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Abstract

This study determined high temperature effects \arian development in a marine groundfish
species, sablefistAtoplopoma fimbria), with potential application in sex reversal argization

for aquaculture. Monosex female (XX-genotype) saitelarvae (~30-mm) were randomly
divided into three groups and exposed to contrblIC + 0.8°C), moderate (20.4°C + 0.5°C),
or high (21.7°C = 0.5°C) temperatures for 19 weekeeated fish were then tagged and
transferred to ambient seawater (11.2°C £ 2.3°Cpfe year to determine whether temperature
effects on reproductive development were maintaipest-treatment. Fish were periodically
sampled for gonadal histology, gene expressionpéasima 1j-estradiol (E2) analyses to assess
gonadal development. Short-term (4-week) exposurelévated temperatures had only minor
effects, whereas longer exposure (12-19 weeks) edérknhibited ovarian development. Fish
from the moderate and high treatment groups hadfsigntly less developed ovaries relative to
controls, and mMRNA levels for germ celbga, zpc) and apoptosis-associated gerps3,casp8)
generally indicated gonadal degeneration. The higlatment group also had significantly
reduced plasma E2 levels and elevated goradalgene expression. After one year at ambient
temperatures, however, ovaries of moderate and tnggtment fish exhibited compensatory
recovery and were indistinguishable from contrdlso genotypic females possessing immature
testes (neomales) were observed in the high trestgeoup, indicating sex reversal had
occurred (6% rate). These results demonstrateetktatme elevated temperatures may inhibit
ovarian development or trigger sex reversal. Heghpgerature treatment is likely not an effective

sterilization method but may be preferable for et neomale broodstock production.
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1. Introduction

Temperature is an environmental factor that canemnice, redirect, or block early reproductive
development in some organisms. For example, sexaimy reptiles is directly determined by
temperature (Temperature-dependent Sex DetermmaieD; Pieau, et al., 1999). In contrast,
mammals and birds display a pattern of strict gersetx determination (GSD), where the sex of
an individual is fixed by the genes inherited atilieation. Still, even among species with GSD,
sexual plasticity is often observed under applozadf high temperature (GSD with thermal
effects), particularly in teleost fishes, in whitie process of gonadal sex differentiation may be
easily overridden by exogenous factors (Baroilted B’Cotta, 2016; Devlin and Nagahama,
2002; Luckenbach and Yamamoto, 2018; Ospina-Alvateit., 2008).

At the molecular level, effects of temperature barobserved in a suite of genes commonly
associated with sexual differentiation. For insegraxomatase (Cypl9ala) is principally
responsible for 1F-estradiol (E2) biosynthesis by the gonads andidersd a key driver of
ovarian differentiation (Luckenbach et al., 2008efPer and Guiguen, 2008; Shen and Wang,
2014). Elevated temperatures have been shown fesgoypl9ala expression in gonadal
somatic cells and in turn, E2 production, causiragcalinization of genotypic female fish
(Karube et al., 2007; Kitano et al., 1999; van Bied Andersen, 2006).

Elevated temperatures have also been shown towlptegorrogrammed cell death (apoptosis)-
associated genes such as caspases (i.e., cysteieages) and to promote germ cell
degeneration and follicular atresia, which may hanasculinizing or sterilizing effects (Byerly

et al., 2005; Lee et al., 2009; Linai€asenave et al., 2002; Pandit et al., 2015; Stréiissrat al.,
1998; Takle and Andersen, 2007; Uchida et al., 208hough the exact mechanisms linking
temperature to gonadal apoptosis are not cleadgnstood, suppression ofpl9ala gene
expression and E2 production and activation of gahapoptotic pathways are signatures of this

process.

Temperature-induced sterility or sex reversal maypdrticularly beneficial in aquaculture
species. The utilization of reproductively stefitdh populations addresses many concerns of
escapement and genetic introgression associatadinfish aquaculture (Crozier, 1993; Skaala,
2006). Sex reversal is also widely used for commakagjuaculture purposes, typically to
capitalize on the superior performance (e.g., gnawate or morphology) of one sex relative to
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the other (Baroiller and D’Cotta, 2016; Devlin addgahama, 2002). Sex reversal of
gonochoristic species which display sexually dinmcgrowth may allow for the production of
monosex populations through specific broodstocksee (e.g., sex reversed XX-genotype fish
[neomales] crossed with normal XX-genotype fislitjmately maximizing efficiency and profit
for commercial aquaculturghe synthetic androgen d-methyltestosterone (MT) is widely used
to induce sex reversal in fishes for the generatiomomale broodstock (Devlin and Nagahama,
2002; Pandian and Sheela, 1995). However, exptsuwlevated temperatures, which has been
shown to induce sex reversal in some fishes, mayrhere eco-friendly and chemical-free
method to generate monosex or sterile fish (D’Cettal., 2001; Ospina-Alvarez et al., 2008;
Shen and Wang, 2014). Despite the abundance oktatupe-related research, studies
documenting temperature effects on reproductiveldgment of marine teleosts have not been
widely conducted.

Sablefish Anoplopoma fimbria) is an economically important groundfish in comaner

fisheries of the Pacific Northwest, USA (NMFS, 2Da6d an emerging aquaculture species in
the United States and Canada. Sablefish naturiiger from northern Mexico to the Bering Sea
and Japan and can live >100 years (Beamish and flaciea 2000). This species exhibits
sexually dimorphic growth with females growing sigrantly faster and larger than males
(Echave et al., 2012; Luckenbach et al. 2017)etms of early reproductive development,
sablefish is a gonochoristic species that utilem@XX/XY GSD system with gonadal sex
differentiation typically occurring when juvenilase ~75-150 mm fork length (FL) (Luckenbach
and Fairgrieve, 2016; Luckenbach et al., 2017)ob@in monosex female sablefish stocks,
juvenile XX-genotype fish were treated with MT chgithe sensitive period of sex
differentiation to induce female-to-male sex reaéftuckenbach et al., 2017). The resulting
neomales ultimately produced monosex, all-femabg@ny when crossed with normal female
(XX) broodstock. Being able to produce neomale Gsbock via high temperature instead of MT
treatment would represent a significant improvemgran current methodology. Moreover,
methodology for monosex female production paireith neproductive sterilization (i.e., sterile
all-female lines) would be particularly benefidiedm a social and economic perspective.

