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Thesis	Summary	

The placenta is a unique example of a complex organ that has evolved independently more 

than 115 times in amniotes (birds, reptiles, and mammals). Placentae exchange materials 

including respiratory gasses, nutrients, and hormones, between the mother and embryo. The 

evolution of placentation is an excellent model for understanding the evolution of complex 

structures because the evolution of placental functions requires integrated changes to many 

genes and their expression. I aimed to identify the physiological and ecological factors that 

contribute to the evolution of placentation in vertebrates, focusing on the genetic mechanisms 

underpinning the evolution of placental functions, and the role of parent-offspring conflict in 

the evolution of placental traits. 

Recent phylogenetic analyses have re-evaluated the number and frequency of transitions from 

oviparity to viviparity and the reverse. This re-evaluation has led to conclusions that are at 

odds with previous studies of the biology of squamates. I used data on the physiology and 

ecology of squamates to evaluate hypotheses about the number of transitions between 

reproductive modes in squamates and whether transitions from oviparity to viviparity have 

occurred as frequently as reversions from viviparity to oviparity (Chapter 2). The confluence 

of biological data clearly supports oviparity as the ancestral reproductive mode for 

squamates, with many independent origins of viviparity in this group. In this study I suggest 

that model-based phylogenetic analyses can produce well supported but inaccurate results, 

and describe how biological data can be used to test hypotheses generated by these models. 

Given placentation has evolved independently many times, I assessed whether convergent 

evolution of placental functions is underpinned by the same genes in mammals and reptiles 
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(Chapter 3). I used high throughput sequencing to identify the gene expression patterns that 

facilitate placental functions in the placentotrophic southern grass skink (Pseudemoia 

entrecasteauxii). The grass skink has partitioned placental functions to different placental 

regions, with the chorioallantoic placenta being a major site of nutrient transport via 

membrane bound transport proteins, whilst the yolk sac placenta transports nutrients using 

alternative mechanisms such as the secretion of nutrient packed vesicles (Chapter 3). These 

placental functions are underpinned by complex gene expression patterns converging on the 

eutherian condition, with protein transport to embryos having evolved using the same 

transport proteins in both lineages. I developed a statistical approach to assess parallel 

evolution, which shows that similar use of genes in human and skink placenta is not the result 

of stochastic selection of genes but is the outcome of other yet identified biological 

constraints, such as, ancestral patterns of gene expression or pleiotropic effects of altering 

gene regulation.  

Direct contact between maternal and embryonic tissue during pregnancy provides an 

opportunity for embryos to manipulate the rates that mothers provide resources to offspring. 

Given that embryos have inherited their genome from both their mother and father, there is 

potential for the preferred resource transfer rates to differ between mother and offspring 

resulting in conflict. The impacts of parent offspring conflict during pregnancy have been 

long known, but under-explored as a driver for the evolution of placental functions. The 

central assumption of the parent offspring conflict hypothesis is that embryos are capable of 

manipulating the supply of resources from mothers to offspring through pregnancy.  

Mammals with non-invasive placentation have extra-embryonic membranes that are capable 

of invading maternal tissue but are prevented from doing so during pregnancy by the 
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properties of the uterine epithelium, which provides strong evidence for persistent conflict in 

mammalian placentation. I investigated whether invasive embryonic membranes were a 

common feature of amniotes by examining an extra-uterine pregnancy in the southern grass 

skink (Chapter 4). Invasive placentation is neither ancestral to amniotes nor necessary for 

viviparity, but is derived in therian mammals, because the extra-embryonic membranes do 

not attach or invade maternal tissue outside the uterus in the southern grass skink.  

I used transcriptomics to identify the expression of hormones and hormone metabolic 

processes in the placental tissues of a range of oviparous and viviparous amniotes (Chapter 

5). In this chapter I show that hormone production occurs in the embryonic membranes of 

amniotes, and the production of growth factors by embryonic placental tissues is an 

exaptation of ancestrally expressed genes. Given that embryonic membranes produce a 

diversity and abundance of hormones that could manipulate how mothers provide resources 

to offspring, I show that embryonic hormone production is a mechanism by which embryos 

can manipulate the function of the placenta, and regulate placental nutrient transport. This 

study provides fundamental support to the assumption of the parent offspring conflict 

hypothesis, which states that embryos must be capable of manipulating maternal tissue for 

conflict to lead to evolutionary innovations. 

Conflict during pregnancy ultimately results in antagonistic selection on genes that are able to 

manipulate the outcome of the provision of resources to the embryo from the mother. 

Genomic imprinting is a mechanism present in viviparous mammals that prevents 

antagonistic selection on some genes. I tested to see if mammalian imprinted genes were also 

imprinted in the southern grass skink by examining polymorphisms in the transcriptomes of 

placental tissues (Chapter 6). I showed that the 17 most highly expressed mammalian 

imprinted genes exhibited bi-allelic expression in the skink and therefore cannot be 
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imprinted. Thus, genomic imprinting in these genes is not necessary for viviparity in 

amniotes, but may be the result of other features of viviparous mammal biology such as 

invasive placentation.  

By investigating the physiology and genetic underpinning of placental functions in reptiles, I 

provide fundamental data for understanding the evolution of viviparity and placentation in a 

lineage independent of viviparous mammals. I identify key similarities and differences 

between reptile and mammal pregnancy that outline the limits to which comparisons between 

the two lineages can be made. Finally, I show that parent offspring conflict is unlikely to play 

a role in the evolution of nutrient transport mechanisms in the placenta, but may be a driving 

force in the shift from lecithotrophic (a reliance on egg yolk for embryonic development) to 

placentotrophic nutrient provisioning through pregnancy.     
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General	Introduction	

Structural and physiological complexity in organisms is central to organismal evolutionary 

biology (Schwenk, et al. 2009). Understanding how complex structures such as organs evolve 

is a question fundamental to evolutionary biology (Gould 1980). Complex traits offer an 

intriguing puzzle to evolutionary biologists because they require integrated changes to 

multiple tissues that must be underpinned by multiple genetic changes (Gregory 2008). 

Furthermore, the evolution of complex structures typically occurs over long time-spans, with 

many complex structures evolving only once. To identify the mechanisms underpinning the 

evolution of complex phenotypes, ideally one needs a model system that includes: repeated 

evolution of a novel phenotype; instances where the trait has evolved relatively recently; and 

extant species with intermediate forms.  

The placenta is an ideal model for the study of complex innovations because placentae have 

evolved independently multiple times, evolved relatively recently in some lineages, and are 

present in intermediate forms in extant taxa (Reznick, et al. 2002; Van Dyke, et al. 2014a). A 

placenta is an organ formed by close apposition of maternal and embryonic tissue that 

facilitates exchange between mother and offspring (Mossman 1937). Placentae are necessary 

in live bearing amniotes (reptiles and mammals) to supply respiratory gasses and water to 

offspring during development. For this reason, we know placentae have evolved concurrently 

with the evolution of live birth (viviparity) more than 115 times in amniotes (Blackburn 

2014). In some lineages placentae have evolved relatively recently (such as in the skink lizard 

Lerista bougainvillii, which has both oviparous and viviparous populations) (Fairbairn, et al. 

1998; Qualls and Shine 1998). Placental diversity also includes a variety of intermediate 
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forms in extant taxa. Most viviparous lizards have almost complete reliance on egg yolk for 

embryonic nutrition (lecithotrophic), but placentae that supplement embryonic nutrition 

through pregnancy by the transfer of nutrients have evolved in some taxa (placentotrophy) 

(Thompson, et al. 2000). The lizard family Scincidae contains species with a complete 

reliance on lecithotrophy, complete reliance on placentotrophy and species with intermediate 

reliance on both forms of embryonic nutrition (Ramírez-Pinilla, et al. 2011; Thompson et al. 

2000; Van Dyke, et al. 2014b). 

Studies on the evolution of the placentae have been dominated by two major questions: How 

do new placental functions evolve? and Why do particular traits evolve in placental tissues? 

(Enders and Carter 2004; Lynch, et al. 2015; Murphy and Thompson 2011; Stewart and 

Thompson 2000; Thompson, et al. 2002; Van Dyke et al. 2014a; Wilkins and Haig 2003). 

Lizards and snakes (squamates) represent the ideal model system to answer these 

fundamental questions because in this group placentation has evolved multiple times 

independently, evolved relatively recently in some taxa, and contains species with 

intermediate placental forms (Thompson and Speake 2006). Furthermore all squamates 

develop placentae from homologous tissues, the uterine tissue of the mother and extra-

embryonic membranes of the embryo, including the chorioallantoic and yolk sac membranes 

(Fig. 1; Van Dyke et al. 2014a). The traditional understanding of the evolution of 

reproductive mode asserts that oviparity is the ancestral reproductive mode for lizards and 

snakes (squamates) and that viviparity has evolved independently in many squamate lineages 

(Blackburn 1999; Blackburn 2006; Blackburn 2014; Lee and Shine 1998).  



 

 

 

 

 

 

 

Figure 1. Simplified diagram showing the generic layout of embryonic membranes in 
reptiles, modified from Ferner and Mess (2011). In oviparous taxa, these structures sit inside 
the eggshell membrane, in viviparous species the egg is maintained in the uterus. Red – 
embryonic ectoderm; grey –embryonic endoderm; blue – allantoic membrane; yellow – yolk 
sac membrane.   
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Physiology	of	the	placenta	and	mechanisms	of	nutrient	

transfer	

The placenta has been described as one of the most diverse organs in mammals (Arnaud, et 

al. 2008; Gundling and Wildman 2015; Mess and Carter 2007). This diversity stems from a 

range of innovations that alter either the capacity for, or the regulation of, nutrient transport 

between the mother and embryo. The mechanisms that underpin the evolution of novel 

functions in the placenta are likely to be similar to those that underpin the evolution of novel 

traits more broadly in organisms. This makes understanding how novel traits evolve in the 

placenta a tool for understanding the processes that underpin the evolution of complex 

structures generally.  

Substantial transfer of nutrients across the placenta has evolved as few as six times in the 

more than 115 live bearing squamate lineages (Blackburn 2014). The small number of origins 

of placentotrophy suggests that it is relatively difficult to evolve. Embryos require a range of 

nutrients to complete development including amino acids, lipids, and a large number of 

inorganic ions, with each nutrient requiring its own mechanism of transport through the 

placenta (Carter 2012; Enders and Carter 2006; Jones, et al. 2007; Knipp, et al. 1999). 

Comparative analyses suggest that placentotrophy supplies relatively the same ratio of 

nutrients as is provided to eggs at ovulation (Thompson et al. 2002), so the benefits of 

placentotrophy are unlikely to manifest until mechanisms for transporting each nutrient have 

evolved.  

In viviparous skinks, there is direct contact between uterine and trophoblast epithelial cells. 

All nutrients transported to offspring must move across the uterine epithelium (Thompson 
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and Speake 2006; Van Dyke et al. 2014a). In viviparous skinks, uterine epithelial cells 

become more tightly “connected” by increasing the presence of tight junction molecules, 

which means that transport to offspring must occur through epithelial cells rather than 

between them (Biazik, et al. 2007; Biazik, et al. 2008). Thus, the mothers have greater control 

over nutrient transfer to offspring and over the chemical environment of the uterine lumen 

(Biazik, et al. 2010). The processes that facilitate nutrient transport are likely to vary widely 

with each nutrient; some nutrients, such as water, are likely to transfer relatively easily via 

diffusion whereas other nutrients may be mobilized by the presence of nutrient transport 

pumps, which mobilize nutrients between cell layers from the maternal blood to the uterine 

lumen. Finally nutrients that are not readily transmitted may need to be packaged and 

released in vesicles for uptake by the embryo (Fig. 2) (Dutta-Roy 2000; Moe 1995; Shennan 

and Boyd 1987; Verkman, et al. 1996). Diffusion of nutrients (Fig. 2a) occurs in all 

viviparous taxa, which is likely the major mechanism for transport of respiratory gasses and 

facilitates nutrient transfer in species that have no net uptake of nutrients through pregnancy 

(Stewart 2013; Stewart, et al. 1990; Van Dyke and Beaupre 2012). Both active transport 

mechanisms (Fig. 2b,c) are probably necessary for substantial placentotrophy in species that 

do not allow embryonic tissue direct access to the maternal blood supply (Adams, et al. 2005; 

Carter 2012). Membrane bound transport proteins are likely to be involved in the transfer of 

inorganic ions and small organic molecules (Fig. 2b), whilst large organic and hydrophobic 

nutrients are probably transferred by the packaging of materials into vesicles and then 

secretion of vesicles into the uterine lumen for embryonic uptake (apocrine secretion) (Fig. 

2c). Given these mechanisms, I predict that the evolution of placentotrophy would require the 

expression of genes that facilitate each of these functions through pregnancy. To test this 



 

 

 

 

 

 
Figure 2. Diagrammatic representation of nutrient transport mechanisms from uterine 
epithelial cells (UEC) to the uterine lumen in a placenta during pregnancy. (a) Simple 
diffusion of molecules from the uterine epithelial cells, across the plasma membrane into the 
uterine lumen. (b) Transport mediated by membrane bound transport proteins. Nutrients 
inside the epithelium are actively transported across the plasma membrane requiring energy, 
typically in the form of ATP. (c) Nutrient transfer via apocrine secretion. Identified transport 
mechanisms in placental tissues taken from Carter (2012), diagrammatic representation of 
transport processes modified from Ladiges, et al. (2005).  
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prediction, I identify the genes expressed in the uterus of pregnant and non-pregnant lizards, 

and identify differentially expressed genes that could support nutrient transport (Chapter 3).  

To understand the mechanisms underpinning the evolution of placentotrophy, it is necessary 

to identify the proteins that facilitate nutrient transport. Whilst the genes responsible for the 

mechanisms of apocrine secretion are likely to be difficult to identify, the genes that encode 

membrane bound nutrient transport proteins are well characterized in vertebrates, are 

conserved among taxa, and due to the discrete number of transporters for any particular 

nutrient, they are amenable to statistical analysis (He, et al. 2009; Hediger, et al. 2004; 

Höglund, et al. 2011). I identified the gene expression patterns that underpin several uterine 

functions of pregnancy in the southern grass skink by examining the expression of all the 

genes simultaneously (Chapter 3). I also compared uterine gene expression in the 

morphologically distinct, chorioallantoic and yolk sac placentas to identify if regional 

morphological specializations of the placenta are facilitated by different gene expression 

patterns. Finally, by focusing on the genes responsible for amino acid transport, I tested 

whether placental amino acid transport has evolved by regulation of the same genes in the 

placenta of the lizard Pseudemoia entrecasteauxii and the human placenta. 

Parent	offspring	conflict	and	the	function	of	the	placenta	

During pregnancy, mothers provide nutrients to developing embryos, with the goal of 

producing reproductively fit offspring. Conflict between parents and offspring can arise when 

offspring seek to obtain additional resources to increase their inclusive fitness at a cost to 

their mother’s life time reproductive output (Crespi and Semeniuk 2004; Trivers 1974). In 

effect, selective pressures on embryos are likely to maximise individual fitness, but selective 
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pressures on mothers are likely to favour the maximisation of fitness across all current and 

future offspring (Trivers 1974).  

Viviparity and the presence of a placenta during pregnancy facilitates parent-offspring 

conflict because offspring and mothers have tissues that come into direct contact, giving 

embryos a medium to manipulate maternal resource provisioning (Zeh and Zeh 2008). The 

transfer of nutrients to embryos is likely to be a major source of maternal-offspring conflict, 

where we expect to see adaptations in embryos such that they are provided with additional 

nutrients, allowing them to be born at a larger size or retain greater fat reserves for later use 

(Chapple, et al. 2002). If individual embryos obtain extra nutrients, mothers may bear a cost 

to future reproductive success, overall decreasing her fitness (Bernardo and Agosta 2005). In 

effect, the different pressures on mothers and embryos may result in the evolution of different 

and opposing mechanisms to gain control over the activity of the placenta (Crespi and 

Semeniuk 2004).  

Parent-offspring conflict facilitates an evolutionary arms race between mother and offspring 

with iterative adaptations in embryos to manipulate maternal resources, and counter 

adaptations in mothers to reduce embryonic control over maternal resource provisioning. This 

arms race is expected to drive the evolution of a range of placental innovations, including 

changes in placental intimacy, mechanisms of embryonic communication and manipulation 

of mothers, as well as maternal and paternal mechanism of regulating offspring phenotype 

such as genomic imprinting (Crespi and Semeniuk 2004; Haig 1996a; Haig 1996b; Haig 

2000).  

The parent offspring conflict hypothesis has three key assumptions: 1) the relatedness 

between siblings is less than one; 2) the evolution of placental functions such as 
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placentotrophy involves potential benefits to offspring and potential costs to mothers; and 3) 

embryos exhibit the ability to manipulate how mothers provide resources (Crespi and 

Semeniuk 2004). Relatedness between siblings in any litter is always less than one in 

sexually reproducing organisms, and is lowered by multiple paternity (Haig 2000). Multiple 

paternity is normal in squamate reptiles and has been observed in many viviparous lizards 

and snakes, which suggests this assumption is usually met (Friesen, et al. 2014; Stapley, et al. 

2003; Uller and Olsson 2008). The benefits to offspring from increased resource provisioning 

are well documented, as larger offspring have fitness advantages over their smaller siblings 

(Sinervo 1990). The costs of providing additional resources to offspring in viviparous lizards 

are clear, as placentotrophic organisms can endure significant costs to their own body 

condition during nutrient limitation (Van Dyke et al. 2014b). Furthermore, viviparity alone 

imposes costs on mothers as pregnant females are less mobile and have greater risk of 

predation than females capable of depositing eggs in the environment (Schultz, et al. 2008; 

Shine 2003). Hence, assumptions 1 and 2 are well supported by the literature, whilst 

assumption 3 has less support, primarily due to limited studies on mechanisms of embryonic 

regulation of placental functions outside of mammals. Identifying the mechanisms that 

facilitate embryonic control of placental functions is necessary to test if parent offspring 

conflict can facilitate the evolution of those functions. 

Placental	intimacy	

The major categorization of placental types in mammals is the degree to which embryonic 

tissue breaches the maternal uterine tissue. In amniote vertebrates, placentae are composed of 

six ancestral tissue layers (Fig. 3) (Carter 2001; Ferner and Mess 2011; Mess and Carter 

2007; Vogel 2005). In species with non-invasive placentation, all six tissue layers are left 



	  
Figure 3. Diagrammatic representation of the different forms of placentation, adapted from 
Carter (2001), Mess & Carter (2007) and Vogel (2005). (a) Non-invasive epitheliochorial 
placentation; the embryonic membranes meet the uterine epithelium with no invasion. (b) 
Invasive endotheliochorial placentation; embryonic membranes invade through the epithelial 
lining of the uterus so they are in contact with the uterine endothelium. (c) Invasive 
haemochorial placentation; the extra embryonic membranes of the embryo invade through the 
uterine epithelium and endothelium, such that embryonic tissue is bathed in maternal blood. 
UECL: uterine epithelial cell layer, EECL: Embryonic epithelial cell layer, EBV: Embryonic 
blood vessel, MBV: maternal blood vessel.  
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intact and any nutrients transported to offspring must be mobilized across each cell layer 

(epitheliochorial placentation; Fig. 3a; Carter and Enders 2013). In some species, the 

embryonic epithelium invades maternal tissues, which decreases the number of cell layers 

nutrients must be transported through (Enders and Carter 2004; Wildman, et al. 2006). In 

some mammals, the chorioallantoic membrane invades through the uterine epithelium, so that 

embryonic tissue sits against the endothelial cells of the uterine blood vessels 

(endotheliochorial placentation, Fig. 3b). In species with the most invasive forms 

(haemochorial placentation Fig. 3c), embryonic epithelium is mobilized through the uterine 

epithelium and endothelium, and is bathed in maternal blood.  

Understanding the nature of placental intimacy is fundamental to understanding the evolution 

of placentation. Changes in placental invasiveness completely alter how placentae function, 

including changes to the processes of nutrient transfer and the mechanisms of maternal-

embryo communication (Bell and Ehrhardt 2002; Enders and Carter 2006; Fowden, et al. 

2009). Placental invasiveness also has large effects on other pregnancy traits such as 

immune-recognition of the embryo and the physiology of tissues that regulate invasion (Croy, 

et al. 2009; D'Souza and Wagner 2014). 

Phylogenetic analyses suggest the ancestral eutherian placental type was invasive 

haemochorial placentation (Elliot and Crespi 2009; Vogel 2005; Wildman et al. 2006). There 

is a diversity of placental morphologies across the eutherian phylogeny, with several 

independent origins of less invasive endotheliochorial and epitheliochorial forms (Garratt, et 

al. 2013). Furthermore evidence for hemochorial placentation being ancestral to eutherian 

mammals comes from the nature of the extra-embryonic membranes of eutherians outside the 

uterine environment. Pigs have non-invasive epitheliochorial placentation, but pig embryos 
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that are transplanted to ectopic sites readily invade non-uterine tissues (Samuel and Perry 

1972). Therefore, although pigs exhibit non-invasive placentation, the trophoblast acts to 

invade maternal tissue but is prevented from doing so in the uterine environment. Even in 

species with invasive placentation, embryonic invasion is regulated by the uterine 

environment, as the mouse trophoblast is more invasive at ectopic sites than in the uterus 

(Cross, et al. 1994).  

The evolutionary significance of placental types is still a matter of debate. No studies have 

been able to correlate placental invasiveness in mammals with ecological conditions or 

aspects of life history (Murphy 2010), but recent discussions have focused on parent 

offspring conflict as a driver for varying degrees of intimacy between placental species 

(Garratt et al. 2013). The conflict hypothesis for transitions in placental invasiveness suggests 

that invasive placentation evolves to give embryos greater control over nutrient provisioning 

as nutrient transfer occurs across fewer or no maternal tissue layers, whilst non-invasive 

placentation evolves from invasive forms to return control over nutrient provisioning to 

mothers (Garratt et al. 2013).  

The vast majority of squamates exhibit non-invasive epitheliochorial placentation. However, 

invasive placentation has been observed in two lizard species, Mabuya sp. and Trachylepis 

ivensi (Blackburn and Flemming 2011; Vieira, et al. 2007). It is not clear if the embryonic 

membranes of all viviparous squamates are capable of invading maternal tissue but are 

prevented from doing so by features of the uterus as is seen in mammals with non-invasive 

placentation. Furthermore it is possible that invasive properties of extra-embryonic 

membranes are ancestral to amniotes. To test these hypotheses it is necessary to examine the 
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behavior of extra-embryonic membranes of reptiles when development occurs outside of the 

uterus, as identified in ectopic-pregnancies of pigs (Chapter 4; Samuel and Perry 1972). 

Embryonic	regulation	of	pregnancy	and	placental	activity	

Hormones are signaling molecules that are produced by tissues to alter the physiology of 

distant tissues or organs. In mammals, embryonic production of hormones plays a 

fundamental role in regulating both pregnancy and the activity of the placenta (Mendelson 

2009). Placental hormone production regulates the maternal recognition of pregnancy and 

regulates the physiology of the placenta including the regulation of nutrient transport to 

offspring (Fowden and Forhead 2009; Fowden, et al. 2006; Stocco, et al. 2007; Tuckey 

2005). Hormone production has been identified in the embryonic component of placental 

tissues in viviparous lizards, and may be a necessary function of the placenta in viviparous 

amniotes (Guarino, et al. 1998). Hence, the evolution of signaling by the embryonic placenta 

represents an ideal system to identify the mechanisms underpinning the evolution of novel 

phenotypes.  

Embryonically produced hormones also play a key role in parent offspring conflict during 

pregnancy, as they are the primary mechanism by which embryos can manipulate the 

physiology of maternal tissues (Moore 2012; Murphy, et al. 2006). By identifying the 

hormones that are produced by embryonic placental tissues, and how this expression has 

changed during the evolution of viviparity and placentotrophy, it is possible to identify if 

increased placental hormone production has been an important process in the evolution of 

placental innovations such as nutrient transport. This question is fundamental to our 

understanding of parent offspring conflict and its role in the evolution of substantial 

placentotrophy. 



- 12 - 

 

I used a comparative transcriptomic approach to identify the genes that encode enzymes that 

produce or interact with hormones in the chorioallantois (the embryonic membrane that forms 

the definitive placenta in eutherian mammals and viviparous squamates) of viviparous and 

oviparous amniotes (Chapter 5). By using a transcriptomic approach, I was able to examine 

the expression of both peptide hormones, and the proteins responsible for steroid hormone 

synthesis. The comparative aspect of these analyses allowed identification which genes have 

been recruited to placental tissues during the evolution viviparity or placentotrophy, and 

which genes are ancestrally expressed in these tissues.    

Genomic	imprinting	

Genomic imprinting is a process that results in genes being differentially expressed 

depending on the parent from which they are inherited (Holman and Kokko 2014). In effect, 

offspring express exclusively the maternal or paternal copy of the gene. Genomic imprinting 

is fundamental to the function and physiology of placentation in eutherian mammals, and the 

loss of genomic imprinting results in a variety of pregnancy and developmental diseases 

(Falls, et al. 1999). People have looked for genomic imprinting in specific genes of egg 

laying birds and platypus, and have extensively surveyed for imprinted genes in the chicken, 

but no imprinted genes have been identified (Frésard, et al. 2014; Killian, et al. 2001; 

Lawton, et al. 2005). Furthermore, no imprinting has been identified in the insulin like 

growth factor 2 (IGF2) gene in a viviparous fish (Lawton et al. 2005). 

