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Abstract The aim of this review is to collate data relevant
to understanding the evolution of viviparity in general,
and complex placentae in particular. The wide range of
reproductive modes exhibited by lizards provides a solid
model system for investigating the evolution of viviparity.
Within the lizards are oviparous species, viviparous spe-
cies that have a very simple placenta and little nutrient
uptake from the mother during pregnancy (lecithotrophic
viviparity), through a range of species that have inter-
mediate placental complexities and placental nutrient
provision, to species that lay microlecithal eggs and most
nutrients are provided across the placenta during devel-
opment (obligate placentotrophy). In its commonest
form, lecithotrophic viviparity, some uptake of water,
inorganic ions and oxygen occurs from the mother to the
embryo during pregnancy. In contrast, the evolution of
complex placentae is rare, but has evolved at least five
times. Where there is still predominantly a reliance on egg
yolk, the omphaloplacenta seems to be paramount in the
provision of nutrition to the embryo via histotrophy,
whereas the chorioallantoic placenta is more likely in-
volved in gas exchange. Reliance on provision of sub-
stantial organic nutrient is correlated with the regional
specialisation of the chorioallantoic placenta to form a
placentome for nutrient uptake, particularly lipids, and
the further development of the gas exchange capabilities
of the other parts of the chorioallantois.
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Introduction

The range of placental complexities represented in the
squamate reptiles (lizards and snakes), which has re-
sulted from multiple independent origins of viviparity
(see Blackburn 2000), provides a solid model system to
study the transitionary steps between oviparity and
complex placentation. Although most squamates are
oviparous, viviparity has evolved approximately 100
times in this clade (Blackburn 1982, 1985; Shine 1985),
so that around 20% of extant species exhibit viviparity
(or live-bearing) (Andrews 1997). Viviparity provides a
major shift in life-history compared to oviparity, but its
frequent evolution within squamates implies that com-
mon selective pressures are involved and the genetics of
its evolution is relatively simple. Although the transition
to viviparity has occurred often, the step from simple to
complex placentation is relatively rare, having occurred
only five (or six) times; four times in lizards and once in
mammals (Blackburn 2000), with a possible extension to
a fifth lineage of lizards (Flemming and Branch 2001;
Flemming and Blackburn 2003). Species with simple
placentae retain more or less shell-less eggs in utero,
provide little nutrient across the placenta and have em-
bryos sustained wholly or predominantly by nutrients in
the yolk (the lecithotrophic condition). By contrast,
species with complex placentae ovulate small eggs and
transport nutrients to the developing embryos across the
placenta (the placentotrophic condition). Within the
Squamata, significant placentotrophy has evolved only
in the lizard family Scincidae, and within this family
there is a range of modes of nutrient provision from
lecithotrophy (see Stewart and Thompson 2000) through
to placentotrophy (e.g. Mabuya heathi, Blackburn et al.
1984; Blackburn and Vitt 1992), with several linecages
showing intermediate conditions [e.g. Pseudemoia spen-
ceri (Thompson et al. 1999a), Niveoscincus metallicus
(Thompson et al. 1999b)]. Not surprisingly, therefore,
skinks have been the major focus for research into the
evolution of complex placentae.
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Studies of viviparity in reptiles are of particular
importance in understanding the evolution of repro-
duction in mammals, including humans, because of their
shared derived embryology. Squamates and mammals
are both amniotes, which means that their embryos de-
velop the same range of extra-embryonic membranes,
and the form of those membranes is highly conserved
among the Amniota (reptiles, birds and mammals). The
high degree of homology and conservative membrane
development constrains the manner in which placentae
can develop, which makes comparison among different
amniote clades meaningful. In contrast, placental
structures in anamniote lineages such as fish are not
homologous, so, while they may be instructive in helping
to interpret function, they are less instructive in inter-
preting evolutionary pathways.

Although the morphology and fine structure of
placentae in lizards has been described for a long time,
the history of study of the evolution of viviparity
really began in the 1920s with the systematic surveying
of placental structure in reptiles by Claire Weekes in a
series of descriptions of the structure of embryonic
membranes (Weekes 1927a, b, 1929, 1930, 1935). In
later stage embryos of lizards, the embryonic pole of
the egg has a well-vascularised placenta formed from
the chorioallantoic membrane on the embryonic side.
The abembryonic pole forms an omphaloplacenta,
which consists of an un-vascularised bilaminar omph-
alopleure (Stewart and Thompson 2000). Because of
the difference in the vascular support for each of the
placentae, Weekes’ work focussed on the chorioallan-
toic placenta, based on the assumption that little
nutrient can be provided across a poorly vascularised,
or avascular omphaloplacenta. Weekes” work culmi-
nated in an evolutionary hypothesis for the series of
transitional steps required for more complex chorioa-
llantoic placentae to evolve from simpler forms
(Weekes 1935) and that hypothesis has formed the
basis of many subsequent studies (e.g. Stewart and
Thompson 1996).

Apart from the work of Weekes and a number of
isolated studies (e.g. Kasturirangan 1951; Parameswaran
1962; Hoffman 1970; Thompson 1977a, 1981, 1982), no
systematic analyses of the physiology of live-bearing in
reptiles occurred until the 1990s. Recent studies have
been aimed at describing the ontogeny of extra-embry-
onic membrane development (Stewart 1990; Stewart and
Thompson 1994, 1996, 1998, 2004; Blackburn and Cal-
lard 1997; Flemming and Blackburn 2003; Jerez and
Ramirez-Pinilla 2003), quantifying the major classes of
nutrients that are transported across the placentae of
lizards and how they correlate with egg size and pla-
cental complexity (Stewart and Thompson 1993;
Thompson et al. 1999a, b, ¢, 2004), uterine preparation
for pregnancy (Murphy et al. 2000; Hosie et al. 2003;
Adams et al. 2004), describing changes to eggshell
structures (Heulin 1990; Heulin et al. 1992; Qualls 1996),
and aspects of metabolism and gas exchange (Grigg and
Harlow 1981; Holland et al. 1990; Ingermann et al. 1991;

Robert and Thompson 2000; Andrews 2002) and
endocrinology (Girling et al. 2002; Girling and Jones
2003).

The aim of this review is to summarise the data
available on placental structures and nutrient transport
across the placentae of viviparous squamates and infer
something about placental function in an attempt to
identify hypotheses that will advance our understanding
of how complex placentae evolve from oviparous
ancestors.

For the purposes of this review, we will consider five
categories of lizards (Table 1) that represent different
reproductive modes (oviparous and viviparous) and
placental complexities (predominantly lecithotrophic,
species in the genera Niveoscincus and Pseudemoia that
vary in placental complexity and degree of placento-
trophy, and species in the genus Mabuya that produce
microlecithal eggs). Predominantly, lecithotrophic spe-
cies correspond to the chorioallantoic placental classifi-
cation type I (Weekes 1935) and those that produce
microlecithal eggs to type IV (Blackburn et al. 1984).
Niveoscincus ocellatus, N. metallicus and N. pretiosus
were considered type II (Weekes 1930, 1935), although
recent analyses of their placental morphologies (Stewart
and Thompson 1994, 2004) and net nutrient transport
(Thompson et al. 1999b, 2001b) reveal a heterogeneous
placental situation in the genus. Species of Pseudemoia
were ascribed to type III (Weekes 1935; Stewart and
Thompson 1998), and there is great uniformity in their
placental morphologies (Stewart and Thompson 1996,
1998), but a quantitative range in net placental transport
(Stewart and Thompson 1993; Thompson et al. 1999a,
c¢). Detailed comparison of placentation in species of
Niveoscincus and Pseudemoia, therefore, is likely to be
insightful in our understanding of the evolution of
complex placentae.