The objective of this study was to determine efaxdtelevated water temperatures on early
gonadal development of genotypic female sablefi¢d.sought to gain greater insight into

mechanisms that regulate sex differentiation angld@ment including temperature effects on
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E2 production and a suite of gonadal sex diffeedinin- and apoptosis-associated genes. We
also sought to assess for the first time the yiilfthigh temperature treatment for induction of
female-to-male sex reversal and/or reproductiveligigion (i.e., germ cell loss). Successful
application would aid commercial sablefish aquageltand could potentially be applied to other

marine finfish species.
2. Materialsand Methods
2.1. Experimental Animals and General Rearing Conditions

Monosex (all-XX genotype) female sablefish wereaot#d from colleagues at the Northwest
Fisheries Science Center's (NWFSC) Manchester Res&iation (Port Orchard, WA, USA)
and originated from a mix of ten unique crossesbeh seven wild-caught females and four
neomale broodstock. Wild female broodstock werdwrap by hook-and-line off the coast of
Washington while neomale broodstock were producid o the present study according to
Luckenbach et al. (2017) and maintained at the N@/R8ild females and neomales were strip
spawned anch vitro fertilization was conducted over a 6-day periogg&and larvae were
maintained using methods detailed by Cook et &l1%2. Briefly, fertilized eggs and developing
larvae were held in incubators and silos, respelstivn a recirculating seawater (5°C) system
until yolk sac adsorption was complete and theyeweady for exogenous feeding. First-feeding
larvae were then transferred to a 1.02 m diaméierdlass tank (0.618 Incontinuously
supplied with heated (14.6°C + 0.1°C) hatchery wate flow-through system until they were
0.2-0.5 g and fully weaned onto dry hatchery fd&dVita, BioOregon Inc., Longview, WA).

2.2. Experimental Conditions

Fish near 30 mm FL (30.5 £ 3.7 mm FL; 0.3 = 0.8gy weight [BW]; mean + SD) and ~90
days post-fertilization were targeted for experitaéon since their gonads are sexually
undifferentiated at this stage (Luckenbach andgfave, 2016). At time zero, 975 fish were
randomly pooled and divided equally (n = 325 figh fank) into three identical 1.02 m diameter
(0.618 ) fiberglass tanks. The tanks were located indwdtts 24-h lighting via overhead

LED tubes (5000°K; Espen Technology Inc., Sant&pengs, CA, USA). The temperature in
each tank was adjusted to one of three targetathient temperatures: control at 15°C (15.6°C
+ 0.8°C),_moderate at 20.5°C (20.4°C £ 0.5°C), higth at 22°C (21.7°C = 0.5°C). Hatchery

water was heated using digitally-controlled immensheaters (Finnex, Countryside, IL, USA).
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To acclimate the fish, the water temperature waeased by approximately 2°C each day until
target temperatures were reached. Targeted ternpesatere based on previous studies with
larval and juvenile sablefish, which identified £5as an optimal temperature for survival and
growth and 24°C as lethal (Cook et al., 2018; Ltesd.e2017; Sogard and Olla, 2001).
Furthermore, sablefish larvae reared at tempematypdo 18°C did not show signs of sex

reversal or sterilization (Lee et al., 2017).

Fish were exposed to treatment temperatures faoajppately 19 weeks (136 days, or nearly 5
months). During the treatment phase they were feahamercial salmon diet (BioVita, Bio-
Oregon Inc., Longview, WA, USA) to apparent satintby hand 3-4 times daily, except on
sampling days, when feed was withheld. Water indin&s was continuously filtered (Cascade
1000, Penn-Plax Inc., Hauppauge, NY, USA) to remsuspended solids. Uneaten feed, feces
and other settleable solids were removed once dgikiphon. At 6-h intervals, 30-50% of the
water was drained from each treatment tank anécegdlwith preheated, filtered, and UV-
treated water from dedicated reservoirs by meatisnef-controlled (Coleman Cable Inc.,
Waukegan, IL, USA) submersible pumps (TAAM Inc., &mon, Seattle, WA, USA) equipped
with float switches (FloTec, Delavan, WI, USA). Watemperature was checked twice daily
with a hand-held digital thermometer (Bel-Art - SBienceware, Wayne, NJ, USA) and
continually recorded at 15 min intervals using Hétemdant temperature loggers (Onset
Computer Corporation, Bourne, MA, USA). During twurse of the 19-week treatment period,
38.5% of the number stocked (325 fish per treatingate lethally sampled. Mortality totaled
30.2%, 26.5% and 43.7% of the number stocked fl@rcontrol, moderate and high

temperature groups, respectively.

At the end of the treatment period, approximatélyigh were randomly selected from each
treatment group, implanted with passive integratadsponder (PIT) tags (Biomark, Inc, Boise,
ID, USA), and pooled into a common 2.46 m diamée37 n) fiberglass tank with flow-
through (60 L/min) ambient seawater (11.2°C + 2)3%Cated outdoors and covered with shade
cloth. The fish were held for one year under treselitions and provided a commercial salmon
grower diet (EWOS Dynamic, EWOS Canada Ltd., Syn€y, Canada) 7 days per week to
slight excess using a clockwork (belt) feeder (Remquatic Eco-Systems, Inc., Apopka, FL,
USA) that operated 16-20 h per day.



168

169
170
171
172

173
174
175
176
177
178
179
180
181
182
183
184

185
186
187
188
189
190
191
192
193
194

195

196
197

2.3. Sample Collection

All fish were handled by NOAA NWFSC staff duringmetimentation in accordance with the
National Research Council guidelines for aquationaits (NRC, 2011) and American Veterinary
Medical Association (AVMA, 2007). When samplingsHiwere first euthanized using a lethal
dose of Tricaine-S (200 ml/L; Western Chemical néate, WA, USA), then decapitated.

