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Fig. 1 Schematic diagram of sex determining systems in five clades of vertebrates
(from Bachtrog et al. 2014)

ESD. ¥iEikERd; GSD. R kERd; HE. kR 4.

ESD. Environmental sex determination; GSD. Genetic sex determination; HE. Hermaphroditism.
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BHRFET RECFRSCE, WAk R
GuAEAS [ I A AR o 12 B A2 43 A6 1) (Sumida
et al. 2000, Miura 2007) . T PEREMALAT
eI, MEMESECA (ZW) HLOE RiEis (Bufo
bufo) FH1EEI% % (Hillis et al. 1990) , {HXf
B. siculus 1 B. balearicus 245215 2| {1 L i) 23 s
g (B. viridis) iX—FKRMYE, FERF R
KA H & A2 sEEy, B B. siculus fl B.
balearicus &M FACA (XY) o XiESZ T
iy JE R 2D R T — IR LT (StOCk
etal. 2011) o [FEFEAEREILET (T. cristatus) 1,
Wallace 55 (1997) #EMHAHSE T RER ZZ/ZW
R E RGE, CM Z22/ZW V) E] XX/XY
BRI YE R, LR ANE R . R
RGRAZHEVINM g, A2 A [F— P fh
PN R BE R I W &2 3 XX/XY Fl ZZ/ZW 1 R L [A]
RIYE 248, WIHHZEE (Uno et al. 2008) , 1%
YR AR S PR EEAL T H AR RSP 3, BoR
XX/XY R4, MAE QAT T AT ERER I
IR ZZ/ZW 2% (Miura et al. 2016) o fEHH;
JE T, SEIGIRTS YZ. YW. ZZ HErE R
ZW. WW HEH G, RIAE R Fh b 2 /D A7
7E 3 Rl gt fR (Roco et al. 2015) , ZH—=F
PEGL AR I, AR AT RS AN [R] ) 56 R 2
W KRG AT L POIRE (Schartl 2015)
42 BREH (PLXX/XY BRZGAED

Guta i b S e T X355 P 2 2 00 i 7 1
PR A A R SCHER A (Wright et al. 2016) .
Wt sh e e AR R A, aTge kT X
AY Yett fh 2 8] (AR AR 2 T FELAE T B TR
ft. (Grossen et al. 2012) , AFE M X I AKAE
TR T ) R X 3 A 2 2

PRSI PRI 5L 1 XY MEVE R AT REMR SR K
A XY EA, FONEAMRET R, WAL
FEHRAIE (Perrin 2009) , PEANMA T B2
BB R AT AR B R, RIS
FER o2 )3T 2 (Grossen et al. 2011) . KX
A (Hyla arborea) BEHLE 2H nJ DLAEBEANE:
Jetafk k4 (Stoeck et al. 2011) . Perrin

(2009) 2, MR AR R R AR B HEYE PRI
HAReuvr X MY JetafkEA, MmFHIE Y
Petr R ERATN R WM PRI ) B I 52
TIX—{R¥ (Matsuba et al. 2008) . FEIXME
W, BIEAE PR A A I 1 30 A AR AR,
WA PLRT bR R R B, SRR et
Ao SRT BRI, 7 KR BRI I G W5 2
FEAT XY MEPE, Pt DS AL EVE VR AR R XY GY
R R E AR UL (Alho etal. 2010) .
D AR e FR) 8 P A AE — R A M Bk T AR
10 E IR A TE Pl R e 1 S AL B DR A A,
PG RR AL S AR XY B4 (Stoeck et al.
2011) , (EAELEAS K IK EH F 4T (Guerrero et al.
20120 5 JRUEBCA RGN B B R A AL A
(Stoeck et al. 2013) , {HC AW FLIEE =AMk
EERRC I A SCRRZ YA T e (A RS M
1828 2 A 4ERF W 5 (Brelsford et al.
2016) .
4.3 RetufkEH

etk EHE (chromosomal rearrangement,
CR) & 7 A2 (R i Gy e AR AL BT LB WL LA
TEF . GettfR B AR AT L R 3 9 5 3L
HHHMH| (Rieseberg 2001) , 1| FE 2L AT
Aesum etk B HE (Wright et al. 2016) o HilT
HiwiE, akEHE (CR) Atk
FIRIUG R (Sunetal. 2017) o ZHi A HFF
ffi F Giemsa %% 4 85 %% )6 i 7 44 &8 H R
(fluorescence in situ hybridization, FISH) X
HiiEEE (Quasipaa boulengeri) 33 AMNFHEEREAT
TREB ST, WS B A] R R — X YL R A S
PP A HFAFIRZE (Qing etal. 2012)
TR GE DY )1 AR e S A PR R IR 16
ASHOER MR T, HAMAEAS AR B A5
E W IEE MEARR Getofh, a4 S A5 1ml 5
A FRWTAR S B (RO R, SR BB )
BALAM T A E 00, FEH S AN AA R
PEGL A 1 501 )5 R (Yuan et al. 2018b) o
HR BT A I — M ) R e e 2 FRd 508
(Yuan et al. 2017) , HRIRSEPE L a0k — TR 1%



