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and is regulated by steroid hormones. [Methods] Using Trachemys scripta elegans as a model, this study
explored how maternal laying-season differences and exogenous steroid hormone treatment affected the
plasticity of embryos’ critical temperature. Turtle eggs were incubated at male-producing (26.0 °C),
intermediate (28.5 °C and 29.0 °C), and female-producing (31.0 °C) temperatures, with specific exogenous
steroid-hormone treatments (aldosterone, cortisol, estradiol, progesterone, dihydrotestosterone, and
testosterone). Inter-group differences in female sex ratio were assessed by Chi-square tests. On the basis of
temperature-dependent sex ratio data, binary logistic regression models were adopted to fit the
temperature-sex response curves, from which the 7pv and the transitional range of temperatures (7kr,
producing 25% ~ 75% females) were estimated. [Results] (1) Late-season embryos had higher heat sensitivity,
with Tpiv 0.62 °C lower and Trr 44% narrower than early-season embryos (Fig. 2). (2) Exogenous estradiol
and progesterone had strong feminizing effects (Table 2), inducing 93.3% ~ 96.7% female offspring even at
the male-producing temperature (26.0 °C). (3) Exogenous cortisol and aldosterone finely regulated Tpiv
thresholds (max ATpiv = +0.30 °C) and Trr widths (0.06 ~ 0.90 °C) (Fig. 3). (4) Crucially, exogenous
testosterone showed significant feminizing effects at intermediate temperatures (28.5 °C and 29.0 °C, Table 2).
[Conclusion] This study shows that maternal seasonal laying time and embryo responses to exogenous
hormone signals work together, dynamically adjusting heat-sensitivity thresholds (7piv and 7wrr) to
significantly change embryo sex-determination patterns.
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AT B A TE AN T Fs R FEE MR A 2 1) e s
( temperature-dependent sex determination ,
TSD) Hliil, HAZOAET MG K & i U
(temperature sensitive period, TSP) PN &L X}
PG o A RS R 4 (Bull etal. 1979, Viets
etal. 1993, Valenzuela and Lance 2004) . 1Z#l
il AR A A p BAE SRR, (E0] SR
F v MRORSASE FLAE A AR I 1S 557 T I M G 59
—— XA AR 2 A KR AR R SR
(Hawkes et al. 2010, Lockley and Eizaguirre
2021) o KL YE (TSD) R4 E
N TSD 15 TSD 1T %2, TSD Ta 285 (40
fls HD RIUCNERS M. R~ TSD b
FAE k) ) LB [ 1 TSD 1T
FAE s E . 85 H D WA A ()R R
P ) A% i R B 7= ME ( Merchant-Larios  and
Diaz-Herndndez 2013) . fi##1 TSD MIA%LAE
TR S8 A 101 PRI BRI
M E—KHEIR . (pivotal temperature,

Toiv) » LARG™ A2 TR A 1t 0] B AR A it 2 [X [
IR Vil (transition range temperature,
Trr) (Bull and Vogt 1979, Valenzuela and Lance
2019) .

EAERNZE, RBEIERE (T HAEEE
i . fE/NEZH (Chelydra serpentina) (Ewert
et al. 2006) . #i L (Chrysemys picta) (Bowden
et al. 2000) K& 4L H fa ( Trachemys scripta
elegans) (Carter et al. 2016) ZE¥Fh, W
SBNIHISE (Toi) BEZETT AR A BN A
A X EEF) S I A BEEEE R R (i
MEZ T SRR RS OCHR. RN
f#20 (St. Juliana et al. 2004) 145 % ¥ (Bassiana
duperreyi) (Radder et al. 2007) HHEWFARK
YR R RS FARME R B BB R, 2
KEFEBERAE KB RERER T, 22,
R A B 72 (Radder 2007, Valli
etal. 2023) o SEE [, LI FTUIRHIEK,
AMIE 2K [ 2 W] LT TR MESH A R 1 )
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OB AT, BN, M ZREAE 2 MRS e
i 2 3 $2 = ME L LE 1 (Ramsey and Crews
2007) 5 SEMHAAE A S R I B R ) (2
YEF (Fernandino et al. 2012) ; 7 &% J5i B AN %
] ] D) £ 28 A TE AT 288 v ] it e e 1 A4 )
FE i (Wibbels and Crews 1995, Crews 1996,
Ye et al. 2025) o IX5| AN SCERLE )
AR 0T, WRAEXT AN S [ B i
E5 WML, A& H) OCHIRE (Thiy) ALIE
TFETERE (Trr) TEEVEVERE ) N AENLE] 2

