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ically informed analysis refutes  Foxl2  (but not  Sf1 ) as  Apalone ’s 
master sex-determining gene .  The absence of common TSD-
specific or GSD-specific rearrangements underscores the in-
dependent evolutionary trajectories of turtle SDMs. Further 
comparative analyses using more genes from the sexual de-
velopment network are warranted to inform genome evolu-
tion and its contribution to enigmatic turnovers of verte-
brate sex determination.  © 2019 S. Karger AG, Basel 

 Primary sex determination is the biological process 
that directs an individual’s sexual fate toward the forma-
tion of ovaries or testes. Notably, while sexual reproduc-
tion is one of the taxonomically most conserved traits, the 
sex-determining mechanisms (SDMs) that commit the 
developing embryo to a phenotypic sex are incredibly di-
verse and evolve frequently. Even in closely related spe-
cies, there can be differences in both primary signal and 
downstream genetic pathways [Haag and Doty, 2005; 
Bachtrog et al., 2014]. Across the tree of life, SDMs range 
from those directed by sex-specific genotypes (genotypic 
sex determination, GSD) to those directed by environ-
mental factors such as temperature (temperature-depen-
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 Abstract 

 Sex-determining mechanisms (SDMs) set an individual’s sex-
ual fate by its genotype (genotypic sex determination, GSD) 
or environmental factors like temperature (temperature-
dependent sex determination, TSD), as in turtles where the 
GSD “trigger” remains unknown. SDMs co-evolve with turtle 
chromosome number, perhaps because fusions/fissions al-
ter the relative position/regulation of sexual development 
genes. Here, we map 10 such genes via FISH onto metaphase 
chromosomes in 6 TSD and 6 GSD turtles for the first time. 
Results uncovered intrachromosomal rearrangements in-
volving 3 genes   across SDMs ( Dax1 ,  Fhl2 , and  Fgf9 ) and a 
chromosomal fusion linking 2 genes ( Sf1  and  Rspo1 )   in 1 
chromosome in a TSD turtle ( Pelomedusa subrufa ) that locate 
to 2 chromosomes in all others. Notably,  Sf1  and its repressor 
 Foxl2  map to  Apalone spinifera ’s ZW chromosomes   but to a 
macro- ( Foxl2 ) and a microautosome ( Sf1 ) in other turtles po-
tentially inducing SDM evolution. However, our phylogenet-
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dent sex determination, TSD); the latter being commonly 
found in reptiles [Bachtrog et al., 2014]. The vast diver-
sity and complexity of SDMs harbored within vertebrates 
still puzzles researchers, and our understanding of how 
SDMs evolve remains incomplete.

  Most turtles exhibit the ancestral TSD from which 
GSD evolved independently multiple times, sometimes as 
male-heterogametic (XX/XY) and other times as female-
heterogametic (ZZ/ZW) sex chromosome systems [Va-
lenzuela and Adams, 2011; Bachtrog et al., 2014; Sabath 
et al., 2016]. Phylogenetic analyses vary in their estimate 
of the number of evolutionary transitions among sex-de-
termining modes that are reconstructed in turtles [Valen-
zuela and Adams, 2011; Sabath et al., 2016]. Recent mo-
lecular evidence [Literman et al., 2017] supports the sce-
nario that 5 transitions from TSD to GSD and 2 reversals 
back to TSD from GSD occurred during turtle evolution 
[Valenzuela and Adams, 2011]. Yet, little is known about 
the molecular basis and consequences of the transitions 

between GSD and TSD in closely related taxa, especially 
in turtles, a group where no GSD trigger has been identi-
fied. However, accelerated rates of change in chromo-
some number are associated with changes in SDMs in 
turtles [Valenzuela and Adams, 2011]. Potential explana-
tions for this association are that chromosomal rear-
rangements underlying diploid number evolution 
(change in chromosome number) may trigger SDM tran-
sitions, or alternatively, that SDM transitions may alter 
molecular processes that, in turn, render the genome un-
stable and lead to chromosomal rearrangements [Valen-
zuela and Adams, 2011]. Here, we examine the first of 
these hypotheses.

  Chromosomal rearrangements include fissions, fu-
sions, deletions, duplications, inversions, and transloca-
tions, and they are known to perturb the organization and 
function of elements whose relative positions are affected 
[Harewood and Fraser, 2014]. For instance, chromosom-
al rearrangements can impact gene expression [Hare-

Table 1.  Function of target genes in turtle gonad formation

Gene Gene name Functions Sourcea

Dax1
(Nr0b1)

Dosage-sensitive sex reversal (DSS), 
adrenal hypoplasia congenital (AHC) 
critical region, on the X chromosome, 
gene 1

Involved in mammalian ovarian differentiation; antagonist to Sry in therian mammals 1, 2

Dmrt1 Doublesex (Dsx) and mab-3 related 
transcription factor 1

Key regulator of male sexual development in both invertebrates and vertebrates; required 
by Sertoli and germ cells; associated with transitions in sex determination in reptiles