In typical non-imprinted genes, gene variants will be selected for during the embryonic phase 

of life that allow embryos to obtain additional resources from the mother, but in adults the 

same gene variant is likely to be selected against in mothers because it results in the mother 

bearing entire litters that have offspring that are able to obtain more resources from her than 
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she is willing to provide (Haig 1997). These two antagonistic selection pressures on genes 

associated with conflict are likely to reduce the rate at which genes can evolve to facilitate 

embryonic manipulation of the mother. Genomic imprinting increases the rate of maternal-

offspring conflict through pregnancy, because it results in selection only acting on genes 

when they are inherited from a single parent. For example, only the paternally inherited IGF2 

allele is expressed in embryos, which means that variations in IGF2 that are of benefit to the 

paternal genome will be selected for, whilst variation that could be beneficial for the maternal 

genome cannot be selected for as the gene is not expressed (Smith, et al. 2006). Hence, 

imprinted genes are likely to evolve to be beneficial to either the maternal or paternal 

genome.  

The evolution of genomic imprinting is likely to change the rate of evolution of placental 

innovations as it increases the evolutionary potential of genes in the parent-offspring conflict 

arms race. I use a transcriptomics approach to assess for genomic imprinting in all candidate 

genes in the placentotrophic P. entrecasteauxii (Chapter 6). By testing for imprinting in this 

lizard we can identify if the conflict associated with imprinting is involved in the evolution of 

substantial placentotrophy and the evolution of placental functions more broadly. 

A	lizard	model	for	the	evolution	of	placentae	and	placental	

functions	

Through this thesis, I use the Australian southern grass skink (Pseudemoia entrecasteauxii) 

as a model species to address key hypotheses regarding the physiology and evolution of 

placentae in reptiles. More is known about the reproductive biology of Pseudemoia 

entrecasteauxii than any other placentotrophic viviparous skink (Van Dyke et al. 2014a). 
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Pseudemoia entrecasteauxii has high rates of multiple paternity, which heightens parent-

offspring conflict, as siblings have lower relatedness and decreased inclusive fitness (Haig 

1997; Haig 1999; Stapley et al. 2003). The placental morphology of P. entrecasteauxii is well 

characterized to the ultra-structure level (Adams et al. 2005; Stewart and Thompson 1996). 

Both uterine and embryonic placental tissues have morphological specializations that support 

gas and nutrient exchange (Adams et al. 2005). Studies using a candidate gene approach have 

suggested several nutrient transport mechanisms and identified enzymes responsible for lipid, 

calcium, and macromolecule transport (Biazik, et al. 2009; Griffith, et al. 2013; Herbert, et al. 

2006; Herbert, et al. 2010). Pseudemoia entrecasteauxii embryos have a substantial reliance 

on placentotrophic nourishment, with approximately half of embryonic nutrition coming from 

the mother via the placenta. However, as egg yolk is still a major source of embryonic 

nutrition, this species allows us to test hypotheses regarding the physiology of taxa with 

intermediate reliance on lecithotrophic and placentotrophic resource provisioning strategies 

(Stewart and Thompson 1993; Van Dyke et al. 2014b).  

Thesis	structure	

This thesis is set out as a series of five manuscripts. Due to the manuscript format there may 

be some repetition of content between chapters. Chapter 2 is a published paper that details the 

biological evidence for the traditional model of reproductive mode evolution in lizards and 

snakes. In Chapter 3 I compare the gene expression changes that occur in the uterus of a 

placentotrophic lizard during pregnancy, to identify which genes may play a role in key 

placental functions. Chapter 4 is a published paper that presents the discovery of an extra-

uterine pregnancy in a placental lizard, and discusses its significance for the evolution of 
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placental complexity in reptiles. In Chapter 5 I compare the gene expression of the 

chorioallantoic membrane of oviparous and viviparous amniotes, to identify how embryonic 

signaling changes during the evolution of pregnancy and placental nutrient transfer. In 

Chapter 6 I show that genomic imprinting does not occur in candidate genes of model 

viviparous lizard, and discuss the significance of this for the evolution of placental functions 

such as nutrient transfer. Finally in Chapter 7 I present a general discussion of my findings to 

draw conclusions on the evolution of placentae in reptiles.  
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Abstract	

To understand evolutionary transformations it is necessary to identify the character states of 

extinct ancestors. Ancestral character state reconstruction is inherently difficult because it 

requires an accurate phylogeny, character state data, and a statistical model of transition rates 

and is fundamentally constrained by missing data such as extinct taxa. We argue that model 

based ancestral character state reconstruction should be used to generate hypotheses but 

should not be considered an analytical endpoint. Using the evolution of viviparity and 

reversals to oviparity in squamates as a case study, we show how anatomical, physiological, 

and ecological data can be used to evaluate hypotheses about evolutionary transitions. The 

evolution of squamate viviparity requires changes to the timing of reproductive events and 

the successive loss of features responsible for building an eggshell. A reversal to oviparity 

requires that those lost traits re-evolve. We argue that the re-evolution of oviparity is 

inherently more difficult than the reverse. We outline how the inviability of intermediate 

phenotypes might present physiological barriers to reversals from viviparity to oviparity. 

Finally, we show that ecological data supports an oviparous ancestral state for squamates and 

multiple transitions to viviparity. In summary, we conclude that the first squamates were 

oviparous, that frequent transitions to viviparity have occurred, and that reversals to oviparity 

in viviparous lineages either have not occurred or are exceedingly rare. As this evidence 

supports conclusions that differ from previous ancestral state reconstructions, our paper 

highlights the importance of incorporating biological evidence to evaluate model-generated 

hypotheses.   

 

Key words: phylogenetic, viviparity, placenta, live birth, parity mode, Squamata, eggshell 
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Introduction	

Ancestral character state reconstruction is a powerful tool for modelling the evolution of 

traits in a phylogenetic context. Predicting ancestral states is fundamentally constrained by 

missing data, including the absence of extinct (or undiscovered) taxa, appropriate estimates of 

transition rates between character states, knowledge of initial character states, and accuracy 

of phylogenetic trees (Goldberg and Igić 2008; Litsios and Salamin 2012; Wright et al., In 

Press).  These analyses have produced some surprising results including the re-evolution of 

insect wings (Whiting et al 2003) and vertebrate limbs (Kohlsdorf and Wagner 2006, 

Brandley et al 2008, Kohlsdorf et al 2010). We argue that ancestral state reconstructions are 

powerful for generating hypotheses of trait evolution, but they should not be interpreted as 

analytical end points.  Prior to becoming new evolutionary paradigms, these hypotheses 

require interpretation in light of existing knowledge about the biology of the traits examined. 

Here, we use the evolution of parity mode in squamate reptiles (lizards and snakes) as a case 

study to demonstrate how biological data, in particular morphology and physiology, can be 

used to evaluate hypotheses of character state evolution generated via ancestral state 

reconstruction. Modern statistical methods of ancestral state reconstruction require three 

pieces of information: a phylogeny, character state data for taxa in the study (e.g. oviparity 

and viviparity), and a statistical model of evolution that incorporates parameters such as the 

rate of transition between character states.  With this information, one can estimate the 

character state of hypothetical ancestors of the sampled taxa, quantify how often transitions 

between each state occur across the phylogeny, and calculate the relative rate at which they 

occur.  
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Pyron and Burbrink (2014; P&B hereafter) used phylogenetic ancestral state reconstruction to 

evaluate how reproductive mode has evolved in squamate reptiles.  The traditional conceptual 

view of the evolution of reproductive mode in squamates posits that oviparity is the ancestral 

state from which viviparity evolved independently, perhaps up to 115 times (Blackburn ‘99, 

2006, 2014, Lee and Shine ‘98).  Moreover, this view assumes that evolutionary reversals 

from viviparity to the ancestral oviparous state are impossible or exceedingly rare (Neill ‘64; 

Tinkle and Gibbons ‘77; Lee and Shine ’98; Lynch and Wagner 2010).  In contrast to the 

traditional view of parity mode evolution, P&B’s analyses support viviparity as the ancestral 

reproductive mode for the most recent common ancestor of all squamates, and suggest that 

oviparity evolved from viviparous ancestry more frequently than the traditional opposite 

scenario. For example, one of their models suggests 34 origins of viviparity and 59 

viviparity-to-oviparity reversals. The hypothesis that oviparity evolves from a viviparous 

ancestor is not new (de Fraipont et al., ‘99; Lynch and Wagner, 2010; Fenwick et al., 2012), 

but the number of transitions from viviparity to oviparity estimated by P&B are radically 

different from those proposed in any previous study. 

In the course of estimating ancestral states, P&B statistically evaluated multiple models of 

evolution using the Akaike Information Criterion (AIC; Akaike, ’74) as an indicator of model 

fit, including models that assume no reversals to oviparity. All models that constrained any 

parameter were statistically worse fits to the data than the model where all parameters vary, 

including the rate of evolution between oviparity and viviparity. This unconstrained model 

therefore underlies the major conclusions of P&B’s study. We do not dispute that the 

unconstrained model is a statistically better fit than a model that assumes the impossibility of 
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reversals.  Rather, we contend that the model is flawed because the anatomy, physiology, 

ecology, behaviour, and environment do constrain the viability of transitions between 

reproductive modes.  

Here, we re-evaluate P&B’s provocative hypotheses that reversals from viviparity to 

oviparity are common in squamate reptiles, and that the most recent common ancestor of this 

group was viviparous.  We first discuss the influence of phylogenetic error, particularly in 

relation placental evolution.  We then review the existing biological evidence putatively 

supporting reversals from viviparity to oviparity.  We discuss morphological and 

physiological factors that would likely prevent transitions from viviparity to oviparity.  

Finally, we evaluate the ecological factors that influence the likelihood of transitions between 

viviparity and oviparity. 

Phylogenetic	accuracy		

The results of ancestral state reconstruction analyses are fundamentally reliant on the 

underlying phylogeny (or phylogenies) used in the analysis. For their phylogenetic 

framework, P&B used the single maximum likelihood tree inferred by Pyron et al (2014). 

Thus, any instance of phylogenetic error could artificially inflate the number of evolutionary 

transitions between both reproductive states (see Duchene and Lanfear, In Press). We do not 

present an exhaustive list of potential phylogenetic errors, but instead focus on a particularly 

striking example of how the biology of an organism can be used to evaluate viviparous to 

oviparous transitions inferred by ancestral state reconstruction. 

The skink genus Pseudemoia is an important model for studying the evolution of viviparity 

and placentation in squamate reptiles (Stewart and Thompson, 2003, 2009a; Thompson et al., 
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2000; Griffith et al., 2013a; Van Dyke et al., 2014a). All Pseudemoia are viviparous, and all 

species in the genus that have been examined have a complex placenta that transports 

substantial amounts of nutrients to offspring during pregnancy (Stewart and Thompson, ‘93; 

Thompson and Stewart, ‘94; Thompson et al., ‘99; Thompson et al., 2000; Adams et al., 

2005; Itonaga et al., 2012). Transport in the Pseudemoia placenta requires complex transport 

mechanisms that involve changes in morphology and gene expression (Griffith et al., 2013b; 

Van Dyke et al., 2014a). Specifically, each species examined so far has a specialized region 

of the chorioallantoic placenta, known as the placentome, that is highly folded, lined with 

secretory and absorptive cells, and likely facilitates nutrient transport (Stewart et al., 2006; 

Biazik et al., 2009; Stewart and Blackburn, 2014).  The evolution of a complex placenta and 

substantial placentotrophy is rare in squamates, occurring approximately six times in extant 

squamate reptiles (Blackburn 2014).  

In the phylogeny used by P&B, Pseudemoia is not monophyletic with respect to Bassiana 

duperreyi; the latter being the sister taxon to P. entrecasteauxii. Bassiana duperreyi is 

oviparous, and P&B’s ancestral state reconstruction analyses identify this as a case of 

reversal from viviparity to oviparity.  If oviparity did re-evolve from a lineage that had 

extensive modifications to support complex placentation, we would expect some remnants of 

this history to be present in the morphology of the uterus and fetal membranes.  However, B. 

duperreyi lacks a placentome, and both the uterus and extra-embryonic membrane resemble 

those of other oviparous squamates (Stewart and Thompson, ‘96).  The alternative less 

parsimonious scenario is that the complex placenta evolved twice in Pseudemoia. We 

interpret the rarity of the complex placenta amongst squamates as evidence that it is 

evolutionarily “difficult”, and thus it is exceedingly unlikely that the morphological and 

physiological changes associated with complex placentation evolve independently in the 
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same genus. The positioning of B. duperreyi within Pseudemoia is incongruent with recent 

phylogenies of these taxa (Haines et al. 2014; Brandley et al, In Press), and therefore an 

example of how phylogenetic error may result in provocative but erroneous, conclusions.  

Given the size of the phylogeny used in P&B’s ancestral state reconstruction analyses, it may 

be unreasonable to expect authors using any large phylogenetic tree to validate each 

estimated transition using the primary literature. Rather, we argue that the minimum due 

diligence when inferring patterns of evolution using ancestral state reconstruction is to 

incorporate phylogenetic uncertainty. For example, it is commonplace to estimate ancestral 

states over a distribution of trees from non-parametric bootstrap or Bayesian analyses 

(although the latter may not be feasible because the P&B data set is so large); this would have 

the effect of minimizing the influence of poorly supported parts of the tree and provide at 

least a crude measure of precision when estimating the number and rate of evolutionary 

transitions. 

Egg	teeth	and	evidence	for	reversals	from	viviparity	to	

oviparity	

The principle line of biological evidence that has been presented repeatedly to support the 

putative reversals to oviparity from viviparity is the reported absence of an egg tooth in the 

oviparous Arabian Sand Boa Eryx jayakari (Lynch and Wagner, 2010; Pyron and Burbrink, 

2014; Pyron and Burbrink, In Press).  Egg teeth are structures used by oviparous species to 

break through the eggshell at hatching. The egg tooth has been proposed to be lost in 

viviparous forms that lack an eggshell because it is not needed to break through embryonic 

membranes alone (Lynch and Wagner, 2010). The absence of an egg tooth in an oviparous 
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squamate could indicate that oviparity has re-evolved from a viviparous ancestor that did not 

need to hatch from an egg. 

The absence of an egg-tooth in the oviparous E. jayakari was reported based on observations 

of hatching behaviour and gross morphology of live hatchlings (Staub and Emberton, 2002). 

However, egg teeth are deciduous and rapidly shed after birth and therefore only a temporary 

feature of neonatal squamates. Thus, the reported absence of an egg tooth in neonates is not 

sufficient evidence that an egg tooth is never present during development in this species. In 

fact, egg teeth are present in some viviparous squamates, including Boa constrictor (Figure 

1), a congener of E. jayakari, Eryx colubrinus (Anan’eva and Orlov, 2013), and in a wide 

variety of viviparous pit vipers, although often in reduced form (Fitch, ‘60; Klauber, ‘72; 

Anan’eva and Orlov, 2013). Thus, there is limited evidence that egg teeth have been lost in 

viviparous squamate taxa. Furthermore, the presence of egg teeth in related viviparous taxa 

means that the absence of egg teeth in oviparous E. jayakari is evolutionarily uninformative.  

Even if the lack of an egg tooth in E. jayakari is eventually confirmed, more data are required 

on the egg teeth of other oviparous taxa that are suspected to have evolved from viviparous 

ancestors before this line of evidence can be regarded as definitively supporting a reversal to 

oviparity. 

Eggshell	complexity	and	barriers	to	reversals	

The evolution of viviparity occurs by adjusting the timing of reproductive events, increasing 

uterine vasculature, and by the loss of features such as eggshell and the uterine glands that 

construct it, as well as changes to nesting behaviour (Jones et al., ‘91; Blackburn, 2006; 

Thompson and Speake, 2006; Stewart, 2013; Stewart and Blackburn, 2014; Whittington et 



 
 
 
 
 
 
 
 
 

 
 
Figure 1. Newborn Boa constrictor with egg tooth (blue arrow) below the rostral scale. Photo 
provided by Mitchell Kranz, Better Boa Inc, Calgary Alberta. 
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al., 2015). Reversal to oviparity would not simply involve reversing the order of these events 

(summarized in Figure 2).  The re-evolution of the eggshell is not trivial and would require 

the re-evolution of a host of correlated changes:  

(i) development of uterine glands to synthesize and secrete shell fibres;  

(ii) careful timing of shell gland activity to ensure the eggshell is deposited with the 

correct thickness;  

(iii) turning of the fertilized egg by oviductal musculature to wrap shell fibres around 

it; and  

 (iv) activation of uterine epithelial cells to secrete calcium soon after ovulation rather 

than late in gestation (Herbert et al., 2006, 2010).  

Due to their cost of maintenance in the absence of fitness benefits, lineages that have been 

viviparous for millions of years would have likely lost the genetic machinery that underlies 

oviparous physiological processes. Even if not under the influence of natural selection, we 

would still expect changes due to genetic drift. For example, genome sequences indicate that 

oviparous amniotes typically have three vitellogenin genes, whilst the oviparous platypus 

retains one vitellogenin gene plus a pseudogene, and viviparous therians have lost all copies 

of this gene (Warren et al., 2008). Progressive gene loss during mammalian evolution (rather 

than simple loss of gene expression alone) has occurred through the mutations and indels that 

now encode premature stop codons and frame-shifts (Brawand et al., 2008). The degradation 

of oviparity-specific genes during the evolution of viviparity means that the genes themselves 

would need to be re-evolved (not just re-expressed) to allow re-evolution of oviparity. The 

loss of these complex physiological features responsible for oviparity suggests that transitions 



 
 
 
 
 

 
 
Figure 2. Diagram illustrating changes that are necessary for transitions from oviparity to 
viviparity (a) and reversals from viviparity to oviparity (b).  
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to oviparity would require the evolution of new genetic pathways.  However, eggshell 

structure in oviparous squamates shows little evidence of multiple origins.  With the 

exception of three gekkotan families (Gekkonidae, Phyllodactylidae, Sphaerodactylidae), 

which have highly calcified eggshells (Bustard, ’68; Packard et al., ‘77, ’82), most oviparous 

squamates have very similar parchment-like eggshells, regardless of phylogenetic placement. 

The phylogenetic distribution of shell types in squamates is therefore not consistent with the 

hypothesis that eggshells have re-evolved multiple times across the Squamata.   

For reversals to oviparity to be successful, intermediate stages would need to be 

physiologically viable. A major function of the calcified eggshell is to protect terrestrial eggs 

from desiccation during embryogenesis (Packard et al., ‘77; Packard et al., ‘82; Shine and 

Thompson, 2006). In contrast, a necessary step in the transition from oviparity to viviparity is 

an increase in egg retention to the point at which a full term embryo is deposited into the 

environment (e.g. Packard et al., ‘77). The transition from oviparity to viviparity eliminates 

desiccation as a risk to developing embryos as long as the mother is sufficiently hydrated 

(Shine and Thompson 2006; Dupoué et al., In Press). However, the retention of embryos to 

full term within the mother requires that the mother facilitate gas exchange across the uterus. 

In viviparous taxa, gas exchange is facilitated by the close apposition of maternal and uterine 

capillary beds, in which both uterine and embryonic capillaries are separated by only very 

thin epithelia and (at most) a vestige of the eggshell (Parker et al., 2010). In contrast, the 

presence of any calcified eggshell in between maternal and embryonic tissues is likely to 

greatly impede gas exchange (Yaron ‘85; Blackburn, ‘95, ‘98; Qualls, ‘96; Heulin et al., 

2002; Thompson et al., 2004). Thus, viviparous squamate embryos often develop surrounded 

by only a very thin eggshell membrane, with little or no calcification (Hoffman, ‘70; 

Blackburn and Lorenz, 2003; Stewart and Brasch, 2003; Blackburn et al., 2009).  In some 
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cases, the eggshell is entirely lost during development (Guillette and Jones, ‘85; Blackburn, 

‘93a; Stewart and Thompson, ‘98, 2009b; Murphy et al., 2011; Blackburn and Flemming, 

2012), as confirmed by electron microscopy (Ghiara et al., ‘87; Adams et al., 2005; Ramírez-

Pinilla et al., 2006; Blackburn et al., 2010; Anderson et al., 2011). Studies of Zootoca 

vivipara show that egg retention time and shell thickness are inversely related, with eggshell 

thickness being substantially reduced in oviparous forms with extended egg- retention and in 

viviparous populations (e.g. Heulin et al., 2002; Stewart et al., 2004). The same pattern has 

also been reported in other reproductively bimodal squamates (e.g. Qualls, ‘96; Stewart et al., 

2010). 

An eggshell would need to re-evolve before oviparity could evolve from viviparity because it 

would again be necessary to prevent oviparous embryos from desiccating. However, the 

evolution of a calcified eggshell prior to the transition to oviparity would result in greatly 

restricted gas exchange that could result in developmental failure in the viviparous condition 

(Mathies and Andrews ’99; Parker and Andrews 2006). These constraints suggest that 

viviparity is a fitness valley, where selection may prevent the re-emergence of intermediate 

forms between viviparity and oviparity (Blackburn ‘95). We suggest that the incompatibility 

of these two drivers of selection make reversal from viviparity back to oviparity extremely 

unlikely.  

Ecological	influences	on	transitions	between	viviparity	and	

oviparity	

Ecological factors are likely to strongly alter the frequency of transitions between oviparity 

and viviparity. One ecological factor that affects the transition rates between reproductive 
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modes is in aquatic systems, where reversals to oviparity are fundamentally constrained if 

organisms are incapable of moving onto land to deposit eggs. Viviparous sea snakes 

(Hydrophiidae) and file snakes (Acrochordidae) are constrained to aquatic environments due 

to adaptions for underwater life (Cogger, 2014). As a result, both groups are entirely 

viviparous. A second factor is the association of viviparity with cold climates; cold 

temperatures limit developmental success in oviparous squamates because egg temperature 

equilibrates to nest temperature, whilst in viviparous squamates developmental temperature 

can be increased by maternal basking (Shine ‘85, 2014). Indeed, the cold-climate hypothesis 

suggests that viviparity allows females to regulate the thermal conditions experienced by 

developing embryos in cold climates, while oviparity forces eggs to develop in potentially 

unsuitable thermal conditions in cold climates (Weekes, ‘35; Sergeev, ‘40; Shine, 2014). The 

evolution of viviparity in response to cold climates is well supported by both the 

biogeography of squamates and incubation experiments (e.g. Qualls et al., ‘95; Andrews, 

2000; Shine, 2004). Therefore, viviparity provides a selective advantage over oviparity in 

cold climates. Pyron and Burbrink (2014) invoke a modification of the cold-climate 

hypothesis for the evolution of viviparity to explain how oviparity might evolve from 

viviparity. In warm climates, oviparous embryos do not face the potentially deleterious 

effects of sub-optimal temperatures, and therefore P&B suggest that the selective benefits of 

viviparity would be lost. Furthermore, they argue that metabolic costs of pregnancy and 

embryonic development, as well as fitness costs of thermoregulation and predator avoidance, 

should be higher in viviparous species than in oviparous species. Thus, viviparity should, in 

total, be more costly than oviparity in warm climates, and viviparous species that enter warm 

climates should encounter selective pressures that promote transitions to oviparity (Pyron and 
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Burbrink, 2014). For simplicity, we will call this the warm-climate hypothesis for reversions 

to oviparity. 

If the warm-climate hypothesis is true, we would expect both the proportion and number of 

species that were viviparous to decrease as temperature increases, because viviparity would 

be a less successful strategy than oviparity in warm climates.  In contrast, P&B’s data from 

lizards and snakes (their Figure 3) show that although the proportion of species that are 

viviparous decreases with increasing temperature (because there is a greater number of 

oviparous species in warm climates), the absolute number of viviparous species does not 

change. In contrast, their Figure 3 clearly shows that the absolute number and proportion of 

oviparous species both decrease with decreasing mean annual temperature. These data show 

that oviparity is less successful than viviparity in cold climates, rather than supporting the 

hypothesis that viviparity is less successful than oviparity in warm climates.  Thus, they 

support the cold-climate hypothesis for the evolution of viviparity, not the warm-climate 

hypothesis for reversions to oviparity. 

Although life history theory predicts that viviparity should be more costly than oviparity in 

warm climates, experimental tests of this prediction have been equivocal. The greatest 

theoretical cost associated with viviparity is probably a reduction in reproductive frequency 

(Shine, In Press). As viviparous females must carry litters throughout development, they have 

less time available to invest in multiple clutches in a single year (Tinkle and Gibbons, ‘77). 

However, viviparous squamates may be capable of producing multiple litters in a single year 

under captive conditions with abundant food (Naulleau, ‘73), which suggests that the ability 

to produce multiple clutches is at least partially constrained by environmental conditions like 

food abundance or length of active season rather than the physiological differences between 



- 35 - 

 

viviparity and oviparity. In addition, oviparous lizards that produce multiple clutches each 

year are usually smaller as adults, produce fewer eggs, and have shorter lifespans than species 

that are viviparous or produce only single clutches (Tinkle et al., ‘70). Furthermore, 

viviparity allows increased protection from predators in comparison to oviparity, regardless 

of climate (Tinkle and Gibbons, ‘77). Taken together, these lines of reasoning suggest that 

the theoretical reproductive frequency benefits of oviparity in warm climates may not apply 

to wild populations, and lifelong estimates of reproductive output and offspring survival in 

both oviparous and viviparous taxa are needed to test this hypothesis. Furthermore, viviparity 

allows maternal manipulation of offspring phenotypes in general, in addition to maternal 

optimization of incubation temperature (Shine, ‘95). The ability to manipulate offspring 

phenotype could provide a fitness advantage to viviparity over oviparity even in warm 

climates. 

