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Parthenogenesis occurs across a variety of vertebrate taxa. Within squamate reptiles (lizards and snakes), a
group for which the largest number of cases has been documented, both obligate and facultative types of
parthenogenesis exists, although the obligate form in snakes appears to be restricted to a single basal species of
blind snake, Indotyphlops braminus. By contrast, a number of snake species that otherwise reproduce sexually
have been found capable of facultative parthenogenesis. Because the original documentation of this phenomenon
was restricted to subjects held in captivity and isolated from males, facultative parthenogenesis was attributed as
a captive syndrome. However, its recent discovery in nature shifts the paradigm and identifies this form of
reproduction as a potentially important feature of vertebrate evolution. In light of the growing number of
documented cases of parthenogenesis, it is now possible to review the phylogenetic distribution in snakes and
thus identify subtle variations and commonalities that may exist through the characterization of its emerging
properties. Based on our findings, we propose partitioning facultative parthenogenesis in snakes into two
categories, type A and type B, based on the sex of the progeny produced, their viability, sex chromosome
morphology, and ploidy, as well as their phylogenetic position. Furthermore, we introduce a hypothesis
(directionality of heterogamety hypothesis) to explain the production of female-only parthenogens in basal
alethinophidian snakes and male-only parthenogens in caenophidian (advanced) snakes. © 2015 The Linnean
Society of London, Biological Journal of the Linnean Society, 2015, 00, 000-000.
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INTRODUCTION (OP) occurs primarily in lizards and is characterized
by all-female (unisexual) populations; hence, repro-
duction occurs in the absence of any paternal genetic
contribution (Dawley & Bogart, 1989; Kearney,
Fujita & Ridenour, 2009; Sinclair et al., 2010;
Neaves & Baumann, 2011; Sites, Reeder & Wiens,
2011). These unisexual populations have been the
focus of considerable research efforts, particularly
with respect to understanding their evolutionary ori-
gin and phylogenetic distribution (Dawley & Bogart,
1989; Reeder, Cole & Dessauer, 2002; Fujita &
Moritz, 2009; Sinclair et al., 2010; Lutes et al., 2011;
*Corresponding author. E-mail: warren-booth@utulsa.edu Cole et al., 2014; Grismer et al., 2014). Within

Parthenogenesis, or virgin birth, has been docu-
mented across a diverse group of vertebrate taxa,
particularly birds, elasmobranchs (sharks and rays),
and squamate reptiles (Olsen, 1975; Darevsky,
Kupriyanova & Uzzell, 1985; Dubach, Sajewicz &
Pawley, 1997; Schuett et al., 1997; Avise, 2008). Two
evolutionarily divergent types of parthenogenesis are
recognized among these vertebrates: obligate and fac-
ultative (Lampert, 2008). Obligate parthenogenesis
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snakes, however, OP is documented only in a single
typhlopid species, the Brahminy blind snake (Indoty-
phlops braminus), formerly known as Ramphoty-
phlops braminus (Nussbaum, 1980; Wynn, Cole &
Gardner, 1987; Ota et al., 1991). Despite its world-
wide distribution, attributed to the commercial nurs-
ery business (hence, its common moniker, the flower
pot snake), surprisingly little is known about the
parthenogenetic characteristics of this diminutive
species, including the mechanism of reproduction.
With a single exception (Sinclair et al., 2010), all
cases of OP in squamate reptiles (lizards) appear to
be the result of interspecific hybridization (Cole, Des-
sauer & Barrowclough, 1988; Moritz et al., 1989).
Although it is currently unconfirmed, it is assumed
that this hybrid mechanism may explain the hetero-
morphic triploid karyotype of the I. braminus (Wynn
et al., 1987). Parthenogenesis is also assumed given
the failure to find males within any populations
sampled to date and a lack of molecular tests, such
as DNA-based analyses (McDowell, 1974; Nussbaum,
1980; Wynn et al., 1987; Ota et al., 1991).

Facultative parthenogenesis (FP), asexual repro-
duction in an otherwise sexually reproducing species,
has been documented in a variety of vertebrates
(Avise, 2008, 2015; Lampert, 2008) but was initially
discovered in certain strains of turkeys and chickens
in the 1950s (Olsen, 1975). Approximately 50 years
after the discovery of FP in domestic fowl, several spe-
cies of snakes were found to reproduce via FP (Dubach
et al., 1997; Schuett et al., 1997), which was docu-
mented using DNA-based methods not available in
the early work on birds. Subsequent instances of FP
were documented in varanid (Varanidae) lizards
(Lenk et al., 2005; Watts et al., 2006; Hennessy, 2010;
Wiechmann, 2012; Grabbe & Koch, 2014) and in elas-
mobranch fishes (Chapman et al., 2007; Chapman,
Firchau & Shivji, 2008; Feldheim et al., 2010; Robin-
son et al., 2011; Fields et al., 2015, Harmon et al.,
2015). Nonetheless, the greatest wealth of genetically
confirmed and anecdotal cases of FP has been
reported in snakes (Dubach et al., 1997; Schuett et al.,
1997, 1998; Murphy & Curry, 2000; Groot, Bruins &
Breeuwer, 2003; Germano & Smith, 2010; Booth &
Schuett, 2011; Booth et al., 2011a, b, 2012, 2014; Kin-
ney et al., 2013; Reynolds et al., 2012; Lara-Resendiz
et al., 2013; Vaughan & Steele, 2014; Jordan, Perrine-
Ripplinger & Carter, 2015) (Table 1). The number of
examples of FP may actually be much greater; when
cases previously attributed to long-term sperm stor-
age or other mechanisms (Magnusson, 1979; Scalka &
Vozenilek, 1986) are re-evaluated, FP is often a more
viable hypothesis (Booth & Schuett, 2011).