1, 3, 4

Fgf9 Fibroblast growth factor 9 Key component of testis-determining pathway; first expressed in bipotential gonads; 
maintains Sox9 expression; inactivates Wnt4 signaling in testis

5

Fhl2 Four and a half LIM domains 2 Binds with Wt1 to modulate transcription of some genes during gonadal differentiation; 
with Wt1, upregulates Dax1 during ovarian development

6

Foxl2 Forkhead box L2 Maintains ovarian development and differentiation; inhibits Sox9 and Dmrt1 expression, 
suppresses testicular differentiation; candidate sex-determining gene in GSD turtles

7

Gata4 GATA binding protein 4 Candidate gene for thermosensitive testicular differentiation in TSD turtles; sex-linked 
(Y1 and X2) in platypus

8, 9

Rspo1 R-spondin 1 Along Wnt4, required for gonadal cell proliferation in both sexes before sex 
determination; essential for ovarian development and differentiation

10, 11

Sf1
(Ad4BP) 
(Nr5a1)

Steroidogenic factor 1 Key regulator of steroid enzymes; helps form genital ridges in mammals; involved in 
vertebrate sexual differentiation; candidate TSD master gene in turtles; candidate sex-
determining gene in GSD turtles

2, 12, 13

Sox9 SRY (sex determining region Y)-box 9 Activated by Sry, tips the bipotential gonad towards the male fate; associated with Sertoli 
cell proliferation, somatic cell expansion, migration, and differentiation during testis 
development

2, 5, 9

Wt1 Wilms tumor protein 1 Helps form genital ridges in mammals; regulator of bipotential gonad formation; 
candidate TSD master gene in turtles

2, 12, 14

 a 1, Ferguson-Smith [2007]; 2, Ramkissoon and Goodfellow [1996]; 3, Haag and Doty [2005]; 4, Janes et al. [2014]; 5, Kim et al. [2006]; 6, Du et al. [2002]; 
7, Uhlenhaut et al. [2009]; 8, Grafodatskaya et al. [2007]; 9, Radhakrishnan et al. [2017]; 10, Chassot et al. [2012]; 11, Tomaselli et al. [2011]; 12, Valenzuela 
[2008b]; 13, Valenzuela et al. [2006]; 14, Valenzuela [2008a].
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wood and Fraser, 2014], either by direct physical disrup-
tion, by changing regulatory elements, or by creating po-
sitional effects, as in the case of many mendelian disorders 
in humans, some of which are associated with sex deter-
mination [Harewood et al., 2012]. Examples include the 
translocation breakpoint of  SOX9  which is associated 
with male-to-female sex reversal in XY patients [Velaga-
leti et al., 2005], inversions linked to the aromatase 
( CYP19 )   excess syndrome that place this gene under the 
control of the promoter of other expressed genes [De-
mura et al., 2007], and the translocation of  SRY  from the 
human Y to the X chromosome in XX hermaphrodite pa-
tients [Margarit et al., 2000]. Whether chromosomal re-
arrangements alter the relative location of genes and syn-
tenic groups of the gene regulatory network of sexual de-
velopment in turtles remains unknown [Valenzuela, 
2008a; Czerwinski et al., 2016; Radhakrishnan et al., 
2017]. We address this question here.

  Turtles are reported as possessing highly conserved 
karyotypes compared to other reptiles such as lizards and 
snakes [Bickham, 1981; Olmo, 2008], yet turtles vary sub-

stantially in chromosome numbers (2n = 26–68). Turtle 
karyotypes are characterized by 2 chromosomal compo-
nents, macro- and microchromosomes, as those of other 
reptiles (except crocodilians) and birds [Olmo, 2008]. 
Importantly, changes in turtle diploid number involve 
mostly variation in the number of microchromosomes 
[Olmo, 2008; Montiel et al., 2016]. In general, microchro-
mosomes are defined as those that are nearly indistin-
guishable from each other by shape and centromere posi-
tion due to their small size.

  Despite the variety of vertebrate SDMs, with few ex-
ceptions, virtually the same cascade of genes underlying 
gonadal development in the sex determination network 
are common to many vertebrates, including reptiles such 
as GSD and TSD turtles [Valenzuela, 2008a; Czerwinski 
et al., 2016; Yatsu et al., 2016; Radhakrishnan et al., 2017]. 
Here, we examine the relative chromosomal position of a 
set of genes in the regulatory network of sex determina-
tion/differentiation, including genes implicated in testic-
ular development ( Dmrt1 ,  Fgf9 , and  Sox9 ) [Ferguson-
Smith, 2007], ovarian development ( Dax1 ,  Foxl2 , and 

Table 2.  Chromosome locations of target genes in Chrysemys picta and scaffold names in available turtle genome assemblies of probe 
sequences that mapped to a scaffold in the painted turtle genome assembly containing the gene of interest

Gene 
name

BAC IDa Chrysemys genome 
scaffoldb

Chrysemys 
chromosome 
locationc

Scaffold ID (BAC-gene  distance, bp)