Fish were randomly sampled from each treatmentmabtuveek 4. However, because of the
known influence of body size on reproductive depaient and gonadal stage in this species
(Luckenbach and Fairgrieve, 2016), attempts wergent@ size-match fish for sample collection
and analysis at subsequent time points. At eaoh piont (week 4, 12, and 19), 10 fish from
each group were sacrificed for paraffin histologg 40-15 fish for quantitative reverse
transcription-PCR (qRT-PCR). Overall, these sangplime points targeted body sizes between
60-180 mm FL, capturing critical developmental pds of molecular and morphological sex
differentiation that may reflect sex reversal artity (Hayman et al., in preparation;
Luckenbach and Fairgrieve, 2016; Smith et al., 2008e year post-treatment, 35 fish from
each treatment group were sampled for gonadallbgst@and RT-PCR in order to assess
whether treatment effects on reproductive developimere permanent. Morphological

deformities were recorded at one year post-treatagording to Lee et al. (2017).

Gonads were isolated from the fish via one of twgsektion methods depending on the type of
analysis and fish size. During the treatment petiaohk sections of the body (i.e. the gonads
and surrounding kidney and muscle tissue) weredisd for histology to maintain the position
and integrity of the gonads. For gene expressiatyais, the gonads were directly extracted
from the coelomic cavity using fine forceps. Todtegonads for either dissection method, the
head was severed at the insertion of the dorsalrththe caudal peduncle excised just anterior
to the anus. An incision was made parallel to theamic cavity and viscera removed, exposing
the gonads. One year post-treatment, the secoseatien method was used exclusively.
Gonadal tissues were either fixed in Bouin’s solutior paraffin histology or preserved in

RNAlater (Thermo Fisher Scientific, Waltham, MAY fmolecular analysis.
2.4. Gonadal Histology

Methods for sablefish gonadal histology and stagmtigwed Luckenbach and Fairgrieve

(2016). Briefly, gonads were fixed in Bouin’s sadutt for at least 48 h, dehydrated in a series of
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ethanol dilutions, cleared with xylene, embeddeparaffin, cross-sectioned at 5 um thickness,
prepared onto slides, and stained with hematoxyioh eosin. Histological sections were first
examined for any signs of female-to-male sex ralanssterility and notes recorded on gonadal
stages observed. Fish exhibiting fusion of theatlisbds of the ovarian lobes to form ovarian
cavities were also noted. Sections were photoghplith a Nikon digital camera (Melville, NY,

USA) and analyzed as follows using NIS Element iensgftware version 4.0 (Nikon).

To compare ovary size across treatment groupss-s@gional areas of the ovaries were
measured in triplicate photographed sections (emter posterior) for each fish and the average
calculated for each individual (n=10 fish/group;t8€al observations). To assess the degree of
ovarian differentiation/development, the proportadriish with fused or unfused distal ends of
the ovarian lobes (to form ovarian cavities) warded. Cross-sectional areas of perinucleolus
stage oocytes (PN, the most advanced stage ofasopserved) were measured across triplicate
sections for each fish (n=10 fish/group; 300 totagervations) and individual means calculated.
Only centrally sectioned oocytes with the nuclend surrounding nucleoli visible were
measured. Finally, PN oocyte density (i.e., peagatof the tissue composed of PN oocytes)
was determined for each fish by measuring theivelarea of all the PN oocytes in triplicate

ovarian sections.

For fish sampled one year post-treatment, duegartiach larger size of the ovaries, the PN
oocyte density was determined in triplicate phaapips of the same magnification that did not
include the entire cross-sectional area of theiesaFish that had testes (not ovaries) were not
included in this histological assessment and webgested to further testing to verify genetic sex

as described below.
2.5. Gene Expression Analysis
2.5.1. Targeted genes

Ovarian and testicular-associated gene markers sed¢eeted to assess phenotypic sex and
gonadal status. Complementary DNA sequences fgetied genes were obtained from a 454-
pyrosequencing project focusing on differentiatbvgries and testes of sablefish (Hayman et al.,
in preparation) and some previously reported as&aysth et al., 2013). Gonadal somatic cell
genes associated with ovarian development inclim#a (forkhead box L2a) and cypl9ala

(cytochrome P450 family 19 subfamily A polypeptide 1a), somatic cell genes associated with
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testicular development includeldrtl (doublesex and mab-3 related transcription factor 1) and
amh (anti-Mullerian hormone), and germ cell-specific genes includeda (DEAD (Asp-Glu-
Ala-Asp) box polypeptide 4) andzpc (zona pellucida protein c). Apoptosis-associated genes were
also targeted because signs of ovarian degeneradonobserved in the moderate and high
treatment groups. These includedp8 (caspase 8, apoptosis-related cysteine peptidase), casp3
(caspase 3, apoptosis-related cysteine protease), casp9 (caspase 9, apoptosis-related cysteine
peptidase), andp53, a tumor suppressor gene (Table 1).

2.5.2. RNA isolation and reverse transcription

Methods for RNA isolation and RT followed Luckenhaat al. (2011). Briefly, gonads were
homogenized using a TissueLyser Il (Qiagen, Geravamt MD, USA), and total RNA isolated
using Tri Reagent (Molecular Research Center, @mati, OH, USA) according to the
manufacturer’s protocol. RNA samples were dilu@e250 ng/pl and then treated with DNase
to eliminate genomic DNA (Turbo DNA Free kit; Lifleechnologies, Carlsbad, CA, USA). RNA
samples were assessed for quality and quantitgasMD-1000 spectrophotometer (NanoDrop
Technologies, Rockland, DE, USA). DNase-treated RIN& reverse transcribed using
SuperScript Il (Life Technologies) with random pers (Promega, Madison, WI, USA) and 250
ng of RNA in 10 pl reactions. Approximately 10%tbé DNase-treated RNA samples were
randomly selected as no amplification controls (MA@ which water was added in place of RT

enzyme, to confirm that genomic DNA had been elated.
2.5.3. Quantitative PCR

Quantitative PCR was used to determine steady-stRI€A levels for targeted genes in gonad
samples collected at weeks 12 and 19 using metthesisibed in Luckenbach et al. (2011). PCR
primers were designed using Primer3 in MacVectémsoe (Accelrys, San Diego, CA, USA)
and redesigned if an assay displayed multiple prtsda melt curve analyses. Quantitative PCRs
were conducted in 384-well plates using 2X PoweBRYGreen Master Mix (Life