When FP is evaluated across vertebrates, we see a
set of commonalities. For example, FP appears to be
phylogenetically widespread, with instances reported

in the Galliformes, Columbiformes, and Passeri-
formes lineages of birds (Bartelmez & Riddle, 1924;
Olsen & Marsden, 1954; Schut, Hemmings & Birk-
head, 2008); the Orectolobiformes, Carcharhini-
formes, Pristoformes, and Myliobatiformes lineages
of elasmobranchs (Chapman et al., 2007, 2008; Feld-
heim et al., 2010; Robinson et al., 2011; Fields et al.,
2015); and Boidae, Pythonidae, Acrochordidae,
Natricinae, and Crotalinae lineages of snakes
(Dubach et al., 1997; Schuett et al., 1997, 1998;
Booth & Schuett, 2011; Booth et al., 2011a, b, 2012,
2014; Reynolds et al., 2012; Vaughan & Steele,
2014). In lizards, however, most cases of FP are
limited to varanids (Lampert, 2008).

In snakes and elasmobranch fishes, FP has been
documented in both viviparous and oviparous taxa.
With two exceptions (Groot et al., 2003; Portnoy
et al., 2014; but see also Booth et al., 2014),
parthenogenesis appears to result from automixis;
specifically, it is mostly attributed to terminal fusion,
the process whereby the egg nucleus fuses with a
second polar body and diploidy is restored (Lampert,
2008) (Fig. 1). However, we argue that, without con-
firmation of heterozygosity of progeny suspected to
be parthenogens via FP, gamete duplication (a form
of automixis resulting from the division of a haploid
egg to produce cleaved nuclei which fuse to produce
a diploid nucleus; Stenberg & Saura, 2009) (Fig. 1)
cannot be rejected as a plausible cellular mechanism.
Detecting heterozygosity within progeny produced by
FP is difficult using conventional molecular tools
[e.g. microsatellites, amplified fragment length poly-
morphisms (AFLPs)] given that recombination gener-
ating heterozygosity may be restricted to the
terminal tips of the chromosomes (Lampert, 2008);
accordingly, the detection of FP is possible only if the
marker employed is situated within a region of
recombination. Heterozygosity has been documented
in parthenogens of two species (Robinson et al.,
2011; Reynolds et al., 2012), supporting terminal
fusion automixis. Regardless of the actual mecha-
nism, both forms of automixis result in genome-wide
or near genome-wide homozygosity and an individual
that is highly inbred (Hedrick, 2007; Pearcy, Hardy
& Aron, 2011). Under automixis, the offspring are
half-clones of the mother; thus, in sharks, all parthe-
nogens are female given female homogamety (XX) of
the sex chromosomes (Chapman et al., 2007),
whereas, in birds and varanid lizards, the offspring
are male owing to heterogamety (ZW) in the female
sex (Olsen, 1975; Watts et al., 2006). In snakes,
which are considered to exhibit female heterogamety
(ZW), both male and female parthenogens are docu-
mented via FP (Booth & Schuett, 2011).

Until recently, FP had been considered as an
evolutionary novelty of minor significance largely

© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, oo ee—ee



PATTERNS OF PARTHENOGENESIS IN SNAKES 3

soLIquo
pauLIoj[EW pUuR
Ayjreey Jo xrux

® paurejuod s3se
porm) ‘s38e xIs 03
pa[no A[enjussy

‘pajeqnour (smaoynorgau
sem pue sxeek 7 ueyl uoyLdonpy)
*(¥103) o[qeIA paaeadde 9JI0W 10} So[BWL uoyjAd
‘10 22 yroog STXTWOINY U Jo %06~ a[ewa | s38e 19 WO paje[osT a0 perenoney
(oo ‘saxad)
70015 ‘A "L, SIXTWOINY QAT OM, aewa | umousun) umousun) a0
‘SIXTuojne soLIquuo
uoIsnj [eIjuad [euLIOU A[pIemIno
J0 ‘3urqnop padofeasp s33e a[qela reedde SIeOA [BIoA8S (smamy71019
«(£00%) onrjorewaxd UdASG "WLIOY [[NJ %Gg YoTyM JO J0J seTew uoYyIL)
‘1D 72 1001K) ‘stxtnody pajeqnourt sS8e oN oewof  seydMId S[dnMmiIy WOo.IJ PaIR[OST g0 uo3£d sseurng
(snurunw
J(wruod ‘saad) ‘(porp J99e[ A1 WOJJ So[ewr S2700UNJY)
8oUS.0 ‘N pegsejun QUO0) 9AT[ 99, aewa, | Surxdsyjo Sty Wo.LJ PaIR[OST g0 BPUOOBUER USDIY)
JOT[IBS
syjuowr GG (D11YoUD
pozIwojoeseA sag0.101d7])
«(€10%) WIoq[[13s a[ewr BO(q Mmoqurel
‘10 72 Kouuryy SIXToIny QU0 ‘@AT[ @0, o[ewo | Suridsgyo ano g B [JIM POsSnof] a0 uel[izeig
Surpes] ysIiqelse
0} aJnfrej (snunow
Jo asneoaq porp BAO poy[04 $270.401d7])
«(qIT03) I9Je[ INOJ ITYM Jo Jequinu A1 WOJJ So[ewr BO(Q MOqUIRI
‘1 12 Yroog SIXTWOINY JO 9AI[R WIOq XIS orewa | pajrodeaun +gT Wo.1J PaIR[oST a0 uRIqUIO0))
soTew
¥ Y3m pesnoy
‘uorjonpoadag
«(BIT0%) [enxes jo (1107091.435U00 DOE)
‘10 22 ypoog STXToIny 3unok oAl Zg a[ewo | %3 K109S1Y snotaaag a0 I0JOLIISU0D BOG
EhleERENE} | apowt AYI[IqRIA Guridsyyo Guridspyo K038ty eAmpde) utdLQ seadg
o1jeusdousylieg Jo xag /5839 Jo JequunN

soyeus ul siseuadousyjied aAnpe)noey Jo (L) £109s1y oa1pded £Aq pejroddns 8soy) pue () SOSEI PaULIJU0D A[[BdIjeUsy) ‘T I[qe],

© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, e eo—ee



4 W.BOOTH and G. W. SCHUETT

«(eyep ‘[qndun) umous[un saeok g~ (uopadis
19eNnYds "M D WIOQ[T)S 90T} BAO POY[0A J0J seTew (3npe ue se DIPOLIN]) OYRUS
2 Y100g "M STXTW0NY 99I1} ‘@Al dUQ  ‘@ewW DU g ‘Suridsjjo anoyg woJ paje[os] Po7991[09) DM I97eM UIOYLION
(sordures
[[e ssoxoe
K£y1s034£zowoy
Jo j[nsax
B SB 9AISI[OU0JUT pajou sjonpoad (119on09
BJRp Je[nosjow aarjonpoader saeak 9 s1ydouwunyJ)
«(0T03) g ‘TOAOMOT]) WIoq[[UIS JIoyj}any ou J0J soTewr (erruean( se ayeus
29 OURULIDY) STXTWOINY 0M] ‘@AT[ BU() pexesuf) ‘durxdsyjo eaay, WoJJ PeIe[os] Pe1991[00) DM J011e8 BIIaIg
(x1pod
WIoq[uIs BAO Iq s1ydouwuny,J)
+(000%) 931y} ‘(parp poy[o£ erdnnur 9ouls sofewt oeus
Army 29 Aydany polseju)  JI9je[ 9UO) SAI[ JNOJ poxesun) ‘Surrdsyjo X189 WOIJ PaIR[OST q0 Je3aes sure[q
«(3T0%) saeI] ordnnur — (snungoiow
‘70 72 SploUAey peuLiojep BAO poay{[oL aanjdeo sydouwny )
(L661) STXTWOJNE JUIOQ[TS TT 1% ‘Suridsggo Q0Uls so[ew ayeus
1D 72 139NYdS UoIsSNJ [RUIULIA, ‘QAT[R WI0q 99IY], a[eIN US9LINO ] WoJJ PoIe[os] oM J011eS paIexdey))
(semIfeULIOUqE
[eruswdo[oArep
auo
‘pourioy Aqrenaed ST (sun.Sva sunsaja
omj} ‘eoueaeadde ordiymum — saeak s1ydouwuny,J)
«(L66T) Ul [eULIOU 0M]) pepI0oax BAO POY[04 TG I0J seTew ayeus
"I 72 139NYOS SIXTWOJNY  PBIP 9AY ‘9AI[ N0 10N ‘Gurxdsjjo auIN wo.JJ Paje[os] oM 197083 SULIOpUB A\
(emunfoun
wroqqms g SNP.L0YI0LIY)
#(L66T) 994Yy ‘(paIp 99uls so[ew o¥BUSOY
‘I 72 yorqn( STXTW0)NY I9JB[) OAT[ OM], a[eIN Suridsyjo oA wo.JJ Paje[os] a0 ueInjery
L(wuoo ‘sied) pPert Surpeauq (1mws4a5u0.4q
JoxIeq "], pue pauLIojop poAtasqo — uoYILJ)
2 Joyaeyg ‘(I peisejun 0M7] ‘DAT] JYSIY orewe | s83e ua], So[RW YJIM POSNOH I<re) uoy3Ad pooig
sxeak (g
«(¥10%) (e1qeTIA I9A0 10] So[BW
‘1D 72 Yroog STXTW0INY QAI[ OM]T, a[ewa, [ omy) s380 Inoyg wo.J Paje[os] a0
o[ew ®
#(¥108) i Junerndos
‘1o 12 Yroog STXTWO)NY QAT[ XIG arewa | s33e x1g9 paatesqQ g0
o[ewr ®
«(¥10%) i Sunerndos (sm18a.4 uoYIK{)
‘10 22 yroog SIXTWOINY QAT 991y, orewo I s38e eaay, poaaxasqQ d0 uoy3£d [efoy
QoUaIRJOY apowt AIiqerp Suurdsyjo Surrdspyo A10)s1y 9An3dR)) uLsLrQ seadg
orjeuagousylieg Jo xoQ /8839 Jo Jequun N