4 34 JEFERE . PR BIIE G (AR ) 2 R e FL A LR A Tt

* 537

e X Qetik G gl iEn, XEHRATRF
LI, FEPE Gt A IRt T Be 2 2 A ) S Y
Bto X Gtk & Pt AL /A RS M AR 1R A
Al e 2> R BE e S R 1) 3 46 (Yuan et al.
2018a) -

5 HBE5RE

PRSI i e R BRI M Qe ik B %
FEPEMIRE S, AT REARER M S A A0 1 3ok 0K
A, WEWNshME G R ALH BE % N T
HES IR Y R B TSR AL B BE k). H
AT, IS e o Ak B L AR B LA VP
% 1) R G AR U o PR B A 1 G B AR A AR A
VF 2 MR L (B4 3 Ge 1Y) 2 4 I R T e DA K
Mo RHEKEHHTER, WL E R
BeF RGN RBOR D, RIERAFRE EAS
JE U [ 25 P e £ R 1385 3 47 7 (Hillis et al.
1990) . HTHithizh4) DNA 75145 1 e
HE AL, WA & — A EZ B

A IS Y, 7 MR S A4 1 B A2
HAFLE LA 25 S BH AT 1) I - P % EE AR RS U
PG AR IRS) f1 . MEG R th . PR
ERM R SR Z R /% B+H4E
K, KRHRMEMRLEA, Jetofhzg e ts
M FHAREE, 534S A
G RERERNTFHEIEIHMNGE, C&H)E
TR T MG AR GANR R3] 7 %
B s AR

B2 WY R S B FR T
A R RAEME Y B R T T A XHE R . H
HAEF, ARG R, 0
e N AL PE A P IALEE, A BT X ARSI )
PERIN T — D& .

Z ¥ X W

Alho J S, Matsuba C, Merild J. 2010. Sex reversal and primary sex
ratios in the common frog (Rana temporaria). Molecular
Ecology, 19(9): 1763-1773.

Bachtrog D, Mank J E, Peichel C L, et al. 2014. Sex determination:

Why so many ways of doing it? Plos Biology, 12(7): €1001899.

Bewick A J, Chain F J J, Zimmerman L B, et al. 2013. A large
pseudoautosomal region on the sex chromosomes of the frog
Slurana tropicalis. Genome Biology and Evolution, 5(6):
1087-1098.

Brelsford A, Dufresnes C, Perrin N. 2016. Trans-species variation in
Drmrtl is associated with sex determination in four European
tree-frog species. Evolution, 70(4): 840-847.

Edwards R J, Tuipulotu D E, Amos T G, et al. 2018. Draft genome
assembly of the invasive cane toad, Rhinella marina.
GigaScience, 7(9): 1-13.

Eggert C. 2004. Sex determination:the amphibian models.
Reproduction, Nutrition, Development, 44(6): 539-549.

Evans B J, Alexander P R, Wiens J J. 2012. Polyploidy and Genome
Evolution. Berlin, Heidelberg: Springer Berlin Heidelberg, 385—
410.

Flament S. 2016. Sex reversal in amphibians. Sexual Development,
10(5/6): 267-278.

Gamble T, Coryell J, Ezaz T, et al. 2015. Restriction site-associated
DNA sequencing (RAD-seq) reveals an extraordinary number of
transitions among Gecko sex-determining systems. Molecular
Biology and Evolution, 32(5): 1296-1309.

Gregory T R. 2005. The Evolution of the Genome. Burlington:
Academic Press, 3-87.

Geffroy B, Bardonnet A. 2016. Sex differentiation and sex
determination in eels: Consequences formanagement. Fish and
Fisheries, 17(2): 375-398.

Grossen C, Neuenschwander S, Perrin N. 2011. Temperature-
dependent turnovers in sex-determination mechanisms: A
quantitative model. Evolution, 65(1): 64-78.

Grossen C, Neuenschwander S, Perrin N. 2012. The evolution of XY
recombination:  Sexually antagonistic  selection  versus
deleterious mutation load. Evolution, 66(10): 3155-3166.