Technologies; final conc.), 150 nM of each prinaargd 0.5 ng of cDNA, resulting in 12.5 pul total
volume per well. Standard curves were generated frooled ovary samples serially diluted to

5, 1, 0.25 and 0.05 ng cDNA and run in triplicéiesays were run on a 7900HT Fast Real-Time
PCR System (Life Technologies) with standard cyctionditions. Dissociation curves were

included in each run to confirm that only one prctcdamplified in the reactions. In addition to
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NACs, no template controls (NTCs), whictntained no cDNA templatgvere included in each
assay. Quantitative PCR products from each assey duectly sequenced by MCLAB (South
San Francisco, CA, USA) to further confirm thageted cDNAs were amplified. This included
confirmation that theypl9ala assay amplifiedypl9ala and not the paralogypl9alb, which

is primarily expressed in the sablefish pituitangldorain (Guzman et al., 2018).

Following methods outlined in Vandesompele et200@), geNorm software was used to
measure the stability of five candidate referermmeg btf3 (basic transcription factor 3), eefla
(elongation factor 1 alpha), rpl4 (ribosomal protein L4), actb (actin beta), and18s. The three
most stable genes with pairwise variatiof.15 werebtf3, eefla, and actb. Therefore, the

geometric mean of these genes was used for nomatiahzof gRT-PCR data.
2.5.4. RT-PCR and gel electrophoresis

RT-PCR was used to assess gene expression pattgyosads of selected fish one year post-
treatment using methods described by Smith eR8lLY). Complementary DNA samples were
diluted to 0.5 ngll prior to PCR using the following conditions: lobg for 3 min at 94°C, 32
cycles for 30 s at 94°C, 30 s at 60°C, 60 s at 7€ 1 cycle for 7 min at 72°C. Products were
electrophoresed on 1.5% agarose gels with 0.1%mwolkf 1X GelRed DNA stain (Biotium,
Hayward, CA, USA) and photographed with camerarggdtheld constant. An NTC was also

included in each assay.

The gene transcriptypl9ala andcypllb (cytochrome P450 family 11 subfamily B) were
assessed to determine whether sex reversal had@d@ne year post-treatmewsa to

confirm the presence of germ cells, aefila as a loading control. The genetic sex of fish tbun
to have undergone phenotypic sex reversal (i.e-g&Xotype, neomales) was verified using a
PCR assay that targets a sex-specific insert isdab&efishgsdf (gonadal soma derived factor)
promoter (Luckenbach and Fairgrieve, 2016; Rondgal, 2013).

2.6. Plasma 17p-estradiol analysis

Plasma was obtained by centrifugation of whole 8I(8000 x g, 15 min, 4°C) and stored at
—-20°C for E2 analysis. Plasma E2 levels were qfiadtby enzyme-linked immunosorbent
assay (ELISA) using a protocol previously validatedsablefish (Guzman et al., 2015).
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Sensitivity, calculated from maximum binding mirtu® standard deviations was 12.6 pg/mi;

intra- and inter-assay coefficients of variatiorrevé.2% and 8.6%.
2.7. Satistical analyses

Statistical analyses were conducted using Prisoftware (Graphpad, La Jolla, CA, USA). Data
for oocyte measures, gonadal gene expression, alea&nand fish size (FL and BW) among
groups within each time point were tested for ndityaith the D’Agostino-Pearson test and
log transformed when necessary. Normally distridwutata were then checked for outliers using
Grubb’s test and one-way ANOVA followed by Tukeyltmie comparisons post-hoc tests
when ANOVA indicated overall significant differerecdn cases where data were not normally
distributed after log transformation, Kruskal-Wsaltest was conducted, followed by Dunn’s
multiple comparison (non-parametric) post-hoc testher’s exact test was conducted for each
treatment group to determine if temperature aftétte presence/absence of morphological

deformities. Results for all tests were considesigdificant when P < 0.05.
3. Results

3.1. Treatment period

3.1.1. Gonadal morphology and metrics

Fish analyzed from the control, moderate and higattent group at 4 weeks averaged 79.3 +
10.1 mm FL (4.4 +1.7 g BW), 90.5 + 12.8 mm (6.2.8 g BW), and 66.5 + 12.3 mm (2.7 £ 1.6
g BW), respectively, and were significantly diffaten FL and in some cases BW as well; fish
from the control and high group were not signifidadifferent, but both were different than fish
from the moderate group. Fish selected for anabtsi® weeks in the control, moderate, and
high treatment group averaged 126.4 = 6.7 mm FLO(13.2 g BW), 127.2 £ 14.8 mm (18.4
8.0 g BW), and 122.8 £ 17.5 mm (16.8 = 7.0 g BW§pectively, and were not significantly
different in FL or BW. Fish selected for analysisl @ weeks in the control, moderate, and high
treatment group averaged 171.6 £ 11.9 mm FL (3% 64 BW), 157.6 + 14.7 mm (39.7 £ 8.1
g BW), and 163.0 £ 12.3 mm (33.34 £ 8.98 g BW)pezgively, and were not significantly
different in BW among groups, however control fidhwas significantly higher than that of the
moderate fish.

Histological sections of monosex female gonads $eanghuring the treatment period showed

10
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neither discernible signs of testicular developntkeat would indicate sex reversal nor complete
absence of germ cells that would indicate sterilitgtead we found that exposure to moderately
elevated temperatures at first slightly acceleratade aspects of ovarian differentiation and
development relative to controls (Fig. 1). At 4 w&e70% of fish from the moderate treatment
group displayed fusion of the distal ends of tharg\obes to form ovarian cavities compared to
only 22% and 10% of fish from the control and higgatment group, respectively. Fish from the
moderate treatment group also had significantigdaovaries (based on cross-sectional area),
average PN oocyte area, and PN oocyte density aechpa controls, while fish from the high

treatment group generally had levels similar todtwetrol group (Fig. 2A-C).

