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Genome	and	transcriptome	data	generation		

One	male	 (Euhea_18_05)and	one	 female	 individual	 (Euhea_18_03)	of	E.	 heatwolei	 species	were	

captured	 from	 a	 population	 that	 inhabits	 Woods	 Reserve,	 Corin	 Road,	 ACT,	 Australia	 (-

35.480751,	 148.940398).	 Both	 individuals	 were	 sacrificed	 by	 intraperitoneal	 injection	 of	

pentabarbitone	 in	 accordance	 with	 the	 standard	 operating	 procedures	 specified	 by	 the	 animal	

ethics	committee	of	the	University	of	Canberra.	We	generated	DNA-seq	libraries	for	the	male	and	

female	 from	 liver	 tissue	 using	 the	 Illumina	 TruSeq	DNA	 protocol.	We	 sequenced	 both	 genomes	

(paired-end)	at	approximately	20X	(based	on	the	size	of	A.	carolinensis,	1.8Gb).	We	also	generated	

strand-specific	RNA-seq	libraries	(using	the	Illumina	TruSeq	Stranded	mRNA	Library	protocol)	for	a	

total	 of	 6	 samples	 obtained	 from	 brain,	 liver,	 and	 gonads	 for	 both	 a	 male	 and	 a	 female.	 Each	

library	was	sequenced	on	Illumina	HiSeq	2500	platforms	(paired-end).	The	quality	of	the	reads	was	

verified	 using	 FastQC	 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc)	 and	 the	

remaining	adaptors	were	removed	with	Trimmomatic	(Bolger,	et	al.	2014).	

Assembly	of	Y-linked	transcripts	

To	 assemble	 Y-linked	 transcripts	 in	 E.	 heatwolei	 we	 used	 a	 subtraction	 approach	 we	 applied	

previously	 in	 two	studies	 in	mammals/birds	 (Cortez,	et	al.	2014)	and	A.	carolinesis	 (Marin,	et	al.	

2017).	 We	 first	 assessed	 the	 quality	 of	 the	 RNA-seq	 reads	 with	 FastQC	

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc),	 trimmed	 the	 remaining	 adaptors	

with	 Trimmomatic	 (Bolger,	 et	 al.	 2014)	 and	 removed	 all	 reads	with	 ambiguous	 nucleotides	 (N).	

Next,	we	collapsed	all	male	RNA-seq	reads	from	E.	heatwolei	into	one	single	file	and	aligned	these	

reads	onto	the	de	novo	reconstructed	female	genome	from	E.	heatwolei	using	Hisat2	(v2.0.2)(Kim,	

et	al.	2015);	reads	not	mapping	to	this	genome	were	selected.	We	then	used	all	female	RNA-seq	

data	 from	 E.	 heatwolei	 to	 build	 an	 index	 of	 35	 base	 pairs	 (bp)	 k-mers;	 following	 a	 previous	

procedure	(Akagi,	et	al.	2014).	We	calculated	the	frequency	of	these	35	bp	k-mers	and	removed	

those	 showing	 frequencies	 below	 ten;	 we	 did	 not	 consider	 rare	 k-mers	 as	 part	 of	 the	 overall	

signature	of	the	female	transcriptome.	We	used	Bowtie2	(2.1.0)	(Langmead	and	Salzberg	2012)	to	

align	the	more	abundant	35	bp	k-mers	to	the	male	reads	that	did	not	align	onto	the	E.	heatwolei	

female	genome	(with	no	mismatches	and	no	indels	allowed);	we	selected	the	male	reads	with	no	

successful	alignments.	Finally,	we	assembled	a	male	transcriptome	with	Trinity	(v2.0.2,	default	k-

mer	of	25	bp)	(Grabherr,	et	al.	2011)	based	on	the	few	selected	read	that	passed	all	the	filters.	We	

obtained	 putative	male-specific	 transcripts,	 which	 were	 aligned	 against	 the	 raw	 DNA-seq	 reads	
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from	 the	 male	 and	 female	 E.	 heatwolei	 using	 BLASTn	 (Altschul,	 et	 al.	 1990).	 We	 searched	 for	

transcripts	having	100%	identity	over	90%	or	more	of	their	sequence	length	in	the	male	genome	

and	 no	 significant	 alignments	 in	 the	 female	 genome.	 Approximately	 382	 transcripts	 were	 only	

found	 in	 the	 male	 genome	 (Supplementary	 Table	 3).	 Initially,	 we	 did	 not	 know	 whether	 E.	