Pyron and Burbrink (2014) suggest that the physiological costs of reproduction are greater in 

viviparous taxa than in oviparous taxa. However, the metabolic costs associated with 

viviparity are not necessarily higher than those associated with oviparity. All oviparous 

squamates and the vast majority of viviparous squamates are lecithotrophic, and allocate 

nearly all of the energy and nutrients required for embryogenesis prior to ovulation, during 

vitellogenesis (Blackburn, ‘92, ‘98; Stewart and Thompson, 2000; Thompson et al., 2000; 

Thompson and Speake, 2003, 2006; Blackburn and Stewart, 2011; Stewart and Blackburn, 

2014). Therefore, the metabolic costs of embryogenesis are “paid” during vitellogenesis in 

both oviparous and most viviparous species, and should not contribute to the metabolic costs 

of pregnancy in viviparous species. In addition, the metabolic costs of maintaining the “state” 

of pregnancy in gestating females appear to be relatively low or even undetectable in most 

lecithotrophic viviparous species (Birchard et al., ‘84; Demarco and Guillette, ‘92; Robert 
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and Thompson, 2000; Schultz et al., 2008; Van Dyke and Beaupre, 2011). Even if the costs 

of pregnancy are detectable in viviparous species, oviparous species may also experience 

similar costs prior to oviposition (Angilletta and Sears, 2000). Indeed, metabolic costs of 

reproduction do not differ between oviparous and viviparous Zootoca vivipara during 

vitellogenesis and early pregnancy, and the only difference is that viviparous females 

continue to respire oxygen and carbon dioxide for their offspring after oviparous females 

have oviposited (Foucart et al., 2014). 

Pyron and Burbrink (2014) also suggest that viviparous taxa may incur greater energetic or 

fitness costs of predator avoidance and thermoregulation. Although viviparous squamates can 

suffer reduced locomotor performance and increased predation during pregnancy (Shine, 

‘80), this cost has not been demonstrated in wild populations. Instead, viviparous reptiles 

often change their behaviour to reduce the potential fitness costs of locomotion. Specifically, 

they reduce their reliance on locomotion for predator avoidance, and instead rely on crypsis 

(Bauwens and Thoen, ‘81; Brodie, ‘89; Braña, ‘93; Kissner et al., ‘97). Viviparous squamates 

are also capable of storing large energy reserves to avoid starvation as a result of the effects 

of locomotor impairment on foraging success, or due to the metabolic demands of carrying a 

litter of offspring (Bonnet et al., ‘98; Gignac and Gregory, 2005). Ambush-foraging species 

in particular may not suffer detrimental effects of viviparity on either predation or foraging 

success (Schuett et al., 2013). Viviparous reptiles can also cannibalize non-viable offspring to 

quickly recoup energy after reproduction (Lourdais et al., 2005; Mocino-Deloya et al., 2009; 

Van Dyke et al., 2014b). Finally, even oviparous species face effects of locomotor 

impairment throughout the active season due to factors other than reproduction, including 

cool temperatures, large meals, and tail autotomy (Shine, 2003). Viviparous squamates can 

avoid the fitness costs of thermoregulation using many of the same strategies used to avoid 
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costs of locomotion. They can avoid predation by relying on crypsis during thermoregulation, 

and by thermoregulating close to easily-accessible shelter (Stewart, ‘84; Graves and Duvall, 

‘93; Ladyman et al., 2003; Wittenberg, 2012). If thermoregulation precludes them from 

foraging or is metabolically costly, they may be able to use stored energy reserves and post-

partum cannibalism to avoid starvation.  

We feel it is important to re-state that many of these arguments regarding relative 

reproductive costs of viviparity and oviparity remain to be experimentally tested. The 

dogmatic view that viviparity is necessarily more costly than oviparity, in either fitness or 

energetic terms, is pervasive in the literature (Tinkle, ’77; Shine, In Press). Indeed, the cold-

climate hypothesis for the evolution of viviparity is popular in the literature partly because it 

suggests that cold climates are the one environmental condition where viviparity might be 

less costly than oviparity. Thus, part of our goal in offering an alternative viewpoint here is to 

suggest possible areas for future research that will further test the implicit assumptions 

underlying the cold-climate hypothesis itself. 

Squamates	are	ancestrally	oviparous	

We argue that the “ease” of transitioning from oviparity to viviparity, and the comparative 

“difficulty” of the opposite transition, suggests that the evolutionary transition from oviparity 

to viviparity has occurred far more frequently than the reverse. Indeed, we suggest that the 

barriers to reversals -- anatomical, physiological, behavioural, and ecological -- pose 

significant constraints that might prevent them altogether. Existing morphological and 

physiological data do not support reversions from viviparity to oviparity. Conversely, the 

large number of transitions from oviparity to viviparity is supported by the morphological 
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diversity of viviparous squamates.  For example, despite placentae arising from homologous 

tissues in every known viviparous squamate, there are extensive morphological differences in 

placentae. These morphological differences are most noticeable in species that have evolved 

complex placentation, and include a vessel-dense elliptical area in Eulamprus tympanum 

(Murphy et al., 2011), interdigitating regions of the chorioallantois and uterus in 

Niveoscincus species (Stewart and Thompson, ‘94, 2009b; Wu et al. In Press), invasive 

placentae in Trachylepis ivensi (Blackburn and Flemming, 2012), and elaborate placentome 

structures in Pseudemoia species (Stewart and Thompson, ‘96, ‘98; Adams et al., 2005), 

Chalcides chalcides (Blackburn, ‘93b; Blackburn and Callard, ‘97), and Mabuya species 

(Jerez and Ramírez-Pinilla, 2001; Blackburn and Vitt, 2002; Ramírez-Pinilla et al., 2006), as 

well as mechanisms of nutrient transport (Brandley et al., 2013; Griffith et al., 2013b). The 

diversity in placental structures in squamates, but lack of morphological diversity in the 

features responsible for egg production and oviparity strongly supports an oviparous ancestor 

for the squamates. 

Although oviparity is the ancestral character state for squamates, this does not mean that 

viviparity is a recent phenomenon, as discussed in Pyron and Burbrink (In Press). If 

viviparity has evolved frequently across the squamate phylogeny, it is reasonable to expect 

that viviparity evolved frequently in ancient squamates too. Therefore, the discovery of 

fossilized viviparous pleisiosaurs, ichthyosaurs, and lizards (Maxwell and Caldwell, 2003; 

O’Keefe and Chiappe, 2011; Wang and Evans, 2011) is not evidence for a viviparous 

ancestral squamate, but is expected if the evolution of viviparity occurs frequently. 
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Conclusions	

In the course of their ancestral state reconstruction analyses, Pyron and Burbrink (2014) 

tested different evolutionary models and found that the most general, parameter-rich model is 

significantly better fit to the parity data, and that the models with the worst scores were those 

that assume reversals from viviparity to oviparity are impossible. This is unsurprising; with 

no information about the biology of viviparity, simply visually inspecting the distribution of 

parity states across the squamate tree could convince someone that transitions from viviparity 

to oviparity are common. Our contention is that the statistical results are irrelevant if the 

underlying model of evolution is not biologically possible. No statistical model is perfect, and 

there will always be sources of error that a model cannot incorporate. We nonetheless 

contend that “biological reality” must play a subjective role in evaluating bold hypotheses 

generated from ancestral state reconstruction analyses. Moreover, ancestral state 

reconstruction analyses must incorporate phylogenetic uncertainty – this is especially relevant 

in phylogenetic analyses of 1000s of taxa and those using supermatrices with large amounts 

of missing data.  

Although methods for ancestral character state reconstruction are likely to improve in the 

future, these analyses cannot be utilized to test evolutionary hypotheses on their own. In 

particular, the discrepancies we describe here suggest that transitions and reversals among 

character states are not equally likely, but are instead differentially limited by anatomical, 

physiological, or environmental constraints. Relative strengths of these biophysical 

constraints, determined using biological evidence, must be incorporated into transition 

probabilities in ancestral state reconstruction models. In cases where this is impossible, we 

propose that anatomical, physiological, and ecological evidence be used to evaluate 
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hypotheses drawn from ancestral state reconstruction analyses developed using only 

phylogenetic data.   
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Abstract:		

The evolution of new organs and organ systems is extremely difficult to study because most 

vertebrate organs evolved only once, at least 500 million years ago. An ideal model for 

understanding complex organ evolution is the placenta, a structure that is common in most 

live bearing (viviparous) vertebrates in which it has evolved independently more than 115 

times.  We used transcriptomics to identify genes important for placental functions in a 

squamate reptile, the southern grass skink (Pseudemoia entrecasteauxii).  Pseudemoia 

entrecasteauxii has two distinct placental regions, the chorioallantoic placenta and yolk sac 

placenta. The chorioallantoic and yolk sac regions of P. entrecasteauxii perform distinct 

placental functions, converging on the eutherian viviparous condition. Functional gene 

annotation of genes that are differentially expressed between placentae suggest that nutrient 

transport occurs in both placental regions, but that this transport occurs by different 

mechanisms. In the chorioallantoic placenta, transport is facilitated by the presence of 

membrane bound nutrient transport proteins, whilst the yolk sac placenta facilitates transport 

by apocrine secretion. By comparing the expression of genes to known eutherian systems, we 

show that complex placental functions have evolved using the same set of genes in deeply 

divergent lineages (mammals and squamate reptiles). We show that constraints imposed by 

ancestral gene expression, pleiotropy, functional properties of genes, and underlying gene 

regulatory networks, can explain why repeated convergent evolution of complex traits are 

common. These findings suggest that if the evolutionary clock was rewound hundreds of 

millions of years and replayed, similar complex features of vertebrates would evolve 

repeatedly. 
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INTRODUCTION	

Comparison of organs that have evolved convergently in different lineages provides a unique 

opportunity to identify the genetic mechanisms that have resulted in the evolution of complex 

structures (Stern 2013; Wake, et al. 2011). The evolution of new functions in pre-existing 

tissues occurs by three broad processes, the recruitment of genes expressed elsewhere in the 

organism (gene expression recruitment), the modification of expressed genes so that they 

now perform novel functions (gene neofunctionalization), and the introduction of new genes 

(typically introduced by viruses, retro-transposons, or gene duplication) (Cross, et al. 2003; 

Long, et al. 2003; True and Carroll 2002; Weake and Workman 2010; Zhang 2003). The 

evolution of new functions in pre-existing tissues typically occurs by recruiting genes 

expressed elsewhere in the organism, rather than altering the function of genes already 

expressed (Knox and Baker 2008). Therefore, the evolution of functional innovations in 

tissues is constrained by the availability of genes that can be recruited.  

The evolution of novelty can also be constrained by restrictions or limitations on the 

outcomes of evolutionary events, which can be imposed by inheritance, development, 

selection, and design limitations (Arnold 1992). Biological constraints can result in novel 

phenotypes evolving convergently in different lineages using the same genes (parallel 

evolution) despite alternative genetic pathways that could result in the same trait (Fong, et al. 

2005; Stern 2013). In this way, biological constraints are fundamental to the evolution of 

novelty as they constrain the available phenotypes that are likely to arise. Novel functional 

traits typically evolve via changes in gene regulation, which requires specific mutations in the 

gene regulatory networks. Unlike single nucleotide substitutions, which are unpredictable 

(Soria-Carrasco, et al. 2014), we propose that mutations that result in changes to gene 
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regulation are prone to biological constraint, as gene regulation is controlled by the activity of 

many interacting enzymes. In total these biological constraints change the probability of any 

particular novel trait evolving, ultimately shaping the given phenotypes that will evolve, and 

increasing the probability of particular traits evolving convergently in multiple lineages. 

Placentae are an ideal model for understanding organ evolution as they have evolved many 

times independently, have evolved relatively recently in some lineages, and they involve 

complex functions that require changes in the expression of suites of genes (Blackburn 2014; 

Brandley, et al. 2012; Griffith, et al. 2015; Hou, et al. 2012; Reznick, et al. 2002; Van Dyke, 

et al. 2014a). A placenta is an organ formed by both maternal and embryonic tissue that 

function together to exchange materials between mother and embryo during development 

(Mossman 1937). Placentae are necessary in most live bearing (viviparous) vertebrates as 

they facilitate the exchange of respiratory gasses and water between mother and offspring and 

have been independently derived in the more than 115 viviparous amniote lineages 

(Blackburn 2014; Stewart 2013). In amniotes, placentation always evolves by modifications 

to maternal uterine tissue and extra-embryonic membranes such as the chorioallantois and 

yolk sac (Van Dyke et al. 2014a). The evolution of placentotrophy (embryonic nutrition 

provided via a placenta during development) has occurred seven times in viviparous amniote 

vertebrates, once in therian mammals and six times in lizards (Blackburn 2014; Murphy and 

Thompson 2011). As placentotrophy has evolved so few times in the more than 115 

viviparous amniote lineages, mechanisms of placental nutrient transport are likely to be 

complex and relatively difficult to evolve (Murphy and Thompson 2011).  

In P. entrecasteauxii and humans, the placental tissues responsible for nutrient uptake during 

pregnancy are not homologous. Humans exhibit highly invasive hemochorial placentation, 
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which has resulted in embryonic tissue invading through multiple layers of maternal cells, to 

be bathed in maternal blood (Wildman, et al. 2006). As fetal tissue has direct access to 

maternal blood, the embryonic cells of the trophoblast are directly responsible for nutrient 

uptake (Lager and Powell 2012). Most reptiles such as the Australian southern grass skink 

(Pseudemoia entrecasteauxii) exhibit non-invasive epitheliochorial placentation, so nutrients 

must be transported from the maternal blood to the embryo by the maternal uterine 

epithelium (Adams, et al. 2005; Griffith, et al. 2013a). Whilst the tissues which facilitate 

nutrient uptake from the mother differ between species, the function which is required of 

these two tissues is fundamentally the same; in the skink, nutrients are absorbed from the 

maternal blood by the uterine endothelium, are transported across several layers of uterine 

tissue and then released into the uterine lumen by the uterine epithelium. In humans, nutrients 

are absorbed from the maternal blood by the trophoblast epithelium, are transported across 

several layers of trophoblast tissue and then released into the embryonic blood supply by 

placental endothelial cells. Whilst convergent evolution has been noted in the genes 

facilitating placental functions before (Brandley et al. 2012; Van Dyke et al. 2014a), typically 

this has been documented in homologous tissues, where homology may be the primary reason 

for the observed similar use of genes in both lineages. Studying the convergent evolution of 

placental transport of nutrients in non-homologous tissues is ideal to test if the convergent 

evolution of complex traits is constrained in the absence of shared developmental histories. 

The placenta of the southern grass skink has regional specialization that allows for regions to 

perform discrete functional tasks. The morphological differences in these regions are most 

notable in uterine epithelial cells (the cells lining the uterus in direct contact with the 

embryo). Non-reproductive uterus is uniformly flat without folding and epithelial cells are 

either ciliated or non-ciliated. During pregnancy, however, there are substantial changes to 
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the uterine epithelium and these changes vary in relation to the orientation of the embryo 

(Fig. 1).  The embryonic hemisphere is comprised of a placenta formed between uterine 

tissue and the chorioallantois of the embryo; this placenta contains two morphologically 

distinct placental regions, the placentome and the paraplacentome. The placentome is a 

tightly folded placental region, where the uterus contains large cuboidal epithelial cells, and it 

is likely associated with nutrient transfer but not via secretion of nutrient containing vesicles 

(Fig. 1a; Adams et al. 2005; Biazik, et al. 2009; Biazik, et al. 2010). In contrast, the epithelial 

cells of the paraplacentome (a region that sits around the placentome) are extremely thin and 

attenuated, a morphology that has the minimum diffusion distance and likely facilitates gas 

exchange by diffusion (Fig. 1b; Adams et al. 2005; Stewart and Thompson 1996). In the yolk 

sac placenta, uterine epithelial cells are low to tall columnar, contain electron dense granules, 

and have characteristic vesicles budding from the apical surface, which is consistent with 

nutrient transfer via vesicle mediated transport or apocrine secretion (Fig. 1c; Adams et al. 

2005). Although the morphology of the uterine epithelium is suggestive of placental 

functions in these discrete regions, there is little physiological or molecular data that allows 

us to identify what cellular processes are occurring in the different placental regions during 

pregnancy. 

By comparing the expression of genes in uterine tissue of the chorioallantoic placenta, the 

yolk sac placenta, and tissue from non-reproductive females, we identify which genes are up-

regulated during pregnancy in the uterine component of the placenta. Furthermore, we test if 

morphological and functional differences in different regions of the uterus are underpinned 

by differential gene expression. A third aim of this project is to identify if placental functions 

in reptiles and mammals are facilitated by the same genes. To meet this aim we specifically 



 

 
Figure 1. Illustration highlighting the morphological differences between the uterine tissue of 
the placentome (a), paraplacentome (b), and yolk sac placenta (c).Uterine epithelial cells are 
indicated in blue, epithelial cell nuclei are purple, the endothelium of a uterine blood vessel is 
indicated in red and the uterine stroma is indicated in pink. 
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examine the expression of amino acid transport proteins in the southern grass skink and 

human trophoblast then test if gene use is significantly different to random. 

RESULTS	

Differential	gene	expression	in	the	skink	placenta	

We sequenced a mean of 5.04 x 107 ± 2.8 x 106 one hundred and one base pair (bp) paired 

end reads per sample. Our assembled transcriptome contained 367 722 contigs with a mean 

contig length of 465 bp. Alignment of assembled contigs to proteomes of the anole lizard, 

human, chicken, opposum, platypus, zebra finch and Chinese tortoise allowed us to identify a 

total of 88 204 contigs. These contigs mapped to 16 942 unique genes. 

The uterus of the chorioallantoic placenta and yolk sac placenta when compared to non-

pregnant uterine tissue had 2555 and 3861 differentially expressed genes respectively. 

Pairwise comparisons between the uterus of the chorioallantoic placenta and yolk sac 

placenta found 282 differentially expressed genes. 

Gene ontology analysis on genes that are differentially expressed between the uterus of the 

chorioallantoic and yolk sac placentas supports the hypothesis that these tissues are regionally 

specialized to support different pregnancy associated functions (Table 1, 2; Fig. 2).  

Convergent	use	of	genes	between	lineages	

We tested for non-random use of amino acid transport protein genes between human 

trophoblast tissue (Carter 2012) and uterine placental tissues from the southern grass skink, 



 

 

 

 

Figure 2. Processes occurring in the two placentae of the grass skink. Stylized figure (modified 
from Stewart and Thompson 2003) outlining the processes (dashed lines) occurring in the uterine 
tissue of each placenta in grass skinks as identified by functional annotation analysis of 
differentially expressed genes between chorioallantoic and yolk sac placental samples. Ut – 
uterus, BO – bilaminar omphalopleure, CA – chorioallantois. 
 



Table 1. Gene ontology (GO) annotation for genes significantly more highly expressed in the uterus of the chorioallantoic placenta 

relative to the yolk sac placenta during pregnancy.  

GO Term (biological processes) P 
Valuea 

Benjamini corrected 
P Value 

Fold 
Enrichment 

Gene symbols in cluster 

Organic acid transport (Cluster 1) Enrichment Score: 4.22 
GO:0015837~amine transport 0.0000 0.00 17.37 SLC38A3, AQP9, SLC6A2, SLC6A4, SLC7A8, 

SLC3A2, SLC22A3, SLC7A5, PDZK1, CRYM 
GO:0046942~carboxylic acid 
transport 

0.0000 0.00 11.15 SLC38A3, SLC16A1, AQP9, AQP8, SLC7A8, 
SLC3A2, SLC7A5, PDZK1 

GO:0015849~organic acid transport 0.0000 0.00 11.08 SLC38A3, SLC16A1, AQP9, AQP8, SLC7A8, 
SLC3A2, SLC7A5, PDZK1 

GO:0015804~neutral amino acid 
transport 

0.0001 0.02 39.04 SLC38A3, SLC7A8, SLC3A2, SLC7A5 

GO:0006865~amino acid transport 0.0009 0.10 11.39 SLC38A3, SLC7A8, SLC3A2, SLC7A5, 
PDZK1 

GO:0015807~L-amino acid transport 0.0054 0.26 26.74 SLC38A3, SLC7A8, SLC7A5 
GO:0015718~monocarboxylic acid 
transport 

0.024 0.58 12.30 SLC16A1, AQP9, AQP8 

Neuron related transport (Cluster 
2) 

Enrichment Score: 2.36 

GO:0015844~monoamine transport 0.0001 0.01 48.23 SLC6A2, SLC6A4, SLC22A3, CRYM 
GO:0019226~transmission of nerve 
impulse 

0.0014 0.13 4.69 UNC119, CLDN19, SLC6A2, GALR3, 
SLC6A4, LPAR3, SLC22A3, VIPR1 

GO:0007268~synaptic transmission 0.0030 0.22 4.81 UNC119, SLC6A2, GALR3, SLC6A4, LPAR3, 
SLC22A3, VIPR1 

GO:0006836~neurotransmitter 
transport 

0.0074 0.29 9.88 SLC6A2, SLC6A4, SLC22A3, SLC6A17 

GO:0007267~cell-cell signaling 0.025 0.57 2.73 UNC119, SLC6A2, GALR3, SLC6A4, LPAR3, 
SLC22A3, VIPR1, IHH 

Lipid metabolism (Cluster 3) Enrichment Score: 2.09 



GO:0008202~steroid metabolic 
process 

0.0004 0.05 7.10 SDR42E2, NPC1, OSBPL3, HSD17B2, 
SDR42E1, SORL1, NPC1L1 

GO:0006869~lipid transport 0.033 0.63 5.65 NPC1, OSBPL3, SORL1, NPC1L1 
GO:0010876~lipid localization 0.040 0.68 5.22 NPC1, OSBPL3, SORL1, NPC1L1 
Ion transport (Cluster 4) Enrichment Score: 1.95 
GO:0006811~ion transport 0.0034 0.21 2.94 SLC12A7, SLC38A3, SLC16A1, SLC20A2, 

SLC9A3, CLIC6, SLC3A2, SLC22A3, ABCC4, 
SLC13A4, PDZK1 

GO:0006814~sodium ion transport 0.0035 0.20 7.88 SLC12A7, SLC38A3, SLC20A2, SLC9A3, 
SLC13A4 

GO:0006820~anion transport 0.0049 0.25 7.17 SLC12A7, SLC16A1, SLC20A2, CLIC6, 
SLC13A4 

GO:0055085~transmembrane 
transport 

0.0057 0.25 3.24 SLC12A7, SLC16A1, SLC25A31, AQP9, 
SLC9A3, SLC22A3, ABCC4, SLC13A4, 
PDZK1 

GO:0015698~inorganic anion 
transport 

0.010 0.34 8.82 SLC12A7, SLC20A2, CLIC6, SLC13A4 

GO:0006812~cation transport 0.016 0.48 2.97 SLC12A7, SLC38A3, SLC20A2, SLC9A3, 
SLC3A2, SLC22A3, SLC13A4, PDZK1 

Steroid metabolism (Cluster 5) Enrichment Score: 1.65 
GO:0008202~steroid metabolic 
process 

0.0004 0.05 7.10 SDR42E2, NPC1, OSBPL3, HSD17B2, 
SDR42E1, SORL1, NPC1L1 

GO:0006694~steroid biosynthetic 
process 

0.0079 0.29 9.65 SDR42E2, HSD17B2, SDR42E1, NPC1L1 

Cell homeostasis (Cluster 6) Enrichment Score: 1.07 
GO:0042592~homeostatic process 0.0029 0.23 3.00 SLC12A7, NPC1, GCLC, AQP9, FGGY, 

SLC9A3, VEGFA, TRHR, SLC7A8, LPAR3, 
NPC1L1 

GO:0048878~chemical homeostasis 0.0030 0.20 3.60 NPC1, GCLC, AQP9, SLC9A3, VEGFA, 
TRHR, SLC7A8, LPAR3, NPC1L1 

Response to steroid hormones 
(Cluster 7) 

Enrichment Score: 0.99 

GO:0006790~sulfur metabolic process 0.018 0.49 7.13 GCLC, GPX4, SULF1, GHR 



GO:0032355~response to estradiol 
stimulus 

0.028 0.59 11.39 GPX4, GHR, IHH 

Endocytosis (Cluster 8) Enrichment Score: 0.90 
GO:0006898~receptor-mediated 
endocytosis 

0.027 0.59 11.60 SLC9A3, SORL1, GHR 

aFor brevity, only go terms with P< 0.05 are displayed.  
 

  



Table 2. Gene ontology (GO) annotation for genes significantly more highly expressed in the uterus of the yolk sac placenta relative 

to the chorioallantoic placenta during pregnancy. 