Extra-embryonic membrane development

As exchanges between embryonic lizards and their
incubation environment rely on mediation through the
extra-embryonic membranes, a brief description of the
membranes, their ontogeny and how they vary with
parity mode is warranted. It is important to remember
that the extra-embryonic membranes grow and change
through the development of the embryo, presumably in
response to the differing needs of the embryo as it grows,
as well as due to developmental constraints (Stewart and
Blackburn 1988; Stewart and Thompson 2003). There
are three categories of placentation in reptiles, one
transient and uncommon (chorioplacenta), one at the
abembryonic pole (yolk sac placenta), and one at the
embryonic pole (allantoplacenta or chorioallontoic pla-
centa) (reviewed by Stewart and Thompson 2000). The
chorioplacenta is a close association of the chorion and
uterine epithelium that appears transiently during the
limb bud stage of embryogenesis, but has only been
observed in the skinks Chalcides chalcides (Blackburn



181

ejuade[d o10jue[ROLIOYD AT 2dA1 Yim snotediala 47,4 ‘(eiuade(d otojue[eontoyd [[[ odA)) vrowapnasg
Jo sawads J77 4 ‘snourdsoaarn Jo sa10ads j74 ‘eiuade(d orojue[eorroyd [ adA3 yym snosediala 74 ‘snorediala 4 ‘snorediao O Q[qe[IEAE JOU A UOnONPOIdar JO dpow A} 03 SI9JAI IPOIA

€0'L 96v F86'SIY ds ¥ U
eiep paysiqndun “ejjrutg-zorrurey ‘| €0°L T L0 SL'68E 6'SST 0v'0 AIA vdnogow vAngvpy
1661 wingyoe[q pue NIA 6l°¢ELy P LYo AT A DIDLISIG DARGD Y
7861 ‘T 19 wIngyoerq 00°68¢ 0vST  0¥°0 AL A nyway vdnqvpy
LEOFOST 68°0 STOFOLT ds ¥ UedN
86661 ‘Te 19 uosdwoy T, LL'T €s 0¢ 'l S'LT £yl 6C'1 SIL gss III A L2ouads prowapnasd
€661 UosdWOY], pue 11emalg 6L°C €S 6’1 1Tl [ 89 99°1 0vS §ce III A 21XND2IsDI2.4jua DIOUIpnasqd
96661 ‘e 12 uosdwoy], €6'C I'y LA €el L ()¢ 91I'C 'y 061 LA Hoyd2jsuadnd viowapnasd
€COFOIT 81'0FC9°0 P OF Y0l ds F uenN
Q6661 Te 10 uosduwory, ¥0°1 §C ¥'e §S0 9°¢ (4! 1670 6'LE 8'1v ITA SIINIDIIUL SNOUIISOIAIN
viep paysiqndun ‘e 3o uosdwoyy, 8¢l 67 I'C 6v°0 [ LCl SL0 Sy LSy IIA SIIIDIIUL SNOUIISOIAIN
q100¢ ‘e 10 uosdwoyp 80 L9 8 830 TLl 961 891 001 ¥'6S ITA SMD[]220 SNOUIISOIAIN
PT00T Te 10 uosduwory, vI'l $C [ 960 9 S 080 9°¢¢ 6'1¢ ITA 104U2A0D SHOUIDSOIUIN
SI'l 9¢°0 ¥8°0 ds F UeN
©100C ‘& 10 uosdwoyy, 801 ver o STl LSO 8°0¢ L'ES ¥8°0 69¢1  TLBI IA winundw () snaduwmpnzy
qLL6T uosdwroy ], 171 0€c 06l SS0 oy 09L ¥8°0 00rc 098¢ IA udonb snadwwng
BTOFEI'] LOOFSY 0 80°0F9L0 ds F UeN
6661 T[essny pue uosdwoyy, el'l Se e VN VN VN L0 (14 s9 (6] SISUapID]IpY 11210 N
6661 [[essny pue uosdwoyy, 9C'1 e 6’1 VN VN VN 9L°0 %3 L'Ly o 1103uajnoq viy1a.10
8661 T1ossny pue uosdwoy, vl 9 1'c VN VN VN SLO 091 v'Ic (6] nd243 vyouapy
6661 TE 19 ayeads

‘€661 uosdwoy [ pue 1remorg 811 8 v VN VN 6'8C ¢80 089 8°6L o 1o.rtadnp puvissog
0661 UeLIO[{ 051 90 0 o 91 ¢8¢ L9°0 s9 VL6 (6] SHIDISHS S22UNT
9100¢ ‘e 12 uosdwoy ], 00°1 I'C 1'C Iv°0 6'¢ v'6 68°0 I'vC I'LT o p1v2Yap sijoydoduny
9100 'Te 10 uosdwoyy, 19°0 €T 8¢ €50 I'L vel SL0 c9c 61e o youayoms syjoydodumy

oner 339 Buw) (Bw) orner 339 (Sw) (Sur) oner 339 (Su) (Sur)

/1BUOON  9JRUOAN  [OA  /PJBUOAN  QJBUOIN JIOX /a1BUOON  9JRUOAN  Y[OX
SOUIRJY Ssew sy pidry ssew A1 9POJN saradg
JBPIOUINS

A[rurey paezi] 9y) ul sa1oads 10y yoed 10J sores $89/91eU0dU JY) YIM I9UIAZ0] ‘S9JBUOIU PUB SH[OA JO SIUDIUOD [SB PUB SIJBUOIU puk SY[0A 339 pajenao A[Usaij Jo ssewr A1 [ dqBL



182

and Callard 1997) and Niveoscincus coventryi (Stewart
and Thompson 1998).

Ontogenetic development of yolk sac membranes of
all Reptilia is fundamentally the same. The initial bila-
minar omphalopleure of endoderm and ectoderm is
transformed into a trilaminar omphalopleure by the
invasion of non-vascularised mesoderm. The mesoderm
provides the site for subsequent angiogenesis and
hematopoiesis to form the choriovitelline membrane on
the embryonic side of the choriovitelline placenta. The
mesoderm of the choriovitelline membrane separates
into the endoderm and vascularised mesoderm to form
the yolk sac splanchnopleure and the ectoderm and non-
vascular mesoderm to form the somatopleure (chorion)
(Stewart and Thompson 2000). Unlike any other am-
niotes, however, the mesodermal invasion of the bila-
minar omphalopleure in the Squamata does not proceed
past the equator of the eggs, instead invading the yolk to
become the intravitelline mesoderm, which isolates a
section of yolk called the isolated yolk sac (Fig. 1). Thus,
a trilaminar omphalopleure does not form over the
abembryonic surface of the egg. The intravitelline
mesoderm separates to form the yolk cleft, with the
blood vessels forming in the mesoderm above the yolk
cleft, but not on the other side, so the bilaminar om-
phalopleure and isolated yolk mass remain non-vascular
(Stewart and Thompson 2000, 2003). The bilaminar
omphalopleure of the isolated yolk mass and the
apposing uterine epithelium together form the omp-
haloplacenta. Whether the evolution of intravitelline
mesoderm and a yolk cleft has facilitated the evolution
of viviparity is not known, but it is the only major
embryological difference between the Squamata and the