By 12 weeks, 70% of the fish from the high treattrggnup exhibited fused ovarian cavities
compared to 100% of fish from the control and matetreatment group. Fish from the
moderate and high treatment groups exhibited segmfly smaller ovaries compared to control
fish and those from the high treatment group hgdicantly smaller PN oocytes compared to
those of the control and moderate groups (FigAlB2 PN oocyte density was also
significantly lower in moderate and high treatmegrdgup fish relative to control fish at 12 weeks
(Fig. 2C).

By 19 weeks, 100% of the fish from each treatmeaitig exhibited fused ovarian cavities.
However, differences in ovary size among treatngeoaips were striking (Fig. 1), with
significantly smaller ovaries observed in the matkeand high groups compared to control (Fig.
2A). Average PN oocyte size was significantly diéiet between the control and high treatment
groups, while the moderate group showed high veeiamd was not different from the other
groups (Fig. 2B). In agreement with data for ovsine, PN oocyte density was significantly
lower in the moderate and high treatment groupspawed to the control (Fig. 2C). Over the
entire treatment period, the density/number of Bilytes showed little increase in fish from the

high treatment group relative to fish from the ntadie and control groups (Fig. 1, 2C).
3.1.2. Somatic and germ cell-specific gonadal genes

Targeted somatic cell genes associated with ovaearlopment includedypl9ala andfox|2a,
which exhibited similar patterns of expression asrseatment groups at 12 and 19 weeks (Fig.
3). Levels of botttypl9ala andfoxl2a were significantly elevated in the moderate andhhig

treatment group compared to the control group avdeks. At 19 weeks, this pattern was
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maintained forcypl9ala andfoxl2a in the high treatment group, whereas the modéradéément
group had intermediate levels not significantlyfelént from those of the control or high

treatment group (Fig. 3).

Targeted somatic cell genes associated with téatidevelopment includedinrtl andamh. For
dmrtl, although transcript levels in the moderate aiggh fieatment group trended higher than
control at 12 and 19 weeks, there were no sigmfid#ferences among groups (Fig. 3). As for
amh, transcript levels in the high treatment groupens&gnificantly higher than those of controls
at 12 and 19 weeks, while levels in the moderatemvere intermediate and only significantly

elevated relative to the control group at 19 weé&kg. 3).

Targeted germ cell/oocyte genes includeclandvasa. Transcript levels fozpc were not
significantly different between the control and recate treatment group at 12 or 19 weeks,
howeverzpc levels in the high treatment group were signiftbalower than control at both 12
and 19 weeks (Fig. 3). Levels zigc also increased about two times in the controlranderate
groups between 12 and 19 weeks but showed lithag in the high treatment group. Fasa,
transcript levels at 12 weeks in the control graugose markedly elevated compared to the
moderate and high treatment groups (Fig. 3). Sitgjlat 19 weeks, transcript levels in the
control group were significantly higher than thase¢he high treatment group, while levels in the

moderate group were not different from control (g
3.1.3. Apoptosis-associated genes

Caspase 8 and 3 represent cysteine proteasesatisdogith the extrinsic apoptotic pathway. At
12 and 19 weeks, transcript levels ¢agp8 in the moderate treatment group were significantly
higher than control, while levels in the high treant group were higher than control at 12
weeks and comparable to both the control and mtsleeatment group at 19 weeks (Fig. 4).
Transcript levels focasp3 exhibited a declining pattern with exposure tovated temperatures
at both 12 and 19 weeks (Fig. 4); levels in thénliigatment group were significantly lower than
the control group, while the moderate group wasrimediate. Focasp9, no significant
differences were observed between treatment gratugisher time point, though an increasing
trend with temperature was noted at 19 weeks @jid.astly, transcript levels of the tumor
suppressop53 were significantly higher in the moderate and Higtatment groups relative to
control at both 12 and 19 weeks (Fig. 4).
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3.1.4. Plasma 17p-estradiol levels

At week 12 of the treatment period, plasma E2 euefish from the high treatment group were
significantly lower than those of control fish, wnthose of fish from the moderate treatment
group were intermediate and not significantly digfe than the control or high treatment group
(Fig. 5). By 19 weeks, mean plasma E2 levels hatirsal for all groups and no significant

differences were found among treatments (Fig. 5).
3.2. One year post-treatment
3.2.1. Gonadal morphology and metrics

Fish analyzed from the control, moderate and higattnent group at one year post-treatment
averaged 470.0 £ 32.4 mm FL (1168.3 + 264.3 g BAg}, + 30.8 mm (1012.1 + 261.0 g BW),
and 394.4 + 38.0 mm (647.8 £ 156.9 g BW), respebtijvand were significantly different in FL
and BW in one case; fish from the control groupenggnificantly larger than those from the
high treatment group. Rates of morphological defbesiwere 40, 83, and 91% for fish from the
control, moderate and high treatment groups, res@dyg, and significantly elevated in fish from

the moderate (p=0.0005) and high treatment (p<@PAGMuUps compared to the control group.

Histology of monosex female gonads after one ye@anmbient seawater generally (see
exceptions below) indicated that temperature edfentovarian development were not
permanent, and that development, which was sevanglyited during the treatment period,
fully recovered by one year post-treatment (Fig).@2onsistent with these histological
observations, average PN oocyte size and densiy mgg different across treatment groups
(Fig. 6B-C). Furthermore, the gonadosomatic indeSI{ (gonad weight/body weight) x 100))
was approximately 0.3% for all treatment groups aoidsignificantly different among groups

(data not shown).
3.2.2. Plasma 17f-estradiol

One year post-treatment, no significant differeringdasma E2 levels were found among
treatment groups (Fig. 6D). There was howeverradtod higher levels in controls, followed by

the moderate and high treatment groups, respegtipel.06 for high compared to control).