ponuiuo) *1 SqEL

© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, oo ee—ee



PATTERNS OF PARTHENOGENESIS IN SNAKES 5

‘w10q 9A1RdeD ‘g)) ‘POJOSI[02-PIIM ‘DM

g
0} dotxd siee g
L(wwoo “sxad) BAO POY[[0A ZT J0J so[ewt
SmoueqeT ‘Y pajserun QAT[ 99IY], o[eIN ‘durxdsjjo oy, Wo.LJ PaIR[OST OM
padoresep-1opun SI9991] 0M] — BAO aIIq
L(wwoo “sxad) QU0 ‘WIOq[[1IS poy[o£ opdiynuw QoUls soTew
1)OYDIRIN 7 pogsajun QUO ‘OAT] OM[, o[eIN ‘urxdsyjo ano g Wo.1J Paje[os] a0
g
L#10%) o918 BAO poY[0L Qouls soTew (42dsp
29 ueysnep peserun) WIOq[[IIS 9UQ oeIN 11 ‘Surrdsgo au( WOIJ Paje[os] qp  sdoaypog) ojadoroua],
poadoressp-tepun BAO aanjded
+(3103) QU0 ‘WIOq[[1IS poy[o£ opdiynuw QoUuls soTeu
10 72 Yroog STXTWOINY 0M) ‘DAT[ DU o[eIN ‘uridsyjo auQ wo.1j Pajeos] PITM
padoressp-tepun aanjdeo (snuoarosid
«(103) QU0 ‘WIOq[[1PS BAO POY[0A Q0Uls so[ew UOPO.115148Y)
‘1 12 Yroog SIXTWOINY 0M) ‘DAT[ BU() O9[e]N €T ‘Suridsjjo anog WOo.IJ PoIR[OST OM INOUru0330y)
aanjded (y3aiq o3 orad
«(GT03) BAO POY[0£ INOJ Q0Uls so[ew
‘ID 72 URpIOL SIXTWOINY WIOQ[1S dUQ o[eIN ‘uridsyjo auQ Wo.1j Paje[os] s1eak §) DM
BAO
+(610%) pay[[o£ e[dnynuw orjel Xo8
‘70 72 yjoog SIXTWoINY QAR dU() ElE ‘Surrdsgjo auQ uonpendod T : T~ PIIM
QATR sieak g (X142.10910D
«(TT03) QU0 ‘WIOq[[1IS BAO POY[04 J0J soTew UOPO.43S1YSy)
1enydg 3 yroog STXTWOINY 0M]) ‘OAT[R OM], 9[BN I ‘Surxdsygo ano, WO pPaje[osT a0 peeyaeddo)
(umousyun (s1pri1a
(patp 197€] BAO awry) aanyded sNI070.L))
«(eyep [qndun) pue AjruLiojop poy[o£ opdinux QoUls soTew (Aqeq e se ayeUS91IBL
r00g ‘M SIXTWOINY [B1OR]) 9AI[ dU() o[eIN ‘uridsyjo auQ Wo.J PaIR[oST Pe1991[09) DM oLIRIg
BAO POY[0L 9911} (£07001uN
‘(podofesep aIIq sNI070.L))
1(2L661) ATy jou) Q0Uls so[ew oyeUSa)IRI
"I 72 139NYOS posajun 9[qeIA QUON  UMOUNU[) Suridsyjo om, wo.J Pajeos] g0 pue[s] eqnay
SNPLLIOY
saeak §1 sNI070.L))
«(L66T) WIOQ[[13S BAO POY[0A 991} J0J soTew oyeUSA)IRI
"I 72 139NYOS STXTWOINY 0M) DAT[ DU o[eIN ‘Surxdsjjo oy, wo.j Pajeos] g0 JI9qUIL],
EhleEREIE}N | apowt AIIqerp Suridsgjo Surxdsyyo A10)s1y 9An3dR) uLsLQ sowoadg
orjeusdousylied Jo xag /8839 Jo Jequn N

panunquoy °1 o[qe[L

© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, e eo—ee



6 W.BOOTH and G. W. SCHUETT
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Figure 1. Mechanisms of automixis with ZW sex chromosomes. A, primordial germ cell. B, meiotic products following
DNA replication and recombination during the first cell division. C, meiotic products following second cell division. D,
potential sex chromosomal arrangements following terminal fusion (black lines, solid), central fusion (red line lines,
dashes), and gametic duplication (blue lines, dotted). Each chromosome pair is denoted by a dashed box.

because all records resulted from animals held in cap- Agkistrodon) have subsequently been published docu-
tive isolation for prolonged periods. FP was therefore menting parthenogenetic reproduction occurring in
considered to represent a captive syndrome with little natural populations (Booth et al., 2012), and a third
relevance to the natural world (Booth et al., 2012). one has documented the presence of free-living
Two studies concerning pitviper snakes (genus parthenogens within a population of smalltooth
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sawfish, Pristis pectinate (Fields et al., 2015). In these
cases, the population sex ratios of adults were found
to be at or close to unity (1 : 1), suggesting that a
shortage of mates was not a driving force of this alter-
native reproductive strategy. Consequently, with the
discovery of FP in nature, the paradigm is shifting
toward understanding the role of FP in vertebrate evo-
lution (Booth et al., 2012; Fields et al., 2015).
Although the identification of FP in natural
populations was previously considered to comprise a
formidable task (Avise, 2008), re-analysis of the avail-
able population datasets, which have employed vari-
able nuclear markers (microsatellites, restriction site-
associated DNA sequencing or RAD-seq), focusing on
estimates of internal relatedness (Fields et al., 2015),
may greatly expand the number of cases currently
known within natural populations and increase its
significance as an alternative reproductive strategy in
the evolution of vertebrates.

In light of the growing number of cases of
parthenogenesis in snakes, along with the confirma-
tion of its occurrence in natural populations, such a
taxonomic spread across the lineages of snakes
allows for a review of its emerging properties from
a phylogenetic perspective. Specifically, we address
five characteristics commonly discussed in reports of
parthenogenesis in snakes: (1) parthenogenetic
mode (FP or OP); (2) ploidy; (3) sex chromosome
morphology; (4) mode of parity; and (5) the sex and
viability of the parthenogens produced. These prop-
erties are interpreted based on several recent,
large-scale phylogenetic analyses of squamate
reptiles that were conducted using morphological
characters of extant and extinct taxa (Gauthier
et al., 2012; Longrich, Bhullar & Gauthier, 2012), or
molecular (DNA-based) characters (Wiens et al.,
2008, 2012; Pyron, Burbrink & Wiens, 2013).
Because the trees recovered in the morphological
and molecular analyses were distinctly discordant
in topology, which is significant with respect to
understanding evolutionary trends (Losos, Hillis &
Greene, 2012), we opted to use both interpretations
of the historical relationships of snakes and their
squamate relatives.

