is that differences in Wnt reporter expression
could be due to general temperature effects on transcrip-
tion rather than specific activation of Wnt signaling. Fu-
ture experiments could use the same plasmid with deleted
TCF/LEF response elements or an unrelated control plas-
mid to test for general temperature effects on transcrip-
tion.

Temperature-induced differences in Wnt2b and Rspol
expression and Wnt signaling emerged before changes in
FoxI2 and Sox9 expression. This dynamic suggests that
Wnt signaling may induce FoxI2 expression in the snap-
ping turtle, just as constitutively active -catenin induces
FoxI2 in mice [Li et al., 2017]. At the same time, Wnt sig-
naling could be repressing Sox9 expression like pharma-
cological activation of B-catenin represses Sox9 in the
red-eared slider turtle [Mork and Capel, 2013]. Indeed,
B-catenin protein is found in both the cortical and medul-
lary regions of bipotential gonads in red-eared slider tur-
tles and is therefore in a position to regulate both genes
[Mork and Capel 2013]. However, Wnt inhibition alone
is not sufficient to derepress Sox9 expression at a female-
producing temperature in the red-eared slider turtle
[Mork and Capel, 2013], suggesting that other factors are
also involved in the inhibition of Sox9.

While it was fairly easy to show thermosensitive Wnt
signaling and identify candidate Wnt signaling mole-
cules, it will be much more difficult to definitively deter-
mine which Wnt ligand(s) differentially activates the ca-
nonical Wnt pathway in developing gonads. It is also pos-
sible that the non-canonical Wnt/Ca2* pathway could
influence sex determination because calcium influx trig-
gers STAT3 phosphorylation and inhibition of Kdm6b
and Dmrt1 expression in the red-eared slider turtle [We-
ber et al., 2020]. Indeed, most Wnt ligands are capable of
activating both canonical and non-canonical pathways
[van Amerongen et al., 2008; Nie et al., 2020]. Expression
profiles in bipotential gonads did not provide a clear-cut
answer because temperature influenced expression of 9
Wnt genes and the magnitude of the temperature effect
was relatively small. Larger effects were observed for
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Wnt11b, which exhibited no differences on days 1-3 of
the temperature shift but much higher expression at the
female-producing temperature on day 4 (2.84-fold) and
day 5 (3.16-fold) of the shift. Thus, Wnt11b may contrib-
ute to ovary determination along with Wnt2b and Rspol.
The other 7 Wnt genes were paradoxically expressed at a
higher level at the male-producing temperature, making
them weaker candidates. These rankings of Wnt candi-
dates are tentative because differences in mRNA expres-
sion may not be tightly correlated with protein expression
or secretion of mature ligands. Temperature could also
have differential effects on maturation, sorting, and se-
cretion of different Wnt proteins [Coudreuse and Kor-
swagen, 2007].

Despite these caveats, subtle differences in Wnt mRNA
expression can contribute to phenotypic variation in sex
determination, even in species with sex chromosomes.
Strain differences in susceptibility to XY sex reversal in
mice are associated with differences in transcriptome-
wide patterns of gene expression in XY gonads on embry-
onic day 11.5 [Munger et al., 2009]. Males of the B6 strain
(susceptible to XY sex reversal) exhibit a more female-like
transcriptome, including higher Wnt4 (1.53-fold) and
Wnt9a (1.69-fold) expression, than males of the 129S1
strain (resistant to XY sex reversal). A 1.53-fold difference
in Wnt4 between strains seems small, but it may be bio-
logically significant considering that the difference in
Whnt4 expression between XX and XY gonads during the
sex-determining period is only 3-fold in mice [Chassot et
al., 2008; Hiramatsu et al., 2009; Naillat et al., 2015; Li et
al., 2017].

Our finding that sexual dimorphism in Wnt4 mRNA
expression in bipotential gonads in the snapping turtle is
reversed (M > F) relative to mice (F > M) suggests evolu-
tionary changes in which Wnt gene(s) play a role in ova-
ry determination. There are also differences between
snapping turtles and humans in sexually dimorphic ex-
pression of several Wnt genes. Similar evolutionary di-
vergence in expression patterns of Dmrt1, Wt1, Sf1, Dax1,
Sox9, and Cypl9al during gonad development has been
reported across vertebrates [Valenzuela et al., 2013; Mizo-
guchiand Valenzuela, 2020]. To our knowledge, there has
not been a truly quantitative analysis of all Wnt genes in
bipotential gonads in any species. Microarray and RNA-
Seq studies provide semi-quantitative measurements of
all expressed transcripts, but statistical analyses of these
data typically use arbitrary cutoffs of 1.5- or 2-fold differ-
ences and adjust probability thresholds to control for
false positives. These criteria inevitably cause false nega-
tives for genes that display small but real differences. In
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fact, only 2 differentially expressed Wnt genes identified
via qPCR in the snapping turtle would surpass an arbi-
trary 1.5-fold cutoff, and none would be detected with
conservative corrections for multiple comparisons at a
transcriptome-wide scale. Another problem with micro-
array and RNA-Seq studies is that their dynamic range is
much smaller than qPCR. Ultra-deep sequencing would
solve the dynamic range problem in RNA-Seq studies by
producing more accurate measurements of lowly ex-
pressed transcripts.