GO Term (biological processes) P 
Valuea 

Benjamini corrected 
P Value 

Fold 
Enrichment 

Gene symbols in cluster 

Metabolic Processing (Cluster 1) Enrichment Score: 2.16 
GO:0006041~glucosamine metabolic 
process 

0.0055 0.60 26.35 PGM3, GNE, CHST4 

GO:0006044~N-acetylglucosamine 
metabolic process 

0.0055 0.60 26.35 PGM3, GNE, CHST4 

GO:0005996~monosaccharide 
metabolic process 

0.0082 0.59 4.75 PGM3, GNE, ALDOB, GFPT2, HK2, CHST4 

GO:0006040~amino sugar metabolic 
process 

0.0086 0.57 21.08 PGM3, GNE, CHST4 

Regulation of transport (Cluster 2) Enrichment Score: 1.64 
GO:0051048~negative regulation of 
secretion 

0.0036 0.51 12.78 FAM3D, ERBB3, EDN2, INHA 

GO:0048511~rhythmic process 0.0058 0.56 6.86 EGR2, ERBB3, EDN2, TIMP4, INHA 
GO:0051051~negative regulation of 
transport 

0.0070 0.58 6.51 PTGS2, FAM3D, ERBB3, EDN2, INHA 

GO:0046888~negative regulation of 
hormone secretion 

0.0093 0.53 20.27 FAM3D, EDN2, INHA 

GO:0051046~regulation of secretion 0.027 0.77 4.35 UNC13D, FAM3D, ERBB3, EDN2, INHA 
GO:0051050~positive regulation of 
transport 

0.037 0.80 3.94 UNC13D, ERBB3, EDN2, P2RY1, INHA 

organic acid transport (Cluster 3) Enrichment Score: 1.36 
GO:0015718~monocarboxylic acid 
transport 

0.032 0.78 10.54 SLC16A3, PPARG, ANXA1 

GO:0046942~carboxylic acid 
transport 

0.0498 0.87 4.78 SLC16A3, PPARG, ANXA1, SLC22A5 

response to hormones (Cluster 4) Enrichment Score: 1.25 



GO:0042493~response to drug 0.0013 0.35 5.69 PTGS2, ERBB3, PPARG, TIMP4, SLC22A5, 
SLC46A2, MVP 

GO:0048511~rhythmic process 0.0058 0.56 6.86 EGR2, ERBB3, EDN2, TIMP4, INHA 
GO:0043434~response to peptide 
hormone stimulus 

0.011 0.57 5.70 EGR2, ERBB3, ALDOB, PPARG, TIMP4 

Regulation of nerve activity (Cluster 
5) 

Enrichment Score: 1.23 

GO:0044057~regulation of system 
process 

0.0017 0.34 4.55 SRI, EGR2, PTGS2, EDN2, EPHX2, 
BHLHE40, INHA, SLC22A5 

Carbohydrate metabolism (Cluster 
6) 

Enrichment Score: 1.15 

GO:0005996~monosaccharide 
metabolic process 

0.0082 0.59 4.75 PGM3, GNE, ALDOB, GFPT2, HK2, CHST4 

GO:0016051~carbohydrate 
biosynthetic process 

0.022 0.75 6.57 PGM3, GNE, ALDOB, GFPT2 

Cell homeostasis (Cluster 7) Enrichment Score: 1.11 
GO:0044057~regulation of system 
process 

0.0017 0.34 4.55 SRI, EGR2, PTGS2, EDN2, EPHX2, 
BHLHE40, INHA, SLC22A5 

GO:0042592~homeostatic process 0.0090 0.55 2.57 SRI, SLC26A4, EGR2, EDN2, PPARG, 
SLC9A2, EPHX2, CLDN1, HEPH, INHA, 
SLC22A5 

GO:0048878~chemical homeostasis 0.025 0.76 2.75 SRI, SLC26A4, EGR2, EDN2, PPARG, 
SLC9A2, EPHX2, CLDN1 

GO:0050801~ion homeostasis 0.027 0.76 3.01 SRI, SLC26A4, EGR2, EDN2, SLC9A2, 
EPHX2, CLDN1 

Fatty acid metabolism (Cluster 8) Enrichment Score: 1.04 
GO:0008217~regulation of blood 
pressure 

0.019 0.71 7.03 PTGS2, EDN2, PPARG, EPHX2 

GO:0033559~unsaturated fatty acid 
metabolic process 

0.033 0.78 10.33 PTGS2, EDN2, EPHX2 

Inflamation response  (Cluster 9) Enrichment Score: 1.02 
GO:0009611~response to wounding 0.0291 0.76 2.65 IRAK2, UNC13D, ERBB3, P2RY1, ANXA1, 

EPHX2, CHST4, GRHL3 



Regulation of transport (Cluster 17) Enrichment Score: 0.5159817951223741 
GO:0051050~positive regulation of 
transport 

0.037 0.79721324 3.939199814 UNC13D, ERBB3, EDN2, P2RY1, INHA 

aFor brevity, only go terms with P< 0.05 are displayed. 
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and found a non-random use of amino acid transport genes between lineages (P< 0.001, 

Table 3, Fig. 3).  

Non-random use of amino acid transport proteins to the placenta of both lineages could be 

explained by non-independent recruitment of amino acid transporter genes or differences in 

the probability of inducing the expression of each gene to the placenta. Non-independent 

selection of genes would require that multiple genes are recruited simultaneously by the 

activation of a similar set of cis- or trans-acting regulatory networks (Davidson and Erwin 

2006). This hypothesis predicts that selected genes have correlated expression across tissues. 

We tested this prediction by clustering amino acid transport protein gene expression across a 

human tissue gene expression database. Selected genes did not show correlated expression 

across tissues (Fig. 4), rejecting the hypothesis of non-independent selection. Hence, non-

random use of amino acid transport proteins in the placenta is constrained such that only a 

subset of these genes are utilized, even though multiple genes are available to be co-opted to 

facilitate placental protein transport. 

DISCUSSION	

Lizard	placentation	converges	on	eutherian	condition	

Growth and re-modelling of the uterus 

During pregnancy it is necessary to extensively re-model uterine tissue to support placental 

functions. Uterine remodelling requires additional folding of uterine tissue to increase the 

area for material exchange, and modifications to cell morphology to facilitate the new 

functions of the uterine tissue (Thompson, et al. 2006; Thompson and Speake 2006). 



 

 

 

Figure 3. Overlap in the use of orthologous amino acid transport protein genes by human 
trophoblast (red) and grass skink uterine tissue (blue) during pregnancy. 41 orthologous amino 
acid transport proteins are shared by both lineages, 21 are utilized in human placenta, whilst 17 
are used in grass skinks. 17 genes are not utilized in the placental tissues of either species 
(white). Lineages show a significantly non-random use of genes (P <0.001). 

  



Table 1. Gene ontology (GO) annotation for genes significantly more highly expressed in the uterus of the chorioallantoic placenta 

relative to the yolk sac placenta during pregnancy.  

GO Term (biological processes) P 
Valuea 

Benjamini corrected 
P Value 

Fold 
Enrichment 

Gene symbols in cluster 

Organic acid transport (Cluster 1) Enrichment Score: 4.22 
GO:0015837~amine transport 0.0000 0.00 17.37 SLC38A3, AQP9, SLC6A2, SLC6A4, SLC7A8, 

SLC3A2, SLC22A3, SLC7A5, PDZK1, CRYM 
GO:0046942~carboxylic acid 
transport 

0.0000 0.00 11.15 SLC38A3, SLC16A1, AQP9, AQP8, SLC7A8, 
SLC3A2, SLC7A5, PDZK1 

GO:0015849~organic acid transport 0.0000 0.00 11.08 SLC38A3, SLC16A1, AQP9, AQP8, SLC7A8, 
SLC3A2, SLC7A5, PDZK1 

GO:0015804~neutral amino acid 
transport 

0.0001 0.02 39.04 SLC38A3, SLC7A8, SLC3A2, SLC7A5 

GO:0006865~amino acid transport 0.0009 0.10 11.39 SLC38A3, SLC7A8, SLC3A2, SLC7A5, 
PDZK1 

GO:0015807~L-amino acid transport 0.0054 0.26 26.74 SLC38A3, SLC7A8, SLC7A5 
GO:0015718~monocarboxylic acid 
transport 

0.024 0.58 12.30 SLC16A1, AQP9, AQP8 

Neuron related transport (Cluster 
2) 

Enrichment Score: 2.36 

GO:0015844~monoamine transport 0.0001 0.01 48.23 SLC6A2, SLC6A4, SLC22A3, CRYM 
GO:0019226~transmission of nerve 
impulse 

0.0014 0.13 4.69 UNC119, CLDN19, SLC6A2, GALR3, 
SLC6A4, LPAR3, SLC22A3, VIPR1 

GO:0007268~synaptic transmission 0.0030 0.22 4.81 UNC119, SLC6A2, GALR3, SLC6A4, LPAR3, 
SLC22A3, VIPR1 

GO:0006836~neurotransmitter 
transport 

0.0074 0.29 9.88 SLC6A2, SLC6A4, SLC22A3, SLC6A17 

GO:0007267~cell-cell signaling 0.025 0.57 2.73 UNC119, SLC6A2, GALR3, SLC6A4, LPAR3, 
SLC22A3, VIPR1, IHH 

Lipid metabolism (Cluster 3) Enrichment Score: 2.09 



GO:0008202~steroid metabolic 
process 

0.0004 0.05 7.10 SDR42E2, NPC1, OSBPL3, HSD17B2, 
SDR42E1, SORL1, NPC1L1 

GO:0006869~lipid transport 0.033 0.63 5.65 NPC1, OSBPL3, SORL1, NPC1L1 
GO:0010876~lipid localization 0.040 0.68 5.22 NPC1, OSBPL3, SORL1, NPC1L1 
Ion transport (Cluster 4) Enrichment Score: 1.95 
GO:0006811~ion transport 0.0034 0.21 2.94 SLC12A7, SLC38A3, SLC16A1, SLC20A2, 

SLC9A3, CLIC6, SLC3A2, SLC22A3, ABCC4, 
SLC13A4, PDZK1 

GO:0006814~sodium ion transport 0.0035 0.20 7.88 SLC12A7, SLC38A3, SLC20A2, SLC9A3, 
SLC13A4 

GO:0006820~anion transport 0.0049 0.25 7.17 SLC12A7, SLC16A1, SLC20A2, CLIC6, 
SLC13A4 

GO:0055085~transmembrane 
transport 

0.0057 0.25 3.24 SLC12A7, SLC16A1, SLC25A31, AQP9, 
SLC9A3, SLC22A3, ABCC4, SLC13A4, 
PDZK1 

GO:0015698~inorganic anion 
transport 

0.010 0.34 8.82 SLC12A7, SLC20A2, CLIC6, SLC13A4 

GO:0006812~cation transport 0.016 0.48 2.97 SLC12A7, SLC38A3, SLC20A2, SLC9A3, 
SLC3A2, SLC22A3, SLC13A4, PDZK1 

Steroid metabolism (Cluster 5) Enrichment Score: 1.65 
GO:0008202~steroid metabolic 
process 

0.0004 0.05 7.10 SDR42E2, NPC1, OSBPL3, HSD17B2, 
SDR42E1, SORL1, NPC1L1 

GO:0006694~steroid biosynthetic 
process 

0.0079 0.29 9.65 SDR42E2, HSD17B2, SDR42E1, NPC1L1 

Cell homeostasis (Cluster 6) Enrichment Score: 1.07 
GO:0042592~homeostatic process 0.0029 0.23 3.00 SLC12A7, NPC1, GCLC, AQP9, FGGY, 

SLC9A3, VEGFA, TRHR, SLC7A8, LPAR3, 
NPC1L1 

GO:0048878~chemical homeostasis 0.0030 0.20 3.60 NPC1, GCLC, AQP9, SLC9A3, VEGFA, 
TRHR, SLC7A8, LPAR3, NPC1L1 

Response to steroid hormones 
(Cluster 7) 

Enrichment Score: 0.99 

GO:0006790~sulfur metabolic process 0.018 0.49 7.13 GCLC, GPX4, SULF1, GHR 



GO:0032355~response to estradiol 
stimulus 

0.028 0.59 11.39 GPX4, GHR, IHH 

Endocytosis (Cluster 8) Enrichment Score: 0.90 
GO:0006898~receptor-mediated 
endocytosis 

0.027 0.59 11.60 SLC9A3, SORL1, GHR 

aFor brevity, only go terms with P< 0.05 are displayed.  
 

  



Table 2. Gene ontology (GO) annotation for genes significantly more highly expressed in the uterus of the yolk sac placenta relative 

to the chorioallantoic placenta during pregnancy. 

GO Term (biological processes) P 
Valuea 

Benjamini corrected 
P Value 

Fold 
Enrichment 

Gene symbols in cluster 

Metabolic Processing (Cluster 1) Enrichment Score: 2.16 
GO:0006041~glucosamine metabolic 
process 

0.0055 0.60 26.35 PGM3, GNE, CHST4 

GO:0006044~N-acetylglucosamine 
metabolic process 

0.0055 0.60 26.35 PGM3, GNE, CHST4 

GO:0005996~monosaccharide 
metabolic process 

0.0082 0.59 4.75 PGM3, GNE, ALDOB, GFPT2, HK2, CHST4 

GO:0006040~amino sugar metabolic 
process 

0.0086 0.57 21.08 PGM3, GNE, CHST4 

Regulation of transport (Cluster 2) Enrichment Score: 1.64 
GO:0051048~negative regulation of 
secretion 

0.0036 0.51 12.78 FAM3D, ERBB3, EDN2, INHA 

GO:0048511~rhythmic process 0.0058 0.56 6.86 EGR2, ERBB3, EDN2, TIMP4, INHA 
GO:0051051~negative regulation of 
transport 

0.0070 0.58 6.51 PTGS2, FAM3D, ERBB3, EDN2, INHA 

GO:0046888~negative regulation of 
hormone secretion 

0.0093 0.53 20.27 FAM3D, EDN2, INHA 

GO:0051046~regulation of secretion 0.027 0.77 4.35 UNC13D, FAM3D, ERBB3, EDN2, INHA 
GO:0051050~positive regulation of 
transport 

0.037 0.80 3.94 UNC13D, ERBB3, EDN2, P2RY1, INHA 

organic acid transport (Cluster 3) Enrichment Score: 1.36 
GO:0015718~monocarboxylic acid 
transport 

0.032 0.78 10.54 SLC16A3, PPARG, ANXA1 

GO:0046942~carboxylic acid 
transport 

0.0498 0.87 4.78 SLC16A3, PPARG, ANXA1, SLC22A5 

response to hormones (Cluster 4) Enrichment Score: 1.25 



GO:0042493~response to drug 0.0013 0.35 5.69 PTGS2, ERBB3, PPARG, TIMP4, SLC22A5, 
SLC46A2, MVP 

GO:0048511~rhythmic process 0.0058 0.56 6.86 EGR2, ERBB3, EDN2, TIMP4, INHA 
GO:0043434~response to peptide 
hormone stimulus 

0.011 0.57 5.70 EGR2, ERBB3, ALDOB, PPARG, TIMP4 

Regulation of nerve activity (Cluster 
5) 

Enrichment Score: 1.23 

GO:0044057~regulation of system 
process 

0.0017 0.34 4.55 SRI, EGR2, PTGS2, EDN2, EPHX2, 
BHLHE40, INHA, SLC22A5 

Carbohydrate metabolism (Cluster 
6) 

Enrichment Score: 1.15 

GO:0005996~monosaccharide 
metabolic process 

0.0082 0.59 4.75 PGM3, GNE, ALDOB, GFPT2, HK2, CHST4 

GO:0016051~carbohydrate 
biosynthetic process 

0.022 0.75 6.57 PGM3, GNE, ALDOB, GFPT2 

Cell homeostasis (Cluster 7) Enrichment Score: 1.11 
GO:0044057~regulation of system 
process 

0.0017 0.34 4.55 SRI, EGR2, PTGS2, EDN2, EPHX2, 
BHLHE40, INHA, SLC22A5 

GO:0042592~homeostatic process 0.0090 0.55 2.57 SRI, SLC26A4, EGR2, EDN2, PPARG, 
SLC9A2, EPHX2, CLDN1, HEPH, INHA, 
SLC22A5 

GO:0048878~chemical homeostasis 0.025 0.76 2.75 SRI, SLC26A4, EGR2, EDN2, PPARG, 
SLC9A2, EPHX2, CLDN1 

GO:0050801~ion homeostasis 0.027 0.76 3.01 SRI, SLC26A4, EGR2, EDN2, SLC9A2, 
EPHX2, CLDN1 

Fatty acid metabolism (Cluster 8) Enrichment Score: 1.04 
GO:0008217~regulation of blood 
pressure 

0.019 0.71 7.03 PTGS2, EDN2, PPARG, EPHX2 

GO:0033559~unsaturated fatty acid 
metabolic process 

0.033 0.78 10.33 PTGS2, EDN2, EPHX2 

Inflamation response  (Cluster 9) Enrichment Score: 1.02 
GO:0009611~response to wounding 0.0291 0.76 2.65 IRAK2, UNC13D, ERBB3, P2RY1, ANXA1, 

EPHX2, CHST4, GRHL3 



Regulation of transport (Cluster 17) Enrichment Score: 0.5159817951223741 
GO:0051050~positive regulation of 
transport 

0.037 0.79721324 3.939199814 UNC13D, ERBB3, EDN2, P2RY1, INHA 

aFor brevity, only go terms with P< 0.05 are displayed. 



 

 

 
 
 

 
Figure 4. Heat map of amino acid transport protein gene expression across human tissues; as 
measured by microarray analysis (Freeman et al. 2012; Su et al. 2004). Gene symbols are 
highlighted based on whether they are expressed solely in human trophoblast (red), grass skink 
uterus (blue) or both (yellow), non-highlighted genes are not used in the placentae of either 
lineage. Although multiple genes are co-expressed in some human tissues, no genes show 
correlated expression across all tissue. Further co-expressed genes are in most cases not co-opted 
as a batch into placental tissues of humans and grass skinks.  
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Pseudemoia entrecasteauxii has morphologically distinct placental regions which support 

different placental functions (Fig. 1). Tissue re-modelling requires a series of simultaneous 

processes, the promotion of cell death and cell proliferation, and the production of 

transcription factors/hormones that direct cell differentiation so that the cells have the 

appropriate form.  

Proteases are enzymes that digest other proteins and  are essential for tissue re-modelling 

because they promote apoptosis and recycle proteins, allowing tissues to be re-formed from 

the products of cell degeneration (Green and Lund 2005; Kirschke, et al. 1998). Cathepsins 

(CTSs) are a group of cysteine proteases that can initiate cell death, degrade extra-cellular 

proteins and catabolize intracellular proteins (Kirschke et al. 1998). Four CTS proteins are 

up-regulated in uterine tissue during pregnancy in P. entrecasteauxii (CTSA, CTSL, CTSZ, 

and CTSO). The viviparous lizard Chalcides chalcides, pigs, and sheep all produce CTSB 

and CTSL in endometrial tissue suggesting that tissue re-modelling by cathepsins is a 

strategy used widely for tissue re-modelling during pregnancy in amniotes (Brandley et al. 

2012; Song, et al. 2010; Song, et al. 2005). We found that cathepsins are not differentially 

expressed between the chorioallantoic and yolk sac placental regions of the uterus suggesting 

that they function to initiate and sustain placental remodelling during pregnancy but do not 

function specifically to produce the morphological and functionally distinct regions of the 

placenta.  

Regional differentiation of uterine tissue in the placenta is likely facilitated by specific 

transcription factors that regulate cellular differentiation. The uterus of the chorioallantoic 

and yolk sac placenta differentially express several transcription factors and hormone 

receptors between placental regions (Table 1, 2). To better understand the role of these genes 
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in the evolution of regional specialization in the uterus, it is necessary to both identify the cell 

types that express these transcription factors through pregnancy, and identify their function in 

closely related oviparous taxa. These genes are the best candidate genes for regulators of 

cellular differences between placental regions and may be key to understanding the evolution 

of innovative placental morphologies and functions in squamates.  

Gas exchange and blood vessel proliferation 

As embryonic development progresses, the embryonic demand for oxygen and the production 

of metabolic waste products such as carbon dioxide increases. Demand for exchange of 

materials between offspring and mother requires an increase in the exchange rate of 

respiratory gasses between mother and embryo, which is achieved by increasing the vascular 

density and blood vessel diameter in the uterus (Parker, et al. 2010). In some lizards this 

vasculature is likely regulated by both maternal and embryonic cues (Murphy, et al. 2010b). 

The expression of genes involved in blood vessel development such as VEGFA may provide 

mechanisms for vascular proliferation (Table 1, Adams et al. 2005). VEGFA is a highly 

potent angiogenic factor that has been found in reptile uterine tissue in the past (Ferrara, et al. 

2003; Murphy, et al. 2010a). Expression of VEGFA correlates with embryonic development 

in the viviparous lizard Saiphos equalis (Whittington, et al. 2015). VEGFA exhibits greater 

uterine expression in the chorioallantoic placenta than the yolk sac placenta (Table 1). The 

chorioallantoic placenta forms two distinct regions, the placentome and paraplacentome. Both 

regions are highly vascularized, but for different reasons. Vascularization in the 

paraplacentome supports the exchange of respiratory gasses, whilst the placentome supports 

nutrient transport to embryos (Biazik et al. 2009). Increased expression of VEGFA in the 

chorioallantoic placenta may support blood vessel proliferation for gas exchange in the 
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paraplacentome, and be involved in nutrient transport to embryos from the placentome or 

both. To determine its site of activity, future studies should localise VEGFA to either of these 

two regions.  

Nutrient transport 

We propose that the chorioallantoic placenta transports nutrients to the embryo via membrane 

bound nutrient transport proteins, whilst the yolk sac placenta transports packaged vesicles to 

embryos containing lipids and other nutrients (Fig. 2), as previously suggested (Adams et al. 

2005; Griffith, et al. 2013b). Differences in gene expression show that functional 

specializations of these tissues are underpinned by complex changes in gene regulation, on 

par with the complex mechanisms of placental function in eutherians (Sood, et al. 2006). The 

morphological and gene expression changes necessary for placental nutrient transport may 

explain why placentotrophy has evolved so few times in amniote vertebrates (Thompson and 

Speake 2006). 

Chorioallantoic placenta 

The chorioallantoic placenta has been assumed to play a role in gas exchange and the 

transport of some organic and inorganic solutes (Biazik et al. 2009; Herbert, et al. 2010; 

Stewart, et al. 2006). Our gene ontology (GO) analysis identified that the chorioallantoic 

placenta contains membrane bound transport proteins for the transport of a range of 

molecules, including amino acids, carboxylic acids, sulphates, inorganic ions, and water 

(Table 1). The large number and diversity of nutrient transport proteins expressed in the 

chorioallantoic placenta is strong evidence the area transports a large range of nutrients to 

developing embryos. Given that amino acid transport proteins represent the largest and most 

over-represented group of genes in the list of genes upregulated in the chorioallantoic 
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placenta, this region is likely to be a major site of protein processing and transport to 

embryos. This finding is at odds with conclusions drawn from Itonaga, et al. (2012), where 

they suggested the correlation between leucine transport rates through pregnancy and 

vascularization of the yolk sac splanchnopleure implicated the yolk sac placenta as the site of 

amino acid transport. However, the patterns of leucine transport presented by Itonaga et al. 

(2012) are also correlated with development of the placentome (a tightly folded region of the 

chorioallantoic placenta with large uterine secretory epithelial cells) in the chorioallantoic 

placenta (Stewart and Thompson 1996). The embryonic tissues in the placentome are capable 

of taking up organic molecules, including dextran, suggesting any maternally secreted 

molecules could be absorbed by the embryo (Stewart et al. 2006). Combined these data 

support the placentome as a major site of amino acid/protein transport to embryos, further 

highlighting the similarities of reptile placentomes with the discoid placentomes found in 

ruminants (Fowden, et al. 2006; Wildman et al. 2006).  

Yolk sac placenta 

Transcriptomic data support the yolk-sac placenta as a transporter of organic nutrients during 

pregnancy, with the second most enriched cluster of GO terms including genes involved in 

transport regulation and secretion, whilst other clusters including terms for fatty acid 

metabolism and organic acid transport (Table 2). Unlike the chorioallantoic placenta there are 

few up-regulated membrane bound transport proteins, reflecting the different ways in which 

nutrients are transported in these different placental regions. Nutrient transport in the yolk sac 

placenta likely occurs via membrane bound vesicles that actively bud from the uterine surface 

rather than secretion of nutrients directly into the lumen (Adams et al. 2005; Biazik et al. 

2009; Biazik et al. 2010).  
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Fatty acid binding proteins (FABPs) are intracellular proteins that facilitate intracellular fatty 

acid transport (Storch and Thumser 2000). Pseudemoia entrecasteauxii expresses 

significantly more FABP1 and FABP9 in the uterine tissue of the yolk sac placenta than in 

non-pregnant uterine tissue. FABP1 and FABP9 have different specificity for particular lipid 

molecules (Vogel Hertzel and Bernlohr 2000) suggesting they perform discrete roles in the 

transport of lipids to offspring. In the human placenta FABP1 and FABP3 appear to 

participate in lipid mobilization from mother to embryo, with each protein probably having a 

distinct role; FABP3 only binds long chain fatty acids whilst FABP1 binds a range of 

different ligands (Campbell, et al. 1998; Das, et al. 1993). In ruminants FABP3 is expressed 

in the endometrium of pregnant cows and, FABP3 expression correlates with progesterone 

levels and embryonic elongation (Forde, et al. 2011). In pigs, low expression of fatty acid 

binding proteins has been proposed to limit the supply of fatty acids to the fetal pig (Ramsay, 

et al. 1991).  

Shared	gene	use	between	reptile	and	mammalian	placentae	

An aim of this project was to identify whether reptilian and mammalian placental functions 

were underpinned by the same genes. To meet this goal we focused on the differential 

expression of amino acid transport proteins in the uterus between pregnant and non-pregnant 

states. Embryos are essentially built from proteins/amino acids during pregnancy, so changes 

in the mechanisms of protein allocation are likely to be drivers in the evolution of 

placentotrophy (Van Dyke, et al. 2014b). Furthermore, amino acids have a diversity of 

chemistries and many are hydrophilic so they do not readily diffuse across cell membranes. 

Thus, the transport of amino acids from mother to embryo requires a complex array of 

transport proteins (Palacín, et al. 1998). Amino acid transport proteins are highly conserved 
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across vertebrates; and one to one orthology has been identified in existing squamate 

genomes for almost all mammalian amino acid transport protein genes (Flicek, et al. 2014; 

Fujita, et al. 2011). For these reasons, the repeated evolution of amino acid transport in 

placentae provides a unique opportunity to determine the role of the genome in the evolution 

of complex functions and complex organs.  