Fig. 1 Stylised arrangement of extra-embryonic membranes of an
oviparous lizard after full development of the yolk cleft, but prior
to the exhaustion of the isolated yolk mass (i.e. embryonic stages
35-38). In late development (after embryonic stage 38) of oviparous
species, the isolated yolk mass is exhausted so that the endoderm of
the bilaminar omphalopleure is replaced by the intravitelline
mesoderm. The outer membrane of the expanding allantois fuses
to this secondary chorion to form the chorioallantoic membrane of
the abembryonic hemisphere. £ embryo, AM amnion, ES eggshell,
CA chorioallantois, BO bilaminar omphalopleure, YC yolk cleft,
IY isolated yolk sac. Ectodermal tissue is represented by an
upbroken line, endodermal tissue by a broken line and mesodermal
tissue by a series of dots. Yolk is cross-hatched and shaped. Figure
based on Florian (1990) and Stewart and Thompson (2000, 2003)

rest of the Amniota, and viviparity has evolved most
commonly in the Squamata.

The chorioallantoic placenta results from the close
association of the vascularised allantois and chorion,
and the apposing uterine epithelium. The chorioallantois
is the major gas exchange organ in amniote eggs, and it
has a similar function in viviparous Squamata (Black-
burn 1993a). Unlike other Reptilia, the chorioallantois
of squamates does not ultimately encircle the entire
circumference of the egg, as long as the bilaminar om-
phalopleure persists. Three patterns of development are
known during later development (Stewart and Thomp-
son 2000, 2003). In some, the isolated yolk mass re-
gresses and the bilaminar omphalopleure is modified,
resulting in the chorioallantois encompassing the
abembryonic pole of the egg. In others, the bilaminar
omphalopleure persists and the chorioallantois is con-
fined to the embryonic hemisphere (Fig. 2). The third
pattern involves the allantois invading the yolk cleft, and
the bilaminar omphalopleure persists over the abem-
bryonic pole, which remains avascular. This last pattern
occurs in snakes and is absent in lizards (Stewart and
Thompson 2003).

Development of the extra-embryonic membranes of
viviparous lizards is fundamentally the same as in leci-
thotrophic oviparous species, with changes predomi-
nantly in the timing of development of features (Stewart
and Thompson 1996, 2003; Stewart and Florian 2000).
Not until complex placentae evolve does novel innova-
tion occur. Placentotrophic species of the genera Pseu-
demoia, Mabuya and Eumecia have a structural

Fig. 2 Stylised arrangement of extra-embryonic membranes and
placental cells in late stage embryo of Pseudemoia sp. The
chorioallantoic placenta at the embryonic pole is differentiated
into a placentoma (PL) of large cuboidal cells on both uterine and
embryonic sides, and a paraplacentome (PP) consisting of
squamous cells that form a cyto-epitheliochorial placenta. The
isolated yolk mass has regressed so that the intravitelline
mesodermal tissue, which contains blood vessels, lies adjacent to
the bilaminar omphalopleure. Unlike oviparous species, the
allantois of Pseudemoia does not invade the yolk cleft after
exhaustion of the isolated yolk mass. £ embryo, AM amnion, UT
uterus, CA chorioallantois, OM omphaloplacenta. Ectodermal
tissue is represented by an wupbroken line, endodermal tissue by a
broken line and mesodermal tissue by a series of dots. Yolk is cross-
hatched and shaped. Figure based on Stewart and Thompson
(2003), and descriptions in Stewart and Thompson (1996, 1998)



development of a specialised part of the chorioallantoic
placenta, the placentome (Fig. 2; Stewart and Thomp-
son 1996, 1998; Thompson et al. 2004; Adams et al.
2005; Flemming and Branch 2001; Flemming and
Blackburn 2003), although it has arisen independently in
each clade. The uterine epithelium of the placentome
appears to be secretory (Thompson et al. 2004; Adams
et al. 2005) and the chorionic epithelium is enlarged and
absorptive (Blackburn 2000).

Details of the structure of the uterine components of
the placenta in lecithotrophic viviparous species suggest
that the epithelium apposing the chorioallantois is
specialised for gas exchange (Thompson et al. 2004;
Adams et al. 2005), whereas the uterine part of the
omphaloplacenta, which contains hypertrophied cuboi-
dal to columnar cells, is a secretory epithelium with hi-
strotrophic uptake of nutrients by the embryo (e.g.
Thompson et al. 2004). Histology of the embryonic sides
of the placentae supports these conclusions (see Stewart
and Thompson 2000). Differentiation of the chorioa-
llantoic placenta into a placentome and paraplacentome
(Fig. 2) has resulted in further specialization of the
paraplacentome into a gas exchange organ, allowing the
placentome to develop into a nutrient transport organ
(Adams et al. 2005). Interestingly, the mechanism for
secretion from the uterine epithelium of the placentome
and omphaloplacenta are different, at least in Pseude-
moia entrecasteauxii (Thompson et al. 2004; Adams
et al. 2005). Different mechanisms for nutrient transport
in the placentome and the omphaloplacenta suggests
that different nutrients are transported, but to date no
detailed transport studies have been conducted to
establish what is transported by these organs, or how it
changes with the demands of the embryo through
pregnancy.

The uterine epithelium of the omphaloplacenta of
lecithotrophic viviparous species is secretory (e.g. Eu-
lamprus tympanum, Lui 2004), providing nutrients to the
embryo via histotrophic transfer. There is no net uptake
of nutrients across the placenta of E. tympanum
(Thompson et al. 2001a), so the question remains, what
is being transported across the omphaloplacenta? In E.
tympanum, like all viviparous species, there is a net up-
take of inorganic ions, but there may also be important
uptakes of quantitatively minor, but nonetheless
important, organic chemicals that have not yet been
investigated. Such groups of substances may include
hormones and immunoglobulins, but probably some
major classes of nutrients are also transported. The use
of labelled molecules reveals the potential for the
transport of amino acids (Thompson 1977a; Swain and
Jones 1997), even if the amounts are quantitatively
unimportant.

Species with intermediate complex placentae (Niveo-
scincus sp., Pseudemoia sp.) have egg yolks that contain
the same major nutrient classes as those of lecitho-
trophic oviparous and viviparous species (Thompson
et al. 2002), so the mechanisms for transport across the
placentae must include all of the classes of nutrients that
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are in the egg yolk of an oviparous species. Differences
in the cell structure and apparent transport mechanisms
in the omphaloplacenta and placentome of species with
complex placentae suggest that the reduction in egg size
(and hence transport of all nutrient classes) depends on
the evolution of the mechanism in the placenta to do so.
That mechanism probably is associated with the cho-
rioallantoic placenta and further developed in the pla-
centome. Species in the genus Niveoscincus will be useful
in testing these ideas because they show the greatest
range of degrees of placentotrophy, which is correlated
with their placental complexities, of any single lineage
with complex placentation. Interestingly, N. ocellatus
exhibits considerable placentotrophy (Thompson et al.
2001b), being equivalent to that in P. entrecasteauxii
(Table 1), but unlike P. entrecasteauxii, N. ocellatus
lacks a placentome.