Chrysemysd Staurotypuse Apalonee Malaclemysf Cheloniag Pelodiscush Gopherusi

Fhl2 61H12 NC_024218.1 1q SS289
(63,074)

Scaffold_4
(23,682)

Scbe7cn_3371
(20,156)

MDXI01002590.1
(28,320)

KB573110.1
(41,647)

NW_005852769.1
(258,078)

Scaffold14733
(25,966)

Dax1 147L13 NC_024218.1 1q

Fgf9 55A6 NC_024218.1 1q

Sox9 337P6 NC_024220.1 3q

Wt1 88H12j

64G12
147H2

NW_007281759.1
4q

Dmrt1 41L5
44L23

NC_024223.1 7

Rspo1 121H12 NC_024231.1 18 SS198
(166,470)

ScXIXnY_29514
(121,311)

Scbe7cn_2917
(184,039)

MDXI01012447.1
(unknown)

KB530910.1
(157,544)

NW_005858537.1
(200,334)

Scaffold11164
(unknown)

Sf1 66P24
225M10

NW_007281439.1 Unplaced 
scaffold

Foxl2 380M2 NW_007359912.1 Unplaced 
scaffold

SS4
(5,333,705)

ScXIXnY_24904
(4,158,888)

Scbe7cn_4149
(4,541,114)

MDXI01004768.1
(unknown)

KB469743.1
(unknown)

NW_005853106.1
(unknown)

Scaffold_7795
(unknown)

Gata4 225G19 NW_007281425.1 3q SS135
(2,069,797)

ScXIXnY_4224
(1,563,168)

Scbe7cn_6695
(1,381,672)

MDXI01004641.1
(unknown)

KB539908.1
(unknown)

NW_005858887.1
(unknown)

Scaffold_96
(unknown)

 a Fully sequenced BAC clones containing the gene of interest are shown in bold; those that were screened by PCR using gene-specific primers, Sanger-sequenced, and validated as 
containing the gene of interest are underlined. Fully sequenced BAC clones that mapped to a scaffold in the painted turtle genome assembly containing the gene of interest are italicized.

b Chrysemys assembly from NCBI Chrysemys_picta_bellii-3.0.3 [Badenhorst et al., 2015].
c From Badenhorst et al. [2015]. The chromosome location of Gata4 was determined in the present study.
d BioNano genome assembly [Valenzuela, unpublished]; e Dovetail genome assemblies [Valenzuela, unpublished]; f Malaclemys genome assembly [Pop et al., unpublished]; g Che-

lonia genome assembly [Wang et al., 2013]; h Pelodiscus genome assembly [Wang et al., 2013]; i Gopherus genome assembly [Tollis et al., 2017].
j BAC originally mapped in Chrysemys [Badenhorst et al., 2015] but enriched in repeats which precluded clean hybridization in some more distant turtles.
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 Rspo1 ), and genes important in both pathways such as 
some that regulate general gonadogenesis prior to sexual 
commitment ( Fhl2 ,  Gata4, Sf1 , and  Wt1 ) [Valenzuela, 
2008a] ( Table 1 ).

  These target genes were selected because turtle bacte-
rial artificial chromosome (BAC) clones containing them 
were available from a BAC library of painted turtle ( Chry-
semys picta ) (library VMRC CHY3 produced by the Joint 
Genome Institute), and they had been previously mapped 
in the chromosomes of painted turtle   ( Table 2 ) [Baden-
horst et al., 2015]. BAC clones contain DNA fragments 
of genomic sequences, 100–200 kb in size, which can be 
used as probes for in situ   hybridization onto chromo-
somes to detect their physical locations [Janes et al., 
2011].

  We used BAC-based fluorescent in situ hybridization 
(BAC-FISH) to detect changes in chromosomal posi-
tions of the genes involved in sex determination/differ-
entiation that might occur when the order of genes is 
modified due to chromosomal rearrangements. We ex-
amined the patterns of synteny of the target genes among 
12 focal species given the current hypothesis of the phy-
logenetic relationships of the studied turtles (as used in 
Valenzuela and Adams [2011]) ( Fig.  1 A), such that 
changes from the common ancestor could be detected. 
With these data, we tested whether evolutionary changes 
in the synteny of these focal genes across 6 TSD and 6 
GSD taxa help identify genomic regions whose evolution 
may be associated with transitions in turtle sex determi-
nation ( Fig. 1 A). Our results represent the first partial 
physical mapping data for some of these turtle species. 
Our data uncovered intrachromosomal rearrangements 
that altered the relative position of some genes within a 
single chromosome in several taxa, as well as fusion/fis-
sion events that explain the localization of 2 genes in 2 
chromosomes in some taxa and their colocalization in a 
single chromosome in other species. Additionally, BAC-
FISH data revealed sex-linkage of some of these genes in 
a turtle with evolutionarily derived GSD that render 
them potential candidate sex-determining genes for fu-
ture functional testing.