Guerrero R F, Kirkpatrick M, Perrin N. 2012. Cryptic recombination
in the ever-young sex chromosomes of Hylid frogs. Journal of
Evolutionary Biology, 25(10): 1947-1954.

Guler Y, Short S, Kile P, et al. 2012. Integrating field and laboratory
evidence for environmental sex determination in the amphipod,

Echinogammarus marinus. Marine Biology, 159(12): 2885-2890.



* 538

=24 Chinese Journal of Zoology 55 %

Hammond S A, Warren R L, Vandervalk B P, et al.2017. The North
American bullfrog draft genome provides insight into hormonal
regulation of long noncoding RNA. Nature Communications,
8(1): 1433.

Hellsten U, Harland R M, Gilchrist M J, et al. 2010. The genome of
the western clawed frog Xenopus tropicalis. Science, 328(5978):
633.

Herrero P, De La Torre J, Lopez-Fernandez C, et al. 1993.

Heterochromatin heterogeneity in Triturus marmoratus (Urodela:

Salamandridae) demonstrated with specific DNA-binding
fluorochromes and in situ restriction endonuclease/nick
translation. Caryologia, 46(4): 343-353.

Hillis D M, Green D M. 1990. Evolutionary changes of
heterogametic sex in the phylogenetic history of amphibians.
Journal of Evolutionary Biology, 3(1/2): 49-64.

Kamiya T, Kai W, Tasumi S, et al. 2012. A trans-species missense
SNP in Amhr2 is associated with sex determination in the tiger
pufferfish, Takifugu rubripes (fugu). PLoS Genet, 8(7):
¢1002798.

Kobayashi Y, Nagahama Y, Nakamura M. 2013. Diversity and
plasticity of sex determination and differentiation in fishes.
Sexual Development, 7(1/3): 115-125.

Koopman P, Gubbay J, Vivian N, et al. 1991. Male development of
chromosomally female mice transgenic for Sy. Nature,
351(6322): 117-121.

Lambert M R, Smylie M S, Roman A J, et al. 2018. Sexual and
somatic development of wood frog tadpoles along a thermal
gradient. Journal of Experimental Zoology Part A: Ecological
and Integrative Physiology, 329(2): 72-79.

Matsuba C, Miura I, Merilae J. 2008. Disentangling genetic vs.
environmental causes of sex determination in the common frog,
Rana temporaria. BMC Genetics, 9: 3.

Matsuda M, Nagahama Y, Shinomiya A, et al. 2002. DMY is a
Y-specific DM-domain gene required for male development in
the medaka fish. Nature, 417(6888): 559-563.

Merchant-Larios H, Diaz-Hernandez V. 2013. Environmental sex
determination mechanisms in Reptiles. Sexual Development,
7(1/3): 95-103.

Miura 1. 2007. An evolutionary witness: The frog Rana rugosa

underwent change of heterogametic sex from XY male to ZW
female. Sexual Development, 1(6): 323-331.

Miura I, Ohtani H, Ogata M, et al. 2016. Evolutionary changes in
sensitivity to hormonally induced gonadal sex reversal in a frog
species. Sexual Development, 10(2): 79-90.

Nakamura M. 2009. Sex determination in amphibians. Seminars in
Cell and Developmental Biology, 20(3): 271-282.

Nowoshilow S, Schloissnig S, Fei J F, et al. 2018. The axolotl
genome and the evolution of key tissue formation regulators.
Nature, 554(7690): 50-55.

Perrin N. 2009. Sex reversal: A fountain of youth for sex
chromosomes? Evolution, 63(12): 3043-3049.

Qing L, Xia Y, Zheng Y, et al. 2012. A de novo case of floating
chromosomal polymorphisms by translocation in Quasipaa
boulengeri (Anura, Dicroglossidae). PLoS One, 7(10): e46163.

Rieseberg L H. 2001. Chromosomal rearrangements and speciation.
Trends in Ecology & Evolution, 16(7): 351-358.

Roco A S, Olmstead A W, Degitz S J, et al. 2015. Coexistence of Y, W,
and Z sex chromosomes in Xenopus tropicalis. Proceedings of
the National Academy of Sciences of the United States of
America, 112(34): E4752-E4761.

Schartl M. 2015. Sex determination by multiple sex chromosomes in
Xenopus tropicalis. Proceedings of the National Academy of
Sciences of the United States of America, 112(34):
10575-10576.

Schmid M, Ohta S, Steinlein C, et al. 1993. Chromosome banding in
Amphibia. XIX. Primitive ZW/ZZ sex chromosomes in
Buergeria buergeri (Anura, Rhacophoridae). Cytogenetics and
Cell Genetics, 62(4): 238-246.