The development and function of the omphalopla-
centa differs in species with microlecithal eggs (Mabuya
sp., Eumecia sp.) compared to other viviparous squa-
mates. In Eumecia anchietae, the ompahaloplacenta is
well developed and holocrine secretion from the uterine
epithelium provides nutrients taken up by the embryonic
omphaloplacenta. There is no isolated yolk sac from
mid-gestation, and late in gestation all placentotrophic
activity in the omphaloplacenta has stopped (Flemming
and Blackburn 2003), so the well-developed placentome
must provide all the nutrition for the embryos for the
latter part of gestation. The microlecithal Mabuya spe-
cies also have no isolated yolk mass from mid-gestation
(Blackburn and Vitt 2002; Jerez and Ramirez-Pinilla
2003; Flemming and Blackburn 2003).

Nutrient transport
Lipid

Lipids and protein make up the bulk of the egg yolk of
lizards, with varying proportions around a 1:2 ratio
(Thompson and Speake 2004). The lipid content and
composition of lizard eggs is much better studied than
proteins (Thompson and Speake 2004), partly because
lipids are the predominant source of the organic energy
during embryogenesis. Lipids also provide a major
structural component to the developing embryo, espe-
cially in the form of phospholipids (PL) that make up
the cell membranes. In predominantly lecithotrophic
species, including oviparous species, there is approxi-
mately half as much lipid in the neonate as was present
in the egg yolk at the time of ovulation or oviposition
(Table 1).

Species in the genus Pseudemoia are particularly
instructive in assessing the impact of placentotrophy on
the relative transport of lipids compared to other classes
of nutrients. The placentae of different species of Pseu-
demoia are all morphologically very similar (Stewart and
Thompson 1996, 1998), so we can expect the transport
mechanisms to be similar, but they display a range of
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degrees of placentotrophy. Pseudemoia spenceri is the
least placentotrophic and P. pagenstecheri is the most
placentotrophic (Table 1, Stewart and Thompson 1993;
Thompson et al. 1999a, ¢). Pseudemoia spenceri has
neonates only 1.3 times as large as the fresh egg yolk,
whereas neonatal P. pagenstecheri are 2.2 times as large
(Table 1), implying that more than twice as much
nutrient is transported across the placenta in P. pa-
genstecheri as P. spenceri. Pseudemoia entrecasteauxii
lies somewhere between the other two (Table 1). It is
interesting, therefore, that the proportional uptake of
lipids varies little among these species, which means that
the differences in dry matter uptake must be due mostly
to other nutrients, only a small proportion of which are
inorganic ions (Table 1). Explaining this observation is
not possible without detailed functional studies, but it
may reflect the ultimate uses of lipid compared to other
nutrients by the embryo during development (Speake
and Thompson 2000).

While there are few data for lipid (or other nutrient)
transport across the placenta of species with very com-
plex placentae (Mabuya sp., Table 1), such data are of
little value in interpreting what nutrients are transported
and what their use is by the embryo because virtually all
nutrients must be transported. On the other hand, data
for N. ocellatus are revealing. Niveoscincus ocellatus
represents a separate origin of viviparity from the
Pseudemoia species, yet it has substantial placentotro-
phy, being little different from that for P. entre-
casteauxii, which is in the mid-range for Pseudemoia
species (Table 1). In N. ocellatus, there is much less net
uptake of lipid (Thompson et al. 2001b) than in any of
the Pseudemoia species (e.g. Speake et al. 2004), sup-
porting the suggestion that there is a differential increase
in the transport of lipids compared to other nutrients in
species that rely on both lecithotrophy and placento-
trophy. Particularly instructive is the lack of a placen-
tome in N. ocellatus (Stewart and Thompson 2004),
which suggests that the placentome may facilitate the
increased transport of lipids across the placenta.

Most of the lipid component of egg yolk in lizards
consists of triacylglycerides (TAG) and PL (Jones et al.
1998; Speake and Thompson 2000). TAG provides the
main energy source for embryological development,
whereas PL contributes substantially to the development
of cell membranes (Speake and Thompson 1999). The
proportions of TAG and PL are very similar in egg yolks
of species with no significant uptake of nutrients by the
embryo during development (oviparous and lecitho-
trophic viviparous species), with 83+3% of the lipid
being TAG and 11+2% being PL (n=15 species, calcu-
lated from data in Speake and Thompson 2000). Lipid
of eggs of species of Niveoscincus and Pseudemoia con-
sists of 68+3% TAG and 20+2% PL (n=5, Speake
and Thompson 2000). The interpretation of the differ-
ence between these two groups is that less TAG is pro-
vided to the eggs of placentotrophic species than to
lecithotrophic species because energy, presumably in the
form of free fatty acids, can be provided across the

placenta during development, whereas all of the lipid
requirement for lecithotrophic species must be contained
in the egg yolk at the time of ovulation (Speake and
Thompson 2000). The explanation is plausible, and re-
flects the difference in the proportions of TAG and PL in
eggs of precocial and altricial birds (Speake and
Thompson 2000), where the precocial birds use relatively
more energy during development than do altricial birds
(Hoyt 1987).

If the explanation is correct, it means that a signifi-
cant proportion of the lipid provided to placentotrophic
species during development may be maternally derived
free fatty acids that compensate for the relatively lower
provision of TAG from the yolk. Mammalian placentae
transfer lipid to the foetus in the form of free fatty acids,
which are derived either directly from the maternal
plasma free fatty acid pool or from fatty acids released
from the TAG of plasma lipoproteins by the action of
placental lipoprotein lipase (Dutta-Roy 2000; Bonet
et al. 1992). A portion of the transferred free fatty acids
will then be consumed for energy during development
and thus not reflected in the net comparisons that have
been made to date for lizards. It is possible that the
amino acids transported across the placenta are pri-
marily used for foetal protein synthesis as opposed to
oxidation for energy, which could explain the discrep-
ancy in the relative net uptakes of lipid compared to
total dry matter in placentotrophic species (Table 1).

Although the carbohydrate content of the yolk of
lizards is negligible, it is not known whether glucose
transferred across the placenta is used as an additional
energy source by the foetus. Carbohydrate is trans-
ported across the specialised chorionic areolae of the
chorioallantoic placenta of the microlecithal viviparous
M. heathi, but the form of that carbohydrate is not
known (Flemming and Blackburn 2003). We have no
data on the relative consumption of lipid and protein for
energy during development of placentotrophic lizards,
but oviparous species consume approximately equal
amounts of lipid and protein (e.g. Thompson and Rus-
sell 1999a), which reflects the relative composition of
yolks of lizards (Thompson et al. 2001c). That compo-
sition in turn reflects the transport of lipids as a lipo-
protein complex in the form of vitellogin and very low
density lipoprotein (VLDL) to the yolking follicles in the
ovary (Thompson and Speake 2004) (Table 1).