  Materials and Methods 

 Cell Culture and Chromosome Preparation 
 Metaphase chromosome preparations were obtained from cell 

cultures following standard procedures as described previously 
[Badenhorst et al., 2015; Montiel et al., 2016, 2017] for 12 turtle 
species with either TSD or GSD ranging in diploid number from 
2n = 28 to 2n = 66 ( Fig. 1 A):  Chrysemys picta  (CPI),  Trachemys 

scripta  (TSC),  Chelydra serpentina  (CSE),  Glyptemys insculpta 
 (GIN),  Staurotypus triporcatus  (STR),  Sternotherus odoratus 
 (SOD),  Apalone spinifera  (ASP),  Pelodiscus sinensis  (PSI),  Podocne-
mis unifilis  (PUN),  Pelomedusa subrufa  (PSU),  Chelodina oblonga 
 (COB), and  Emydura macquarii  (EMA). Hereafter, we refer to 
these species by their 3-letter acronym or genus name. Briefly, pri-
mary fibroblast cell cultures for cytogenetic analyses were estab-
lished from turtle tissues digested with collagenase (Gibco) and 
cultured using a medium composed of 1:   1 RPMI 1640:Leibowitz 
media (Gibco) supplemented with 15% fetal bovine serum (One 
Shot, Gibco), 2 m M  L-glutamine (Gibco), and 1% antibiotic-anti-
mycotic solution (Gibco). Cell cultures were incubated at 30   °   C 
without CO 2  supplementation. Four hours prior to harvesting, 10 
μg/mL colcemid (KaryoMAX ® , Gibco) was added to the cultures. 
Metaphase chromosomes were harvested after hypotonic expo-
sure and fixed in 3:   1 methanol:acetic acid. Cell suspensions were 
dropped onto glass slides and air dried.

  BAC-FISH Mapping 
 The previously mapped BAC clones from the  Chrysemys 

 CHY3   BAC library [Badenhorst et al., 2015] examined here either 
carry genes of interest ( Dax1 ,  Dmrt1 ,  Fgf9 ,  Sf1 ,  Sox9 , and  Wt1 ), or 
contain sequences of genome scaffolds from the  Chrysemys  ge-
nome assembly [Shaffer et al., 2013; Badenhorst et al., 2015] that 
span target genes ( Fhl2 ,  Foxl2 ,  Gata4 , and  Rspo1 ) ( Table  2 ). A 
schematic summary of the positions of genes of interest and each 
BAC are presented in  Figure 2 . BAC sequences were obtained 
from either NCBI [Shaffer et al., 2013], by direct 454 sequencing 
of entire BACs, or by Sanger sequencing of PCR products ampli-
fied using gene-specific primers. BAC DNA ( ∼ 1 μg) was extracted 
and labeled by standard nick translation (Abbott Molecular) using 
either biotin-16-dUTP or digoxigenin-11-dUTP (Roche) and co-
precipitated with human Cot-1 DNA and  Chrysemys  Cot-1 DNA 
to suppress repetitive DNA sequences. BAC-FISH was carried out 
using these labeled BAC probes, as described by Montiel et al. 
[2016, 2017]. Briefly, chromosome slides were incubated at 65   °   C 
for 2 h, denatured for 1 min 45 s at 70   °   C in 70% formamide/2× 
SSC, dehydrated through an ethanol series, and air dried. A 15-μL 
mixture containing BAC probes was hybridized to each slide in a 
humid chamber (wet paper in air-tight container) at 37   °   C for 3 
nights (for more closely related species) or 5 nights (for more dis-
tantly related species) ( Fig. 1 A). Slides were washed post-hybrid-
ization twice, first in 0.4× SSC/0.3% Tween-20 for 2 min at 60   °   C, 
and then in 2× SSC/0.1% Tween-20 for 1 min at room tempera-
ture. A 200-μL solution of 4× SSC/0.05% Tween-20 (4XT)/rele-
vant-antibody (fluorescein-conjugated avidin or anti-digoxigen-
in-rhodamine) was used for fluorochrome detection at 37   °   C for 
1 h. Slides were subsequently washed 3 times in 4XT at 37   °   C and 
counterstained with DAPI. Slides were then mounted using an 
antifade solution (Vectashield). The FISH signal and hybridiza-
tion pattern determined the BAC clones’ relative positions within 
chromosomes, and chromosomes were identified according to 
their morphology, size, shape, and DAPI-banding ( Fig. 3 ) as pre-
viously described [Montiel et al., 2016]. A minimum of 10 com-
plete metaphase spreads were examined and analyzed for each 
gene per specimen. Images were taken with a Leica DFC365 FX 
camera attached to an Olympus BX41 fluorescent microscope and 
analyzed using CytoVision ®  cytogenetic analysis system. Chro-
mosome homology across species ( Fig. 1 A) was determined by 
extensive BAC-FISH data [Montiel et al., unpublished] and cor-
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roborated by whole-chromosome painting data collected for a 
parallel study [Valenzuela et al., unpublished]. We note that for 4 
of our target genes, we used BACs whose sequence mapped to 
 Chrysemys , the painted turtle genome scaffold containing the 
gene of interest ( Fhl2 ,  Foxl2 ,  Gata4 , and  Rspo1 ) ( Fig. 2 ;  Table 2 ). 