While it is likely that expression differences have been
underreported, a search of the literature still provides in-
sight into the evolution of sexually dimorphic Wnt ex-
pression. We found 2 studies that used qPCR to measure
expression of Wnt4 in one TSD turtle and 2 studies that
used RNA-Seq to examine temperature effects on tran-
scriptome-wide patterns of gene expression in 2 TSD rep-
tiles. Using qPCR, Shoemaker et al. [2007] found no dif-
ference in Wnt4 expression between female and male
temperatures in red-eared slider turtles during the ther-
mosensitive period. However, Wnt4 expression is higher
in differentiating ovaries versus testes after sex determi-
nation [Shoemaker et al., 2007]. Similarly, Mork and Ca-
pel [2013] found no difference in Wnt4 expression in red-
eared slider turtles until well after the sex had been deter-
mined: Wnt4 is higher in hatchling ovaries than hatchling
testes. An RNA-Seq study also found no differences in
Whnt4 expression in bipotential gonads of this species
[Czerwinski et al., 2016]. Consistency among 3 studies
gives a high degree of confidence that there is not a tem-
perature effect on Wnt4 expression during the sex-deter-
mining period in slider turtles. Thus, there are at least 3
distinct patterns of sexual dimorphism for Wnt4 expres-
sion in bipotential gonads of amniotes: snapping turtles
(M > F), red-eared slider turtles (M = F), and mice (F >
M).

We could not find studies that used qPCR to measure
expression of other Wnt genes in embryonic gonads of
TSD reptiles, but Czerwinski et al. [2016] and Yatsu et al.
[2016] present RNA-Seq data that can be used for rough
comparisons. Several genes in the slider turtle showed the
same pattern as the snapping turtle, including Wnt2b (F
> M), Wnt5b (M = F), and Wnt10a (M = F). Other genes
diverged between these turtles. While Wnt5a was consis-
tently male-biased across the thermosensitive period in
snapping turtles, it was male-biased at one stage and fe-
male-biased at the next stage in slider turtles. Wnt6 was
not differentially expressed in snapping turtles but was
male-biased during the middle of the thermosensitive pe-
riod in slider turtles. Wnt16 also differed between turtle
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species, with no temperature effect in snapping turtles but
a female bias during the middle of the thermosensitive
period in slider turtles.

Genes for Wnt11 and Wntl11b are a bit more problem-
atic to compare because annotations in the original pa-
pers may not be correct. Two supplementary tables in Cz-
erwinski et al. [2016] present conflicting data for a gene
labeled Wnt11: one table shows no difference between
temperatures, but the other shows female-biased expres-
sion across 5 developmental stages. Accession numbers
were not provided, so it is not possible to compare se-
quences to determine if one table was referring to Wnt11
and the other to Wnt11b. In contrast, a gene labeled
Wntl1 and one labeled “Protein Wnt-11-like, transcript
variant X2” in the American alligator [Yatsu et al., 2016]
refers to the same gene (i.e., Wnt11). The alligator Wnt11
gene was downregulated by shifting eggs from a female-
to a male-producing temperature. This is similar to our
finding that Wnt11b is expressed at a lower level at a
male-producing temperature in the snapping turtle. We
suggest Wnt2b, Wnt11/Wntl11b, and Rspol may be the
strongest candidates for playing a role in ovary specifica-
tion and determination because they exhibit female-bi-
ased expression in bipotential gonads across TSD reptiles.
Future studies should clearly identify which paralog,
Wntl1 or Wntl1b, is being studied based on phylogenet-
ic analysis of sequences.

We did not retrieve any Wnt11b orthologs in mam-
mals, which confirms a prior report that this gene was lost
in mammals [Kuraku and Kuratani, 2011]. It is interest-
ing that loss of the Wnt11b gene is associated with a gain
in female-biased Wnt4 expression in bipotential gonads
in mammals. Perhaps Wnt11b was involved in ovary
specification and determination in ancestral amniotes
and Wnt4 was involved in later stages of ovarian develop-
ment, including maintenance of ovarian fate. In this sce-
nario, a loss of Wnt11b would have required a heteroch-
ronic shift in sexually dimorphic Wnt4 expression to take
over for Wnt11b in ovary determination.