By examining the amino acid transport proteins used in the uterus of the southern grass skink 

and in the trophoblast of humans we show that the complex function of amino acid transport 

to embryos have evolved in these two structures using a non-random selection of the amino 

acid transport proteins encoded in the genomes of each species (Fig. 3). Two explanations for 

the similar expression of these genes in the placenta exist, either ancestral expression of these 

genes occurred prior to the evolution of pregnancy or these genes were recruited to these 

tissues during the evolution of placentation. By comparing the expression of amino acid 

transport proteins in the tissues from which these placentae are derived in oviparous/non-

placentotrophic taxa, future research will identify if the parallel use of genes is the result of 

ancestral expression or independent recruitment of the same sets of genes between the two 

lineages.  

Tissues that share a developmental history are likely to share patterns of gene expression due 

to underlying gene regulatory networks (Arendt 2008; Kin, et al. 2015). However, shared 

developmental history of placental tissues cannot account for common use of amino acid 

transport proteins in skinks and humans, because the skink uterus and human trophoblast 

share little developmental history. The human trophoblast (a spherical coat of cells which will 

form the embryonic component of the placenta) separates from the embryoblast (the cells that 

will differentiate and form the embryo proper) at day five of development (Moore, et al. 



- 62 - 

 

2013). After day five, the trophoblast follows a different developmental trajectory than the 

tissue that ultimately gives rise to the uterus. If the amino acid transport proteins are ancestral 

to the tissues that comprise the placenta, then parallel use of genes between these two 

structures must be because of an alternate functional role that these genes play in the 

physiology of these tissues. One reasonable hypothesis is that these genes are expressed to 

facilitate nutrient uptake by cells to meet the metabolic demands of the uterus during 

gravidity or in the chorioallantoic membrane of oviparous eggs. To test this hypothesis, it is 

essential to first identify if these genes show the same patterns of expression in oviparous 

amniotes. Furthermore it would be interesting to identify if these genes show consistent 

expression patterns in other metabolically active tissues, such as the gut of the Burmese 

python. Burmese pythons typically undergo periods of fasting and then eat large meals. 

Pythons allow their gut to atrophy during periods of fasting to reduce metabolic demand 

(Secor 2008). This process affects the expression of suites of genes in the python heart, but 

researchers are yet to study the effect on the gut tissue itself (Wall, et al. 2011). The uterus, 

like the gut, goes through periods of activity and inactivity. Identifying which amino acid 

transport proteins are up-regulated in the python gut during feeding would allow us to test if 

there is a common set of amino acid transport proteins that are up-regulated in metabolically 

active tissues independent of reproduction. 

Convergent recruitment of genes 

Evolution occurs by two broad processes. First, mutations give rise to variation in organisms, 

and then selection acts to fix specific phenotypes (Streisfeld and Rausher 2011). If the 

parallel use of genes between the skink and human placenta (Fig. 3) is the result of 

independent recruitment of genes, then biological constraints have imposed limits on the 
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evolution of placental functions. To understand why convergent evolution occurs at the 

genetic level in lineages that diverged 320 million years ago, we need to investigate how 

evolutionary processes may bias evolutionary outcomes. Constraints that occur during the 

process of mutation are likely to arise from differences in the underlying gene regulatory 

networks of the gene of interest (Davidson and Erwin 2006), the developmental history for 

the tissue for which gene expression is being induced, and the rates of mutation in the gene 

networks being recruited (Stern 2013; Wagner and Misof 1993). Constraints during the 

process of selection will arise from differences in the fitness associated with each mutation, 

including effects in the placental tissues and pleiotropic effects of changes in gene expression 

outside the placenta (Streisfeld and Rausher 2011). We investigated one of these constraints, 

using available datasets to see if they could explain the observed convergent use of genes.  

One explanation for the observed parallel use of genes between lineages is that multiple 

genes were recruited to each placenta simultaneously by similar cis- or trans-regulatory 

elements. If this explanation is true, then recruited genes should have correlated expression 

across different tissues due to similar mechanisms of regulation. Correlated expression was 

not found (Fig. 4), suggesting that these genes are not regulated by the same pathways and 

that the genes were unlikely to have been recruited by inducing a single regulatory gene. 

Unexplored constraints that could explain the observed convergent use of genes include 

unique functional attributes of amino acid transport proteins that are ancestral to amniotes, 

pleiotropic effects of recruitment of genes to the placenta, mutational biases (features of the 

genome that result in different mutation rates between genes) in the regulatory networks of 

these genes; or other features present in the genomes of these organisms such as the locations 

of genes on chromosomes (Lynch, et al. 2011).  
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Conclusions	

Differential gene expression between the uterus of the chorioallantoic and yolk sac placenta 

suggests these regions perform different functions during pregnancy. The chorioallantoic 

placenta has high expression of a range of membrane bound nutrient transport proteins that 

transfer a diversity of materials including amino acids, water, and inorganic ions. In contrast, 

the yolk sac placenta does not have greater expression of membrane bound transport proteins, 

but expresses genes involved in vesicle mediated transport. These findings support 

morphological data that suggests that nutrient transport occurs via apocrine secretion in the 

yolk sac placenta and by membrane bound transport in the placentome.  

There is a significant overlap in the amino acid transport proteins that are used by the uterine 

tissue of the southern grass skink and those used in the trophoblast of humans. Future work is 

needed to identify if the expression of these genes is ancestral to the tissues from which each 

placenta is derived, but the parallel use of genes between lineages suggests some form of 

biological constraint that has increased the likelihood of specific genes being utilized in 

placental functions. Furthermore, the convergent evolution of placental traits, using the same 

underlying genes suggests that if the evolutionary process over the last 320 million years was 

repeated, we would expect to see many of the same complex features of vertebrates evolve 

predictably.  
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MATERIALS	AND	METHODS	

Tissue	collection	and	storage	

Gravid female Pseudemoia entrecasteauxii were collected in Kanangra Boyd National Park, 

NSW, Australia in November 2011. Lizards were housed individually and fed three times 

weekly on crickets dusted with calcium gluconate powder. Once lizards had reached the 

appropriate period of the reproductive cycle, they were euthanized by injection with 0.1mL of 

sodium pentobarbital (6mg/mL). Non-pregnant lizards were collected during pregnancy and 

housed for an additional two months after giving birth before processing. The egg chamber of 

the uterus in gravid females was excised and the uterus was cut along the boundary of the 

chorioallantoic membrane and yolk-sac prior to removing the egg (Girling 2002). In non-

gravid females, egg chambers constituting stretched regions of the uterus, were excised 

individually (Girling 2002). After excision, uterine tissues was fixed in RNAlater (24hrs) and 

stored at -80oC. After tissue processing embryos were staged using the 40 stage staging 

scheme for the lizard, Zootoca vivipara (Dufaure and Hubert 1961). 

RNA	extraction,	purification	and	sequencing	

To extract RNA, tissue was macerated using a mechanical homogenizer in 600μL of Buffer 

RLT (QIAGEN) then homogenized using a QIAshredder spin column (QIAGEN). Total 

RNA was then extracted using the RNeasy Mini Kit (QIAGEN). Extracted RNA was treated 

with Amplification Grade DNase 1 (Sigma-Aldrich). RNA quality was measured on the 

Agilent 2000 Bioanalyzer (Agilent Technologies) and was only used for transcriptome 

analysis if the RIN was greater than 8. Sequencing libraries were generated in house using the 
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TruSeq RNA Sample Preperation kit (Illumina,inc.), were pooled into lanes containing ten 

samples and were sequenced on the HiSeq2000 (Illumina, Inc.). 

Generation	of	reference	transcriptome	

An assembled reference transcriptome was built from the uterine tissue of early (n=1) and 

late (n=2) pregnant females, the embryonic membranes of late developing embryos (n=2) and 

adult brain tissue (n=1). Transcriptomes were assembled with ABySS 1.3.4 (Simpson, et al. 

2009) from tissues of a single individual at a time. Once each transcriptome was assembled 

they were pooled, contigs smaller than 100bp and redundant contigs were removed with CD-

HIT-EST (Huang, et al. 2010) using default options. Attributes of assembled transcriptome 

are summarised in Table 4. Contigs were identified by aligning against the Anolis proteome 

(Ensembl Build 70) using BlastX with an e-value of 10-5. The alignment rate of the raw reads 

to the assembled transcriptome was > 90% for all samples. 60, 773 assembled transcripts 

were identified following blast to the Anolis proteome, which equates to 74% sequence 

coverage of protein coding genes in the published Anolis proteome. Un-identified contigs 

were further screened by aligning to a composite of the proteomes of human, chicken, 

opposum, platypus, zebra finch and Chinese tortoise (Ensembl Build 70) using the same 

criteria as above. A further 27, 431 transcripts were identified after blasting against additional 

proteomes. 

Measuring	gene	expression.		

Expression of each contig in the reference transcriptome was measured for each sample by 

aligning the raw reads of each sequenced transcriptome against the reference transcriptome 

with Bowtie2 (version 2.0.0-beta7) (Langmead and Salzberg 2012). The number of unique 



 

 

 

 

 

 

 

 

Table 4. Attributes of assembled transcriptome 

Number of transcripts 367722

Maximum contig length 21636

Mean contig length 465

Median contig length 186

N50 1130
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alignments to each contig were counted using samtools view (version 0.1.18) (Li, et al. 

2009). Counts from contigs that aligned to the same gene were summed, and only counts for 

contigs that could be identified were used in statistical analyses. 

Experimental	design	and	statistics	

The transcriptomes of the uterus of the chorioallantoic placenta (n=3) and yolk sac placenta 

(n=3) were sequenced for pregnant females as well as the uterus of non-reproductive females 

(n=2). Comparisons were done in a pair wise fashion, that is each pregnant placental tissue 

was compared to non-reproductive tissue as well as compared with each other. Differentially 

expressed genes were identified by fitting normalized transcript counts to a negative binomial 

distribution and testing for deviations from the model with the DESeq package (Anders and 

Huber 2010). The uterus of the chorioallantoic placenta had 1087 up and 1468 down 

regulated genes when compared to non-reproductive uterus, while the uterus of the yolk-sac 

placenta had 1849 up and 2012 down regulated genes when compared to non-reproductive 

tissue . When compared with each other the uterus of the chorioallantoic placenta had greater 

expression of 152 genes, while the yolk-sac placenta had greater expression of 130. 

Functional annotation analysis 

Gene-ontology (GO) annotation was performed using the Database for Annotation, 

Visualization, and Integrated Discovery (DAVID) Bioinformatics Resources 6.7 (Huang, et 

al. 2009). Gene symbol lists for up and down regulated genes from each of the three 

comparisons were entered and converted to DAVID ID’s. Genes were annotated with GO 

terms corresponding to biological processes (BP-FAT). Up-regulated genes in the 
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chorioallantoic placenta fell into 16 clusters of gene ontology terms, whilst genes up-

regulated in the yolk sac placenta fell into 25 clusters. 

qPCR	confirmation	

To ensure the observed gene expression patterns were real, we confirmed the expression of 

five genes (Table 5) that showed differential expression between sample groups. RNA was 

extracted from the uterus of non-pregnant (n=4), and the uterine component of the 

chorioallantoic (n=7) and omphalopleuric placenta (n=7) of pregnant individuals as above. 

cDNA was reverse transcribed using the QuantiTect Reverse Transcription Kit (QIAGEN) 

with 461ng of input RNA for all samples. Realtime-PCR analysis was conducted with the 

QuantiFast SYBR Green PCR protocol (QIAGEN) in 15uL reaction volumes with a cDNA 

equivalence of 6 ng of RNA and reaction conditions described in Table 5. All samples were 

run in triplicate, non-template controls were run in triplicate in every run. Reactions were set-

up manually. The specificity of the PCR reaction was assured by confirming a single PCR 

product was observed in every reaction by melt curve analysis (50oC - 99oC) and the product 

was confirmed to be the right size by running PCR products from each primer combination 

on an agarose gel (3% TBE agarose, 110V, 20min) and comparing to the DNA standard 

HyperLadder IV (Bioline). Standard curves were generated using serial 1:4 dilutions of a 

composite sample containing equal parts of 17 uterine cDNA samples. All dilutions were run 

in triplicate. Standard curves had an R2 ≥0.99 and contained at least four dilutions from the 

dilution series with a linear dynamic range of at least three orders of magnitude and had PCR 

efficiencies between 0.9 and 1.05. All Cq values for unknowns fall within the linear 

quantifiable range of the appropriate standard curves. The calculated relative concentrations 

were normalized by dividing by the geometric mean of 18S rRNA and β-actin expression, 



 

 

 

Table 5 – Primers and reaction conditions for qPCR analysis 

Gene Symbol Fragment 
Size (bp) 

Primer 
Concentration 
(µM) 

Primer Sequence  

18S ribosomal RNA 154 0.4 5’ TCAGATACCGTCGTAGTTCC 3’ 

5’ TTCCGTCAATTCCTTTAAGTT 3’ 

ACTB 65 0.5 5’ CTGGCCTCACTGTCCACCTT 3’ 

5’ GGGCCGGACTCATCGTACT 3’ 

AQP33 89 0.5 5’ ATCAGAACACTTGAACACC 3’ 

5’ GATCCACAATAGCCAGAA 3’ 

CTSA 115 0.1 5’ ACAACACCAACCTGAACT 3’ 

5’ CATCCCATTATCGTACCT 3’ 

SLC22A5 100 0.4 5’ GGACCTTGTGAGAACCCGAA 3’ 

5’ AGTGTCCAGCGAAAGACCAA 3’ 

RARRES1 134 0.5 5’ 
GAATGGGAGAAATCAACCGAGGA 
3’ 

5’ TCCAAGGCATCATTACCAAGCA 
3’ 

PINLYP 113 0.5 5’ ACTGTCGTGGATGGCAAGAA 3’ 

5’ GCACTCCGCTTTCGCTTTG 3’ 
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which have been confirmed as good reference genes in these tissues of this species (Griffith, 

et al. 2013b). Normalized relative gene expression was compared between uterus of the 

chorioallantoic and yolk sac placenta with a paired-student’s t-test. Whilst gene expression in 

non-reproductive tissue was compared with the reproductive tissue of each placenta 

individually. All genes that were identified as significantly differentially expressed in the 

transcriptomes were also significantly differentially expressed when measured by qPCR. 

Gene family member identification 

Identified amino acid transport protein genes in humans (Carter 2012; Hediger, et al. 2004) 

were extracted from the P. entrecasteauxii transcriptome. For non-identified genes in 

Pseudemoia, we aligned the amino acid sequence for that gene from Anolis against the 

assembled transcriptome with tblastn. We then re-aligned the top hits against all proteins in 

the NCBI database with blastn to confirm orthology. Due to absence in the Anolis and 

Chicken genomes, SLC7A12, SLC36A2 and SLC36A3 were assumed to be absent from the 

genome of Pseudemoia and excluded from the analyses. SLC1A7 was not identified by the 

alignment approach but due to its presence in related genomes, this was assumed to be due to 

low expression in sequenced tissues. The origins of genes were calculated by identifying the 

clade for which 1-1 orthology is shared for the gene across taxa using data from Ensembl 

build 75 (Flicek, et al. 2013).   

Null model for overlap in gene use between lineages 

We calculated the probability of using equal number or more overlapping amino acid 

transport protein genes to the placentae of both lineages. To assess this probability we made 

two assumptions; (a) gene use was independent of the other genes used in the placental tissue 
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and (b) genes were selected randomly from those present in the genome of both species. The 

probability was calculated using equation (1), where x is the number of genes utilized by 

Pseudemoia, y is the number of genes utilized by Homo, z= total number of genes available 

in the group, w is the number of genes in common between Pseudemoia and Homo, n = x – 

w, a = z – x, bi = y – x + i, and di = x - i. If the probability of a selected gene family was less 

than 0.05 we rejected the assumptions of our analysis, suggesting either gene use is not 

independent of the other used genes or genes are not selected randomly for use in the 

placental tissue. 

         (1)

 

Clustering	of	amino	acid	transport	protein	gene	expression	

To identify if amino acid transport protein used in the placentae of humans and skinks 

showed clustered amino acid transport protein expression across human tissues, we collected 

publicly available microarray gene expression data 17. The expression of all genes that had 

gene expression data were included. To identify if amino acid transport proteins that were not 

used in the placental tissues of  humans and skinks showed constrained tissue specific 

expression patterns, we performed clustering analysis of amino acid transport protein gene 
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expression across human, mouse and pig tissues (Freeman, et al. 2012; Su, et al. 2004). 

Tissues were only included in clustering analysis if they were present in two or more data 

sets, whilst genes were included if they had been measured for all three species. Heat maps of 

the expression of each amino acid transport protein across tissues were built using the 

package “gplots” in R (Team 2012). Expression was clustered by gene and by tissue using the 

‘McQuitty’ clustering method. 

DATA	ACCESS	

Raw transcriptome reads are available for download from the NCBI Sequence Read Archive 

(accession: SRP040433). 
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Abstract 

Placentation is a common feature of live-bearing reptiles and mammals. Placentae are 

variable between species and can be classified by the extent that embryonic tissue breaches 

(invades) the uterus. Non-invasive placentation in eutherians is maternally imposed as 

extrauterine embryos of species with epitheliochorial placentation will readily invade non-

uterine tissues. This study documents the first observation of an extrauterine pregnancy in a 

reptile; Pseudemoia entrecasteauxii, which in-utero exhibits non-invasive epitheliochorial 

placentation. The extrauterine embryo did not invade maternal tissue suggesting fundamental 

differences between the nature and evolution of placentation in P. entrecasteauxii and 

eutherian mammals. 

Keywords: placenta; squamate; invasion; epitheliochorial; Pseudemoia 

INTRODUCTION 

Live birth (viviparity) has frequently evolved in amniote vertebrates (reptiles, birds and 

mammals), where pregnancy occurs by retention of the egg in-utero until development is 

complete [1]. In viviparous amniotes, direct contact between the uterus and embryonic 

membranes facilitates the exchange of respiratory gasses, water and some nutrients, forming 

a placenta [2]. Placental types are primarily characterized by the degree to which embryonic 

tissue breaches uterine tissue and decreases the distance between embryonic tissue and 

maternal blood [2, 3]. Hemochorial placentation is the most invasive, with embryonic 

trophoblast breaching both uterine epithelium and endothelium so that embryonic tissue is 

bathed in maternal blood. By contrast, epitheliochorial placentation is non-invasive because 

there is no breaching of maternal tissue by the conceptus [4].  
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Invasive placentation is ancestral in eutherian mammals, with epitheliochorial placentation 

subsequently evolving three times independently [5]. In mammals, epitheliochorial 

placentation probably evolved from more invasive placental types as a result of conflict 

between maternal and paternal genes over the maternal provisioning of resources, with 

epitheliochorial placentation restricting fetal influence on nutrient allocation [4]. Embryonic 

membranes of species with non-invasive placental types can still invade maternal tissues but 

are unable to do so in-utero due to physical barriers to invasion and maternal secretions that 

hinder invasive mechanisms of the embryo [6]. 

Viviparity and placentation have evolved in squamate reptiles (lizards and snakes) more 

frequently than in any other vertebrate group [7]. Most viviparous squamates exhibit 

epitheliochorial placentation, but two examples of invasive placentae have been documented 

in placentotrophic species [8, 9].  

Given that epitheliochorial placentation can exist in mammals that exhibit invasive 

embryonic tissues when ectopic [6], it is unclear if embryonic tissues of squamates with non-

invasive placentas have the ability to invade maternal tissues but are prevented from doing so 

by the uterus. This paper describes the serendipitous discovery of an extra-uterine pregnancy 

in the viviparous lizard, Pseudemoia entrecasteauxii. This lizard species is placentotrophic, 

with approximately 50% of nutrient provisions coming from the placenta and the rest from 

the ovulated ovum [10, 11]. The placenta of P. entrecasteauxii has a complex epitheliochorial 

placenta with specializations for gas and nutrient exchange [12, 13].  We used this discovery 

to test if the embryonic membranes of P. entrecasteauxii have the ability to invade non-

uterine maternal tissues. 
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MATERIALS AND METHODS 

Gravid female Pseudemoia entrecasteauxii were collected in Kanangra Boyd National Park, 

NSW, Australia in October 2012. Lizards were euthanized by injection with 0.1mL of sodium 

pentobarbital (6mg/mL). The uterine eggs of each lizard where examined by cutting along the 

ventral midline and laterally across the pelvis and mid region of the rib cage. On inspection 

of one lizard a “growth” was located in the abdominal cavity proximal to the right ovary. 

This “growth” was not attached to any tissue of the lizard and was picked up with forceps and 

fixed in 10% neutral buffered formalin for 24 h and then transferred to 70% ethanol. The 

lizard from which the growth was removed was pregnant with 3 uterine eggs (less developed 

than embryonic stage 21 of Dufaure and Hubert’s [14] 40 stage developmental scheme), with 

three corpora lutea in the ovaries. The growth was photographed under a calibrated Leica 

EZ4D microscope and camera (Leica Microsystems, Germany) and was identified to be a 

partially yet unusually developed embryo. Body and eye length were measured using ImageJ 

[15] on photographed images and developmental features were noted. 

RESULTS AND DISCUSSION 

Total body length of the extra-uterine embryo is 3.5mm (Fig. 1). There is no differentiation of 

limb buds or tail, but there is substantial eye development and many pigmented spots on the 

epidermis; development has clearly not followed the usual progression [14]. Given that the 

number of corpora lutea matches the number of uterine eggs, and that the extra-uterine 

embryo is substantially more developed than uterine eggs, the extra-uterine embryo is likely 

from a previous reproductive cycle. The extra-uterine embryo is contained within two layers 

of embryonic membranes, assumed to be the chorioallantoic and amniotic membranes. The 

yolk sac is located laterally and has been mostly depleted. Given that this is the only example 



 

 
 

Figure 1. Dorsal (a) and ventral (b) view of the extra-uterine embryo (E). Yolk sac (Y) 
and additional embryonic membranes (white arrows) can be seen. The embryo was fixed in 
10% NBF and photographed under 25 x magnifications with the Leica EZ4D microscope and 
camera (Leica Microsystems, Wetzlar, Germany).   
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of an extra-uterine pregnancy in this species, the inferences drawn from this study should be 

considered tentative, until more examples of this phenomenon are observed. 

In squamate pregnancy, the embryonic membranes do not shift relative to the uterus, 

allowing uterine and embryonic tissue to form specialized regions that remain proximate 

[16]. The lack of attachment of the egg to non-uterine tissues in this study suggests that 

embryonic implantation is not driven by the embryo alone but relies on properties of the 

uterus. Mechanisms to prevent egg rotation may include the elasticity of the uterus and 

specific cell-adhesion molecules, such as cadherins [17] and likely requires hormonal queues 

[18]. 

Epitheliochorial placentation in eutherian mammals is maintained by either a physical barrier 

to invasion in the uterus or the secretion of compounds that inhibit embryonic tissue from 

invading [5, 6].  Embryos of eutherian species with non-invasive placental types will readily 

invade maternal tissue if they implant outside the uterus [19]. The lack of ectopic invasion 

reported here supports the hypothesis that epitheliochorial placentation in P. entrecasteauxii 

and eutherian mammals have evolved convergently via fundamentally different mechanisms. 

Whilst epitheliochorial placentation has evolved as a result of parent offspring conflict in 

eutherian mammals, in P. entrecasteauxii it appears to have evolved by alternative selective 

pressures, and may be an important point in the evolution of more invasive placental types. 

This finding suggests that epitheliochorial placentation likely evolved in all ancestral 

viviparous amniotes and that epitheliochorial placentation is a reversion to the ancestral 

condition when present in eutherian mammals.  
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Abstract	

In live bearing amniotes (reptiles, birds, mammals) communication during embryonic 

development occurs across placental tissues, which form between the uterine tissue of the 

mother and the chorioallantoic membrane (CAM) of the embryo. Embryonic communication 

to the mother can be achieved by the production of hormones to coordinate the development 

of specific structures such as placental vascular beds, and to regulate maternal transport of 

nutrients to offspring (Murphy et al., 2010). To understand the mechanisms involved in the 

evolution of placental signaling, we examined the expression of genes involved in hormone 

synthesis, hormone metabolism, and hormone receptivity in the chorioallantoic membrane of 

species across the amniote phylogeny. We collected transcriptome data for the chorioallantoic 

membranes of the chicken (oviparous), and the lizards Lerista bougainvillii (both oviparous 

and viviparous populations) and Pseudemoia entrecasteauxii (viviparous).  To these data we 

added transcriptome data from the horse, Equus caballus (viviparous).  The viviparous taxa 

differ in their mechanisms of nutrient provisioning; L. bougainvillii is lecithotrophic, but P. 

entrecasteauxii and the horse are placentotrophic (embryos are nourished via placental 

transport). Of the 423 hormone-related genes that we examined, 91 genes are expressed in all 

studied species, suggesting that the chorioallantoic membrane ancestrally had an endocrine 

function, and that hormone-related processes have been retained during the evolution of 

viviparity from oviparity. No genes are expressed only in viviparous species, suggesting that 

the evolution of viviparity has not required the recruitment of any specific hormone-related 

genes to the chorioallantoic membrane. Finally, we found that the expression of at least 10 

hormone-related genes has been lost in species that exhibit substantial nutrient transport 

across the placenta, which suggests that the loss of expression of genes might be an important 
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mechanism that occurs during the evolution of novel phenotypes such as placentotrophy. By 

evaluating the genes involved in the synthesis and metabolism of steroid, growth, and thyroid 

hormones in the chorioallantoic membrane, we show that the evolution of maternal-offspring 

communication in amniotes involves both maintenance of ancestral hormone synthesis and 

gene expression loss. 

Graphical	abstract	
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1.	INTRODUCTION		

Reproduction is fundamental for organisms because it is the only mechanism that allows 

genes to be transmitted through generations. The ancestral reproductive mode for vertebrates 

is egg-laying (oviparity), but live birth (viviparity) has evolved independently multiple times 

in fishes, amphibians, reptiles, and once in mammals (Blackburn, 2014; Griffith et al., 2015). 