heatwolei	presented	XY	or	ZW	chromosomes.	So,	in	parallel,	we	ran	the	methodology	starting	with	

female	RNA-seq	data	to	determine	the	presence	of	potential	W-linked	sequences.	All	potential	W-

linked	sequences	were	found	in	both	the	male	and	female	genomes	and	represented	false-positive	

transcripts.	

To	establish	Y	gene	 identity,	we	searched	NCBI	GenBank	(http://www.ncbi.nlm.nih.gov/genbank)	

for	the	closest	homologs.		

Data	collection	

We	collected	the	full	list	of	reptiles	with	known	TSD	system	from	the	Tree	of	Sex	database	(Tree	of	

Sex	 2014)	 and	 literature	 searches.	 We	 then	 searched	 the	 literature	 and	 dedicated	 reptile	

databases	for	the	duration	and	month	intervals	of	the	breeding	seasons.	We	collected	information	

for	101	species	with	TSD	and	99	species	with	GSD	(Supplementary	Tables	1-2).	Temperature	data	

from	 the	 entire	 surface	of	 the	 planet	was	 downloaded	 from	 the	Climatic	 Research	Unit	 (http://	

http://catalogue.ceda.ac.uk/uuid/3df7562727314bab963282e6a0284f24;	version	3.24.01).	

	

Geographical	ranges	

We	collected	 the	 full	 list	of	 reptiles	with	known	sex	determination	 system	 from	 the	Tree	of	 Sex	

database	 (Tree	 of	 Sex	 2014).	We	 divided	 the	 sex	 determination	 systems	 of	 the	 species	 in	 two	

categories:	 genotypic	 sex	 determination	 (GSD)	 and	 temperature-dependent	 sex	 determination	

(TSD).	 We	 then	 searched	 the	 literature	 and	 dedicated	 reptile	 databases	 for	 the	 duration	 and	

month	 intervals	 of	 the	 breeding	 seasons	 for	 all	 reptile	 species	 with	 known	 sex	 determination	

systems.	The	detailed	records	for	the	species	with	collected	information	and	their	corresponding	

references	are	listed	in	Supplementary	Tables	1-2.	When	multiple	breeding	seasons	where	found	

for	a	given	species,	the	consensus	period	was	selected.	Several	species	names	reported	in	the	Tree	

of	Sex	database	have	changed	(the	species	have	been	reclassified)	and	did	not	follow	the	current	

species	 classification	 (e.g.	 different	 genus).	 Therefore,	 we	 worked	 with	 all	 synonyms	 obtained	

from	 the	 RedList	 database	 (http://www.iucnredlist.org/;	 version	 3),	 the	 Reptile	 Database	

(http://www.reptile-database.org/)	 and	 the	 Mexican	 Collection	 of	 Reptiles	
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(http://www.ib.unam.mx/zoologia/#colecciones-zoologicas-nacionales)	 to	 solve	 the	

inconsistencies.	We	 only	 used	 the	 current	 names	 for	 each	 species	 in	 strict	 agreement	with	 the	

names	used	in	the	RedList	database.	The	list	of	synonyms	can	be	found	in	Supplementary	Tables	1-