An intermediate step in the evolution of placento-
trophy may be facultative placentotrophy (Stewart and
Castillo 1984; Stewart 1989), where the provision of
nutrients to the embryo varies flexibly with the nutrient
available to the mother during pregnancy. Facultative
placentotrophy has been identified in many viviparous
species that have quantitatively important yolks, or are
even predominantly lecithotrophic (Stewart 1989; Swain
and Jones 2000). Interestingly, although facultative
placentotrophy is well known, there have been few
experimental attempts to study the effect of maternal
nutrition during pregnancy, or indeed make measures in
different natural populations of a single species or a



single population in different seasons. The sole experi-
mental study (Swain and Jones 2000) showed that, al-
though facultative placentotrophy occurs in N.
metallicus, it does not make up for poor yolk provision
during vitellogenesis. Complete understanding of the
role of facultative placentotrophy in the evolution of
complex placentae awaits further empirical study.

Inorganic ions

Embryos of oviparous lizards take up inorganic ions
during development (Table 1), and even species such
as Lampropholis delicata and L. guichenoti that sustain
a net loss of inorganic ions (Table 1) take up some
ions, especially calcium (Thompson et al. 2001¢). Of
particular importance to the discussion on the evolu-
tion of viviparity is the potential uptake of ions into
eggs of oviparous species from the environment during
incubation (Thompson et al. 2001c; Oftedal 2002).
Both lecithotrophic and placentotrophic viviparous
species take up inorganic ions during incubation (Ta-
ble 1) and, presumably, the same mechanisms involved
in uptake by oviparous species are involved in the
process. The way in which ions are supplied by the
mother may change, but studies to date have focused
on net uptake of calcium and easily measured mono-
valent ions that diffuse readily, rather than on trans-
port mechanisms.

Calcium is a key element, because yolks of lizards
contain insufficient calcium to sustain embryonic devel-
opment (e.g. Thompson et al. 2001¢), and calcium makes
up a proportion of eggshells (Packard et al. 1985;
Packard and Hirsch 1986). The uterus of oviparous
species has an extensive mechanism for the provision of
calcium for the egg-shelling process (Thompson et al.
2004), so the basic machinery for supply of calcium is
already present in the uterus. The timing and rate of that
provision must change from a short, intense period
during egg-shelling in oviparous species to a potentially
extended and less intense period later in development,
but there is no need for new structures to take over the
process. To date, studies of calcium have focused on the
total net uptake (reviewed by Stewart and Thompson
2000), so studies of where and when calcium (and other
ions) are transported are now required. Preliminary
work suggests that Ca®’" ATPase channels in shell
glands and/or the uterine epithelium may be important
(Thompson et al. 2004).

Protein

The protein and amino acid composition of lizard egg
yolk has never been investigated. To date, measures of
total nitrogen, and from that an inference of the total
protein composition, of eggs and neonates provide the
main information of proteins in lizard eggs (Thompson
et al. 2000). Nevertheless, vitellogenin has been purified
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and characterised from yolks of the lizards Anolis pul-
chellus (De Morale et al. 1987, 1996) and Podarcis sicula
(Romano et al. 2002) and VLDL has been isolated from
the snake Bothrops jararaca (Janeiro-Cinquini et al.
1995). The characterisation of VLDL in B. jararaca
suggests a similar transport mechanism for lipids
(VLDLy) to birds (Thompson and Speake 2004). None
of these studies is comparative and the data are insuffi-
cient to draw any conclusions about evolution of vivi-
parity from them.

More detailed analyses of the non-lipid and non-
inorganic ion component of egg yolks of oviparous and
viviparous lizards are needed before any comment about
changes that accompany the evolution of complex pla-
centae can be made. The surprising result of little change
in net lipid uptake during development by different
species of Pseudemoia with different degrees of pla-
centotrophy suggests that there will be a concomitant
increase in the transport of proteins in these species, but
it is not possible to predict which proteins might be
represented.

Function of placentae

Functional studies that show where and how nutrients
are transported across the placenta are so far scarce. A
number of studies show the uptake of radio-labelled
amino acids into embryonic compartments in squa-
mates, including skinks (Thompson 1977a; Swain and
Jones 1997), and inorganic ions in lizards and snakes
(reviewed by Stewart and Thompson 2000). Although
none of these studies show where or how the nutrients
are transported, at least in N. metallicus, there is more
uptake in the middle to later stages of pregnancy when
the embryos are most rapidly growing than early in
development and just before parturition (Swain and
Jones 1997). To date, the best indications of where and
how nutrients are provided across the placenta come
from interpretations of morphological studies, particu-
larly using light and electron microscopy (e.g. Adams
et al. 2004).

The focus on chorioallantoic placentae by Weekes
(1935) provided a long-lasting framework for future
studies, but probably led to a delay in potentially
informative studies of the omphaloplacenta. More re-
cent analyses strongly suggest that the chorioallantois is
a specialised gas exchange organ and that nutrient
transport is more likely in the omphaloplacenta (Adams
et al. 2005). What is interesting, however, is that species
with complex placentae and substantial placentotrophy
(e.g. Pseudemoia sp., some Mabuya sp. and Eumecia sp.)
(Stewart and Thompson 1996, 1998; Flemming and
Blackburn 2003) all have a specialised region of the
chorioallantois called a placentome that is implicated in
transport of nutrients to the embryo, but is morpho-
logically and histologically separated from the specia-
lised gas exchange regions (Thompson et al. 2004;
Adams et al. 2005).
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Molecular approaches

Viviparity has evolved independently many times in
squamate reptiles (Blackburn 2000), which implies that
it must be a relatively simple thing to achieve. Its sim-
plest form, lecithotrophic viviparity, involves the reten-
tion of eggs that have reduced shells (Heulin 1990;
Qualls 1996) in the oviducts until the embryo is fully
developed. Few steps are involved in this transition: (1)
the change in timing of expulsion of the conceptus, (2) a
reduction in the thickness of the eggshell to allow uptake
of oxygen, (3) possibly an increase in the vascular sup-
port of the uterus, also to allow oxygen uptake by the
embryo, and (4) the provision of water to the egg. None
of these steps involves new structures or processes, but
merely an upregulation (increased vascularity), down-
regulation (reduced eggshell), or a change in the timing
(expulsion of conceptus) of existing processes. To date,
none of these processes have been investigated from a
molecular perspective, despite their apparent simplicity.

The much rarer event, evolution of placentotrophy,
has occurred rarely and involves much more complex
changes than the retention of eggs. By its nature, pla-
centotrophy involves the reduction in nutrient provision
to eggs in the ovary in favour of transport across the
placenta, which invariably involves new processes
(transport of nutrients across the uterine epithelium
where no transport has occurred previously) and struc-
tures (transport organs, such as a placentome), or the
loss of structures (isolated yolk mass degenerates part
way through development in Mabuya or Eumecia,
Flemming and Blackburn 2003). The molecular basis of
the evolution of placentotrophy is likely to be much
more difficult to identify, and is really predicated on the
identification of the processes involved in the first step of
the process—the evolution of lecithotrophic viviparity.
Our results imply that the evolution of placentotrophy in
the Pseudemoia lineage has required the transfer of lipids
or their fatty acid components across the anatomically
complex placenta, which presumably has a molecular
basis. The transfer of free fatty acids from the maternal
to the foetal circulation of mammals is achieved by the
action of a range of fatty acid transport proteins located
in the plasma membranes of the placental cells (Dutta-
Roy 2000). In addition, the placental expression of
lipoprotein lipase activity results in the hydrolysis of
lipoprotein TAG in the maternal plasma, releasing free
fatty acids for transfer across the placenta (Bonet et al.
1992). It would be of interest to investigate the possible
expression of fatty acid transfer proteins and lipoprotein
lipase in the Pseudemoia placenta.