Schmid M, Steinlein C, Bogart J P, et al. 2010. The chromosomes of
terraranan  frogs. Insights into vertebrate cytogenetics.
Cytogenetic and Genome Research, 130/131(1/8): 1-14.

Schmid M, Steinlein C, Bogart J P, et al. 2012. The hemiphractid
frogs. Phylogeny, embryology, life history, and cytogenetics.
Cytogenetic and Genome Research, 138(2/4): 69-384.

Session A M, Uno Y, Kwon T, et al. 2016. Genome evolution in the
allotetraploid frog Xenopus laevis. Nature, 538(?): 336-343.

Sessions S K. 1980. Evidence for a highly differentiated sex

chromosome heteromorphism in the salamander Necturus



4 34 JEFERE . PR BIIE G (AR ) 2 R e FL A LR A Tt

* 539 -

maculosus (Rafinesque). Chromosoma, 77(2): 157-168.

Smith C A, Roeszler K N, Ohnesorg T, et al. 2009. The avian
Z-linked gene DMRT] is required for male sex determination in
the chicken. Nature, 461(7261): 267-271.

StOCk M, Croll D, Dumas Z, et al. 2011. A cryptic heterogametic
transition revealed by sex-linked DNA markers in Palearctic
green toads. Journal of Evolutionary Biology, 24(5): 1064—1070.

Stoeck M, Horn A, Grossen C, et al. 2011. Ever-young sex
chromosomes in European tree frogs. PLoS Biology, 9(5):
¢1001062.

Stoeck M, Savary R, Zaborowska A, et al. 2013. Maintenance of
ancestral sex chromosomes in Palearctic tree frogs: Direct
evidence from Hyla orientalis. Sexual Development, 7(5):
261-266.

Sumida M, Nishioka M. 2000. Sex-linked genes and linkage maps in
amphibians. Comparative Biochemistry and Physiology Part B:
Biochemistry and Molecular Biology, 126(2): 257-270.

Sun C, Shepard D B, Chong R A, et al. 2012. LTR retrotransposons
contribute to genomic gigantism in plethodontid salamanders.
Genome Biology & Evolution, 4(2): 168—183.

Sun'Y B, Xiong Z J, Xiang X Y, et al. 2015. Whole-genome sequence
of the Tibetan frog Nanorana parkeri and the comparative
evolution of tetrapod genomes. Proceedings of the National
Academy of Sciences of the United States of America, 112(11):
1257-1262.

Sun Y, Svedberg J, Hiltunen M, et al. 2017. Large-scale suppression
of recombination predates genomic rearrangements in
Neurospora tetrasperma. Nature Communications, 8(1): 1140.

Uno Y, Nishida C, Oshima Y, et al. 2008. Comparative chromosome

mapping of sex-linked genes and identification of sex

chromosomal rearrangements in the Japanese wrinkled frog
(Rana rugosa, Ranidae) with ZW and XY sex chromosome
systems. Chromosome Research, 16(4): 637.

Volff T N, Nanda I, Schmid M, et al. 2007. Governing sex
determination in fish: Regulatory putsches and ephemeral
dictators. Sexual Development, 1(2): 85-99.

Wallace H, Wallace B M, Badawy G M. 1997. Lampbrush
chromosomes and chiasmata of sex-reversed crested newts.
Chromosoma, 106(8): 526-533.

Wright A E, Dean R, Zimmer F, et al. 2016. How to make a sex
chromosome. Nature Communications, 7: 12087.

Yoshimoto S, Okada E, Umemoto H, et al. 2008. A W-linked
DM-domain gene, DM-W, participates in primary ovary
development in Xenopus laevis. Proceedings of the National
Academy of Sciences of the United States of America, 105(7):
2469-2474.

Yuan S, Xia Y, Zeng X. 2017. A sex-linked microsatellite marker
reveals male heterogamety in Quasipaa boulengeri (Anura:
Dicroglossidae). Asian Herpetological Research, 8(3): 184—189.

Yuan X, Xia Y, Zeng X. 2018a. Sex chromosomal dimorphisms
narrated by X-chromosome translocation in a spiny frog
(Quasipaa boulengeri). Frontiers in Zoology, 15(1): 47.

Yuan X, Xia Y, Zeng X. 2018b. Suppressed recombination of sex
chromosomes is not caused by chromosomal reciprocal
translocation in spiny frog (Quasipaa boulengeri). Frontiers in
Genetics, 9: 288.

AN, 2016, MEZRE. TR RGNS e E b ) R it AR
RE WG, PP PERH AR R B 2618 5.

AR, 1991, WEREENP G (kR AL, Bk, 26(2):

47-52.