EMERGING PHYLOGENETIC PATTERNS
P ARTHENOGENETIC MODE

Obligate parthenogenesis is present in early snake
history and in only a single lineage (putative autapo-
morphy) of an extant basal scolecophidian, the Brah-
miny blindsnake, I. braminus (Fig. 2). Facultative
parthenogenesis appears early in snake evolution,
first in the basal alethinophidian lineages Boidae

(Boa constrictor, Epicrates spp.) and Pythonidae
(Python spp.) (Groot et al., 2003; Booth et al., 2011a,
b, 2014; Kinney et al., 2013). In the morphological
phylogenetic tree (Fig. 2A), boids (mostly viviparous)
and pythonids (all oviparous) are sisters and thus
are derived from a recent most-common ancestor,
whereas, in the molecular phylogenetic tree
(Fig. 2B), boids and pythonids were recovered as
more distantly related. Facultative parthenogenesis
next appears in the viviparous basal caenophidian
Acrochordus arafurae (Dubach et al., 1997), and it is
currently documented in two large colubroid lin-
eages, the crotalines (pitvipers) and natricines (gar-
ter snakes and water snakes), from North America
(Fig. 2 and Table 1) (Schuett et al., 1997; Murphy &
Curry, 2000; Germano & Smith, 2010; Booth &
Schuett, 2011; Reynolds et al., 2012; Vaughan &
Steele, 2014; Jordan et al., 2015). At present, we
have no recorded evidence of FP in snakes basal to
boids and pythonids (e.g. cylindrophiids, uropeltids).
In caenophidians (‘advanced snakes’), we lack evi-
dence for FP in the elapids, colubrids, and other lin-
eages. As such, the conclusions we report here are
based on evidence derived from a somewhat limited
number of basal alethinophidian taxa (boids, pytho-
nids), Acrochordus, and several caenophidian lin-
eages (i.e. Crotalinae and Natricinae), which we
mention above. Although re-evaluation of long-term
sperm storage suggests that FP may be present in
other caenophidian lineages (Booth & Schuett, 2011),
genetic confirmation is lacking. Accordingly, we rec-
ommend that our results should not be extrapolated
widely to additional lineages until multiple lines of
evidence, including molecular analysis, become avail-
able.

PLoiDY

Although information is sparse, the Brahaminy
blindsnake (I. braminus), which is capable of OP, is
highly suspected to be triploid (3n) based on the unu-
sual karyotype and electrophoretic allozyme patterns
of specimens collected in the USA and the Seychelles
(Wynn et al., 1987). Subsequent to karyotyping of
specimens collected in Asia, Ota et al. (1991) pre-
sented comparable results (42 chromosomes arranged
as 14 triplets). With respect to ploidy in snakes, all
other taxa (> 3000 species) are typically diploid
(Oguiura, Ferrarezzi & Batistic, 2009); however, the
occurrence of a spontaneous triploid has been
reported in the Cottonmouth (Agkistrodon pis-
civorus), a North American pitviper (Tiersch &
Figiel, 1991), and a species where FP has been
documented in both captive and wild individuals
(Booth et al., 2012).
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Figure 2. Phylogeny of snakes and pattern of parthenogenesis. A, phylogeny constructed from molecular characters
(primarily nuclear DNA). Modified from Wiens et al. (2008, 2012) and Pyron et al. (2013). B, phylogeny constructed from
morphological and fossil (extinct taxa) characters. Modified from Gauthier et al. (2012) and Longrich et al. (2012). Nodes
identify Scolecophidia, Alethinophidia, Caenophidia, and Colubroidea. Where possible, species documented as being
parthenogenetic are indicated in brown (obligate), red (facultative, type A), and blue (facultative, type B).

MODE OF PARITY

Across the phylogenetic tree of snakes, the mode of
parity varies (oviparous, viviparous) and is the
result of multiple independent transitions from
oviparity — viviparity and the reverse (Pyron &
Burbrink, 2014; but, for concerns related to vivipar-
ity — oviparity transitions, see Blackburn, 2015;
Griffith et al., 2015). Obligate parthenogenesis in
snakes, however, has been found only in a single ovi-
parous species, whereas FP has been reported in
both viviparous and oviparous species. Oviparity has
been documented in boid lineages; namely, a single
species of sand boa (genus Eryx) and the African
Calabaria reinhardtii. Oviparity also occurs in sev-
eral distant boid relatives, such as Casarea dussum-
teri from Round Island (Lynch & Wagner, 2010;
Reynolds, Niemiller & Revell, 2014). However, all
boid species for which FP has been observed are
viviparous (Booth et al., 2011a, b; Kinney et al.,
2013; M. O’Shea. pers. comm.). All pythonids are

oviparous and FP has been genetically confirmed in
three species (Groot et al., 2003; Booth et al., 2014).
FP is suspected in two other species based on
captive history (Python brongersmai, D. Barker &
T. Barker, pers. comm.; Anteresia childreni,
W. Booth, unpubl. data). In advanced snakes
(caenophidians), all instances of FP reported are in
species that are viviparous (Dubach et al., 1997,
Schuett et al., 1997; Murphy & Curry, 2000; Ger-
mano & Smith, 2010; Booth & Schuett, 2011; Booth
et al., 2012; Reynolds et al., 2012; Vaughan & Steele,
2014; Jordan et al., 2015).

SEX CHROMOSOME MORPHOLOGY

To date, all snakes appear to show some type of the
ZZ/ZW chromosomal system. As such, females are
the heterogametic (ZW) sex (Lampert, 2008; Oguiura
et al., 2009; Graves, 2013). Early work on the kary-
otypes of snakes suggests, however, that, across
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taxa, significant variation exists with regard to W
chromosome degeneration (Ohno, 1967; Becak &
Becak, 1969; Vicoso, Kaiser & Bachtrog, 2013). For
example, the sex chromosomes of boids and pytho-
nids appear to be undifferentiated (homomorphic) at
the karyotypic level and, in the former, at least for
now, also at the genomic level (Vicoso et al., 2013).
By contrast, various levels of degeneration have been
reported in the ‘advanced snakes’ or caenophidians
(Ohno, 1967; Becak & Becak, 1969; Matsubara et al.,
2006; Vicoso et al., 2013). As such, the sex chromo-
somes in caenophidian snakes are termed hetero-
morphic as a result of the observable size
differentiation of Z and W sex chromosomes. It
should be noted that the sex chromosome arrange-
ment of WW was considered nonviable until recent
molecular evidence provided some support for it in
the parthenogens of several basal alethinophidian
taxa (Booth et al., 2011a, b, 2014; Kinney et al.,
2013). The hypothesis of WW parthenogens in
snakes requires further testing.