I AR FUaE — RN, G AR R AT
R R B IR, ALFEE G B IR B
[P A L %2 (Du et al. 2011, Lietal. 2014,
Yeetal. 2019) o IRIATEHT Tp WIS AT
BRI A AMERE T), BRIV RE S N
I RGHHAE G . SR, ARG SR T A2 R
TEIR BT IR E RS (2 ~ 4 °CIaJRR) , ELIRE
L E R A O B IR L B (AT <
0.5 °C) o J AT AEE RS (constant
temperature equivalent, CTE) ML E AL
TR BN T 1 BB 248 7 T AR AE SR PR, ELAOR
WP sh 5 RMAZE T Aty (WK 2
() PRI B[R R AL ) e 45 1 A

N R [ B, ASHIFUIEEL TSD Ta BUAE
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1.1 FERWEE. BERAEMEAL

NI STAS S N o N\ N 2oL 7 (s S 63
U (S 2023071) o T 2024 FEEGEEH R
W (5 AD M (7 A, MR
B REHT = LB A, 3t 126 & 957 ffa
gp, o, 5 A 15 % 114 Mcfaby, 7 5 1115
843 MUl & EIFEARICSE, L RLEHEG R
SIS E . WM E T RARIEE A ORI
FE-220 kPa) ) 80 ml ST IR, 15
PR B TR A R IR o0 B A8 s A R A
A], ZXSD-R1430) 7£ Tl 5 B SR B R iF
fh: PEHREIRE (26.0°C) « AR E (28.5°C
F129.0 °C) e MERSE (31.0 °C) . b4
FEAE P bR AR IR LT AT 2 M I, PR URLRE U
A 0.1 °Co NER T WA 1 B4 7
T Gy B B A RS2, AR 5 9 0l 7
BHHEN (5 A, 15 5) MEHHEEEY (7
H, 14 5 K883 KM@Y nn s
26.0 °C. 28.5°C. 29.0 °C. 31.0 °CPY/NE
BEATIE IR AL, DA R 4 5] L 1% o -
97 & M HABH I 5] /3 L & 26.0 °C. 28.5 °C.
29.0 °C. 31.0 °CPYANIEE AT IR 1L,
MR R EZEE 15 1 (Yntema 1968) ([
WE IR & T R BB TSP MIcsE s 1) ,
VAN [FIRLRE T B0 5 BE WL 2> 2H 2 A () 3R A B
W, FABAFEAE WK 1o X LA O R 1
— I 10 pl —H K (dimethylsulfoxide,
MedChemExpress “E#FHE AR, EH, K5
HY-Y0320) . Bz ALFRALR IR T — AR
) 10 pmol/L ANV E RS,  [FIAE I
10 ul, IR EEARHE AT R RIS (Ye et al.
2025) o FTFHBE MR BORIEM T [ A
(aldosterone, &5 HY-113313) . K
( cortisol , %& 5 HY-NO0583 ) . Wff — ¥
( 17B-estradiol , %% 5 HY-B0141) . 2%~ [
(progesterone, 55 HY-N0437) ¥RJET 3£
MedChemExpress AVIFHE A ], X2 H
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( dihydrotestosterone , 55 D-073) F1 = fii
(testosterone, H¢5 T5411) #2KJET Supelco,
1[5 BR e AR 1A