Conclusion

Among the amniote vertebrates, viviparity is known to
have evolved once in mammals, once in the Ichthyosa-
uria and over 100 times in the Squamata, but not in the

Archosauria or turtles (Blackburn 1982, 1985, 1999).
Only the Squamata contains species with independent
origins of viviparity and with a range of placental
complexities, so only in the Squamata can hypotheses to
explain the evolution of viviparity from oviparity be
tested. The Squamata and mammals share the basic
complement of extra-embryonic membranes of amnio-
tes, and these membranes provide the embryonic ele-
ments of placental structures. The unique feature in
Squamata is the occurrence of intravitelline mesoderm
and the formation of an isolated yolk sac.

Perhaps it is something about the isolated yolk sac
complex that facilitates the evolution of viviparity. The
uterine epithelium of the associated omphaloplacenta is
secretory (Adams et al. 2005), even in lecithotrophic
species (Stewart 1990), and the embryonic omphalopla-
centa is preadapted as an uptake epithelium because the
bilaminar omphalopleure of oviparous species takes up
water and presumably calcium and perhaps inorganic
ions from outside the egg. In contrast to lecithotrophic
viviparity, placentotrophy has evolved much less com-
monly and involves elaboration of the chorioallantoic
and omphaloplacentae and the apposing uterine epi-
thelia. There is a general correlation between placental
complexity and net uptake of nutrients by the embryo,
although details of what is being transported, and by
which structures are lacking. The correlation between an
elaborate chorioallantoic placenta and substantial pla-
centotrophy implies that the omphaloplacenta is unable
to provide all of the needs of a developing embryo,
strengthening the conclusion that the chorioallantoic
placenta is involved in dry matter transport.

A number of observations suggest fertile areas for
future investigation. The proportion of TAG and PL in
the yolks of lecithotrophic and placentotrophic species
are quite different, and suggest that energy is provided to
the embryos of placentotrophic species later in devel-
opment, but the form of that energy supply has not been
characterised. Presumably that supply is across the
chorioallantoic placenta, also. Indeed, although the
assumption has been that lipid would be the form of
energy supply, the possibility of carbohydrate has not
been discounted. The observation that the proportional
net uptake of lipid during development in species of
Pseudemoia that vary considerably in the total net up-
take of dry matter suggests either that most of the lipid
taken up is consumed, or that lipid uptake becomes
relatively less important as placentae become more
complex and total placentotrophy increases. In addition,
we conclude that specialisation of the chorioallantois to
form a placentome is associated with an increase in the
capacity for transport of lipids generally. A test of this
hypothesis would be an analysis of lipid transport in a
species such as Chalicides chalicides that has a placen-
tome (Blackburn and Callard 1997), but is unrelated to
the Eugongylus group skinks studied to date.

The evolution of complex placentae then suggests a
scenario where the step from oviparity to lecithotrophic
viviparity involves the co-opting of existing function. The



chorioallantoic placenta continues the gas exchange
function of an oviparous species and the omphalopla-
centa takes over the uptake of aqueous materials (water
and inorganic ions) of the bilaminar ompalopleure of
oviparous species. Maintenance of pregnancy presum-
ably involves chemical communication between the em-
bryo and mother, and it seems that the most likely place
for that, together with limited uptake of other nutrients
(e.g. hormones), is the omphaloplacenta. The evolution
of placentotrophy is highly correlated with embellish-
ment of the chorioallantoic placenta and the regional
differentiation of the chorioallantois to form a placen-
tome (and chorionic areolae in species with microlecithal
eggs). Currently, detailed comparisons of placentomes
that are independently derived in different clades are
lacking, so it is possible that they function differently in
different groups. The important point is that structurally
complex organs form, and these organs are involved in
nutrient transport from the mother to the embryo by
mechanisms different from those in the omphaloplacen-
ta. Consequently, different nutrients are probably also
transported. Functional studies of different placental
structures are now required to test these hypotheses.

Acknowledgements Many people have contributed to the work and
ideas presented in this review through a combination of their
publications and direct collaboration and discussion, in particular
J. Stewart, C. Murphy, S. Adams, M. Hosie, D. Blackburn, M.
Ramirez-Pinilla, J. Herbert and J. Girling. M. Ramirez-Pinilla
kindly provided unpublished data on Mabuya mabouya. K. Robert
drew the figures. Much of the data presented were derived from
work supported by Australian Research Council Large and Dis-
covery Grants to MBT and from the Scottish Council to BKS.

References

Adams SM, Hosie MJ, Murphy CR, Thompson MB (2004)
Changes in the oviductal morphology of the skink, Lamprop-
holis guichenoti, associated with egg production. J Morphol
262:536-544

Adams SM, Biazik JM, Thompson MB, Murphy CR (2005) The
cyto-epitheliochorial placenta of the viviparous lizard pseude-
moia entrecasteauxii: a new placental subtype. J Morphol (in
press)

Andrews RM (1997) Evolution of viviparity: variation between two
sceloporine lizards in the ability to extend egg retention. J Zool
Lond 243:579-595

Andrews RM (2002) Low oxygen: a constraint on the evolution of
viviparity in reptiles. Physiol Biochem Zool 75:145-154

Blackburn DG (1982) Evolutionary origins of viviparity in the
Reptilia I Sauria. Amphib Reptil 3:185-205

Blackburn DG (1985) Evolutionary origins of viviparity in the
Reptilia II Serpentes, Amphisbaenia, and Ichthyosauria. Am-
phib Reptil 5:259-291

Blackburn DG (1993a) Chorioallantoic placentation in squamate
reptiles: structure, function, development, and evolution. J Exp
Zool 266:414-430

Blackburn DG (1993b) Histology of the late-stage placentae of the
matrotrophic skink Chalcides chalcides (Lacertilia: Scincidae). J
Morphol 216:179-195

Blackburn DG (1999) Are viviparity and egg-guarding evolution-
arily labile in squamates? Herpetologica 55:556-573

Blackburn DG (2000) Reptilian viviparity: past research, future
directions, and appropriate models. Comp Biochem Physiol
127A:391-409

187

Blackburn DG, Callard IP (1997) Morphogenesis of the placental
membranes in the viviparous, placentotrophic lizard Chalcides
chalcides (Squamata: Scincidae). J Morphol 231:35-55

Blackburn DG, Vitt LJ (1992) Reproduction in viviparous South
American lizards of the genus Mabuya. In: Hamlett W (ed)
Reproductive biology of South American vertebrates: aquatic and
terrestrial. Springer, Berlin Heidelberg New York, pp 150-164

Blackburn DG, Vitt LJ (2002) Specializations of the chorioallan-
toic placenta in the Brazilian scincid lizard, Mabuya heathi: a
new placental morphotype for reptiles. J Morphol 254:121-131

Blackburn DG, Vitt LJ, Beuchat CA (1984) Eutherian-like repro-
ductive specializations in a viviparous reptile. Proc Natl Acad
Sci USA 81:4860-4863