THE SEX OF PARTHENOGENS AND VIABILITY

Parthenogenetic progeny of boids and pythonids pro-
duced in captivity are female, exhibit high viability
at birth (few stillborn with morphological defects),
and litters or clutches tend to be large (Booth et al.,
2011a, b, 2014; Kinney et al., 2013; D. Barker & T.
Barker, pers. comm; W. Booth & G. W. Schuett,
unpubl. data). A small number of malformed
embryos and stillborn young, however, were reported
in one species of python, Malayopython reticulatus
(Booth et al., 2014) and two species of the boid genus

Epicrates (Booth et al., 2011b; Kinney et al., 2013).
Facultative parthenogenesis within caenophidian
snakes is characterized by all-male offspring, low
viability (single or few offspring), extreme develop-
mental abnormalities (Fig. 3), and high numbers of
infertile ova (Schuett et al., 1997; Murphy & Curry,
2000; Germano & Smith, 2010; Booth & Schuett,
2011; Booth et al., 2012; Reynolds et al., 2012;
Vaughan & Steele, 2014; Jordan et al., 2015; W.
Booth & G. W. Schuett, unpubl. data).

DISCUSSION

PHYLOGENETIC PATTERN OF PARTHENOGENESIS IN
SNAKES

Our review and synthesis of obligate and FP and
associated traits in snakes reveals several intriguing
properties not yet explicitly discussed in our previous
studies (Booth & Schuett, 2011; Booth et al., 2011a,
b, 2012, 2014; Reynolds et al., 2012), nor in other
studies as far as we are aware (Avise, 2015). Here,
we show that OP is present only in the basal scole-
cophidian I. braminus, a diminutive unisexual spe-
cies close to the root of serpent evolution. It is this
obligate parthenogenetic mode that likely explains
establishment success across its cosmopolitan
distribution, which is the most extensive terrestrial
distribution of any snake species (Nussbaum, 1980;
Greene, 1997). By sharp contrast, FP appears to be
widespread across the phylogeny of snakes, occurring
in the ancestral boids and pythonids, a basal

caenophidian (Acrochordus), and two large lineages
of higher-level

(natricines, crotalines) snakes

Figure 3. Stillborn parthenogen specimens of the checkered garter snake, Thamnophis marcianus (Reynolds et al.,
2012). A, B, yellow arrows denote where significant brain case and post-cranial deformities occur. These kinds of devel-
opmental deformities are common in cases of facultative parthenogenesis in caenophidian snakes (Schuett et al., 1997;
Booth & Schuett, 2011). C, developmentally normal but stillborn offspring.
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(Colubroidea). Across this phylogeny, FP has been
documented primarily in viviparous taxa.

We consider the most striking and intriguing
result of our review is that the major characteristics
of FP differ sharply between the lineages of ancient
and advanced snakes. Specifically, this shift appears
to occur at the node splitting alethinophidians from
higher-level snakes, the caenophidians (Fig. 2). Fur-
thermore, these FP characters appear to be con-
served within the lineages. In the Boidae and
Pythonidae (basal alethinophidians), the available
evidence thus far suggests that FP is by automixis
(likely terminal fusion) and results only in female
progeny with an arrangement of sex chromosomes
presumed to be WW (Booth et al., 2011a, b, 2014;
Kinney et al., 2013; D. Barker & T. Barker, pers.
comm; M. O’Shea, pers. comm; W. Booth & G. W.
Schuett, unpubl. data). Based on the abovementioned
characteristics, we proposed that FP in boids and
pythonids be referred to as a category of FP we term
type A.

Other than in a single record (Groot et al., 2003),
ZW female parthenogens have yet to be conclusively
substantiated in any snake species of (Schuett et al.,
1997; Booth et al., 2011a, b, 2014; Kinney et al.,
2013). In their unique case, Groot et al. (2003) pre-
sented molecular evidence supporting apparently clo-
nal offspring produced by a Burmese python, Python
bivittatus, held in captivity at the Artis Zoo (The
Netherlands). Although no offspring were incubated
to hatching, and thus viability could not be deter-
mined, the sex of the offspring was female and all
(mother and seven offspring) exhibited homozygous
microsatellite profiles and identical genotypes across
AFLP loci. This apparent clonal production, sugges-
tive of ZW females, excludes terminal fusion auto-
mixis as a parthenogenetic mechanism. The actual
mode of FP could not be determined accurately; how-
ever, apomixis, premeiotic doubling of chromosomes,
and central fusion automixis were proposed as possi-
ble mechanisms (Groot et al., 2003). This apparent
clonal reproduction contrasts starkly with cases sub-
sequently described in other basal alethinophidian
and caenophidian taxa (Booth et al., 2011a, b, 2014;
Kinney et al., 2013) (i.e. FP resulting from automixis).

Recently, Booth et al. (2014) reported multiple
instances of FP in two species of pythons closely
related to P. bivittatus: the reticulated python
(M. reticulatus) and royal python (Python regius).
Evidence provided for these species, representing
three independent cases in P. regius and one case in
M. reticulatus, supports the conclusions presented
for other basal alethinophidian snakes (namely
B. constrictor and Epicrates spp.), that FP reproduc-
tion was by automixis with viable, female offspring.
Booth et al. (2014) presented the hypothesis that the

case documented by Groot et al. (2003) may repre-
sent secondary parthenogenesis by a female itself
produced by parthenogenesis. Consequently, if the
adult female P. bivitattus was herself produced by
FP, any offspring produced by her under FP would
appear as clonal. This hypothesis has yet to be
tested. By way of a personal communication with T.
V. M. Groot (University of Amsterdam), we know
that a second P. bivittatus parthenogenetic clutch
presented to him was found to feature characteristics
comparable to those described in all other basal
alethinophidian FP events (as we have described
above). The findings of this later case remain unpub-
lished. Given this degree of uncertainty resulting
from Groot et al. (2003), additional research concern-
ing the mode of FP in this taxon is warranted.