In order to assess the likelihood that these BACs are also good 
proxies for the position of those genes in turtles other than  Chry-
semys , we investigated the published genome assemblies of sev-
eral turtles ( Malaclemys terrapin  [Pop et al., unpublished],  Chelo-
nia mydas  [Wang et al., 2013],  Gopherus agassizii  [Tollis et al., 

A

B

  Fig. 1.  Phylogenetic relationships of the 12 turtle species examined 
and results obtained in this study. Orange species acronyms de-
note TSD turtles, while purple acronyms denote GSD turtles. Stars 
indicate branches where transitions among sex-determining 
mechanisms (SDMs) occur [modified from Valenzuela and Ad-
ams, 2011].  A  SDMs, diploid chromosome number (2n), and chro-
mosomal location of the BAC probes mapped in this study. Col-
ored cells indicate chromosome homology based on BAC-FISH 
data collected for a parallel study [Montiel et al., unpublished]. 
Chromosome numbers in the table correspond to the value as-
signed in their karyotype where chromosomes are organized by 
decreasing size and centromere position [Montiel et al., 2016]. As-
terisks denote previous results from Badenhorst et al. [2015] for 

 Chrysemys . Dashes denote unsuccessful BAC-FISH experiments 
perhaps due to sequence divergence.  B  BAC-FISH results for  Fgf9 , 
 Dax1 , and  Fhl2  showing their relative position in a single chromo-
some across turtles. Red band denotes  Fhl2 , yellow denotes  Dax1 , 
and blue denotes  Fgf9.  These BAC probes painted onto the largest 
chromosome pair in all turtle species, except  Emydura . The ances-
tral gene order for  Fgf9 ,  Dax1 , and  Fhl2  is presented in those 
branches where it could be confidently reconstructed by parsimo-
ny. ASP,  Apalone spinifera ; COB,  Chelodina oblonga ; CPI,  Chrys-
emys picta ; CSE,  Chelydra serpentina ; EMA,  Emydura macquarii ; 
GIN,  Glyptemys insculpta ; PSI,  Pelodiscus sinensis ; PSU,  Pelomedu-
sa subrufa ; PUN,  Podocnemis unifilis ; SOD,  Sternotherus odoratus ; 
STR,  Staurotypus triporcatus ; TSC,  Trachemys scripta . 
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2017], and  P. sinensis  [Wang et al., 2013]), plus the genome as-
semblies of  S. triporcatus  and  A. spinifera  we obtained ourselves 
[Valenzuela et al., unpublished data]. This approach corroborated 
that the sequence of these BACs also mapped to scaffolds contain-
ing these genes of interest in all genomes ( Fhl2 ), in all but 2 ge-
nomes ( Rspo1 ) –  Malaclemys  and  Gopherus , or in the 3 best as-
sembled genomes ( Foxl2  and  Gata4 ) –  Chrysemys, Staurotypus ,  
 and  Apalone  ( Table 2 ). Alternatively, when the genomic distance 
between the gene ( Foxl2  or  Gata4 ) and the BAC sequence was too 
long to be covered by a single scaffold in the more fragmentary 
published genome assemblies, the BAC and gene were found in 
scaffolds that also show homology with the flanking regions of 
both the BAC and the gene. Taken together, these observations 
increase our confidence that our FISH data informed the chromo-
somal location of these 4 target genes across turtles.

  Results 

 Here, we examined the chromosomal location of a set 
of 10 genes from the regulatory network of sexual devel-
opment ( Dax1 ,  Fhl2 ,  Fgf9 ,  Sox9 ,  Wt1 ,  Dmrt1 ,  Rspo1 ,  Sf1 , 
 Foxl2 , and  Gata4 ) and uncovered the following intra-
chromosomal inversions, gene translocation, and a chro-
mosomal fusion/fission event that occurred during turtle 
evolution (full FISH results are presented in  Fig. 4 ). First, 
BAC clone probes for genes  Fhl2 ,  Dax1 , and  Fgf9  ( Ta-
ble 2 ),   painted onto the largest chromosome in all turtles 
(i.e., chromosome 1, which is homologous across taxa), 
with the exception of  Emydura  (a GSD turtle), where they 

  Fig. 2.  Illustration of the relative position of the genes of interest and each BAC probe used in this study. 
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painted onto the third largest chromosome (EMA3) 
( Fig.  1 A, B). Based on the FISH data of multiple BAC 
clones that mapped to CPI1, EMA3 appears to be homol-
ogous to the long arm of CPI1 [Montiel et al.,   unpub-
lished]. Although these 3 genes hybridized to a single 
chromosome in all cases, our FISH results did uncover 
intrachromosomal rearrangements that altered their rel-
ative position in several taxa ( Fig. 1 B). Namely, these 3 
genes localized in the long arm of chromosome 1 in the 
same order   ( Dax1 - Fhl2 - Fgf9  from the centromere to the 
telomere of the q-arm) across  Trachemys ,  Glyptemys , 
 Chelydra ,  Staurotypus ,  Sternotherus , and  Chelodina  
(some of which exhibit TSD and some GSD,  Fig. 1 A), but 
displayed a different gene order in  Chrysemys ,  Apalone , 
 Pelodiscus , and  Pelomedusa  ( Fhl2-Dax1 - Fgf9 ) (also span-
ning TSD and GSD taxa), and showed a unique pattern 
in EMA3 ( Fhl2-Fgf9-Dax1 ).