3.2.3. Instances of sex reversal

13



403
404
405
406
407
408
409
410
411
412
413
414
415

416

417
418
419
420
421
422
423
424
425
426
427
428
429
430
431

Phenotypic sex reversal was not observed in ahysasnpled from the control or moderate
treatment group. However, 6% of the fish (2/35) gi@ah from the high treatment group
appeared to be sex reversed and possessed putatireeiotic testes with no ovarian features
(Fig. 7A). Gonads of the two high temperature-gatezt neomales had undetectable expression
of the ovarian markerypl9ala and elevated expression of the testis mariggtlb (Fig. 7B).

This corresponded well with results for MT-genedateomale and control male sablefish from a
previous study (Luckenbach et al., 2017) analynegharallel with samples from this study (Fig.
7B). Control females on the other hand exhibiteddpposite pattern, having discernable
expression ofypl9ala and no detection adypllb (Fig. 7B). The germ cell markeasa was
detected in gonads of all individuals, indicatihgttthe fish possessed germ cells and thus were
not reproductively sterile. Designation of the higimperature-treated fish as neomales was
further verified by confirming that they were indiegenotypic females using tlyedf genetic sex
marker (Fig. 7C).

4. Discussion

This study with monosex female sablefish evaluttedeffects of elevated temperature on early
reproductive development and potential inductiosedt reversal or sterility. Most studies of
temperature effects on sex determination/diffeegiatn have been conducted with species that
exhibit a high degree of sexual plasticity in resp®to environmental conditions. Sablefish on
the other hand appear to possess a strict GSD misahaot easily disrupted by standard rearing
procedures. At week 4 of the treatment period, aumdél only minor differences in ovarian
differentiation and development in response toatled temperatures, which may have been
influenced by differences in body size. However1Byweeks, morphological, endocrine and
molecular analyses indicated significant inhibit@frfemale reproductive development,
including reduced ovarian growth and E2 productand increased expression of the testis
markeramh, as well as some apoptotic genes, particularfisinfrom the high treatment group.
By the end of the treatment period (week 19), iitbrlg effects of elevated temperature were
even more pronounced with fish from the high tresattrgroup exhibiting significantly reduced
ovary size, PN oocyte size and density, and gethmaeker {/asa, zpc) gene expression

compared to controls, suggesting germ cell lostasis.
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Despite the significant developmental impairmergastsed during the treatment period, these
effects were not permanent. After all fish weresfarred to ambient seawater for one year,
oocyte development resumed and fish from the meelarad high treatment groups, with some
exceptions, developed ovaries indistinguishablmftibose of controls. Treated females therefore
demonstrated full compensatory recovery of ovadievelopment one year post-treatment.
Although reproductively sterile (germ-cell free3Hiwere not observed, 6% of the fish from the
high treatment group were sex reversed by temperand possessed testes that expressed the
testis markecypllb and had no discernable expression of the ovaremkencypl9ala. These

represent the first documented instances of tertyreranduced masculinization in this species.

High temperature exposure near the time of gonsslatifferentiation has been shown to induce
masculinization or reproductive sterilization irverl fish species (Guiguen et al., 2010), and
the switch between masculinization and sterilizatitay be attributable to the interactive effects
of selected temperature and duration of exposaoriéapias (genu®reochromis), female-to-

male sex reversal has been documented at tempsatB2°C with relatively shorter durations
of exposure (Baroiller et al., 2009a), whereas/ersible sterilization was recently documented
in Nile and Mozambique tilapia niloticus andO. mossambicus) exposed to ~37°C for longer
durations (Nakamura et al., 2015; Pandit et all520Because we observed a 6% rate of sex
reversal of sablefish in the high treatment groope@and no instances of sterility, a prolonged
treatment duration would be worth testing in thieife to potentially achieve higher rates of sex
reversal or sterilization. This is supported bysotvork in our lab which indicated that dietary
MT treatment needed to extend well beyond the pesfanorphological sex differentiation (70-
150 mm FL) to induce masculinization of XX-genotygadblefish and that further
masculinization may occur post-treatment (Luckehbegtal., 2017; Luckenbach and Fairgrieve,
2016). Importantly, since the high temperaturetineamt approached the lethal level for juvenile
sablefish (24°C; Sogard and Olla, 2001), it iskelli that higher temperatures could be tested

without detrimental effects to the fish.

During the process of sexual differentiation, feeaand male-determining factors expressed in
the gonads have antagonistic roles, with theirjpiég ultimately tipping the balance toward one
sex versus the other (e.g., Kim et al., 2006; lalet2013; Siegfried, 2010). Two of the most
important genes to E2 biosynthesis and hence avdiiferentiation and maintenance in fishes

are the steroidogenic enzyrogl9ala and the female predominant transcription fatigi2a
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(Baroiller et al., 2009b; Guiguen et al., 2010; shad Wang, 2014; Siegfried, 2010). FoxI2a
regulates the expressionaypl9ala and upregulation afypl9ala is necessary to trigger and
maintain ovarian differentiation, while suppressajitypl9ala can lead to masculinization. In
several studies, high temperature has been shosupfress gonadhixl2a andcypl9ala
expression, and thermal application particularlyirtyithe sexually labile period can override
sex differentiation of genotypic females, resultingemale-to-male sex reversal (Baroiller et al.,
2009b; D’'Cotta et al., 2001; Kitano et al., 1998nmMan and Piferrer, 2008; Shen et al., 2018).
Previous work in sablefish has demonstratedfthd®a andcypl9ala are both highly expressed
during ovarian differentiation and low during tesiar differentiation (Smith et al., 2013).
Interestingly, in the present study, levels of theetRNAs increased in response to exposure to
elevated temperatures. Upregulation of these geaesiot anticipated based on studies in other
species and may indicate resilience of the endagefemmale program in sablefish. This is also

supported by the relatively low rate of sex revieodmserved.

On the other hand, plasma E2 levels were signifigdower in fish from the high treatment
group compared to controls at 12 weeks. This oeduroncomitant with higher gonadal
expression ofoxl2a andcypl9ala, which again are essential to E2 biosynthesis.dtfficult to
reconcile this contradiction, but one must consttlat although gonadé&bxi2a andcypl9ala
MRNAs were significantly elevated by temperatusgries of fish from the high treatment
group were significantly smaller than those of colfish. Therefore, total capacity to produce
E2 should be reduced proportionally.