In higher-level snakes (Caenophidia + Colu-
broidea), a clade that contains the majority of extant
species (Greene, 1997; see http:/www.reptile-databa-
se.org), FP appears to occur by automixis (likely ter-
minal fusion) and results only in male progeny with
77 sex chromosomes (Dubach et al., 1997; Schuett
et al., 1997, Germano & Smith, 2010; Booth &
Schuett, 2011; Booth et al., 2012; Reynolds et al.,
2012; Vaughan & Steele, 2014; Jordan et al., 2015).
To date, female progeny (ZW or WW) are not known
to occur by FP in higher-level snakes (Booth &
Schuett, 2011). To differentiate these characteristics
from those exhibited by basal alethinophidian taxa
(type A), we propose that FP in caenophidian snakes
be referred to as type B.

A secondary characteristic, which appears con-
served within each form of FP, relates to the viabil-
ity of progeny. Although type A FP often results in
large, outwardly viable litters or clutches (Booth
et al., 2011a, b, 2014), type B FP produces progeny
often with severe deformities (Fig. 3) and litters that
exhibit low viability, typically containing many unde-
veloped ova (Schuett et al., 1997; Germano & Smith,
2010; Booth & Schuett, 2011; Booth et al., 2012; Rey-
nolds et al., 2012; Vaughan & Steele, 2014; Jordan
et al., 2015). In the absence of fertilization, it is
known that follicles may undergo atresia or become
reabsorbed (Ford & Karges, 1987) or, if ovulated,
they are evacuated following a gestation period (Gib-
bons, 1972). Consequently, we speculate that the
switch influencing the nucleus of each independent
egg to fuse with its second polar body, and thus
undergo automixis, may be recognized across many
ova in ancestral lineages of snakes (basal
alethinophidians), although in only a few ova in
advanced lineages (caenophidians). The factors or
conditions that would mediate this outcome are
entirely unknown at present, and understanding the
proximate control of this particular phenomenon is
likely a rich area for future research.
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In progeny of FP type B, deformities of the geni-
talia have been reported in some cases (Schuett
et al., 1997), possibly resulting from the severe
inbreeding depression that terminal fusion automixis
essential represents; yet ‘normal-appearing sperma-
tozoa’ have been reported in others (Reynolds et al.,
2012; W. Booth & G. W. Schuett, unpubl. data).
Nonetheless, the existence of outwardly healthy
parthenogens of boas and pythons (basal
alethinophidians) and some caenophidian taxa in
captivity substantially increases the likelihood that
the question of reproductive competence will be
answered in the near future.

With respect to sex chromosome morphology and
karyotypic patterns, substantial differences exist
among the three major lineages (Scolecophidia,
Alethinophidia, and Caenophidia). The sex chromo-
somes of blind snakes (basal scolecophidians) and
most basal alethinophidians, for example, do not
vary in morphology (homomorphic), whereas they
are variably heteromorphic in most members of the
clade Caenophidia + Colubroidea (Ohno, 1967;
Gorman & Gress, 1970; Oguiura et al., 2009). Inter-
estingly, the heteromorphic condition is not present
in all colubroids, thus indicating some evidence for
reversals. The spectacled cobra (Naja naja), an
elapid from India and Sri Lanka, possesses homo-
morphic sex chromosomes (Singh, Sharma & Ray-
Chaudhuri, 1970; Ray-Chaudhuri, Singh & Sharma,
1971). Whether these are homologous to those found
in the basal alethinophidians or result from subse-
quent degradation of the W chromosome followed by
heterochromatization is not known. Additionally,
females of the Indian krait (Bungarus caeruleus),
another elapid, possess variable diploid numbers (43,
44, and 45) and multiple sex chromosomes (e.g.
7175W) (Singh et al., 1970). Whether these cytoge-
netic systems influence FP is not known because we
are currently unaware of any published cases of FP
in any elapid snake. Genomic comparisons across
snake lineages may hold the key to understanding
the influence of both female heterogamety and sex
chromosome morphological variation on the
parthenogenetic mode and sex outcome.

SEX DETERMINATION IN PARTHENOGENESIS

The cytogenic mechanism(s) involved in FP to
explain the absence of male parthenogens in basal
alethinophidians is not understood. Similarly, the
specific genes involved in sex determination and
their locations remain a mystery (Vicoso et al.,
2013). Despite these uncertainties, however, two
characteristics of FP in basal alethinophidians
already discussed (i.e. production of female-only
parthenogens and homomorphic sex chromosomes)

lend insight to an alternative view that we designate
as the directionality of heterogamety hypothesis.
This perspective invokes that evolutionary transi-
tions occur between XY and ZW sex chromosomes in
snake lineages. Within reptiles, a diversity of sex-
determining mechanisms have been reported, includ-
ing those regulated by temperature (commonly
observed within some lizards, chelonians, crocodil-
ians, and Tuatara) and those regulated genetically
(all snakes, some chelonians and lizards) (Modi &
Crews, 2005). Within lizards, the direction of
heterogamety determines whether the sex chromo-
somes are considered ZW or XY. Female heteroga-
mety determines whether the sex chromosome
system is ZW (?) : ZZ (&), whereas male heteroga-
mety identifies a XY (o) : XX (?) system (Bull, 1980).
In both chelonians (turtles) and the lizards, multiple
independent transitions between both temperature-
dependent and genetic-dependent sex determination
and between male heterogamety and female
heterogamety are documented (Bull, 1980; Ewart &
Nelson, 1991; Pokorna & Kratochvil, 2009; Sarre,
Ezaz & Georges, 2011; Holleley et al., 2015).