Bonet B, Brunzell JD, Gown AM, Knoop RH (1992) Metabolism
of very low density lipoprotein triglyceride by human placental
cells: the role of lipoprotein lipase. Metabolism 41:596-603

De Morale MH, Valles AM, Baerga-Santini C (1987) Studies on
the egg proteins of tropical lizards: purification and charac-
terisation of yolk protein of Anolis pulchellus. Comp Biochem
Physiol 87B:125-136

De Morale MH, Baerga-Santini C, Cordero-Lopez N (1996) Syn-
thesis of vitellogenin polypeptides and deposit of yolk proteins
in Anolis pulchellus. Comp Biochem Physiol 115B:225-231

Dutta-Roy AK (2000) Transport mechanisms for long-chain
polyunsaturated fatty acids in the human placenta. Am J Clin
Nutr 71:3155-322S

Flemming AF, Blackburn DG (2003) Evolution of placental spe-
cializations in viviparous African and South American lizards. J
Exp Zool 299A:33-47

Flemming AF, Branch WR (2001) Extraordinary case of matro-
trophy in the African skink Fumeces anchietae. J Morphol
247:264-287

Florian JD, Jr (1990) Development of the extraembryonic mem-
branes and chemical composition of eggs and hatchlings of the
oviparous lizard, Eumeces faciatus (Reptilian, Squamata). MS
Thesis, University of Tulsa

Girling JE, Jones SM (2003) In vitro progesterone production by
maternal and embryonic tissue during gestation in the southern
snow skink (Niveoscincus microlepidotus). Gen Comp Endocri-
nol 133:100-108

Girling JE, Jones SM, Swain R (2002) Induction of parturition in
snow skinks: can low temperatures inhibit the actions of AVT?
J Exp Zool 293:525-531

Grigg GC, Harlow P (1981) A fetal-maternal shift of blood oxygen
affinity in an Australian viviparous lizard, Sphenomorphus
quoyii (Reptilia, Scincidae). ] Comp Physiol 142:495-499

Heulin B (1990) Etude comparative de la membrane coquillére chez
les souches ovipare et vivipare du lézard Lacerta vivipara. Can J
Zool 68:1015-1019

Heulin B, Arrayago MJ, Bea A, Brana F (1992) Caracteréristiques
de la coquille des oeufs chez la souche hybride (ovipare x
vivipare) du lézard Lacerta vivipara. Can J Zool 70:2242-2246

Hoffman LH (1970) Placentation in the garter snake, Thamnophis
sirtalis. J Morph 131:57-88

Holland RAB, Hallam JF, Thompson MB, Shine R, Harlow P
(1990) Oxygen carriage by blood of gravid and non-gravid
adults, and in embryos and in newborn of viviparous Australian
elapid snake, Pseudechis porphyriacus. Physiologist 33:A68

Hosie MJ, Adams SM, Thompson MB, Murphy CR (2003)
Viviparous lizard, Eulamprus tympanum, shows changes in the
uterine surface epithelium during early pregnancy that are
similar to the plasma membrane transformation of mammals. J
Morphol 258:346-357

Hoyt DF (1987) A new model of avian embryonic metabolism. J
Exp Zool Suppl 1:127-138

Ingermann RL, Berner NJ, Ragsdale FR (1991) Effect of preg-
nancy and temperature on red cell oxygen-affinity in the
viviparous snake Thamnophis elegans. J Exp Biol 156:399-406

Janeiro-Cinquini TRF, Bijovsky AT, Leinz FF, Winter CE (1995)
Characterization of the main plasma lipoproteins from the
ovoviviparous viperid snake Bothrops jararaca. Comp Biochem
Physiol 112B:49-58



188

Jerez A, Ramirez-Pinilla MP (2003) Morphogenesis of extraem-
bryonic membranes and placentation in Mabuya mabouya
(Squamata, Scincidae). J] Morph 258:158-178

Jones SM, Bennett EJ, Swadling KM (1998) Lipids in yolks and
neonates of the viviparous lizard Niveoscincus metallicus. Comp
Biochem Physiol 121B:465-470

Kasturirangan LR (1951) Placentation in the sea-snake, Enhydris
schistosa (Daudin). Proc Indian Acad Sci Ser B 34:1-32

Lui S (2004) Uterine epithelial changes in Eulamprus tympanum.
BSc(Hons) Thesis, Department of Anatomy and Histology,
University of Sydney

Murphy CR, Hosie MJ Thompson MB (2000) The plasma mem-
brane transformation facilitates pregnancy in both reptiles and
mammals. Comp Biochem Physiol 127A:433-439

Oftedal OT (2002) The origin of lactation as a water source for
parchment-shelled eggs. J] Mammary Gland Biol Neoplasia
7:253-266

Packard MJ, Hirsch KF (1986) Scanning electron microscopy of
eggshells of contemporary reptiles. Scan Electron Microsc
4:1581-1590

Packard MJ, Packard GC, Miller JD, Jones ME, Gutzke WHN
(1985). Calcium mobilization, water balance, and growth in
embryos of the agamid lizard Amphibolurus barbatus. J Exp
Zool 235:349-357

Parameswaran KN (1962) The foetal membranes and placentation
of Enhydris dussumieri (Smith). Proc Indian Acad Sci Ser B
56:302-327

Qualls CP (1996) Influence of the evolution of viviparity on egg-
shell morphology in the lizard, Lerista bougainvillii. ] Morphol
228:119-125

Robert K, Thompson MB (2000) Energy consumption by embryos
of a viviparous lizard, Eulamprus tympanum, during develop-
ment. Comp Biochem Physiol 127A:481-486

Romano M, Rosanova P, Anteo C, Limatola E (2002) Lipovitellins
and phosvitins of the fertilized egg during embryo growth in the
oviparous lizard Podarcis sicula. Mol Reprod Dev 63:341-348

Shine R (1985) The evolution of viviparity in reptiles: an ecological
analysis. In: Gans C, Billet F (eds) Biology of the Reptilia, vol.
15. Wiley, New York, pp 605-694

Speake BK, Thompson MB (1999) Comparative aspects of yolk
lipid utilisation in birds and reptiles. Poult Avian Biol Rev
10:181-211

Speake BK, Thompson MB (2000) Lipids of the eggs and neonates
of oviparous and viviparous lizards. Comp Biochem Physiol
127A: 453-467

Speake BK, Thompson MB, McCartney RJ (1999) Lipid compo-
sition of eggs of an oviparous lizard (Bassiana duperreyi). Lipids
34:1207-1210

Speake BK, Herbert JF, Thompson MB (2004) Evidence for pla-
cental transfer of lipids during gestation in the viviparous liz-
ard, Pseudemoia entrecasteauxii. Comp Biochem Physiol A
139:213-220

Stewart JR (1989) Facultative placentotrophy and the evolution of
squamate placentation: quality of eggs and neonates of Virginia
striatula. Am Nat 133:111-137

Stewart JR (1990) Development of the extraembryonic membranes
and histology of the placentae in Virginia striatula. J Morph
205:33-43

Stewart JR (1993) Yolk sac placentation in reptiles: structural
innovation in a fundamental vertebrate nutritional system. J
Exp Zool 266:414-449