2.	 Lastly,	 for	each	 species,	we	downloaded	 the	 shapefiles	of	 their	distributions	 from	 the	RedList	

database	 (http://www.iucnredlist.org/;	 version	 3).	 For	 128	 species	we	 successfully	 collected	 the	

sex	determination	system	and	the	shapefile	of	their	geographical	distribution.	Of	these,	99	species	

show	GSD,	and	39	species	have	TSD.	Temperature	and	precipitation	data	from	the	entire	surface	

of	 the	 planet	 were	 downloaded	 from	 the	 Climatic	 Research	 Unit	 (http://	

http://catalogue.ceda.ac.uk/uuid/3df7562727314bab963282e6a0284f24;	 version	 3.24.01),	 a	

database	 that	 has	 month-by-month	 variations	 in	 climate	 over	 the	 period	 1901-2015,	 on	 high-

resolution	(0.5x0.5	degree)	grids.	

	

Generation	of	distributional	ranges	for	additional	species	

We	generated	shapefiles	for	72	species	with	TSD.	In	order	to	characterize	the	species’	geographic	

ranges,	 we	 implemented	 ecological	 niche	 modeling	 routines	 using	 the	 maximum	 entropy	

algorithm	in	Maxent	(Phillips,	et	al.	2006).	This	was	done	by	searching	for	best	candidate	models	

using	 the	 R	 package	 kuenm	 developed	 by	 Dr	 Marlon	 E.	 Cobos	

(https://github.com/marlonecobos/kuenm).	We	 first	 compiled	 the	 species’	 occurrences	 through	

several	 databases	 including	 the	 Global	 Biodiversity	 Information	 Facility	 (GBIF;	

https://www.gbif.org/),	 Biodiversity	 Information	 Serving	 Our	 Nation	 (BISON;	

https://bison.usgs.gov/#home),	 Berkeley	 Ecoinformatics	 Engine	 (Ecoengine;	

https://ecoengine.berkeley.edu/),	 Integrated	 Digitized	 Biocollections	 (iDigBio;	

https://www.idigbio.org/tags/database),	 Atlas	 of	 Living	Australia	 (ALA;	 https://www.ala.org.au/),	

iNaturalist	(https://www.inaturalist.org/),	VertNet	(http://vertnet.org/),	and	Ocean	Biogeographic	

Information	System	 (OBIS;	http://www.iobis.org/).	All	 the	occurrences	per	 species	were	 cleaned	

from	obvious	georeferencing	errors	or	taxonomic	misidentifications	through	careful	inspection	in	a	

GIS	 (Geographic	 Information	 System)	 and	 based	 on	 information	 gathered	 from	 The	 Reptile	

Database,	which	contains	updated	taxonomic	information	(http://reptile-database.reptarium.cz/).	

The	number	of	occurrences	per	species	ranged	between	1	and	13192,	although	the	majority	 (76	

species;	89.4%)	had	more	than	25	occurrences.	Only	seven	species	had	 less	than	12	occurrences	

and	were	treated	as	data	deficient	species;	for	four	of	these	data	deficient	species	we	decided	to	

use	 alternative	 geographic	 range	 estimations	 rather	 than	 the	 outcome	 of	 a	 niche	 model	 (see	
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below)	 as	 follows:	 for	 two	 of	 these	 data	 deficient	 species	 (Mauremys	 nigricans,	 Podocnemis	

erythrocephala)	we	decided	to	use	the	ecoregions	(Olson,	et	al.	2001)	that	intersected	with	their	

occurrences	 as	 a	 proxy	 of	 their	 distribution	 after	 carefully	 inspecting	 that	 these	 ranges	

corresponded	 to	 the	 species	 known	 distributions,	 and	 for	 two	 other	 data	 deficient	 species	

(Phelsuma	guentheri,	Phelsuma	guimbeaui)	that	are	 located	 in	the	Mauritius	 island,	we	used	the	

polygon	of	the	island	as	a	proxy	of	their	geographic	range.	For	the	rest	of	the	data	deficient	species	