Embryonic development requires a suitable supply of respiratory gases and water; in 

viviparous species where the embryo is not exposed to the external environment adequate 

structures are required to facilitate the exchange of materials between mother and offspring. 

In viviparous amniotes (reptiles, birds, and mammals), transfer of materials between mother 

and offspring occurs in a placenta composed of both maternal (uterine) and embryonic 

(chorioallantoic or yolk sac membranes) tissues (see Fig. 1 for summary of embryonic 

membranes; Blackburn, 2006; Van Dyke et al., 2014; Wake, 1992). In eutherian mammals, 

the definitive placenta is produced by the uterus and the embryonic chorioallantoic membrane 

(CAM). Chorioallantoic placentae are also found in all viviparous squamate reptiles, with the 

placental region in some species having morphological and physiological specializations for 

gas exchange and nutrient transport (Adams et al., 2005; Biazik et al., 2010; Blackburn, 

1993; Griffith et al., 2013a). In oviparous species, the chorioallantois is an embryonic 

membrane that lines most of the internal surface of the eggshell late in incubation, where it is 

the primary gas exchange organ between the egg and the external environment (Piiper et al., 

1980). Although they are derived from homologous tissues in viviparous amniote vertebrates, 

placentae are extremely diverse in structure and function, with some placentae transporting 

respiratory gases, water, and small amounts of other molecules, and others transporting all 

classes of nutrients required for embryonic development (placentotrophy) (Ferner and Mess, 



 

 

 

 

 

Figure 1. Simplified diagram showing the generic layout of embryonic membranes in 
amniotes, modified from Ferner and Mess (2011). In oviparous taxa, these structures sit 
inside the eggshell membrane; in viviparous species the egg is maintained in the uterus. The 
shape, size, and layout of each membrane differs between amniotes (see Ferner and Mess 
(2011) for comparisons between major amniote groups). Red – embryonic ectoderm; grey –
embryonic endoderm; blue – allantoic membrane; orange – yolk sac membrane.   
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2011; Thompson and Speake, 2002; Thompson et al., 2002). In amniotes placentotrophy has 

evolved relatively few times, and exists along a continuum, with complete reliance on egg 

yolk resources (lecithotrophy, in most squamates) at one end, complete reliance on placental 

nutrient transfer on the other end (as in eutherian mammals and some lizards), and species 

with intermediate reliance on both placental transfer and ovulated yolk resources (occurring 

in some squamates such as the lizard Pseudemoia entrecasteauxii) (Ferner and Mess, 2011; 

Thompson et al., 2000). 

To understand how viviparity evolves, it is essential to understand the processes that regulate 

key pregnancy functions and how these processes have been modified during evolutionary 

transitions (Thompson and Speake, 2006). Hormones play an essential role in almost every 

step of amniote reproduction. Hormonal signals are responsible for egg production, 

vitellogenesis, ovulation, maintenance of the egg in utero, and oviposition/parturition 

(Callard et al., 1992; Custodia-Lora and Callard, 2002; Licht, 1979). Furthermore, hormones 

are required to induce tissue level changes that facilitate pregnancy, including, for example, 

cellular changes in the uterus for nutrient transport to offspring. Finally, hormones facilitate 

communication between maternal and embryonic tissue throughout gestation, which is 

important for coordination of developmental features such as apposition of vascular beds 

within the placenta (Murphy et al., 2011).  

In oviparous species, eggs are retained in utero for a short period and then oviposited into the 

external environment. The fundamental difference between oviparous and viviparous species 

is retention of the egg in utero until development is completed. Embryonic development in 

ectotherms is temperature rather than time dependent, so mothers cannot precisely determine 

the developmental state of offspring without relying on embryonic cues. Hormone production 
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by embryos represents one possible way for mothers to maintain a state of pregnancy. 

Progesterone is a key regulator of pregnancy/gravidity in both mammals and reptiles 

(Custodia-Lora and Callard, 2002). Genes involved in progesterone biosynthesis have been 

identified in the chorioallantoic tissue of the chicken, suggesting that this tissue may 

ancestrally produce progesterone (Albergotti et al., 2009).  Production of progesterone by the 

chorioallantoic placenta could play a significant role in the evolution of viviparity, because 

egg retention could be achieved in part, by simply increasing the transfer of progesterone 

from embryo to mother by, for example, reducing eggshell thickness.  

As well as facilitating maternal-offspring communication, embryonic production of hormones 

allows embryos to manipulate maternal physiology, which can facilitate parent-offspring 

conflict. Parent-offspring conflict is a major driver of the evolution of viviparity and placental 

functions in vertebrates (Crespi and Semeniuk, 2004; Zeh and Zeh, 2008). Conflict arises 

when offspring demand more resources than is optimal for the life time reproductive success 

of the parent (Trivers, 1974). For maternal-offspring conflict to occur during pregnancy, 

embryos must be able to manipulate maternal reproductive behavior such as nutrient transport 

across the placenta. This manipulation can be achieved either by gaining direct access to 

maternal resources through invasive placentation, or through embryonic secretions that 

change the physiology of maternal tissue. In species with non-invasive epitheliochorial 

placentation, nutrients must be actively transported across maternal tissue to the embryo, 

restricting embryonic control. However, embryonic control of transport is not precluded in 

species with non-invasive placentation (Fowden et al., 2006). In the horse, a species with 

epitheliochorial placentation, embryos actively manipulate placental nutrient supply, likely 

by the production of hormones such as insulin like growth factor 2 (Allen et al., 2002).  
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In species with non-invasive placentation, for conflict to occur offspring must be able to 

manipulate the activity of maternal tissues by the secretion of hormones. Extensive 

embryonic production of growth factors occurs in the embryonic trophoblast of mammals 

(Fowden and Forhead, 2009; Fowden et al., 2006). Understanding how the production of 

growth factors correlates with different reproductive modes and the evolution of 

placentotrophy will allow us to understand if embryonic manipulation, through growth factor 

production, is a novel function of the chorioallantois in placentotrophic lineages. 

Alternatively, the production of growth factors may be the result of modifications to 

processes that occurred ancestrally in chorioallantoic tissue, with growth factors expressed in 

the chorioallantois of oviparous species. 

We identified gene expression in the embryonic chorioallantoic tissue of species across the 

amniote phylogeny to correlate changes in reproductive mode and placental nutrition with 

changes in hormone production and metabolism. We quantified the expression of hormone 

genes to identify if hormone production by the chorioallantoic placenta is widespread in 

viviparous amniotes, and if the expression of hormones has evolved by recruitment in 

viviparous lineages of hormone-synthesizing genes, or by ancestral hormone production of 

these genes in the chorioallantoic membrane of egg laying amniotes. Furthermore, we 

identify whether genes involved in hormone synthesis and metabolism have been lost and/or 

gained during the evolution of viviparity or placentotrophy.  
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2.	MATERIALS	AND	METHODS	

Species	selection	

Recent advances in next-generation sequencing technology make it possible to 

simultaneously measure the expression of most genes in a given tissue (transcriptome). We 

evaluated the expression of hormone-related genes in multiple species using newly-generated 

and published transcriptome data for the chorioallantoic membrane (Fig. 2).  We sampled two 

oviparous taxa including the chicken (Gallus gallus) and an oviparous population of the skink 

Lerista bougainvillii.  We sampled two separate origins of lizard viviparity in the skink 

Pseudemoia entrecasteauxii and a viviparous population of L. bougainvillii. The viviparous 

taxa differ in their mode of embryonic nutrition.  Lerista bougainvillii is lecithotrophic—

embryos rely on yolk for a vast majority of nutrients, and the simple placenta instead 

facilitates flux of water, ions, and gasses. In contrast, P. entrecasteauxii is placentotrophic—

embryos receive nutrients supplied by the placenta (and reduced yolk) via a relatively 

complex placenta with specializations for nutrient transport (Adams et al., 2005; Griffith et 

al., 2013a). Like most viviparous squamates, P. entrecasteauxii has non-invasive 

epitheliochorial placentation, meaning that the maternal and embryonic epithelia directly 

contact, but there is no breaching of the maternal tissue (Adams et al., 2005; Griffith et al., 

2013b). To these data we added published mammalian transcriptome data for the CAM of the 

horse (Wang et al., 2012), thereby representing a third origin of viviparity and a second origin 

placentotrophy in amniotes.  The horse also possesses a non-invasive epitheliochorial 

placenta, making it possible to evaluate gene expression in two independent derivations of the 

same placental type in mammals and reptiles. 



 

 

 

 

 

 

Figure 2. Phylogenetic relationship of amniotes species used in this study. Viviparous taxa 
are denoted in red text, whilst oviparous taxa are denoted in blue. 
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Measuring	gene	expression	in	chorioallantoic	tissue	

Chicken,	Gallus	gallus	

We dissected chorioallantoic tissue from day 8 (n=2) and day 18 (n=3) chicken eggs in May 

2012. To extract RNA, tissue was macerated using a mechanical homogenizer in 600μL of 

Buffer RLT (QIAGEN) then homogenized using a QIAshredder spin column (QIAGEN). 

Total RNA was extracted using the RNeasy Mini Kit (QIAGEN). Extracted RNA was treated 

with Amplification Grade DNase 1 (Sigma-Aldrich). RNA quality was measured on the 

Agilent 2000 Bioanalyzer (Agilent Technologies) and was only used for transcriptome 

analysis if the RIN was greater than 8. Sequencing libraries were generated in house using the 

TruSeq RNA Sample Preperation kit (Illumina,inc.), were pooled into lanes containing ten 

samples, and were sequenced on the HiSeq2000 (Illumina, Inc.). Raw transcriptome reads are 

available in the Sequenced Read Archive (Accession on publication). Gene counts for each 

gene were calculated by aligning raw sequencing reads to the complete cDNA library for 

Gallus gallus from Ensembl Release 78 (Cunningham et al., 2015) with Bowtie2 (version 

2.0.0-beta7) (Langmead and Salzberg, 2012). We counted the number of transcripts that 

aligned to each cDNA contig with Samtools view  (Li et al., 2009).  

Southern	grass	skink,	Pseudemoia	entrecasteauxii	

We collected chorioallantoic placental tissues from mid (embryonic stage 36/37 of the 

staging scheme used for Zootoca vivipara, n=2) and late pregnant females (embryonic stage 

40, which is the final developmental stage, n=4, Dufaure and Hubert, 1961). RNA 

purification and sequencing was performed using the same methodology as the chicken. We 

collected a mean of 2.4 x 107 ± 3.8 x 106 sequenced reads per sample. Data analysis was 
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performed using the same approach as the chicken except raw sequencing reads were aligned 

to the transcriptome for P. entrecasteauxii that was previously assembled de novo (Chapter 

3).  

Bougainville's	Skink,	Lerista	bougainvillii		

We collected a gravid oviparous Lerista bougainvillii from the Burra Region of South 

Australia in 2011. This lizard was maintained in captivity until it laid eggs, and the CAM was 

dissected from one egg. Pregnant viviparous L. bougainvillii were collected on Kangaroo 

Island, South Australia in December of 2011 and 2012. Lizards were housed and then 

euthanized during late pregnancy, chorioallantoic placental tissue was dissected. All embryos 

were between developmental stage 35 and 40. RNA extraction and transcriptome sequencing 

was performed the same as for the chicken. We collected a mean of 2.9 x 107 ± 2.2 x 106 one 

hundered and one bp sequenced reads per sample. We used ABySS 1.3.4 to assemble all 

individual raw Illumina reads into larger contigs.  Contigs in the transcriptome smaller than 

100bp and redundant contigs were removed with CD-HIT-EST (Huang, et al. 2010) using 

default options. We identified the contigs using BLASTX with ten vertebrate reference 

genomes (Ensembl build 72).   Finally, we used the short-read aligner Bowtie 0.12.9 

(Langmead et al. 2009) to align the original raw Illumina reads to the identified contigs. 

Horse,	Equus	callabus	

Raw 40bp single end Illumina reads from horse chorioallantoic girdle were taken from Wang 

et al. (2012). Four samples sequenced on the Illumina Genome Analyzer IIx were included, 

and had a mean of 3.1 x 107 ± 6.2 x 105 sequenced reads per transcriptome. We aligned raw 

sequenced reads to the complete Equus callabus cDNA collection in Ensembl Release 78 

(Cunningham et al., 2015) with Bowtie2 (version 2.0.0-beta7) (Langmead and Salzberg, 
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2012). We counted the number of transcripts that aligned uniquely to each cDNA contig with 

Samtools view (version 0.1.18) (Li et al., 2009).  

Identifying	expressed	genes	

Gene expression requires copying genes from the genome into mRNA (transcription). 

Although transcription occurs in specific parts of the genome, deep sequencing by RNA-seq 

will also identify small numbers of transcripts from genes that are actively repressed (see 

Wagner et al. (2013) for more details). We used the transcript per million (TPM) metric to 

separate “expressed genes” from genes which had some sequenced transcripts but are 

unlikely to be genuinely regulated (Wagner et al., 2012, 2013). In cases where multiple 

assembled cDNA sequences existed for a single gene, gene counts from these transcripts 

were summed and this summed transcript number was divided by the summed contig length. 

Genes that had a mean TPM value greater than four were considered expressed; this cut off is 

consistent with the chromatin state of each gene (Hebenstreit et al., 2011). Our cut off is 

conservative and can confidently identify genes that are transcriptionally active, and not 

actively repressed (Wagner et al., 2013). We report all gene expression values in TPM. 

Hormone‐related	genes	

We compiled a gene list from the DAVID bioinformatics resource, the GeneCards Human 

Gene Database, and additional genes from readings in the literature to identify hormone-

related genes for this analysis. Gene ontology terms (GO terms) for biological processes were 

downloaded from the DAVID bioinformatics resources 6.7 (Huang et al., 2009). All GO 

terms for biological processes containing a set of keywords (Supplementary Table 1) were 

collated. Gene symbols associated with these GO terms were extracted using a custom perl 
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script using the data associated with DAVID IDs. Gene symbols were extracted from the 

GeneCards Human Gene Database (Version: 3.12.316 2 Feb 2015), by searching for genes 

that contained the word ‘hormone’ or the word ‘growth factor’ in their symbol, alias or 

identifier. In addition, a list of all Cytochrome P450 genes collected from GeneCards Human 

Gene Database (Version: 3.12.316 2 Feb 2015) were included, as this group of genes 

facilitates many cellular chemical processes including steroid metabolism (Lewis, 1996). 

Other genes were added if they were reported in the literature to be of importance to the 

regulation of hormone production or metabolism. 

3.	RESULTS	AND	DISCUSSION	

3.1	CAM	hormone	gene	expression	

The CAM is a hormone-producing organ in amniotes, of the 423 hormone-related genes 

examined, 321 genes are expressed in the CAM of at least one of the studied species. 

Expression of hormone-related genes is not confined to viviparous taxa, which confirms 

findings previously reported in oviparous birds, crocodiles, and tortoises (Albergotti et al., 

2009; Cruze et al., 2013; Cruze et al., 2012). Ninety-three genes show conserved expression 

across all studied species, suggesting they may perform essential functions of the 

chorioallantoic tissues in amniotes. However, it is possible that the physiological function of 

these proteins has been modified in viviparous lineages to perform novel pregnancy 

associated roles. No genes were expressed only in viviparous species, suggesting the 

evolution of viviparity does not require de novo recruitment of any particular hormone-

related genes to placental tissues. From our survey, only one gene exhibited expression 

specific to placentotrophic species, although ten genes are not expressed in placentotrophic 
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species, suggesting a role of gene expression loss in the evolution of placentotrophy. In the 

remainder of the discussion, we concentrate on expression of genes related to specific groups 

of hormones that are important in amniote reproduction, and discuss the significance of gene 

loss during the evolution of placentotrophy. 

3.2	Steroid	hormone	synthesis		

We examined the expression of 47 genes involved in steroid hormone synthesis and 

metabolism (Table 1). Of these genes, six are expressed in all species, with four of these 

belonging to the cytochrome P450 family of proteins (CYP). CYPs are a diverse group of 

enzymes that are involved in cholesterol and steroid synthesis and metabolization (Werck-

Reichhart and Feyereisen, 2000). Although the specific functions of the encoded proteins of 

these genes are largely unknown, they may play essential roles in the CAM. The newly-

sequenced reptile species differ from the alligator, which expresses specific genes in the 

CAM involved in androgen and estrogen synthesis (CYP17A1 and CYP19A1 respectively)  

(Cruze et al., 2012). 

3.2.1	Progesterone	

The defining feature of a viviparous species is that embryos are maintained in the mother 

until development is complete (Blackburn, 2006). Progesterone is a regulator of 

gravidity/pregnancy in all studied amniotes and so was a hormone of interest in our study. In 

turtles increased progesterone production is associated with ovulation (Guillette et al., 1991; 

Licht et al., 1982) and prevents oviposition (Klicka and Mahmoud, 1977; Mahmoud et al., 

1988). In the relatively short reproductive cycle of chickens (26 h), progesterone peaks just 

prior to ovulation (Laguë et al., 1975). In oviparous squamates, progesterone is produced by 



Table 1. Expression patterns of genes involved in steroid synthesis and metabolisation in the 
chorioallantoic membrane. Gene counts have been transformed to reflect the number of 
transcripts per gene, corrected for contig length, per million sequenced reads (TPM). Genes 
with a TPM greater than the expression threshold, which is correlated with active cellular 
gene expression, are indicated in bold. Dashes indicate genes that are absent from the 
reference transcriptomes of the relevant species. 

Official	gene	
symbol	

Chicken,	Gallus	
gallus	(n=5)	

Southern	
grass	skink,	
Pseudemoia	
entrecasteauxi

i	(n=6)	

Bougainville’s	
skink,	Lerista	
bougainvillii	
(oviparous,	

n=1)	

Bougainville’
s	skink,	
Lerista	

bougainvillii	
(vivip,	n=4)	

Horse,	
Equus	
caballus	
(n=4)	

Pattern	

GENES	INVOLVED	IN	PROGESTERONE	SYNTHESIS	

STARD3	 15.5	±	1.4	 22	±	2	 22.9	 21.1	±	1.1	 10.9	±	0.6	 All	

CYP11A1	 20.3	±	2.6	 ‐	 0	 0.2	±	0.2	 115.9	±	
79 7

HSD3B1	 44.6	±	15.9	 ‐	 0.2	 0.2	±	0.1	 74	±	9.9	

STAR	 0.9	±	0.1	 0.4	±	0.2	 44.8	 3.4	±	1.3	 72.9	±	34	 		

STEROID	HORMONE	RECEPTORS	

AR	 22.7	±	6.3	 0.9	±	0.3	 107.5	 140.3	±	15.2	 0.3	±	0.2	 Lecithotrophic	

PGR	 1.1	±	0.6	 3.1	±	0.3	 12.4	 14.2	±	1.5	 0.2	±	0.1	

ESR1	 0.2	±	0.1	 0.2	±	0.1	 1.6	 2.2	±	0.1	 ‐	

ESR2	 0.1	±	0	 ‐	 0	 0.6	±	0.3	 ‐	 		

CYP20A1	 24.6	±	2.1	 89.3	±	7.5	 19	 19.7	±	2.1	 14.4	±	3.3	 All	

CYP27A1	 9.1	±	1.4	 711.4	±	79.4	 19.9	 13.1	±	1.9	 5.1	±	2.9	 All	

CYP39A1	 15.1	±	2.7	 5.1	±	2.1	 24.7	 22.5	±	2.3	 13.6	±	2.4	 All	

CYP51A1	 25.5	±	5.5	 385.4	±	103.3	 29	 84.4	±	6.3	 102.1	±	
16 3

All	

NR3C1	 21.2	±	2.2	 39.4	±	6	 75.5	 77.7	±	10.4	 7.5	±	1.2	 All	

CYP26B1	 4.9	±	0.5	 0.3	±	0.3	 18.3	 33.7	±	11.5	 0.2	±	0.1	 Lecithotrophic	

CYP46A1	 18.5	±	3.8	 ‐	 39.6	 28.2	±	8.3	 0.1	±	0.1	 Lecithotrophic	

CYP4F22	 30.7	±	4.3	 ‐	 164.4	 62.5	±	9	 0.1	±	0.1	 Lecithotrophic	

CYP2U1	 2.9	±	0.3	 5.3	±	0.8	 14.6	 21.9	±	5.5	 1.2	±	0.5	 Lizard	

CYP7B1	 3.4	±	0.4	 30.3	±	12.5	 18.4	 25.8	±	5.8	 0.2	±	0.1	 Lizard	

CYP2D6	 22.5	±	2.2	 28.8	±	3.5	 65.9	 120.6	±	22.1	 ‐	 Reptile	

CYP2R1	 5.2	±	0.5	 7.5	±	1.4	 7	 7.6	±	1.3	 0.2	±	0.1	 Reptile	

CYP4V2	 7.4	±	1.9	 5.5	±	1.2	 68.2	 63.6	±	15.9	 0	±	0	 Reptile	

CYP17A1	 0.4	±	0.1	 1.7	±	0.5	 1	 0.3	±	0.2	 1918.6	±	
1310 5

CYP19A1	 0.7	±	0.1	 1	±	0.7	 ‐	 ‐	 1572	±	
574 7

CYP1A1	 0.5	±	0.1	 ‐	 87.2	 114.3	±	15.2	 4.3	±	4.3	

CYP1A2	 ‐	 ‐	 ‐	 ‐	 0.3	±	0.3	

CYP1B1	 3.9	±	0.9	 5.4	±	1	 94.5	 38.7	±	2.1	 29.6	±	14.7	

CYP21A2	 2.2	±	0.8	 ‐	 ‐	 ‐	 0.4	±	0.3	

CYP24A1	 0.8	±	0.4	 ‐	 4.4	 55.7	±	21.4	 3.2	±	1.3	

CYP26A1	 1.1	±	0.5	 0.3	±	0.2	 ‐	 ‐	 6.8	±	2.4	

CYP26C1	 0.3	±	0.1	 4.5	±	0.8	 5.8	 3.5	±	1.2	 1.4	±	0.6	

CYP27B1	 ‐	 1.7	±	0.4	 ‐	 ‐	 0	±	0	

CYP27C1	 1.5	±	0.5	 ‐	 ‐	 ‐	 0.2	±	0.1	

CYP2A13	 ‐	 ‐	 1129.7	 517.5	±	
151 8

‐	

CYP2A6	 ‐	 ‐	 396.9	 31.3	±	17.6	 ‐	

CYP2A7	 ‐	 ‐	 317.6	 16.1	±	7	 ‐	



CYP2B6	 ‐	 ‐	 4	 14.6	±	5.1	 ‐	

CYP2F1	 ‐	 1.2	±	0.2	 11.8	 9.3	±	4.4	 0.1	±	0.1	

CYP2J2	 ‐	 18.9	±	1.7	 49.1	 166.2	±	41.9	 4.7	±	2.2	

CYP2S1	 ‐	 ‐	 ‐	 ‐	 6.8	±	0.7	

CYP2W1	 ‐	 ‐	 7.2	 47.7	±	29.3	 0.7	±	0.4	

CYP3A7	 ‐	 ‐	 208	 11.5	±	4.9	 ‐	

CYP4F3	 ‐	 ‐	 766.9	 279.8	±	47.7	 ‐	

CYP4F8	 ‐	 ‐	 ‐	 ‐	 1.1	±	0.7	

CYP4X1	 ‐	 ‐	 ‐	 ‐	 0	±	0	

CYP7A1	 2.8	±	0.2	 ‐	 ‐	 ‐	 0.5	±	0.2	

CYP8B1	 ‐	 ‐	 16.7	 18.4	±	2.4	 0	±	0	

NR5A1	 0.2	±	0.1	 0.1	±	0.1	 ‐	 ‐	 ‐	 		
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the corpus luteum and hormone concentration is correlated with gravidity (the holding of 

eggs) and typically declines prior to oviposition (Díaz et al., 1994; Fox and Guillette, 1987). 

Typically in viviparous amniotes, progesterone is maintained at relatively high concentrations 

and decreases prior to parturition (Bazer, 1992; Fergusson and Bradshaw, 1991; Murphy and 

Thompson, 2011). Whilst in some taxa (e.g. mice, pigs, and oviparous squamates) 

progesterone is produced by corpora lutea through pregnancy, during pregnancy in humans 

and the horse, progesterone is produced by ovarian corpora lutea until the embryonic 

placenta has developed sufficiently to take over hormone production (Meyer, 1994; Stocco et 

al., 2007; Tuckey, 2005).  The pattern of shifting progesterone production from the corpus 

luteum to the chorioallantois during pregnancy also occurs in the viviparous lizard, Chalcides 

chalcides (Guarino et al., 1998). Uterine receptivity to progesterone occurs via the 

progesterone receptor (PGR), which is expressed in the uterus of the live bearing lizards 

Chalcides ocellatus and P. entrecasteauxii (Chapter 3; Brandley et al., 2012). Uterine PGR 

production has occurred in amniote reproduction since before the split of these two amniote 

lineages ~300 million years ago. 

Progesterone production occurs by first transporting cholesterol to the mitochondrion 

(typically by steroidogenic acute regulatory protein; StAR), in the mitochondrion it is 

transported to the inner mitochondrial membrane by StAR-related lipid transfer domain 

protein 3 (StARD3), and converted to pregnenolone by cytochrome P450, family 11, 

subfamily A, polypeptide 1(CYP11A1). Finally pregnenolone is converted to progesterone by 

3 beta-hydroxysteroid dehydrogenase/delta(5)-delta(4)isomerase type I (HSD3B1) (Fig. 3; 

Payne and Hales, 2004).  