For sex reversal to occur, it may have been esdehéit E2 levels were reduced at 12 weeks
(and possibly earlier in development). Lower levadl&2 have been shown to upregulate
gonadal expression of the transforming growth fiagemeamh and thus drive sex reversal in
genotypic female fish (Fernandino et al., 2008hulnber of studies have also documented
upregulation omh and the male-predominant transcription fadkortl during high

temperature treatment (Baroiller et al., 2009bePdr and Guiguen, 2008; Poonlaphdecha et al.,
2013; Wang et al., 2010). We found that sabldfishtl mRNA levels were not significantly
different among groups at any time point, but cstesitly trended higher at more elevated
temperatures. Gonadal levelsanfh on the other hand were significantly upregulateelevated
temperatures relative to controls. These resufjstter suggest that male-determining factors

were generally activated in gonads of the monosmafe sablefish exposed to elevated
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494  temperatures and likely played a role in ‘tippihg balance’ toward testicular differentiation in

495 some individuals.

496 In addition to the above genes associated withdgéerentiation, several apoptosis- and germ
497 cell -associated genes were assessed during #itmaet period to determine whether apoptotic
498 mechanisms could have played a part in the obsentdaition of ovarian development or sex
499 reversal. Gonadal apoptosis/atresia is a commarepsathat maintains ovarian integrity by

500 eliminating non-viable or excess germ cells and th&rounding somatic cells (Saidapur, 1978).
501 Rates of apoptosis and atresia may also increabeewposure to environmental stressors like
502 high temperature (Saidapur, 1978; Uchida et aD428amamoto et al., 2011). Caspases are key
503 factors in the apoptotic pathway that can be lgrgategorized as either initiator caspases (e.g.,
504 casp8, casp9), responsible for activating effector caspasegfi@ctor caspases (e.gasp3),

505 responsible for cleaving cellular targets, resglimcell death (Johnson and Bridgham, 2002;
506 Takle and Andersen, 2007). In general, we fountighaadalcasp8 mRNA levels were

507 significantly elevated in fish from the moderatel dmgh treatment groups andsp9 levels were
508 not different among groups. Increases in goneagd8 expression occurred concomitant with
509 decreases in germ-cell markeps andvasa, which were consistently downregulated in the high
510 treatment group. Interestingly, the effector caspeasp3, exhibited a downward-stepping

511 pattern with gonads of control fish having the EghmRNA levels and fish from the high

512  treatment group having the lowest levels. Caspasé&Bown to be heavily post-transcriptionally
513 regulated however to avoid unwanted cell death $Reeal., 2002), so this could potentially

514  explain the discordance in expression patternsdmtvgome of the caspase genes.

515 In addition to caspases, we investiggiéd, a tumor suppressor responsible for preventing

516  unwanted cell growth, typically expressed at lowels under normal conditions (Fridman and

517 Lowe, 2003). Under different types of cellular sgethgp53 apoptotic pathway may be

518 activated to suppress proliferation and developroédamaged cells (Fridman and Lowe, 2003).
519 We found that the expression patterngd8 resembledatasp8 with significantly higher levels in

520 the moderate and high treatment groups at botind2 & weeks, suggesting these genes together
521  could have played a role in the observed ovarigederation and/or sex reversal. Previous

522  studies in zebrafistD@nio rerio) and rice eellonopterus albus) have suggested thpb3-

523 mediated gonadal apoptosis may be involved in thegss of sex reversal (He et al., 2010;

524  Rodriguez-Mari et al., 2010). Furthermore, in cellmon Oncorhynchus kisutch), casp8,
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casp9, andp53 were some of the strongest markers of fastinggadwovarian atresia
(Yamamoto et al., 2011).

Another mechanism worth exploring in future tempamaexperiments with sablefish would be
the potential role of the stress-associated glutimoad hormone, cortisol. Temperature-induced
sex reversal was found to be mediated by elevaig@ol production in several fish species
(Baroiller and D’Cotta, 2016; Hattori et al., 200%ayashi et al., 2010; van Den Hurk and van
Oordt, 1985) and could have a role in the ovanmuibition and/or sex reversal we observed.

From an applied perspective, neomale broodstock argical component to monosex female
production of sablefish, which capitalizes on thpegior growth of females relative to males
(Luckenbach et al., 2017). Based on methods téstinils study, we now know that neomale
sablefish can be generated via high temperatuaément, which is a chemical-free and more
eco-friendly approach compared to dietary MT treattnGiven the relatively low rate of sex
reversal in this study, optimization of temperateatment would be necessary to increase
proportions of sex-reversed individuals. As mergiabove, modifying the duration of
treatment and/or developmental timing of thermaligation (e.g., earlier developmental
exposure to high temperature) may increase negonaportions. Longer-term studies are also
needed to assess the ultimate reproductive perfarenaf neomale sablefish generated via
different approaches (i.e., temperature as oppimsbtl) and potential deleterious

morphological deformities that may arise from higimperature exposure.

In conclusion, continuous exposure to extreme ééelvemperatures markedly inhibited early
ovarian development in sablefish, reducing ovagiwth, PN oocyte density and size, plasma
E2 levels, and germ-cell marker gene expressioanweaile, gonadal expression of key female-
and male-determining factors and some cell deatbesested genes were stimulated. Following
transfer to cooler, ambient temperatures, sablefxhbited striking compensatory recovery of
ovarian development. The exception to this wasreearsal of 6% of the individuals exposed to
the highest temperature. We posit that the reduatidc2 production and upregulation of
expression odmh and apoptotic factors led to the observed ins&n€sex reversal. To some
degree, the low percentage of sex reversal andaisterile individuals lends further support to
prior research suggesting sablefish are a strdB& species with relatively low sexual

plasticity. Sex-reversed sablefish have only presiyp been produced by dietary exposure to sex
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steroids, therefore this is the first demonstratbeex reversal by rearing conditions alone.