(Geochelone	 elephantopus,	Mauremys	 annamensis,	 Eurotestudo	 hermanni)	 we	 conducted	 niche	

modelling	 as	 described	 as	 follows.	 For	 the	 species	 with	 more	 than	 12	 occurrences,	 the	 points	

representing	the	locations	of	each	species	were	then	used	to	intersect	the	terrestrial	ecoregions	of	

the	world(Olson,	et	al.	2001),	to	which	we	then	added	a	1-degree	buffer	to	use	as	the	accessibility	

area	 (Barve,	et	 al.	 2011);	 this	 area	was	 implemented	 in	order	 to	mask	 the	environmental	 layers	

that	were	 then	needed	to	calibrate	the	models.	All	occurrences	were	spatially	 filtered	with	a	20	

km	radius	to	avoid	spatial	autocorrelation	and	overfitting	the	models.	Models	were	calibrated	with	

the	 seven	 least	 correlated	 bioclimatic	 layers	 from	 the	 WorldClim	 database	

(http://www.worldclim.org/)	 at	 a	 spatial	 resolution	 of	 2.5	minutes:	 Annual	Mean	 Temperature;	

Mean	Diurnal	 Range	 (Mean	 of	monthly;	max	 temp	 -	min	 temp);	Max	 Temperature	 of	Warmest	

Month;	Min	Temperature	of	Coldest	Month;	Annual	Precipitation;	Precipitation	of	Wettest	Month;	

Precipitation	of	Driest	Month.	Candidate	models	were	explored	setting	up	the	maximum	entropy	

algorithm	 in	 Maxent(Phillips,	 et	 al.	 2006)	 in	 the	 R	 package	 kuenm	 (Cobos,	 et	 al.	 2019)	

(https://github.com/marlonecobos/kuenm)	 with	 all	 possible	 combination	 of	 features	 and	

regularization	multipliers	of	0.1,	0.5,	1,	2,	3,	and	4.	This	generated	348	models	per	species,	which	

were	then	subjected	to	evaluation	to	select	the	best	model	parameterization	based	on	statistical	

significance	 according	 to	 the	 partial	 Receiver	 Operative	 Characteristic	 (Peterson,	 et	 al.	 2008)	

(ROC),	 omission	 rate	 (Peterson,	 et	 al.	 2008)	 (i.e.,	 a	 user-selected	 proportion	 of	 occurrence	 data	

that	may	present	meaningful	errors),	and	model	complexity	(Akaike	Information	Criterion	for	small	

samples	(AICc)).	Evaluation	parameters	were	set	to	10	percent	for	omission	rate,	with	50	percent	

randomly	sampled	occurrence	points	from	the	test	data	for	bootstrapping,	and	500	iterations	for	

bootstrapping;	such	procedure	produced	a	table	with	the	best	models	corresponding	to	those	with	

highest	mean	AUC	ratio	from	the	partial	ROC,	lower	omission	rate	and	AICc,	as	well	as	number	of	

parameters	per	model.	When	more	than	one	best	model	was	obtained,	we	selected	the	best	one	

based	on	the	highest	value	of	the	AUC	mean	ratio.	Finally,	the	specific	parameterization	from	the	

best	 model	 was	 used	 to	 re-run	 the	 Maxent	 procedure	 and	 generate	 the	 final	 model,	 which	
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represented	the	best	estimate	of	 the	species’	geographic	 range.	The	minimum	criteria	 regarding	

the	outcome	of	model	evaluation	was	the	statistical	significance	of	the	model	(P	<	0.001)	and	an	

AUC	ratio	>	1.4,	considering	that	values	of	AUC	ratio	that	depart	upwards	from	one	perform	better	

than	 random(Peterson,	et	al.	 2008).	 The	 final	model	per	 species	was	based	on	 the	 raster	of	 the	

median	of	10	model	projections	of	that	best	model	in	each	species	accessible	area.	To	depict	the	

geographic	potential	distribution	of	each	 species,	each	 raster	was	 thresholded	based	on	 the	10-

percentile	 training	 presence.	 The	 geographic	 projection	 of	 the	 resulting	 binary	 map	 was	 then	

converted	 to	 a	 shapefile.	 The	 resulting	 shapefiles	 are	 available	 in	 the	 figshare	 platform	 at	 the	

following	link	https://figshare.com/s/83d59b0d26f8df636621.	