K1 AREE. RKEFERLETEREALRER
Table 1 Sample sizes under different temperature

and steroid hormone treatments

PRI () BEALIREE (°C) e AR
Spawning season  Incubation Hormone Sample
(month) temperature treatment size (ind)

5 H May 26.0 ZHEHA 27

28.5 Dimethylsulfoxide 29

29.0 29

31.0 29

7 A July 26.0 — AR 31

28.5 Dimethylsulfoxide 31

29.0 30

31.0 30

7 F1 July 26.0 T4 [ ] 31

28.5 Aldosterone 31

29.0 30

31.0 30

26.0 B 30

285 Cortisol 30

29.0 29

31.0 29

26.0 W 30

28.5 Estradiol 30

29.0 29

31.0 29

26.0 Z 30

28.5 Progesterone 30

29.0 30

31.0 29

26.0 WU S 31

28.5 Dihydrotestosterone 30

29.0 30

31.0 30

26.0 £ 31

28.5 Testosterone 31

29.0 31

31.0 30

1.2 ghiftEsE RN % e

7t 4l fa AR T YRS (150 mm x 100 mm
x 60 mm) H, iR EEFEIA 28.0 °C, JEFH 121
212D, B H B R O Rk

mARATD o WFRE 3 AR, RIEmS G
PERRIE AL e )] (Pieau et al. 1999)
1.3 Gitair

BT 4iit 43 £ IBM SPSS Statistics 27.0
BT, BEWAKFEEN o = 0.05. &~
FACHEE (5. . W) mMErEECE
B2, AR . BT AREE T
MEPE LA B A, R — 06 Logistic B AR
G FE-VE R B2, A Toi CHEME G4
50%) K Trr CHEVEELG] 25% ~ 75%5%F Nk
WHED .

2 gR

2.1 REBRERETHEER

RS2 (5 A) WA 0.5 °Cld %
(28.5 °C vs. 29.0 °C) (M N5 55, M Le A
T AL (285 °C 17.24% vs. 29.0 °C
20.69%, x*1.ss=0.112, P=1.00) . 1Ml
FEZE (7 ) WEAR RIS 5225 1) Uk -
IR 28.5 °CTHE 29.0 °CH, MM LI M
25.81% 2T E & 76.67% (421,61 = 15.779, P <
0.001) o Humild T, PIAZE T 4ERE ™ i 1
ERME—26.0 °CI ToHEMENME (5 H: 0/27;
7 H: 0/31) , 31.0 °CiFEE: ELB1N 100% (5
H: 2929; 7 A: 30/30) (& 1) . Logistic
[FLH BT — 47N, BRI (Thi) MFHH
51 29.36 °CHe % MR 28.74 °C (AT =
-0.62 °C) o [FIT, G HAZRIAR e iyt I Ji 2 i [
(Trp) REWCE, NFIZER) 0.88 CH4ie
0.49 °C (PENRIE 44%) , 28 W IR B - 51 mig 3
HHZERERTEABEN (K 2) o Xsegt RILENE
S, BRG] 22 T S A PR 45 R iR AU E,
FEIGEIAIRNG Ty B FEAR B0 R € B 1
2.2 AFEHEREET K EBEBE R L B R

FEREVEALIEE (26.0°C) T, M —HF 5241
Pl Fe2 3t s A3 AR S80S, 43 ) 55 96.7% (I
T, y2161=60.00, P<0.001) F193.3% (X4
fii, ¥%1.61=253.48, P<0.001) MEPE, T HA



* 380 - B2 & Chinese Journal of Zoology 61 %%

s n.s
T
. Temperature (°C) 29/29 30/30
~ 100
S w260
2 28.5 %
= 29.0 5]
E 75 L 31.0 23/30
3
=
2
5 50+
s
£ n.s. %
% 25 8/3
= B 31
= spg 829
0 0/27 0/31
T H May £ 1 July
I 7T Breeding seasons