For example, in Gekkota (gecko lizards), tempera-
ture-dependent and genetically-determined mecha-
nisms have been reported. Furthermore, both XY
and ZW sex chromosomes have been identified
(Pokorna & Kratochvil, 2009). Similarly, in Agami-
dae (agamid lizards), both temperature-dependent
and genetic mechanisms are documented (Pokorna &
Kratochvil, 2009); transitions between genetic- and
temperature-dependent mechanisms have been
reported recently in natural populations of the Aus-
tralian agamid lizard, Pogona vitticeps (Holleley
et al., 2015). With regard to sex chromosome transi-
tions between female and male heterogamety,
Pokorna & Kratochvil (2009) detected two such tran-
sitions that appear to be independent. The first con-
cerned the common ancestor of Scincidae (scincid
lizards) and the second concerned the common ances-
tor of two other lineages of lizards (Gymnophthalmi-
dae, Teiidae). Such transitions may affect the
directionality of heterogamety. Where present, how-
ever, these transitions appear to be restricted to
cases where the sex chromosomes are newly emerged
and not fully differentiated, and in which YY and
WW individuals remain fertile and viable (Miura,
2008).

In light of recent evidence of transitions among
sex-determining mechanisms and the direction of
heterogamety in other reptiles, as well as recent
evidence of sex chromosome morphology and the
production of all-female FP progeny of basal
alethinophidians (e.g. boids and pythonids), we pro-
pose that the most parsimonious explanation is a
transition in the direction of heterogamety existing
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across the snake phylogeny. Although our data are
restricted to boids and pythonids, it suggests that
male heterogamety (i.e. XY sex chromosome system)
may best explain our earlier findings (Booth et al.,
2014). With heteromorphism occurring in caenophid-
ian snakes, combined with the finding of all-male
parthenogenetic offspring, we consider that this is
best explained by female heterogamety, thus provid-
ing support for the accepted ZW sex chromosome sys-
tem. With the limited karyotypic data available for
basal snake lineages, the widespread nature of
homomorphism is poorly understood. Nonetheless,
with recent advances in genomic procedures, such as
RAD-seq, it may now be possible to identify transi-
tions among sex determination systems more readily,
and specifically those with cryptic, homomorphic sex
chromosomes (Gamble & Zarkower, 2014). Using this
approach, Gamble et al. (2015) recently investigated
the directionality of heterogamety among 12 species
of gecko. Their findings revealed multiple transitions
among sex-determining systems, outlining the poten-
tial application of this approach to other species,
including snakes. With such transitions evident
across the phylogenies of other reptiles, we question
why such transitions may not also be present across
the phylogeny of snakes.

TESTING FOR FP IN SNAKES LINEAGES

Facultative parthenogenesis has yet to be docu-
mented in any members of the highly speciose lin-
eage Scolecophidia. Furthermore, outside of the
clades Boidae and Pythonidae, FP is not documented
in any other basal alethinophidian species. We are
thus keen to see documentation of FP in members of
Scolecophidia, Aniliidae, Cylindrophiidae, Loxocemi-
dae, Tropidophiidae, Uropeltidae, and Xenopeltidae.
We consider these taxa especially important to the
study of FP because they will strengthen our under-
standing of phylogenetic distribution and provide
information on proximate mechanisms of sex deter-
mination. For example, is FP type A, which we
describe for boids and pythonids, present in the earli-
est snakes (basal scolecophidians and basal
alethinophidians)? The primary difficulty in studying
these somewhat obscure taxa lies in obtaining the
animals themselves; unfortunately, they are rarely
maintained in zoological collections and most are
absent from the pet trade. Wherever these species
are maintained in zoos or private collections, we are
hopeful that cases of suspected FP will be reported
to researchers, which thus far has been a profitable
way of studying FP in snakes.

In higher-level taxa (Caenophidia + Colubroidea),
FP has been reported in A. arafurae (Dubach et al.,
1997, FP is highly suspected in Achrochordus

Jjavanicus, see Booth & Schuett, 2011) and a vari-
ety of North American natricines and pitvipers
(crotalines), all of which are viviparous (Schuett
et al., 1997, Murphy & Curry, 2000; Germano &
Smith, 2010; Booth & Schuett, 2011; Booth et al.,
2012; Reynolds et al., 2012; Vaughan & Steele,
2014; Jordan et al., 2015; W. Booth & G. W.
Schuett, unpubl. data). Future emphasis, therefore,
should be placed on documenting FP in other
major colubroid lineages, such as Colubridae, Elapi-
dae, and Lamprophiidae, where oviparity is the
dominant mode.

CONCLUSIONS

Obligate parthenogenesis is extremely rare in snakes
(Darevsky et al., 1985; Dawley & Bogart, 1989;
Avise, 2008) and, presently, our understanding is
that it is limited to a single taxon of basal scole-
cophidian. The presence of OP in other species of
Indotyphlops, other members of blindsnakes, and
other taxa remains for future investigations. By
sharp contrast, we show that FP appears to be wide-
spread throughout other lineages of snakes and is
likely more common than reports thus far indicate
(Booth & Schuett, 2011). Because there appear to be
no genetic barriers to FP in snakes and other squa-
mates (e.g. genomic imprinting), and because most
molecular tools are now within reach of many inves-
tigators, including next-generation sequencing meth-
ods, we contend that more taxa will be revealed with
additional research and progress will be achieved
concerning proximate mechanisms.

Finally, we emphasize that our review of the
emerging properties of parthenogenesis in snakes is
preliminary because our understanding of these
reproductive phenomena is in its infancy. Nonethe-
less, our review provides the necessary first steps for
phylogenetic interpretation of the origin and evolu-
tion of parthenogenesis in snakes and indicates pre-
cisely where further research would be most
beneficially applied.
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