	

Mapping	climate	data	to	the	species	distribution	

Shapefiles	 downloaded	 from	 the	 RedList	 database	 (http://www.iucnredlist.org/;	 version	 3)	 and	

shapefiles	generated	for	this	project	contain	polygons	with	geographical	coordinates	(latitude	and	

longitude)	 representing	 the	 species	 distribution.	 The	 environmental	 data	 from	 CRU	 (http://	

http://catalogue.ceda.ac.uk/uuid/3df7562727314bab963282e6a0284f24;	 version	 3.24.01)	 has	

climate	surfaces	gridded	at	a	spatial	resolution	of	0.5x0.5	degrees.	We	matched	the	climate	data	

with	 the	species	 shapefiles	using	a	dedicated	R	package	built	by	Dr	Anna	Krystalli	 as	part	of	 the	

Newton	 Advanced	 Fellowship	 program.	 The	 R	 package	 used	 in	 the	 study	 is	 available	 at	

https://github.com/annakrystalli/IUCNextractR.	Briefly,	the	R	package	extracted	the	climate	grids	

that	 overlap	with	 the	 species’	 polygons	 and	 returned,	 for	 each	 shapefiles,	 the	 average	monthly	

temperature	 for	 a	 given	 time	 period.	 In	 our	 case	we	 selected	 a	 30-year	 time	 period	 of	 climate	

data,	 1960-1990.	 The	 beginning	 and	 end	 months	 of	 the	 breeding	 season	 were	 recorded	 in	 a	

numerical	format,	where	1	was	January,	2	was	February,	etc.,	until	12	represented	December.	We	

then	 recovered	 the	median	 temperature	 (ambient	 temperature)	 of	 all	months	 comprised	 in	 the	

breeding	season	for	1960-1990.	

	

Synonymous	substitution	analyses		

To	assess	the	age	at	which	the	novel	XY	system	was	originated,	we	followed	a	previous	procedure	

(Cortez,	 et	 al.	 2014;	 Marin,	 et	 al.	 2017).	 Specifically,	 we	 aligned	 using	 PRANK	 (Loytynoja	 and	

Goldman	2005)	the	coding	sequences	of	XY	genes	in	E.	heatwolei	and	the	coding	sequences	from	

one-to-one	 orthologous	 genes	 in	 A.	 carolinensis,	 Pogona	 vitticeps,	 the	 tiger	 snake	 (Notechis	

scutatus),	 the	 tuatara,	 chicken,	 the	 soft-shell	 Chinese	 turtle,	 opossum,	 mouse,	 human	 and	



	 6	

Xenopus;	 orthologous	 coding	 sequences	 were	 downloaded	 from	 the	 Ensembl	 database	

(https://www.ensembl.org/;	v.97).	We	concatenated	the	individual	gene	alignments	and	applied	a	

bootstrap	approach	(100	rounds).	For	each	round,	we	calculated	the	synonymous	substitutions	for	

all	 branches	of	 the	 species	 tree	using	 codeml	 (implemented	 in	PAML	 (Yang	1997)).	 The	average	

branch	lengths	from	the	100	bootstraps	were	calibrated	to	produce	an	ultrametric,	time-calibrated	

tree,	 using	 the	 chronos	 library	 (ape	 package	 in	 R).	 We	 then	 retrieved	 the	 branch	 lengths	 just	

before	and	after	the	split	of	the	XY	gametologues	and	the	time	since	E.	heatwolei	diverged	from	

the	 Snake-Pogona-Anolis	 lineage	 (out-group	 species).	 We	 calculated	 the	 age	 of	 the	 sex	

chromosomes	based	on	 these	 values.	 The	divergence	 time	between	 species	was	 retrieved	 from	

TimeTree	(http://www.timetree.org/).	
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