We also discovered 2 new cases of gene loss in amni-
otes through an exhaustive search for Wnt orthologs.
Many Wntl10a orthologs were found in birds and croco-
dilians, but we did not detect any Wnt10b orthologs, sug-
gesting loss of Wnt10b in the last common ancestor of
archosaurs. Knockout of Wnt10b in mice causes loss of
bone mineral density [Stevens et al., 2010]. This raises an
interesting hypothesis that loss of Wnt10b might have
played a part in evolutionary changes in bone structure.
We found Wnt2b orthologs in several lizards and a snake
species but did not identify any Wnt2 orthologs in these
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groups. We did, however, find both Wnt2 and Wnt2b in
the tuatara, which indicates that Wnt2 was present in the
last common ancestor of lepidosaurs but was lost in squa-
mates. The primary phenotype resulting from Wnt2
knockout in mice is abnormal placental vasculature and
retarded embryonic and postnatal growth [van Ameron-
gen and Berns, 2006]. The potential impact of Wnt2 loss
in squamates is not obvious.

It is possible that Wnt10b and Wnt2 are only missing
from archosaurs and squamates because of incomplete
genome and/or transcriptome assemblies. Future studies
could search for evidence of Wnt10b and Wnt2 in raw
sequence data from archosaurs and squamates, respec-
tively, or examine genome assemblies for gaps in the syn-
tenic regions that contain these genes in other vertebrates.
Another interesting area for studying is the evolution of
thermosensitive expression with respect to gene duplica-
tions (i.e., Wnt2 and Wnt2b; Wntll and Wntl11b) and
relaxed selection at transitions between TSD and GSD
[Radhakrishnan et al., 2017, 2018].

Whatever the evolutionary history of Wnt loss and
changes in Wnt expression, our observation that multiple
Wnt genes are differentially expressed in bipotential go-
nads at female- versus male-producing temperatures sug-
gests redundancy in Wnt signaling during sex determina-
tion. Chassot et al. [2014] proposed this idea in mice and
noted that Wnt2b and Wnt9a are expressed in bipotential
gonads and may activate Wnt signaling in the absence of
Whnt4. Other research has shown sex differences in Wnt6
expression in mouse gonads during sex determination
[Cederroth et al., 2007; Cory et al., 2007]. While it is un-
derstandable that studies have focused on Wnt4 since the
first paper describing its role in ovary determination in
mice [Vainio et al., 1999], a more systematic analysis of
the role of other Wnt genes in sex determination is clear-
ly warranted. Indeed, studies of human embryonic go-
nads do not detect sex differences in WNT4 expression
during the sex-determining period [Mamsen et al., 2017;
Cardoso-Moreira et al., 2020]. Wnt2b is of particular in-
terest for further studies because it is the only Wnt gene
that displays a conserved pattern of sexually dimorphic
expression between snapping turtle, red-eared slider tur-
tle, and human.

Expression of Wnt genes in snapping turtles is corre-
lated with expression of their human orthologs, suggest-
ing Wnt signaling plays a conserved role in gonad devel-
opment in amniotes. However, differences in patterns of
sexually dimorphic Wnt expression suggests evolution-
ary turnover in which Wnt ligands are involved in ovary
development. Therefore, we hypothesized that Wnt cod-

Whnt Signaling and Evolution in TSD

ing sequences might show evidence of selection related to
the mode of sex determination. Unfortunately, there are
not yet enough Wnt sequences available to compare evo-
lutionary rates between TSD and GSD species while con-
trolling for phylogeny. As a crude proxy for the mode of
sex determination, we compared evolutionary rates be-
tween Wnt genes with thermosensitive expression to
those that were not thermosensitive in the snapping tur-
tle. Thermosensitive Wnts were somewhat less likely to
show evidence of positive selection and to have experi-
enced stronger purifying selection than thermally insen-
sitive Wnts. Although there has not been a systematic
evolutionary analysis of all 20 Wnt genes prior to this
study, Literman et al. [2018] reported that Wnt4 nucleo-
tide and RSPO1 amino acid sequences tend to evolve fast-
er at transitions between TSD and GSD. Overall, these
findings are consistent with the idea that TSD was the
ancestral state in amniotes [Pokorna and Kratochvil,
2016].

Conclusion

Here, we report that incubation temperature altered
expression of several Wnt genes and their targets in bi-
potential gonads of snapping turtle embryos in vivo.
Those results suggest that Wnt signaling is higher at a
female-producing temperature than at a male-producing
temperature, but the evidence is indirect. We therefore
carried out in vitro experiments with a Wnt reporter to
show that embryonic gonadal cells are thermosensitive
and that Wnt signaling is indeed higher at a female- ver-
sus a male-producing temperature. We conclude that
Wnt signaling is an evolutionarily conserved feature of
ovarian development. Yet, accumulating evidence points
to evolutionary turnover in the specific Wnt ligand(s)
involved in different stages of gonad development from
specification and determination of ovarian fate to main-
tenance of ovarian identity after sex determination.
While it is not clear which Wnt signaling molecule is in-
volved in TSD, the data presented here point to Wnt2b,
Wntl1b,and Rspol asleading candidates in the snapping
turtle. We do not, however, exclude the possibility that
multiple Wnt ligands play partially redundant or stage-
specific roles in ovary specification, determination, and
maintenance. Future studies of Wnt signaling in sex de-
termination should expand beyond the historically nar-
row focus on Wnt4.
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