  Additionally, FISH data uncovered a likely chromo-
somal fusion or translocation event involving  Sf1  and 
 Rspo1  in  Pelomedusa , as they colocalize in a single chro-
mosome in  Pelomedusa  but in 2 different chromosomes 

in all other taxa with contrasting sex determination 
( Fig. 3 C–E). Notably, our results also revealed that BAC 
clones containing  Sf1  and  Foxl2  mapped on the sex chro-
mosomes of  Apalone  ( Fig. 3 G, H), whereas in other tur-
tles (including  Apalone ’s close relative  Pelodiscus  with 
which it shares a homologous ZZ/ZW system),  Sf1  is lo-
cated in a microautosome ( Fig. 3 E).

  Discussion 

 We examined the chromosomal location of 10 genes 
( Dax1 ,  Fhl2 ,  Fgf9 ,  Sox9 ,  Wt1 ,  Dmrt1 ,  Rspo1 ,  Sf1 ,  Foxl2 , 
and  Gata4 ) known to be involved in gonadogenesis in 
vertebrates, across 12 focal turtle species in a phyloge-
netic context, to help elucidate the evolutionary process 
associated with turnovers in sex determination. Our re-
sults uncovered genomic rearrangements in turtles that 
altered the relative position of gene regulators of sexual 
development and contribute to the search for candidate 
sex-determining genes in GSD turtles.

A B C D

E F G H

  Fig. 3.  Exemplary FISH results identifying the chromosomal locations of BAC clones containing genes of interest 
on turtle chromosome spreads. Probes labeled with biotin-dUTP are green (denoted by yellow arrowheads), those 
labeled with digoxigenin-dUTP are red (denoted by yellow arrows).  A   Fgf9  and  Dmrt1  in  Trachemys .  B   Fhl2  and 
 Fgf9  in  Emydura .  C   Rspo1  and  Sf1  in  Pelomedusa .  D   Rspo1  and  Sf1  in  Glyptemys .  E   Sf1  and  Rspo1  in  Pelodiscus . 
 F   Wt1  and  Foxl2  in  Staurotypus .  Sf1  ( G ) and  Foxl2  ( H ) in  Apalone . Boxes contain the enlarged W and Z sex chro-
mosomes. 
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  Gene Translocation of Sf1 and Foxl2 Is Tied to the 
Derived Sex Chromosome System in Apalone 
 Genes harbored in the sex chromosomes are of par-

ticular interest due to their potential unique roles in sex 
determination and sexual dimorphism [Pask and Graves, 
1999]. Sex chromosomes originate from autosomes when 
a gene assumes the sex-determining role, either by 
recruitment of a new sex-limited master-switch trigger 
or by gene dosage effects on gonadal differentiation 
[Bachtrog et al., 2014]. Thus, the Y or W chromosomes 
can provide primary sex determination signals that com-
mit the embryo to its developmental sexual fate [Bachtrog 
et al., 2014]. As such, genes linked to sex chromosomes 

are prime candidates for a master role in sex determina-
tion which could trigger the downstream genes of the sex-
ual development network, whereas autosomal genes may 
contribute to gonadal formation, but may be ruled out for 
the master trigger function.

  Such master triggers have been identified in therian 
mammals, birds, and fish among other vertebrates [re-
viewed in Bachtrog et al., 2014], but not in reptiles includ-
ing turtles. However, several genes involved in sexual de-
velopment were reported to reside in the sex chromo-
somes of GSD turtles, such as  Wt1  in  Glyptemys  [Montiel 
et al., 2017] and  Dmrt1  in  Staurotypus  [Kawagoshi et al., 
2014]. Both are XX/XY species. Here, we found that  Sf1 

A

  Fig. 4.   A ,  B  Karyotypes of the analyzed species and the chromosomal location of BAC clones containing the gene 
of interest. Karyotype illustrations are based on Montiel et al. [2016].                                                             

(Figure continued on next page.)
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 and  Foxl2  map to  Apalone ’s sex chromosomes, which at 
first glance would make them both candidate sex-deter-
mining genes in this GSD turtle with heteromorphic sex 
chromosomes [Badenhorst et al., 2013] but would require 
an unlikely scenario of evolutionary events as described 
below. FOXL2   is a transcription factor essential for the 
maintenance of the ovaries which suppresses testicular 
differentiation mainly through repression of  Sox9  [Uhlen-
haut et al., 2009].  Foxl2  is upregulated at female-produc-
ing temperatures in TSD reptiles including several turtles 
and alligator [Rhen et al., 2007; Shoemaker-Daly et al., 