Stewart JR, Blackburn DG (1988) Reptilian placentation: struc-
tural diversity and terminology. Copeia 1988:838-851

Stewart JR, Castillo RE (1984) Nutritional provision of the yolk of
two species of viviparous reptiles. Physiol Zool 57:337-383

Stewart JR, Thompson MB (1993) A novel pattern of embryonic
nutrition in a viviparous reptile. J Exp Biol 174:97-108

Stewart JR, Thompson MB (1994) Placental structure of the
Australian lizard, Niveoscincus metallicus. J Morph 220:223—
236

Stewart JR, Thompson MB (1996) The evolution of reptilian pla-
centation: development of the extraembryonic membranes of

the Australian scincid lizards Bassiana duperreyi (oviparous)
and Pseudemoia entrecasteauxii (viviparous). J Morph 227:1-22

Stewart JR, Thompson MB (1998) Placental ontogeny of the
Australian scincid lizards Niveoscincus coventryi and Pseude-
moia spenceri. J Exp Zool 282:535-559

Stewart JR, Thompson MB (2000) Evolution of placentation
among squamate reptiles: recent research and future directions.
Comp Biochem Physiol 127A:411-431

Stewart JR, Florian JD Jr (2000) Ontogeny of the extraembryonic
membranes of the oviparous lizard, Eumeces faciatus (Squa-
mata: Scincidae). J Morphol 244:81-107

Stewart JR, Thompson MB (2003) Evolutionary transformations
of the fetal membranes of viviparous reptiles: a case study of
two lineages. J Exp Zool 299A:13-32

Stewart JR, Thompson MB (2004) Placental ontogeny of the
Tasmanian scincid lizard, Niveoscincus ocellatus (Reptilia:
Squamata). J Morph 259:214-237

Swain R, Jones SM (1997) Maternal-fetal transfer of *H-labelled
leucine in the viviparous lizard Niveoscincus metallicus (Scinci-
dae: Lygosominae). J Exp Zool 277:139-145

Swain R, Jones SM (2000) Facultative placentotrophy: half-way
house of strategic solution. Comp Biochem Physiol 127A: 441—
451

Thompson JA (1977a) The transfer of amino acids across the
placenta of a viviparous lizard, Sphenomorphus quoyi. Theri-
ogenology 8:158

Thompson JA (1977b) Embryo—maternal relationships in a
viviparous skink Sphenomorphus quoyi (Lacertilia: Scincidae).
In: Clabay JH, Tyndale-Biscoe CH (eds) Reproduction and
evolution. Australian Academy of Science, Canberra, pp 279—
280

Thompson JA (1981) A study of the sources of nutrients for
embryonic development in a viviparous lizard, Sphenomorphus
quoyii. Comp Biochem Physiol 70A:509-518

Thompson J (1982) Uptake of inorganic ions from the maternal
circulation during development of the embryo of a viviparous
lizard, Sphenomorphus quoyii. Comp Biochem Physiol 71A:107—
112

Thompson MB, Stewart JR (1997) Embryonic metabolism and
growth in lizards of the genus Eumeces. Comp Biochem Physiol
118A:647-654

Thompson MB, Russell KJ (1998) Metabolic cost of development
in one of the world’s smallest lizard eggs: implications for
physiological advantages of the amniote egg. Copeia
1998:1016-1020

Thompson MB, Russell KJ (1999) Embryonic energetics in eggs of
two species of Australian skink, Morethia boulengeri and
Morethia adelaidensis. J Herpetol 33:291-297

Thompson MB, Speake BK (2004) Egg morphology and compo-
sition. In: Deeming DC (ed) Reptilian incubation: environment,
evolution and behaviour. Nottingham University Press, Not-
tingham, pp 45-74

Thompson MB, Stewart JR, Speake BK, Russell KJ, McCartney
RJ (1999a) Placental transfer of nutrition during gestation in a
viviparous lizard, Pseudemoia spenceri. J Comp Physiol B
169:319-328

Thompson MB, Speake BK, Stewart JR, Russell KJ, McCartney
RJ, Surai P (1999b) Placental nutrition in the viviparous lizard
Niveoscincus metallicus: the influence of placental type. J Exp
Biol 202:2985-2992

Thompson MB, Stewart JR, Speake BK, Russell KJ, McCartney
RJ, Surai P (1999¢) Placental nutrition in a viviparous lizard
(Pseudemoia pagenstecheri) with a complex placenta. J Zool
Lond 248:295-305

Thompson MB, Stewart JR, Speake BK (2000) Comparison of
nutrient transport across the placenta of lizards differing
in placental complexity. Comp Biochem Physiol 127A:469—
479

Thompson MB, Stewart JR, Speake BK, Russell KJ, McCartney
RJ (2001a) Nutrient uptake by embryos of the Asustralian
viviparous lizard Eulamprus tympanum. Physiol Biochem Zool
74:560-567



Thompson MB, Speake BK, Stewart JR, Russell KJ, McCartney
RJ (2001b) Placental nutrition in the Tasmanian skink, Niveo-
scincus ocellatus. J Comp Physiol B 171:155-160

Thompson MB, Speake BK, Russell KJ, McCartney RJ (2001c)
Utilisation of lipids, protein, ions and energy during embryonic
development of Australian oviparous skinks in the genus
Lampropholis. Comp Biochem Physiol 129A:313-326

Thompson MB, Stewart JR, Speake BK, Russell KJ, McCartney
RJ (2001d) Utilisation of nutrients by embryos of the enigmatic
viviparous skink, Niveoscincus coventryi. J Exp Zool 290:291—
298

Thompson MB, Stewart JR, Speake BK, Hosie MJ, Murphy CR
(2002) Evolution of viviparity: what can Australian lizards tell
us? Comp Biochem Physiol 131B:631-643

Thompson MB, Adams SM, Herbert JF, Biazik JM, Murphy CR
(2004) Placental function in lizards. Int Congr Ser 1275:218-225

189

Vitt LJ, Blackburn DG (1991) Ecology and life history of the
viviparous lizard Mabuya bistriata (Scincidae) in the Brazilian
Amazon. Copeia 1991:612-619

Weekes HC (1927a) Placentation and other phenomena in the
scincid lizard Lygosoma (Hinula) quoyi. Proc Linn Soc NSW
52:499-554

Weekes HC (1927b) A note on reproductive phenomena in lizards.
Proc Linn Soc NSW 52:25-32

Weekes HC (1929) On placentation in reptiles No i. Proc Linn Soc
NSW 54:34-60

Weekes HC (1930) On placentation in reptiles II. Proc Linn Soc
NSW 55:550-576

Weekes HC (1935) A review of placentation among reptiles, with
particular regard to the function and evolution of the placenta.
Proc Zool Soc Lond 2:625-645



	Sec1
	Sec2
	Tab1
	Fig2
	Fig1
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR51
	CR50
	CR52
	CR53
	CR54
	CR55
	CR56
	CR57
	CR58
	CR59
	CR60
	CR61
	CR62
	CR63
	CR64
	CR65
	CR66
	CR67
	CR68
	CR69
	CR70
	CR71
	CR72
	CR73
	CR74
	CR75
	CR76
	CR77
	CR78
	CR79
	CR80
	CR81
	CR82
	CR83
	CR84
	CR85
	CR86
	CR87
	CR88