B 1 AREEFET SR
Fig.1 Sex ratios of hatchlings from different breeding seasons
A5 26.0 °C. 28.5°C+ 29.0 °CHI 31.0 °CHILALBHRIRE o 4 LT RIB P ROoR AN A B b EME D A U Ak 5 8. * AMZEREE, P<
0.05; ns. AEZERALRE, P>0.05

Incubation treatments included 26.0 °C, 28.5 °C, 29.0 °C and 31.0 °C. Numbers above the bars are the number of females / total number of

hatchlings in each treatment. * P < 0.05 between groups; n.s. P > 0.05 between groups
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Fig.2 Sex ratio response curves of hatchlings in May (orange line) and July (blue line)
SLERARR T SUR MR (GLMD T, B IX SRR 25% ~ T5%I R TR (Tre)o RAMMCEENFTMSCRBE ().
Solid lines represent generalized linear model (GLM) predictions, and shaded areas indicate 25% ~ 75% transition range of temperatures (7xr).

Dashed lines mark pivotal temperature (7};y) for each season.

F BRI R lE. DR 20D K2 23R 3% 02,6 =637, P=0.021)f143.3%
EUCE b . R BEEE X (28.5 °CHI (x%1.60=6.94, P=0.008) ; J¢JiEEHIHEM:AL
29.0°C) , WRIFAELEUERES: BERE  FUNFERE NG 78 28.5 °Cog 4 Mk
FANHMELL, 5 28.5 °CHI1 29.0 °CHUMETELLE] MR (0%, x%1, 61 =8.91, P=0.003), £ 29.0 °C
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AR U AR 24.1% (o1, 50 = 16.28, P <
0.001) ; XA EHALE 28.5 °Cxf 1 L TR m (M
P 26.7%, 421,61 = 0.01, P = 0.939), {H{E 29.0 °C
2E PR ARHEYE LL ], B XTRRAE T 76.7% % &2
46.7% (160 = 571, P =0.017) ; TiS2EHLE
28.5 °CHeFE mMEME LLB (HEME 51.6%, %1, 6 =
435, P=0.037) , 7E29.0 °CH:LLgE R 5%
HILZER (83.9%, »%1,61=0.50, P=0479) .

ME W 5 28R LE 28.5 °CHI129.0 °CHi% S KT
ST 96.7%MEME (28.5 °C: M TEE, ¥ 6
32.64, P <0.001; 22, *1, 62 = 32.08, P < 0.001;
29.0 °C: ME—WE, %150 =7.68, P=0.006; %
i, ¥%.60=75.19, P=0.023) . {EMEMEALIR
(31.0°C) &, FrA I TokTE i ik
55, SAEBFAE 100%MEMEF (R2) , iF
SR v e it R A S A

£ 2 AFEZKEREER AN Y] A R R R ST A R
Table 2 Sex ratios of hatchlings under different steroid hormone treatments
Lb 3 MEME Gind)  HEME Gind)  B9FGnd) MEMEERET (%) KI71H PfH
Treatment Females Males Total Proportion of females Chi-square P-value