2010; Janes et al., 2013; Radhakrishnan et al., 2017], and 
it displays relic thermosensitive transcription in  Apalone 
 [Radhakrishnan et al., 2017]. Notably, our mapping data 
in the context of the phylogenetic relationships of the spe-
cies examined here ( Fig. 1 A) indicate that the ancestral 
location of  Foxl2  was in a macroautosome (chromosome 
9 based on decreasing size) [Montiel et al., 2016], from 
which it translocated to the micro-sex chromosomes in 
 Apalone  [Badenhorst et al., 2013]. Whether the transloca-
tion occurred after  Apalone ’s split from  Pelodiscus,  with 
whom it shares a homologous ZZ/ZW sex chromosome 

B
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system [Badenhorst et al., 2013], or at the split of the Tri-
onychidae family lineage warrants further investigation, 
as we were not successful in mapping  Foxl2  in  Pelodiscus . 
Alternatively, our failure to map  Foxl2  in  Pelodiscus  may 
be indicative of the divergence of the genomic region en-
compassed by this BAC clone since the split of  Apalone 
 and  Pelodiscus  approximately 95 Mya. This hypothesis is 
supported by our bioinformatics examination of the 
available turtle genome assemblies which revealed the 
presence of  Sf1  and  Foxl2  in a single genomic scaffold in 
 Apalone  but not in  Pelodiscus  (data not shown). Nonethe-
less, if the sex linkage of  Foxl2  in  Apalone  is secondary, it  
 would imply that for  Foxl2  to be the master trigger of sex 
determination, it would have had to replace the original 
sex-determining gene that must have arisen at the origin 
of sex chromosomes in the family of softshell turtles (Tri-
onychidae). While plausible, this is an unlikely scenario. 
On the other hand, SF1 is a nuclear orphan receptor re-
quired for the formation of the adrenal gland and gonads, 
as well as for the expression of steroidogenic enzymes 
therein [Parker and Schimmer, 1997; Morohashi, 1999]. 
The expression of  Sf1  is evolutionarily labile among ver-
tebrates, and, depending on the taxon, it displays expres-
sion patterns compatible with a role in testis develop-
ment, ovarian development, or a general role in gonadal 
development [Valenzuela et al., 2013].  Sf1  was previously 
proposed as a key GSD regulator in the  Apalone  genus 
based on the lack of differential gene expression detected 
in  A. mutica  in contrast to its thermosensitive transcrip-
tion in the TSD painted turtle  Chrysemys  [Valenzuela, 
2008a]. Similar results were detected in  A. spinifera  [Rad-
hakrishnan et al., 2017].  Sf1  lies directly downstream 
from  Wt1  and  Dax1  in the sex determination pathway ,  2 
genes that exhibit relic thermosensitive transcription in 
 A. mutica  [Valenzuela, 2008a, b] and  A. spinifera  [Rad-
hakrishnan et al., 2017]. Thus, the thermal insensitivity of 
the  Sf1  gene in  Apalone  makes it a strong candidate for a 
role as sex-determining gene in  Apalone  [Valenzuela et 
al., 2006; Valenzuela, 2008a], perhaps as an ovary-deter-
mining factor or a testis repressor, but this hypothesis re-
quires further study.

  Genes with Conserved Chromosomal Location 
 Unlike squamates, turtle karyotypes are considered to 

be highly conserved [Bickham, 1981; Olmo, 2008]. We 
found some evidence to support the conservation of par-
ticular gene positions but not others. One case is the map-
ping of  Dax1 ,  Fhl2 , and  Fgf9  to a single chromosome in 
all cases (although these genes were affected by intrachro-
mosomal rearrangements as discussed below). The other 

case identified was for  Dmrt1 , the key regulator of male 
sexual development, which mapped to chromosome 7 in 
 Glyptemys ,  Chelydra , and  Sternotherus ; chromosome 6 in 
 Trachemys ,  Apalone ,  Pelodiscus , and  Chelodina ; chromo-
some 5 in  Emydura , chromosome 4 in  Pelomedusa , and 
the sex chromosomes of  Staurotypus . Our results for 
 Dmrt1  confirm its chromosomal location reported earli-
er in  Trachemys  [Ferguson-Smith, 2007],  Staurotypus 
 [Kawagoshi et al., 2014], and  Pelodiscus  [Matsuda et al., 
2005]. Despite the difference in the number of the chro-
mosome to which  Dmrt1  mapped, previous studies pro-
vided evidence that some of these chromosomes (TSC6, 
PSI6, and STR-XY) are homologous to the chicken Z, the 
sex chromosome of chicken [Matsuda et al., 2005; Mon-
tiel et al., 2016]. The location of  Dmrt1  across these turtles 
is largely consistent with previous reports that the 6 larg-
est chromosomes are relatively conserved between turtle 
and chicken [Matsuda et al. 2005], albeit not fully, since 
numerous rearrangements between turtle and chicken 
have been documented [Badenhorst et al., 2015]. We hy-
pothesize that EMA5 and PSU4 are likely homologous to 
the other chromosomes to which  Dmrt1  maps.