These results may have positive implications famale broodstock production for aquaculture.
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756  Figurel

757  Comparative ovarian development in monosex fermathefish after 4, 12, and 19 weeks of

758  continuous exposure to control (15.6°C + 0.8°C)derate (20.4°C + 0.5°C), or high (21.7°C £
759  0.5°C) water temperatures. All photomicrographsesent transverse histological sections of the

760 gonads. Arrowheads]( denote the dual ovary lobes. Perinucleolar os;\R&l. Scale bars =

761  100pm.
762
763  Figure?2

764  Quantitative analysis of ovarian development in osmx female sablefish after 4, 12, and 19
765  weeks of continuous exposure to control (15.6°C8©), moderate (20.4°C £ 0.5°C), or high
766  (21.7°C £ 0.5°C) water temperatures. (A) Averagessrsectional area of the ovaries, (B)

767  Average perinucleolar (PN) oocyte area, and (CoB&jte density. Data shown represent
768 means + SEM of n = 10 fish per treated group al éawe point. Shared lettering within a time
769  point indicates no significant differengg>0.05) between treatment groups.

770

771  Figure3

772  Relative mRNA levels for markers of ovarian anditesgar differentiation and germ cell

773  development in monosex female sablefish after I21&nweeks of continuous exposure to
774  control (15.6°C £ 0.8°C), moderate (20.4°C £ 0.5°@)high (21.7°C £ 0.5°C) water

775 temperatures. Box plots represent the median aadjunartile range (IQR); whiskers extend to
776  the minimum and maximum observed values withGper treatment group at each time point.
777  Shared lettering within a time point indicates igm#icant difference §>0.05) between

778  treatment groups.

779

780 Figure4

781 Relative mRNA levels for apoptosis-associated geamgsnads of monosex female sablefish
782 after 12 and 19 weeks of continuous exposure asedepost larvae to control (15.6°C £ 0.8°C),
783  moderate (20.4°C = 0.5°C), or high (21.7°C £ 0.5M2}er temperatures. Genes represent

784  cysteine proteases in the extrinsic and intrinpmpéotic pathway, along with a tumor
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suppressor. Box plots represent the median andjirdetile range (IQR); whiskers extend to the
minimum and maximum observed values with 8 per treated group at each time point. Shared
lettering within a time point indicates no sign#id differenced>0.05) between treatment

groups.

Figure5

Plasma 1p-estradiol (E2) levels of monosex female sables@impled after 12 and 19 weeks of
continuous exposure to control (15.6°C = 0.8°C)darate (20.4°C = 0.5°C), or high (21.7°C £
0.5°C) water temperatures. Box plots represenirtbdian and interquartile range (IQR);
whiskers extend to the minimum and maximum obsewadales with r> 8 per treated group at
each time point. Shared lettering within a timenpandicates no significant differencg>0.05)

between treatment groups.

Figure 6

Comparative ovarian development in yearling sadtefiontinuously exposed to control (15.6°C
+ 0.8°C), moderate (20.4°C £ 0.5°C), or high (2C#°0.5°C) water temperatures for 19 weeks
followed by one year at ambient temperatures (I122.3°C). (A) Representative
photomicrographs of ovarian histological sectidbsale bars = 10Am), (B) Average
perinucleolar (PN) oocyte area, (C) PN oocytes itigrend (D) plasma IJ¥estradiol (E2)

levels. Data shown represent means = SEM of n pet@eatment. Shared lettering indicates no
significant differenceg>0.05) between treatment groups.

Figure7

Gonadal analysis of sex-reversed, genotypic-ferf@#g sablefish continuously exposed to high
(21.7°C £ 0.5°C) water temperatures for 19 weekevied by one year at ambient temperatures
(11.2°C £ 2.3°C). (A) Representative histologicattson of a putative non-meiotic testis
composed of type-A spermatogonia (SG, Scale b& mi); (B) RT-PCR results for ovarian
(cypl9ala), testicular €ypllb) and germ cellMasa) markers assessed in a control female (XX
genotype) and two high temperature-induced neoniXésfrom the present study, as well as a
methyltestosterone (MT)-induced neomale (XX) andtd male (XY) from Luckenbach et al.
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815 (2017); (C) PCR results for the sablefish geneaticrmarkergsdf, using genomic DNA isolated
816 from the same individuals. A positive control RTfR@Grgetingeefla and no template controls
817 (NTC) were included where appropriate. All PCRsevg? cycles and electrophoresed on 1.5%

818 agarose gels. Ovaries, Ov; Testes, T.
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Table 1. Sablefish primer sequences for RT-PCR and quantitative PCR.

Transcript Forward Primer (5'-3") Reverse Primer (5’-3’) SFI)ngd(lé;t)
cypl9ala CATCTGGACTGGTATAGGCACA TCCATTCTTCAGTACATGGTGC 136
cypllb GGGCAGCTATCTTTAGACCTCA GATCTCCTTGATTGTGCCTTTC 228
foxl2a CCTACTCCTACGTCGCTCTCAT GTCCAGTAGTTCCCCTTCCTCT 220
dmrtl CTGAGGTGATGGTGAAGAATGA AATAGGAAGTTTCCAGCAGCAG 183
amh TACATATTGCTGACGGGACAAG TATCGTATCCTCTTTCCCCAGA 181
zpc ATCTGGTACTGTTTGGTGCTGT GATGTCATGGGTAGCCAGGTAG 154
vasa TCCATTTTTGCCCACTACGAGA GTTTCTTTTCAGGGACTCGCAC 138
casp8 GAAACGACTTGCACTCTGACAC CTGTTCTTCATCCAAGCATGTC 196
casp3 ACAGGCATGAATCAACGAAACG TCTCCGTGACTCAACAGAACAC 194
casp9 TACCGATGACTTGGTCAGAATG CTTGGGTTTGAAAGTGGAAAG 131
p53 TGCCATTCGTTTAGATTCACAC CGATTGACAGCCTAAAGGAGAG 115
btf3 GAGATTAGCAGAGACCCTTCCC TGTTTGTTAGTTTGCCTCGTCC 142
eefla ACCGGTCACCTGATCTACAAGT TAATACCTGCCGGTCTCAAACT 188
actb TGCGTGACATCAAGGAGAAG AGGAAGGAAGGCTGGAAGAG 175