26.0 °C

X B8 2H Control 0 31 31 0.0

fi% % Aldosterone 0 31 31 0.0 0.00 1.000

% JFil#E Cortisol 0 30 30 0.0 0.02 0.898

WU 2 Dihydrotestosterone 0 31 31 0.0 0.00 1.000

WfE % Estradiol 29 1 30 96.7 60.00 <0.001

ZA1i Progesterone 28 2 30 93.3 53.48 <0.001

%218 Testosterone 0 31 31 0.0 0.00 1.000
28.5°C

XfHEZH Control 8 23 31 25.8 - -

Ji% [ B4 Aldosterone 1 30 31 3.0 6.37 0.012

5 Cortisol 0 30 30 0.0 8.91 0.003

K& 22 i Dihydrotestosterone 8 22 30 26.7 0.01 0.939

M — % Estradiol 30 0 30 100.0 32.64 <0.001

Z#id Progesterone 29 1 30 96.7 32.08 <0.001

21 Testosterone 16 15 31 51.6 4.35 0.037
29.0 °C

X B 2H Control 23 7 30 76.7 - -

fi% % Aldosterone 13 17 30 433 6.94 0.008

JZJREE Cortisol 7 22 29 24.1 16.28 <0.001

XA Dihydrotestosterone 14 16 30 46.7 571 0.017

I — ¥ Estradiol 29 0 29 100.0 7.68 0.006

ZA1i Progesterone 29 1 30 96.7 5.19 0.023

1] Testosterone 26 5 31 83.9 0.50 0.479
31.0°C

X HEZH Control 30 0 30 100.0 - -

fi% % Aldosterone 30 0 30 100.0 0.00 1.000

% JFil# Cortisol 29 0 29 100.0 0.02 0.896

WA 2 Dihydrotestosterone 30 0 30 100.0 0.00 1.000

WfE % Estradiol 29 0 29 100.0 0.02 0.896

Z# i Progesterone 29 0 29 100.0 0.02 0.896

%218 Testosterone 30 0 30 100.0 0.00 1.000

WEVES HEVE. SR RO EER A AR RITEA P AEERIR S A B 5 X IR A 22 5 00 R VAR IR A5 SR W R bR

i, JRTTEM P <27 FoRAEM.

Data in female, male, and total columns are presented as number of individuals (). Chi-square values and P values represent the results of

significance tests for differences in sex ratio between each treatment group and the control group. A dash (-) indicates that the value is not

applicable as the control group serves as the reference for comparison.
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2.3 BEXNREBEE (T KRARMERET

ME B 2 RS S A A, SR
Toiy Al Trr TIEMHE . 5 7 AXIRA (Tyiy:
28.74 °C; Trr: 0.49 °C) ML, FZFEEAE Ty
) i g ) CGE SO #) BERES) T 0.29 °C
% 29.03 °C, [ANHF Trr 46 22 0.06 °C; [ [#]
B 5l E T HF (29.04 °C, ATpy =
+0.30 °C) Fl Trr W% (0.35 °C) ;5 XA 2
& Ter §7 5 & 090 °CIi Ty IR 47 #2
(28.99 °C) 5 SR N IKB] Tpiy MK 7 ) CE
SCNEER) BT 0.26 °CAE 28.48 °C, F¥-
K Trr & 0.68 °C. #mm sk (Kl 3) #—
R BT AR R R E T P A 28.5 °C Al
29.0 °CHRIMENE Lb 5 S B BRI W 4. S8 BRI £E
28.5 °CHEmMErE L (HENE 51.6%) , TTE
29.0 °CHEFFMEMER A (83.9%) »

D EE[H R Aldosterone
1.00 |

0.75
0.50

0.25

1 1

0.00 © <
26 27 28 29 30 3

@ SU4 1 Dihydrotestosterone
1.00 ||

0.75

IEPE L5 Proportion of females

0.50
0.25

0.00 1 1 1 1

26 27 28 29 30 31

3 e

AW R GEAAT T 41 E- ol B AR ek 1 31
P HREAARZE T 158 B AR S [ B R 1)
WENLH] . REH, BHEFYERISER
WEREABUR MR : SRS (7 A KA
(1) Tpiv S35 PRI (ATpiy=-0.62°C) , H TrrJE
Ui 44%, 7 BRAACIE o 1 5 R A A S 2% DA
NI E s . X— K5 Carter 45
(2016) {ELLHARTMEEIN Ty 215 WS
B 5, SR PR MEPELL AR (E 7T B8 BT
A R AR e MR PR SR . SR,
TEASRARIRRS 5, 1% SRS AT RE IR e XU
B2 i Sk (IPCC 2023) 5IE 1)
Trr (0.49 °C) G54, T RS KM R4 B ™= 28 1)
WEEE O, RO 4540 1l

@ A Cortisol
1.00 I

0.75
0.50

0.25 |

0.00 ; .QI s .