  Genes Affected by Putative Chromosomal Fusions 
 Additionally, our BAC clone mapping results also re-

vealed evidence of a likely chromosomal fusion, as  Sf1 
 and  Rspo1  colocalize in a single macrochromosome in  Pe-
lomedusa  (PSU2) but are located in 2 microchromosomes 
in all other turtles examined here. The most parsimoni-
ous explanation given the phylogenetic relationships of 
these species is that a fusion event occurred such that the 
2 ancestral microchromosomes harboring these 2 genes 
fused and became part of a larger chromosome in the su-
perfamily Pelomedusoidea. This corresponds to the long 
arm of PSU2, where both genes colocalize. This result 
supports the hypothesis that the evolutionary reduction 
in diploid number within the side-neck suborder of tur-
tles (Pleurodira), and especially in Pelomedusoidea, oc-
curred via chromosomal fusions [Montiel et al., 2016]. 
Furthermore, our data also indicate that the location of 
 Sf1  and  Rspo1  in 2 different microchromosomes may be 
the ancestral condition to turtles. An alternative but less 
likely scenario is that 2 partial chromosomal regions, con-
taining  Sf1  and  Rspo1 , translocated to the long arm of 
PSU2.

  Genes Affected by Intrachromosomal Rearrangements 
 Our FISH mapping uncovered intrachromosomal re-

arrangements among turtles with similar and contrast-
ing SDMs. For instance,  Dax1 ,  Fhl2 , and  Fgf9  mapped to 
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a single chromosome in all cases, yet their relative posi-
tion varied among taxa and can only be explained by the 
occurrence of transpositions or inversions during the 
evolution of these lineages ( Fig. 1 B). These include in-
versions encompassing  Dax1  and  Fhl2  observed in 
 Chrysemys ,  Apalone , and  Pelodiscus ; and transpositions 
of  Dax1  to different locations along the long arm of 
chromosome 1 in  Pelomedusa ,  Emydura , and  Chelodina 
 ( Fig. 1 B). Our mapping data suggest that the   ancestral 
gene order for these 3 genes could be  Dax1 - Fhl2 - Fgf9 
 from which inversions may have occurred independent-
ly in  Chrysemys  and in the Trionychidae lineage. Con-
sistent with this idea, banding patterns of chromosomes 
in cryptodiran turtles indicate that chromosomal rear-
rangements such as centric fusions, pericentric inver-
sions, and interchanges occurred during the diversifica-
tion of cryptodiran families [Bickham, 1981]. Further-
more, 2 inversions were recently reported in  Glyptemys 
 sex chromosomes that could have contributed to the 
evolution of its derived XX/XY system   [Montiel et al., 
2017]. However, taken together, the rearrangements in-
volving  Dax1 ,  Fhl2 , and  Fgf9  identified here were not 
associated with transitions in turtle sex determination, 
because TSD turtles ( Trachemys ,  Chelydra , and  Sterno-
therus ) and GSD turtles ( Glyptemys  and  Staurotypus ) 
share a similar gene order, while  Chrysemys  and  Trache-
mys  (both TSD), exhibit contrasting rearrangements be-
tween  Dax1  and  Fhl2 .

  BAC-clone probes that map to scaffolds containing 
genes  Fhl2 ,  Dax1 , and  Fgf9  painted onto the largest chro-
mosome in all turtles, except for  Emydura  where they 
painted onto the third largest chromosome (EMA3). 
Based on these results and a few FISH data of BAC clones 
that mapped to CPI1 [Montiel et al.,   unpublished], we 
hypothesize that EMA3 is homologous to the long arm of 
the largest chromosomes in other turtles. Other less like-
ly alternatives are that fission and fusion events occurred 
between EMA1 and EMA3, or that these genes have 
translocated from one chromosome to the other (from 
EMA1 to EMA3). However, these alternatives represent 
less parsimonious hypotheses.

  In conclusion, our findings add to the discovery of 
chromosomal rearrangements involving regulators of 
sexual development in turtles as a first step to testing the 
hypothesis that rearrangements underlying the evolution 
of diploid number trigger SDM transitions, thus explain-
ing the observed acceleration of the rates of change in 
chromosome number and SDM turnover in turtles [Va-
lenzuela and Adams, 2011]. We found evidence to rule 
out the hypothesis that changes in the relative position of 

most of the genes in this particular focal gene set are as-
sociated with evolutionary transitions in turtle sex deter-
mination. The one exception is the translocation of  Foxl2 
 from an ancestral location in a macroautosome to the sex 
chromosomes of  Apalone  where  Sf1  is also linked. Yet, 
our phylogenetically informed comparative analysis per-
mits ruling out this hypothesis because the evolution of 
GSD in Trionychidae predates the translocation of  Foxl2  
in  Apalone.  Our findings of  Sf1  in sex chromosomes 
strengthen  Sf1  as a candidate for a role as sex-determining 
gene in this GSD turtle. Further comparative analyses us-
ing an expanded set of genes from the sexual development 
network is needed to inform genome evolution and its 
contribution to enigmatic turnovers of vertebrate sex de-
termination.
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