 
 
 
 

 

Figure 3. Progesterone synthesis pathway, which occurs inside the mitochondrion pictured 
(green). Arrows indicate movement or modification of steroid hormones (empty boxes). 
Black boxes indicate enzymes responsible for mobilization or movement of hormones at each 
step. OMM - outer mitochondrial membrane; IMM - inner mitochondrial membrane; STAR - 
steroidogenic acute regulatory protein; STARD3 - StAR-related lipid transfer domain 
containing 3; CYP11A1 - cytochrome P450, family 11, subfamily A, polypeptide 1; HSD3B1 
- 3 beta-hydroxysteroid dehydrogenase/delta(5)-delta(4)isomerase type I. 

  



- 100 - 

 

Expression of genes encoding each enzyme in the progesterone synthesis pathway occurs in 

the horse placenta (Table 1), but not all are expressed in the chorioallantoic tissues of the 

other studied species. STARD3 is expressed in all examined taxa; as STARD3 is important 

for mobilization of cholesterol in the mitochondria, this step in the progesterone synthesis 

pathway is common in the synthesis and metabolisation of many steroid hormones (Payne 

and Hales, 2004). In humans (and potentially chickens) production of STARD3 is sufficient 

to facilitate cholesterol mobilization for progesterone synthesis (Tuckey, 2005). Chickens 

lack expression of STAR, which facilitates mobilization of cholesterol to the mitochondria, 

similarly STAR is not produced in the human trophoblast despite production of progesterone 

in this tissue (Strauss et al., 1996). CYP11A1 and HSD3B1 are necessary for the production 

of progesterone from cholesterol (Payne and Hales, 2004). The presence of both enzymes in 

chickens is consistent with progesterone production during development (Albergotti et al., 

2009). However, progesterone is an intermediate in the production of other steroid hormones 

including estrogen and androgens. So the presence of genes responsible for progesterone 

synthesis might reflect the production of other steroid hormones rather than progesterone 

proper. In P. entrecasteauxii HSD3B1and CYP11A1 are absent from the reference 

transcriptome of this species, so it is not possible to confidently say these genes are not 

expressed. In L. bougainvillii, both CYP11A1 and HSD3B1 are present in the reference 

transcriptome (so our approach could reliably detect the expression of these genes) but are 

not expressed in the chorioallantoic membrane of either oviparous or viviparous populations. 

This result strongly suggests that in some viviparous lizards the embryonic component of the 

placenta is not producing progesterone via any known synthesis pathway. As expression of 

these genes in the CAM is absent in L. bougainvillii, embryonic progesterone production by 
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this pathway is not simply an ancestral trait of amniotes that has been utilized during the 

evolution of all instances of viviparity.  

3.2.2	Steroid	hormone	receptors			

Androgen receptor (AR) binds steroid hormones, including testosterone, and participates in 

the development of male characteristics, but it is also important to female physiology (Cloke 

and Christian, 2012). AR is expressed in female reproductive tissues, and in humans its 

expression fluctuates through cycling of the endometrium (Barad et al., 2007).  Androgens 

have been identified in mammalian trophoblast, and increased AR levels are associated with 

pre-eclampsia (Hsu et al., 2009). Androgen receptor is highly expressed in all lecithotrophic 

taxa we examined, but is not expressed in horse and grass skinks (Table 1). The presence of 

maternally produced hormones (such as androgens) could negatively impact offspring 

development, in particular by affecting sexual characteristics (Uller and Olsson, 2003). In 

experiments where testosterone concentrations have been artificially increased during 

development, offspring have reduced embryonic growth rate, compromised immune function, 

and altered behavior (Sinervo et al., 2000; Uller and Olsson, 2003). Our results suggest that 

by decreasing the expression of androgen receptor in species with high levels of placental 

transport, embryos may decrease the effect of maternally derived androgens on embryonic 

development. 

The progesterone receptor gene (PGR) is only expressed in the CAM of both oviparous and 

viviparous populations of L. bougainvillii (Table 1), suggesting that receptivity to 

progesterone in the CAM may be absent in most non-mammalian amniotes and is not 

necessary for viviparity.  As the CAM of L. bougainvillii expresses PGR, but does not 

express the genes necessary for progesterone synthesis, we suggest progesterone may play a 
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different role during reproduction in these lizards. Further work is necessary to identify if 

progesterone is necessary for the maintenance of pregnancy in P. entrecasteauxii and L. 

bougainvillii, and to confirm where it is produced. 

Estrogen is an important hormone in for the regulation of the female reproductive system in 

reptiles and mammals (Callard et al., 1972; Katzenellenbogen and Greger, 1974; Wang et al., 

2000). Estrogen receptors are not expressed in the CAM of all studied species (Table 1), 

suggesting that estrogen does not regulate growth of the chorioallantoic membrane in 

oviparous or viviparous species.  

3.3	Growth	factors	and	peptide	hormones	

3.3.1	IGF2	

Insulin like growth factor 2 (IGF2) is a key regulator of placental growth and function in 

mammals. Under-expression of IGF2 results in decreased growth of mouse embryonic and 

placental tissues, whilst increased IGF2 abundance in utero results in offspring overgrowth in 

humans, mice and sheep (Coan et al., 2008; Fowden and Forhead, 2009). IGF2 works as a 

signal of fetal demand, regulates fetal growth, and interacts with the expression of nutrient 

transport proteins in placental tissues (Constância et al., 2005; Reik et al., 2003; Sibley et al., 

2004). The maternal allele of IGF2 is silenced by genomic imprinting in live bearing therian 

mammals. Imprinting of this gene occurs because of conflict between genes of maternal and 

paternal origin within embryos, where mother and embryo differ in their preferred rate of 

nutrient transfer to embryos (Haig, 2000). The production of IGF2 by offspring during 

gestation also occurs in live-bearing teleost fishes, where ongoing parent-offspring conflict 
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has driven selection on the gene, likely because of its ability to regulate placentotrophy 

(O'Neill et al., 2007).  

IGF2 is expressed in the CAM of all studied species, regardless of reproductive mode (Table 

2). Ancestral expression of IGF2 in the CAM suggests that this protein may be a regulator of 

growth and proliferation of the embryo in oviparous taxa. Uterine expression of the receptor 

for IGF2, the insulin growth factor like receptor 1, is ancestral to mammals and present in the 

uterine tissue of P. entrecasteauxii (Chapter 3; Lynch et al., 2015). During the evolution of 

viviparity, reduced eggshell thickness and the apposition of maternal and fetal tissues would 

allow IGF2 to affect the physiology of the placenta, which suggests that placental production 

of IGF2 is actually an exaptation that has been utilized to manipulate maternal tissues during 

the evolution of viviparity.  

3.3.2	Angiogenic	factors	

In conjunction with its ability to regulate placental nutrient transfer, IGF2 can regulate 

endothelial cell migration (Herr et al., 2003). Changes in uterine angiogenesis are essential 

for the evolution of viviparity to support increasing embryonic oxygen demand during 

pregnancy (Parker et al., 2010a). Increased vascularization during pregnancy is a gross 

morphological change that is necessary for the evolution of viviparity (Parker et al., 2010a; 

Parker et al., 2010b). Embryonic regulation of vascularization occurs in some viviparous 

squamates, where the vascular bed of the mother is aligned with the position of the embryo 

inside the egg, even in cases where the embryo is oriented obliquely to the uterus (Murphy et 

al., 2010). A number of genes encoding proteins with angiogenic potential show consistent 

expression in the CAM across all studied species (Table 3). Of particular note are VEGFA 

and PGF, which are the most well studied genes of uterine angiogenesis (Autiero et al., 2003; 



Table 2. Expression patterns of growth factors and growth factor receptors in the 
chorioallantoic membrane. Gene counts have been transformed to reflect the number of 
transcripts for per gene, corrected for contig length, per million sequenced reads (TPM). 
Genes with a TPM greater than the expression threshold, which is correlated with active 
cellular gene expression, are indicated in bold. Dashes indicate genes that are absent from the 
reference transcriptomes of the relevant species. 

Official gene 
symbol 

Chicken, Gallus 
gallus (n=5) 

Southern grass 
skink, Pseudemoia 

entrecasteauxii 
(n=6) 

Bougainville’s 
skink, Lerista 
bougainvillii 
(oviparous, 

n=1) 

Bougainville’s 
skink, Lerista 
bougainvillii 
(vivip, n=4) 

Horse, Equus 
caballus 

(n=4) 
Pattern 

IGF1R 14.8 ± 1.8 29.8 ± 4.2 25.7 19.1 ± 3.4 38.8 ± 16.1 All 

IGF2 59.6 ± 7.3 15.1 ± 2.3 17.9 34.3 ± 8.2 1901.3 ± All 

PDGFB 60.5 ± 14.6 20 ± 2.7 8.5 17.2 ± 3.7 6.4 ± 5.2 All 

PDGFC 9.6 ± 0.6 39.2 ± 6.9 10.5 18.8 ± 3.6 31.9 ± 6.6 All 

PPAP2B 117.7 ± 18.4 37.3 ± 3.3 33.4 56 ± 4.5 16.7 ± 1.9 All 

PSIP1 29.7 ± 3 37 ± 2.7 19.6 29.1 ± 4.4 43 ± 9 All 

FGF20 4.8 ± 0.6 - - - 3.9 ± 1.3 Chicken 

FGF22 11.9 ± 4.3 - - - - Chicken 

FGF23 17.8 ± 1.7 - - - 0 ± 0 Chicken 

INHBA 17.9 ± 2.4 0.5 ± 0.2 4.2 10 ± 4.7 0.7 ± 0.2 Lecithotrophic 

KITLG 6.1 ± 0.7 - 23.9 14.5 ± 1.6 0.9 ± 0.4 Lecithotrophic 

HGF - 5.9 ± 0.8 17.9 19.9 ± 1.7 0.4 ± 0 Lizard 

NGF 2.4 ± 0.5 14.5 ± 3.3 10 6.2 ± 0.9 0 ± 0 Lizard 

AREG 71.1 ± 17.6 - 5.1 3.2 ± 0.7 1.4 ± 0.9 Oviparous 

AMH 1 ± 0.3 - - - - 

BMP15 2.6 ± 0.5 3.6 ± 0.8 - - - 

BMP6 153.2 ± 29.1 21.5 ± 1.8 24.9 38.9 ± 3.5 1.3 ± 0.4 

CLEC11A - 1 ± 0.2 - - - 

FGF11 - - - - 0.2 ± 0.1 

FGF12 29.5 ± 3.8 2.5 ± 0.3 2.5 45.5 ± 38.8 0 ± 0 

FGF13 0.6 ± 0.1 - 40.4 127.9 ± 22.5 0.4 ± 0.1 

FGF14 0.6 ± 0.2 0.7 ± 0.2 - - - 

FGF16 1.3 ± 0.7 1 ± 0.6 2.3 0.7 ± 0.2 0.1 ± 0.1 

FGF19 0.7 ± 0.2 1 ± 0.7 8.7 34.2 ± 10 0.2 ± 0.2 

FGF21 - 0.6 ± 0.6 33.5 1.2 ± 0.6 0 ± 0 

FGF3 0.3 ± 0.1 - - - 0.2 ± 0.2 

FGF4 0 ± 0 - - - 0 ± 0 

FGF5 2.5 ± 0.2 - - - - 

FGF7 2.3 ± 0.3 3.7 ± 1.1 2.8 18.4 ± 6 55.3 ± 17.7 

GDF10 3.9 ± 1.5 - 7.3 33.7 ± 6.8 0 ± 0 

GDF11 - 0.2 ± 0.2 - 1.7 ± 0.3 13.7 ± 4.2 

GDF15 - - 26.6 62.7 ± 17.3 - 

GDF2 - - - - 0.1 ± 0.1 

GDF5 3.3 ± 0.9 17.9 ± 2.3 - - 0.1 ± 0.1 

GDF6 - - 21 26.8 ± 4.2 4.2 ± 1.1 

GDF7 - 12.4 ± 2.5 1.4 5 ± 1.2 - 

GDF9 - - - - 0.1 ± 0.1 



HBEGF 43.4 ± 15.9 46.1 ± 1.8 3.8 6.6 ± 0.8 2.8 ± 0.8 

HDGF - - 1335.8 1187.1 ± 289.9 179.6 ± 22.1 

HDGFRP3 - - 38.1 65.4 ± 5.6 - 

IGF1 - 0.2 ± 0.1 - - 0.2 ± 0.1 

IGF2R 13.3 ± 2.6 - 318.7 209.7 ± 27.3 70.2 ± 6.2 

IL4 0 ± 0 - - - - 

IL6 3.7 ± 1.1 - - - 0 ± 0 

IL9 1.8 ± 0.9 - - - - 

LEFTY2 0 ± 0 - 74.2 256.4 ± 37.7 - 

MDK 900.5 ± 268.6 128.7 ± 18.5 - - - 

MST1 16.3 ± 1.6 - - - 109.3 ± 18.7 

MSTN - - - - 0.1 ± 0.1 

NODAL 0.2 ± 0.1 0.6 ± 0.2 - - 0.2 ± 0.1 

NOV 28.7 ± 6.8 0.9 ± 0.4 2823.2 2664 ± 385.9 20.3 ± 12.1 

NRG1 0.5 ± 0.1 0.5 ± 0.1 11.8 9.2 ± 1.1 0.8 ± 0.2 

NTF3 30.1 ± 5.5 11.5 ± 1.5 29.3 17 ± 2.1 1.1 ± 0.4 

PDGFD 62 ± 10.6 30.4 ± 8.6 33 25.7 ± 9.3 1.8 ± 0.6 

PTN 39.4 ± 9.7 0.5 ± 0.2 3.4 6.3 ± 3.5 35 ± 11.5 

TDGF1 - - - - 0.1 ± 0.1 

TGFB1 - 23.6 ± 9.2 14.7 14.2 ± 1.9 12.2 ± 4.4 

TGFB3 176.8 ± 25.7 - 3.5 7 ± 1.1 0.5 ± 0.2 

VEGFB - - - - 71.4 ± 14.8 

VGF - 0.2 ± 0.1 - - -   

 

  



 

 

Table 3. Expression patterns of genes involved in angiogenesis in the chorioallantoic 
membrane. Gene counts have been transformed to reflect the number of transcripts for per 
gene, corrected for contig length, per million sequenced reads (TPM). Genes with a TPM 
greater than the expression threshold, which is correlated with active cellular gene 
expression, are indicated in bold. Dashes indicate genes that are absent from the reference 
transcriptomes of the relevant species. 

Official gene symbol 
Chicken, Gallus 

gallus (n=5) 

Southern grass 
skink, 

Pseudemoia 
entrecasteauxii 

(n=6) 

Bougainville’s 
skink, Lerista 
bougainvillii 

(oviparous, n=1) 

Bougainville’s 
skink, Lerista 

bougainvillii (vivip, 
n=4) 

Horse, 
Equus 

caballus 
(n=4) 

Pattern 

CTGF 113.2 ± 27 57.4 ± 8 59 90.3 ± 6.9 40.4 ± 16.1 All 

CYR61 75.8 ± 5 64.6 ± 5.9 40.5 57.3 ± 6.5 56.1 ± 24.9 All 

EGFL7 190.4 ± 26.9 74.1 ± 4.4 227.6 405 ± 51 4.7 ± 1.3 All 

MAP3K7 69.6 ± 4.3 45.2 ± 3.1 117.4 103 ± 2.7 11.9 ± 1.9 All 

NRP1 50.9 ± 4.3 22.6 ± 1.8 43 59.4 ± 12 6.4 ± 0.7 All 

NRP2 55.4 ± 5.8 19 ± 0.8 18.2 24 ± 3 6.6 ± 1.1 All 

PGF 108 ± 41.7 43 ± 1.6 35.1 68.8 ± 10.7 6.1 ± 5.5 All 

VEGFA 33.5 ± 6.7 1433.8 ± 168.3 146.1 134.4 ± 11 49 ± 20.7 All 

FGF9 19.4 ± 1.8 3.2 ± 1 0.6 2.6 ± 0.5 - Chicken 

FGF2 - 7.4 ± 0.9 4.9 6.1 ± 0.8 0.1 ± 0.1 Lizard 

PDGFA - 15.5 ± 2.3 45.2 11.2 ± 2.8 - Lizard 

ANGPTL6 0 ± 0 68.6 ± 6 9.5 45.4 ± 11.2 12.8 ± 10.8 

CXCL12 390.5 ± 69.1 19.9 ± 8.4 20.7 25.8 ± 5.5 0.9 ± 0.4  
EGF 0.1 ± 0 0.2 ± 0.1 0 0.2 ± 0 0.1 ± 0  
FGF1 4.5 ± 1.6 1.7 ± 0.4 4.5 3.8 ± 1.2 4.4 ± 0.8  
FGF10 1.3 ± 0.3 - - - 1.8 ± 0.4  
FGF18 0.1 ± 0 0.3 ± 0.1 1 3.7 ± 1.1 0.1 ± 0.1  
FGF6 0 ± 0 - - - -  
FIGF 28 ± 9.3 39 ± 8.7 8.8 31.2 ± 4 0.1 ± 0.1  
FLT1 6.4 ± 0.6 67.4 ± 9 12.5 9.2 ± 1.8 0.5 ± 0.1  
KDR 32.2 ± 4.6 57.3 ± 8.1 13.3 22.2 ± 3 1.5 ± 0.1  
PROK1 3.3 ± 0.5 68.6 ± 8.6 - - -  
SHH 1.3 ± 0.2 0.3 ± 0.1 - - 0.4 ± 0.2  
TGFA 3.2 ± 0.4 - 47.2 44.7 ± 9.8 1 ± 0.2  
TGFB2 26 ± 3 - 6 12 ± 1.7 4.7 ± 0.9  
TGFBR2 42.8 ± 4.5 92.1 ± 12.4 77.5 95.9 ± 6.2 -  
TNFRSF12A - 35.9 ± 7.5 33.2 48.3 ± 8.1 77.6 ± 14.9  
TYMP - - 142.4 139.2 ± 20.5 35.4 ± 3.3  
VEGFC 18.9 ± 1.4 10.7 ± 1.1 28.5 39.4 ± 4.5 1.2 ± 0.6  
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Danastas et al., 2015; Murphy et al., 2010; Torry et al., 2003; Whittington et al., 2015). No 

genes show a viviparity-specific expression pattern, suggesting that uterine angiogenesis 

during pregnancy has not evolved by recruiting gene expression to the embryonic 

membranes. Embryonic signals to increase uterine vasculature may occur by simply utilising 

proteins already expressed in these tissues. 

3.4	Thyroid	hormones	

Thyroid hormones are essential for normal embryonic development, especially of brain 

tissue, and are regulators of metabolism and developmental rate (Burrow et al., 1994; 

Morreale de Escobar et al., 2004). Type 3 iodothyronine deiodinase (DIO3) metabolizes 

thyroid hormones in the placental tissues of mammals and is required for thyroid hormone 

transport to embryos (Chan et al., 2009; Roti et al., 1981). Of the 463 genes examined, only 

DIO3 is present in the reference transcriptomes of all studied species, and is uniquely 

expressed in the CAM of placentotrophic species (Table 4). If thyroid hormone is transported 

to embryos in placentotrophic species, expression of DIO3 in the CAM may be an 

embryonically controlled mechanism to regulate thyroid hormone uptake. Decreases in 

thyroid hormone abundance, by a lack of dietary iodine or thyroid removal, typically cause 

significant neurological developments in the brain (Bernal, 2002). Uptake of thyroid 

hormones by offspring could be essential for maintenance of normal development, but 

increased uptake may increase the growth rate of offspring directly or indirectly by increasing 

the growth and metabolic activity of placental tissues. Alternatively, however, it is possible 

that DIO3 acts to limit maternal thyroid hormone transport to embryos during development. 

Type 3 iodothyronine deiodinase is a paternally expressed gene in therian mammals, 

suggesting that its expression imposes different fitness implications depending on the parent 



 

 

 

Table 4. Expression patterns genes involved in thyroid hormone metabolism and receptor 
binding in the chorioallantoic membrane. Gene counts have been transformed to reflect the 
number of transcripts for per gene, corrected for contig length, per million sequenced reads 
(TPM). Genes with a TPM greater than the expression threshold, which is correlated with 
active cellular gene expression, are indicated in bold. Dashes indicate genes that are absent 
from the reference transcriptomes of the relevant species. 

Official gene 
symbol 

Chicken, 
Gallus gallus 

(n=5) 

Southern grass 
skink, Pseudemoia 

entrecasteauxii 
(n=6) 

Bougainville’s 
skink, Lerista 
bougainvillii 
(oviparous, 

n=1) 

Bougainville’s 
skink, Lerista 
bougainvillii 
(vivip, n=4) 

Horse, Equus 
caballus 

(n=4) 
Pattern 

Thyroid hormone metabolic process 
 

DIO3 0 1310.5 ± 330 0.60 2.3 ± 2.1 16.8 ± 6.1 Placentotrophic 

MED1 22.2 ± 1.5 10.5 ± 1.5 24.40 20.2 ± 2.1 6 ± 1.2 All 

DIO1 24.3 ± 4.3 - - - - Chicken 

CGA - 1.3 ± 1 - - 8432.2 ± Horse 

CRYM 26.2 ± 2.9 50.9 ± 5.9 111.70 126.7 ± 13.4 1.5 ± 0.4 Reptile 

SULT1B1 82.3 ± 11.6 4.7 ± 1.5 33.60 48.8 ± 2.6 - Reptile 

DIO2 22.7 ± 4.2 402.5 ± 73 1.10 2.7 ± 0.7 0 ± 0 

Thyroid hormone receptor binding 

HMGN3 562.8 ± 18 75 ± 4.1 323.40 322.2 ± 19.2 23.1 ± 4.6 All 

JMJD1C 13.4 ± 2 16.9 ± 2.9 23.30 18.4 ± 3.8 7.4 ± 1.7 All 

MED1 22.2 ± 1.5 10.5 ± 1.5 24.40 20.2 ± 2.1 6 ± 1.2 All 

MED12 13.2 ± 1.1 24.9 ± 3.9 23.00 14.8 ± 2.2 28.2 ± 6.8 All 

MED13 9 ± 0.3 16.7 ± 2.6 19.20 22.5 ± 3.7 7.5 ± 2.2 All 

MED14 15.5 ± 0.8 41.7 ± 2.6 11.80 12.2 ± 1.4 7.9 ± 1.7 All 

MED16 14.3 ± 1.1 26.3 ± 3.4 10.40 12.5 ± 1.4 17.1 ± 2.2 All 

MED17 23.4 ± 1 16.8 ± 1.3 100.90 125.8 ± 15.2 7.1 ± 0.7 All 

MED24 20.5 ± 1.6 14.1 ± 1.1 21.90 18.3 ± 0.7 7.7 ± 1.1 All 

NCOA3 8.4 ± 2 36.6 ± 5 17.40 17.7 ± 2 17.4 ± 5.8 All 

NCOA6 14.9 ± 2.1 32.1 ± 4 21.70 13.8 ± 2.2 11.5 ± 3.3 All 

THRAP3 84.8 ± 4.3 63.5 ± 4.5 104.30 84.2 ± 6.5 79.8 ± 13.1 All 

TRIP12 30.5 ± 2.8 78.4 ± 11.3 156.80 115 ± 16.1 8.2 ± 1.7 All 

ZNHIT3 57.2 ± 2.6 13.7 ± 2.1 24.60 34 ± 5.8 37 ± 2.3 All 

TRIP6 - - - - 4.5 ± 1.2 Horse 

MED30 39.4 ± 1.8 15.7 ± 1.6 - - 30.1 ± 1.2 
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from which it is inherited (Haig, 2000; Rocha et al., 2008). Typically this is the result of 

conflict over resources, whereby fathers (by means of the paternally inherited genome) 

manipulate mothers into providing more nutrients to the embryos than is optimal for the 

mother’s life time reproductive success (Crespi and Semeniuk, 2004). During pregnancy, 

DIO3 expression by embryos can manipulate mothers in two ways, by metabolizing and 

increasing uptake of thyroid hormones for embryonic use (this may be in conflict with 

mothers, if the components of thyroid hormone such as iodine are limited), or by increasing 

embryonic and placental growth allowing offspring to uptake extra nutrient resources from 

the mother. The observed expression of genes involved in thyroid hormone receptor binding 

in oviparous and viviparous species (Table 3) suggests that the chorioallantoic tissue is 

ancestrally responsive to thyroid hormones. 

The role of thyroid hormone in the placentae of mammals and reptiles is poorly understood. 

The expression of DIO3 in the chorioallantoic tissue of placentotrophic species but no other 

taxa, suggests that thyroid hormone may be important for the evolution of placental nutrient 

transport, but further work is required to identify the functional significance of these findings. 

In particular it is necessary to identify if thyroid hormone is transported across the placenta to 

offspring during development in non-mammalian viviparous amniotes. Secondly, it is 

important to identify the role of DIO3 in pregnancy, which is poorly understood in both 

reptiles and mammals. 
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3.5	Lecithotrophy‐specific	gene	expression		

3.5.1	Parent	offspring	conflict	and	gene	expression	loss	in	placentotrophic	

species	

Parent offspring conflict theory predicts that selection will act on offspring phenotype to 

maximize the resources they can obtain from their mother (Crespi and Semeniuk, 2004; 

Trivers, 1974). If some hormones that are ancestrally expressed in the CAM act to limit the 

amount of resources that are acquired in placentotrophic species, we would expect selection 

to act to reduce their expression. The expression of the 10 genes expressed solely in 

lecithotrophic taxa may be selected against in placentotrophic lineages. Sufficient functional 

information on two of these genes is available for us to evaluate how conflict may have 

resulted in them not being expressed. 