26 27 28 29 30 31

) Z2{ffi] Testosterone

1.00 '
0.75
0.50
0.25 |

0.00 = L
26 27 28 29 30 31

#R% Temperature (°C)

— — XHMET, el SUERE T,

@ MR GLM prediction

@ I # Control

B3 SR R A TR 4 R e 30 LA e o2 i 28

Fig.3 Sex ratio response curves of hatchlings incubated with steroid hormones

LR GLM BTN, HELRARIC &AL B T, [HSEXIBRIR 25% ~ 75% Trr Y8 K ESZEL M LA 7 70 4.

Solid lines represent GLM predictions. Dashed lines mark 7y and shaded areas indicate 25% ~ 75% Tt for each treatment. Grey solid and dashed

lines indicate July as the control group.
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AN SR E BT TSD s 2HLE
FBEHME B, MMAES: M52
FEREVEAL IR (26.0 °C) FKHrlaliRE (28.5 ~
29.0 °C) ¥JiFEFAMET 96.7%HIMEMEF AR,
SEAUMEA AR F e 2 d iR S S, IFSE T HAE
TSD % A% O AT o 55—, 5 ) e
PEAb: B PR RE R RE . REERD 76
I Tyiv P (29.0 °C) I 3 FRARMEE LU (24.1%
~43.3%) , FLHLEI T B8-S A B R 2
(NR3C1) (Johnson et al. 2024) J¢ Riphfett
b3 R DMRT1 2% (Adolfi et al. 2019) . J¥
JE P A5 B R IR S AT A S IS
¥ S (Hattori et al. 2009) ; A—771H, FATH
AT AT ST B, 1 ] Rl it &5 S 2L B A )
NR3C1 SZAKE DMRT1 ik (Ye et al.
2025) o XEEERPFIBMNME TIRREMERET
HEBE ) o 8 B T DR S e o X 2RI
FAERE G A [F AR IR S AT A S R A
S5 (Hattori et al. 2009) , & HAEHMHS)
VM P E TR B IR S . SRR IS Y A AL
A MEER, 1E 28.5 °CPHTERIEL CElE
51.6%) TMAE 29.0 CCHERFMEIEILH (83.9%)
AT 55 5 A PR UCE 52 0 ) 5 2 8 v A 1 L 48
(28.5 °CHEME 73.3%, P<0.01) o iX¥7~ 52
TEL B B AR MR AT, R4 i
B ZARRCAR . BRI To AT Trr AR
B S5, B B SR E AR Thiw (AT
~+0.30 °C) JFIE4i Trr (0.06~0.35°C) , 3%
RS 5 P s B EY 58 Tre
2 0.90 °CIM4ERF T F5E, IR/ Thi 2
28.48 °CHF K Trr (0.68°C) , @ ITA
5] 73 F B A2 TR T e

AW MR- BAER
B, JiE B REAA = GRS [R] S5 MR R (S 5 P )
RUE Toy A1 Trr (INLA . 12BN TSD 4
oo 7 A A AR R A SRR PR SR AL T B TR, 7R
JF 18] < i A8 4k £ 1125 1 4% (Intergovernmental
Panel on Climate Change, IPCC) K H 3Lt 541
DEGIR 2-HP AR A 5t (SSP2-4.5)

T (EDEERFHEL 2.7 °C), BRI EIEZFEE R
Trr WY Tyi BEAK, TT RETHI I 58 5 RO A
B B R B R A R R
WESE ) (oo vl Red i py YR B o IR
JC T B R A e ) b, 3k R sk U AR A
PSR- R A NS —PIE . A KA
el G S 2 SRS E o HT,  fENTIGR
-TSD i@ ¢ {1 <8 5 55 (4 NR3C1.CYP19A 1),

2 % X W
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