Endothelin proteins are potent vasoconstrictors and play an important role in cell 

proliferation, migration, and differentiation (Bagnato et al., 2011; Smollich and Wulfing, 

2007). Endothelin 3 (EDN3) is expressed in lecithotrophic but not placentotrophic species. 

Silencing of EDN3 frequently occurs in human breast cancer, where it is believed to be a 

natural tumor suppressor (Wiesmann et al., 2009). Expression of EDN3 in the CAM of 

placentotrophic species may inhibit placental cell proliferation, and may thus be selected 

against during the evolution of placentotrophy. In P. entrecasteauxii, EDN3 is significantly 

up-regulated through pregnancy in uterine tissue (Chapter 3), suggesting that maternal tissue 

may produce EDN3 to suppress placental growth. As the expression of this gene has been lost 

in embryonic tissue but the gene is expressed in the maternal component of the placenta, 
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understanding the functional role of this gene during pregnancy may be significant for 

understanding the evolution of parent offspring conflict during pregnancy. 

Inhibin beta A (INHBA) is a protein that can both promote or inhibit cell proliferation 

depending on the ligands to which it binds (Lewis et al., 2000). INHBA has tumor 

suppressive properties in some cancer types (Matzuk et al., 1992). Despite the antagonistic 

role of inhibin, placental expression of INHBA in humans is associated with intrauterine 

growth restriction (McMinn et al., 2006). As INHBA is not expressed in the placentotrophic 

species of this study, we predict that it may have acted to either reduce embryonic or 

maternal placental growth, thereby reducing embryonic uptake of nutrients. 

3.5.2	The	role	of	gene	expression	loss	in	the	evolution	of	placentotrophy	

In our data set, ten genes are present in all lecithotrophic taxa, present in the reference 

transcriptomes of all species, and not expressed in placentotrophic species (Table 5). Whilst 

the statistical significance of this lost gene expression cannot be tested empirically due to the 

number of species studied, our data presents an over-representation of genes that follow this 

expression pattern across taxa when compared to all genes that are exclusively expressed in 

only three taxa. Of the 176 genes that can be quantified across all taxa in this study, 24 genes 

are expressed in three groups and absent from the remaining two lineages. Whilst there are 

ten available patterns to which genes could be assigned 10 out of the 24 genes are expressed 

in a lecithotrophic expression pattern. The large number of genes expressed in this specific 

profile suggests it is a pattern that is worthy of further investigation.  

Gene expression loss is a potential driver of many phenotypes, including pregnancy and 

placentotrophy (Olson, 1999). In rats, prolactin silences the uterine expression of genes that 

have deleterious effects on pregnancy, including 20α-HSD, which when expressed inactivates 



 

 

 

 

 

 

 

Table 5. Expression of genes that are actively transcribed only in lecithotrophic taxa in the 
chorioallantoic membrane. Gene counts have been transformed to reflect the number of 
transcripts for each gene corrected for contig length, per million sequenced reads (TPM). 
Genes with a TPM greater than the expression threshold, which is correlated with active 
cellular gene expression, are indicated in bold. Dashes indicate genes that are absent from the 
reference transcriptomes of the relevant species. 

Official gene 
symbol 

Chicken, 
Gallus gallus 

(n=5) 

Southern grass 
skink, 

Pseudemoia 
entrecasteauxii 

(n=6) 

Bougainville’s 
skink, Lerista 
bougainvillii 
(oviparous, 

n=1) 

Bougainville’s 
skink, Lerista 
bougainvillii 
(vivip, n=4) 

Horse, Equus 
caballus (n=4) 

Pattern 

NELL2 100.8 ± 15.5 0.3 ± 0 11.9 6.7 ± 1.4 1.9 ± 0.1 Lecithotrophic 

AR 22.7 ± 6.3 0.9 ± 0.3 107.5 140.3 ± 15.2 0.3 ± 0.2 Lecithotrophic 

CYP26B1 4.9 ± 0.5 0.3 ± 0.3 18.3 33.7 ± 11.5 0.2 ± 0.1 Lecithotrophic 

DLK2 29.8 ± 11.5 2.2 ± 0.7 60.7 47.3 ± 6.4 2.4 ± 0.7 Lecithotrophic 

INHBA 17.9 ± 2.4 0.5 ± 0.2 4.2 10 ± 4.7 0.7 ± 0.2 Lecithotrophic 

CD40 14 ± 0.8 2 ± 0.8 7.6 6 ± 2 0.7 ± 0.3 Lecithotrophic 

FAT2 9 ± 2.5 3 ± 0.7 39.8 19.1 ± 3.5 2.2 ± 0.7 Lecithotrophic 

LTBP2 6.8 ± 1.8 3.7 ± 1.1 8.2 6.7 ± 0.6 0.2 ± 0.1 Lecithotrophic 

DDX11 4.3 ± 0.4 1.4 ± 0.2 19.9 22.4 ± 2.2 1.5 ± 0.3 Lecithotrophic 

EDN3 26 ± 8.2 3 ± 0.5 49.1 75.9 ± 13 2.3 ± 1.6 Lecithotrophic 
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progesterone and reduces the possibility of a successful pregnancy (Bao et al., 2007). Loss of 

expression of many genes, particularly ion transporters, is also associated with the origin of 

mammalian viviparity (Lynch et al., 2015). The complete inactivation of genes has also 

occurred during the evolution of viviparity and substantial placentotrophy from oviparity in 

mammals, with egg yolk genes converting into pseudogenes in therian mammals (Brawand et 

al., 2008). Two mechanisms may explain the observed loss of expression of 10 genes in 

placentotrophic lineages: either their expression was neutral and expression loss occurred due 

to random mutations in specific regulators of these genes in the CAM; or, selection has acted 

in placentotrophic lineages to decrease the expression of these genes. 

4.	Conclusions	

Conserved expression of hormone producing genes suggests that the chorioallantois is 

ancestrally an endocrine organ.  Ancestral expression of several hormones including the 

angiogenic factors VEGFA and PGF are examples of genes that facilitate embryonic 

regulation of pregnancy and were present in the ancestral amniote. Differences in the CAM 

expression of specific genes between taxa allow us to understand how the endocrine 

properties of this tissue have changed with respect to the evolution of viviparity and 

placentotrophy. Given that no genes are solely expressed in viviparous species, we can 

conclude that the evolution of viviparity has not required new recruitment of the expression 

of any particular hormone-related gene. Instead, viviparity is likely to have evolved using 

genes that were ancestrally expressed in the CAM. Only one gene, DIO3, shows a 

placentotrophy-specific pattern of gene expression. DIO3 is a paternally expressed imprinted 

gene in mammals and its expression likely acts to increase offspring resource uptake during 
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pregnancy, which may explain why is has also been recruited to the placental tissues of P. 

entrecasteauxii and the horse. Whilst only one gene shows a placentotrophy-specific 

expression pattern, many genes have lost their expression in placentotrophic lineages. Thus, 

the loss of gene expression may be an important mechanism in the evolution of novel tissue-

specific functions such as placental nutrient transport. 
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Supplementary table 1. List of key words used to extract GO terms relevant to hormone 
synthesis, metabolism and hormone receptivity.  

Keywords   

hormone calcitonin melanocyte 
epinephrine cholecystokinin motilin 
melatonin corticotropin orexin 
triiodothyronine cortistatin oxytocin 
thyroxine enkephalin pancreatic polypeptide 
prostaglandins endothelin parathyroid hormone 
leukotrienes erythropoietin pituitary adenylate cyclase-activating peptide 
prostacyclin follicle-stimulating prolactin 
thromboxane follicle stimulating relaxin 
amylin galanin renin 
müllerian gastrin secretin 
adiponectin ghrelin somatostatin 
adrenocorticotropic glucagon thrombopoietin 
corticotropin gonadotropin thyroid stimulating 
angiotensinogen growth hormone thyrotropin 
andangiotensin hepcidin androgen 
antidiuretic lactogen mineralocorticoid 
vasopressin inhibin estrogen 
arginine insulin glucocorticoid 
vasopressin leptin progestogen 
atriopeptin lipotropin secosteroid 
natriuretic luteinizing hormone  
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Abstract		

Genomic imprinting is a process that results in the differential expression of genes depending 

on their parent-of-origin. It occurs in both flowering plants and live bearing mammals, with 

imprinted genes typically regulating the ability of an embryo to manipulate the maternal 

provision of nutrients during development. Genomic imprinting increases the potential for 

selection to act separately on paternally and maternally expressed genes resulting in greater 

embryonic control over maternal nutrient provision. We test the hypothesis that matrotrophy 

evolves as a result of genomic imprinting by looking for imprinting in another matrotrophic 

lineage, the viviparous lizard, Pseudemoia entrecasteauxii (Scincidae). We sequenced 

transcriptomes from the embryonic component of the lizard placenta to determine bi-allelic 

expression in known mammalian-imprinted genes. Of these genes, 19 had sufficiently high 

expression in the lizard to identify polymorphisms in coding sequences. Of these, 17 genes 

(including insulin like growth factor 2) have heterozygous individuals that express two 

different alleles in placental tissues showing they are not imprinted. We show that 

matrotrophy can evolve without imprinting of key candidate genes, that genomic conflict 

generated by viviparity is not sufficient for the evolution of imprinting, and propose that the 

evolution of imprinting is likely the result of multiple evolutionary processes.  

Keywords: Viviparity, Parent-offspring conflict, Pseudemoia, placenta, placentotrophy, 

lizard 
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BACKGROUND	

The principles of Mendelian inheritance posit that offspring inherit one allele of each gene 

from each parent and the phenotype of offspring is the product of the expression of both of 

these genes. Genomic imprinting subverts Mendelian inheritance and results in genes being 

expressed from only one of the two parental chromosomes depending on its parent-of-origin 

[1]. The evolution of genomic imprinting is puzzling because it negates the heterozygosity 

benefit of being diploid by only expressing a single copy of each imprinted gene. Despite the 

potential costs, genomic imprinting has evolved independently in live bearing (viviparous) 

mammals and in flowering plants, but is apparently absent in egg-laying birds and the 

platypus [2-4]. Insulin like growth factor 2 is also bi-allelically expressed in two live-bearing 

fish species [5]. 

The best supported hypothesis for the evolution of genomic imprinting, is that it evolves as a 

result of ongoing genetic conflict between mothers and offspring, resulting from the 

inheritance of half of the offspring’s genetic material from their fathers [1, 6-8]. In both 

mammals (via the fetal placenta and maternal uterine tissue) and flowering plants (via the 

embryonic endosperm and maternal seed coat) embryos are connected to the mother inside 

reproductive tissue. This connection typically allows for maternal transport of nutrients to the 

embryo (matrotrophy), and differences in the ‘preferred’ amount of nutrient transport results 

in conflict between the maternal and paternal genome [9]. Under the conflict theory, selection 

will maintain maternal imprinting (switching genes off in the maternal gamete) in genes that 

encode proteins that facilitate embryonic manipulation of maternal nutrient transport (such as 

insulin like growth factor 2), limiting the embryo’s ability to control maternal nutrient 

transfer. Similarly selection will maintain paternal imprinting in genes that encode proteins 
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which decrease embryonic manipulation (such as insulin like growth factor 2 receptor, which 

deactivates IGF2 activity in mammals), ultimately increasing the potential for embryonic 

regulation of matrotrophy [10, 11]. Imprinting of genes that regulate matrotrophy is common 

to both plants and viviparous mammals, which can be observed when the system of 

imprinting is subverted. In plants, parental genome dosage impacts seed endosperm 

formation, with a double dose of the paternal genome resulting in larger endosperm and a 

larger embryo, whilst a double dose of the maternal genome results in both smaller 

endosperm and embryos [12, 13]. In mammals similar phenotypic differences are observed; 

knockouts to paternally imprinted genes typically result in placental and fetal growth 

restriction and knockouts of maternally imprinted genes results in increases in placental or 

fetal growth [14] .  

Parent-offspring conflict can still result in evolution in genes that do not exhibit genomic 

imprinting, however, gene variants that offer fitness benefits to offspring at the expense of the 

maternal genome will have negative fitness effects on female offspring when they reproduce. 

This can be illustrated by a hypothetical gene which in embryos increases the nutrients 

received from the mother. This gene will offer a fitness advantage to any offspring that 

carries it, but the gene will later impose a cost on female offspring, because when they 

reproduce their offspring will carry the gene resulting in her provisioning more resources 

than is in her interest. By maternal silencing of this gene, female offspring can receive the 

benefit of the gene when they inherit it from their fathers, but do not receive the fitness cost 

associated with it functioning when they reproduce.  In this way genomic imprinting 

increases maternal-offspring conflict because it allows genes that facilitate conflict to be 

freed from antagonistic selection, increasing the rate which they can evolve.  
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The ancestral mode of embryonic nutrition in vertebrates is lecithotrophy, where nutrition is 

provided as yolk prior to ovulation and fertilization [15, 16]. In organisms where embryonic 

development occurs inside the mother there is the potential for embryonic nutrition to be 

provided across a placenta or similar structure as development occurs (matrotrophy). In all 

viviparous organisms which have been observed there is exchange of both organic and 

inorganic material between offspring, suggesting that once viviparity evolves there is 

potential for exchange between the mother and embryo [17-19]. However, in some species 

(most notably in eutherian mammals) there is a net uptake of nutrients by the embryo through 

pregnancy (substantial matrotrophy), this has evolved in as few as seven of the 122  

viviparous lineages of amniote vertebrates [16]. 

The evolution of substantial matrotrophy requires two key steps, an increase in the mass of 

nutrients transported to embryos through development, and a decrease in the amount of yolk 

deposited into eggs prior to ovulation (see Fig. 1 for summary of reproductive cycle). In 

species with non-invasive placentation placental nutrient transport is fundamentally regulated 

by maternal tissues, but embryonic secretion of growth factors and other hormones can 

leverage some control over nutrient transport to offspring. In this system matrotrophy can be 

regulated by both the mother’s and the embryo’s genome, whilst the size of ovulated eggs is 

regulated solely by the mother. If variations were to arise in a population that allowed 

offspring to increase the transport of nutrients across the placenta, offspring would be born at 

a larger size giving them a fitness advantage. If the fitness advantage is large, we would 

expect these genes to readily spread through the population, which would result in mothers 

transferring more nutrients to their offspring than is in her interest, decreasing her life time 

reproductive success, placing a fitness burden on the mother. This fitness burden may act to 

select two different traits in mothers, variants that limit placental transport may be selected to 



 

 

 

 

Figure 1. Typical reproductive cycle of viviparous amniote vertebrates. Firstly, ovarian 
follicles are recruited for reproduction and yolk is deposited into recruited follicles 
(vitellogenesis). After follicles are sufficiently developed they are released from the ovary 
and are fertilized then passed into the uterus (ovulation). In the uterus development is 
completed, and if matrotrophy occurs, there is a net uptake of nutrients from the embryo 
through the placenta. Once development is complete, the mother gives birth (parturition). 
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offset the increased transport to the embryos, or selection may act on mothers to decrease the 

size of eggs at ovulation. Both selective paradigms would have the same fitness outcome for 

mothers and offspring because they would equally limit the total amount of nutrients 

provided to embryos before birth, but selection for a decrease in the size of eggs at ovulation 

would ultimately act to decrease the reliance of embryos on lecithotrophy and increase the 

reliance on matrotrophy. Hence, substantial matrotrophy may evolve as a result of iterative 

adaptations in embryos to manipulate maternal transport of nutrients through gestation and 

counter adaptations in mothers that decrease the size of eggs at ovulation; we call this the 

conflict driven matrotrophy hypothesis. The conflict driven matrotrophy hypothesis, is not 

mutually exclusive with other theories that aim to understand the evolution of matrotrophy, 

and does not aim to explain how the mechanisms that facilitate matrotrophy evolve, rather it 

explains why organisms switch from a lecithotrophic mode of embryonic nutrition to a 

matrotrophic one. 

The correlation between the evolution of genomic imprinting and matrotrophy in both plants 

and mammals suggests that the two traits may be linked. Genomic imprinting allows 

selection to act separately on genes of either maternal or paternal origin by removing 

antagonistic selection on genes when they are inherited from the other parent. Once genes are 

freed from antagonistic selection their evolution is likely to occur more rapidly to align with 

the preferred reproductive strategy of the parent of origin. By this mechanism genomic 

imprinting allows parent offspring conflict to facilitate the evolution of greater degrees of 

matrotrophy, by further leveraging embryonic control over nutrient provisioning. To test this 

hypothesis, it is necessary to look for genomic imprinting in other organisms in which 

matrotrophy has evolved and identify if genomic imprinting is or is not present. Reptiles 

represent an ideal system for testing the association between genomic imprinting and 
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matrotrophy because placentas that transport a diversity of nutrients to developing offspring 

have evolved independently in multiple lineages [17]. The placentae formed by reptiles and 

mammals are convergent in function, convergent in the genes used to fulfil these functions, 

and are formed from homologous tissues (maternal uterine tissue, and embryonic 

chorioallantoic and yolk sac membranes) [Chapter 3, 20, 21]. Furthermore, the genomic 

regions that facilitate imprinting in some genes (such as the methylation sites in the introns of 

igf2) are ancestral to both reptiles and mammals and are present in fishes [22]. However, no 

published studies have aimed to identify if genomic imprinting is also a feature of reptiles. 

To test the association between the evolution of genomic imprinting and the evolution of 

matrotrophy we assessed whether genomic imprinting was present in mammalian imprinted 

genes in the viviparous southern grass skink (Pseudemoia entrecasteauxii). Pseudemoia 

entrecasteauxii is the ideal model to test for genomic imprinting because it is viviparous 

(independently from mammals), has a placenta that contributes large quantities of nutrients to 

offspring, and has high rates of multiple paternity [23-25]. Multiple paternity heightens the 

potential for conflict as offspring have lower relatedness with each other and therefore 

maternal fitness measured by life time reproductive success is de-coupled from the fitness of 

any one sire [26]. Furthermore, pregnant  P. entrecasteauxii provide nutrients to offspring 

even when nutrient limitation results in maternal weight loss, suggesting nutrient transport 

favors the embryo’s ‘preferred’ transfer rate, providing evidence of conflict over resources 

[27].  
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METHODS	

Transcriptome	sequencing	of	skink	extra‐embryonic	

membranes	

We collected gravid P. entrecasteauxii from Kanangra Boyd National Park between October 

and November in 2011 and 2012, lizards were housed individually until late pregnancy.  To 

collect placental tissues we removed developing eggs from the uterus and dissected away the 

chorioallantoic membrane and yolk sac membrane. Yolk was scraped away from the yolk sac 

membrane. Tissues were fixed in RNAlater (Ambion, 24 h, 4 °C) and stored (-80 °C). In total 

there were paired six paired embryonic placental tissues composed of the chorioallantoic 

membrane and yolk sac membrane (each pair of samples was collected from a different 

female).  

To extract RNA, tissue was macerated using a mechanical homogenizer in 600μL of Buffer 

RLT (QIAGEN) then homogenized using a QIAshredder spin column (QIAGEN). Total 

RNA was extracted using the RNeasy Mini Kit (QIAGEN). Extracted RNA was treated with 

Amplification Grade DNase 1 (Sigma-Aldrich). RNA quality was measured on the Agilent 

2000 Bioanalyzer (Agilent Technologies) and was only used for transcriptome analysis if the 

RIN was greater than 8. Sequencing libraries were generated in house using the TruSeq RNA 

Sample Preperation kit (Illumina,inc.), were pooled into lanes containing ten samples and 

were sequenced on the HiSeq2000 (Illumina, Inc.). Raw transcriptome reads are available in 

the Sequenced Read Archive (Accession on acceptance). 
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We collected a mean of 2.4 x 107 ± 3.8 x 106 sequenced reads per sample. Data analysis was 

performed using the same approach as the chicken except raw sequencing reads were aligned 

to a transcriptome for P. entrecasteauxii that was assembled de-novo.  

We assembled reference transcriptome for P. entrecasteauxii de-novo from the uterine tissue 

of early (n=1) and late (n=2) pregnant females, the embryonic chorioallantoic membrane 

(n=2) and yolk sac membranes (n=2) of late developing embryos, and adult brain tissue 

(n=1). Transcriptomes were assembled with ABySS 1.3.4 (Simpson, et al. 2009) from tissues 

of a single individual at a time. Once each transcriptome was assembled they were pooled, 

contigs smaller than 100bp and redundant contigs were removed with CD-HIT-EST (Huang, 

et al. 2010) using default options. Attributes of assembled transcriptome are summarised in 

supplementary table 1. Contigs were identified by aligning against the Anolis proteome 

(Ensembl Build 70) using BlastX with an e-value of 10-5. The alignment rate of the raw 

reads to the assembled transcriptome was > 90% for all samples. 60, 773 assembled 

transcripts were identified following blast to the Anolis proteome, which equates to 74% 

sequence coverage of protein coding genes in the published Anolis proteome. A further 27, 

431 transcripts were identified after aligning un-identified contigs to a composite of the 

proteomes of human, chicken, opposum, platypus, zebra finch and Chinese tortoise (Ensembl 

Build 70). 

Heterozygosity	in	candidate	genes	

We collated a list of all imprinted genes from Homo sapiens (human), Mus musculus 

(mouse), Monodelphis domestica (opossum), and Macropus eugenii (tammar wallaby) in the 

Geneimprint database [28]. Genomic imprinting results in the expression of only one of the 

two inherited alleles for each gene, so to rule out genomic imprinting, we tested for bi-allelic 
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expression (the expression of two distinct alleles) in all candidate genes in the chorioallantoic 

and yolk sac placental tissues of P. entrecasteauxii. Bi-allelic expression of genes was 

identified by examining heterozygous single nucleotide polymorphisms (SNPs) in the coding 

regions of the candidate genes. The coding region of sequences were defined as the length of 

the alignment between the candidate gene and the protein of interest when aligned to all 

proteins in the NCBI protein database with tblastn [29]. We identified heterozygosity by 

examining the alignments of the raw sequencing reads from each placental sample to the 

genes of interest in the assembled P. entrecasteauxii transcriptome (Table 1). Heterozygosity 

was noted in a sample if it had a minimum of 15 fold sequencing coverage, and at least six 

sequenced copies of each variant. To validate the transcriptomics methods for identifying 

heterozygous SNPs in mRNA samples, we performed pyrosequencing of selected 

polymorphisms in three genes (see supplementary methods for more details). To confirm 

alleleic differences between individuals were due to genetic differences, we performed 

pyrosequencing on paired placental mRNA and gDNA samples (see supplementary methods 

for more details). 

RESULTS	

Nineteen candidate genes had sufficiently high expression to be examined. Seventeen genes 

had individuals with heterozygous polymorphisms in the sequenced transcriptomes, ruling 

out genomic imprinting of these genes in placental tissues. Polymorphisms were not found in 

two genes (Table 1). In all cases, there was concordance between the allelic expression in the 

transcriptomics and pyrosequencing methods, confirming the use of transcriptomics for 

detecting bi-allelic expression of genes (Sup. Table 2). In all cases heterozygosity in genomic 



 

 

 

 

 

 

 

 

Table 1 – Genes with polymorphisms as determined by high-throughput mRNA 
sequencing. 

Highly expressed genes expressing two 
distinct alleles (non-imprinted genes) 

Highly expressed genes without 
polymorphisms 

ampd3, copg2, dhcr7, dio3, dlk1, dnmt1, 
epha4, gab1, gatm, igf2, naa60, rb1, rbP5, 

shce, slc38A4, tssc4, ube3A 
dcn,  lin28b 
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DNA corresponded to heterozygosity of mRNA, furthermore confirming bi-allelic expression 

(Sup. Table 3).  

DISCUSSION	AND	CONCLUSIONS	

This study is the first to look for genomic imprinting in any non-mammalian viviparous 

amniote.  Bi-allelic expression (the expression of both maternal and paternally inherited 

allele) of mammalian imprinted genes in Pseudemoia entrecasteauxii suggests genomic 

imprinting has not evolved in the same genes in reptiles and mammals. Two genes in the 

study did not contain any polymorphisms between all individuals included in the 

transcriptomics study. This is not evidence for imprinting in these genes, and although we 

cannot rule-out genomic imprinting, they typically had lower expression of the coding region 

than other genes for which polymorphisms could be identified, which likely indicates they 

play a minor role in placental functions.   

We show that genomic imprinting in genes such as igf2 is not essential for the evolution of 

matrotrophy. The absence of imprinting is a significant advance because it allows us to 

identify the sequence of events that led to the evolution of our own reproductive strategy. In 

any reproductive mode that facilitates close contact of maternal and embryonic tissue, there is 

the potential for matrotrophy and genomic imprinting [30, 31]. Given the absence of 

imprinting in a matrotrophic reptile, genomic imprinting is neither necessary nor likely to 

play a major part in the evolution of matrotrophy in other organisms. Alternatively, we 

suggest that imprinting is selected for by genomic conflict that unfolds in species with 

substantial reliance on matrotrophy. 
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Given the parent-offspring conflict hypothesis for the evolution of genomic imprinting, we 

would expect imprinting to evolve in species that exhibit viviparity, mechanisms of 

provisioning to offspring after fertilization (e.g. placentotrophy), and high rates of multiple 

paternity [7, 8, 26]. Pseudemoia entrecasteauxii meets all of these criteria and is therefore a 

good species to asses whether these traits are sufficient to drive the evolution of imprinting. 

The lack of genomic imprinting in P. entrecasteauxii suggests that the conflict hypothesis is 

not sufficient to explain the presence/absence of imprinting in any specific taxa. Whilst the 

conflict hypothesis, may explain why there is uniparental silencing, which parental allele is 

silenced, and the likely physiological effects of uniparental silencing, imprinting does not 

evolve by single nucleotide mutations, and the processes that result in a particular locus being 

imprinted in any taxa are complex. We propose that the evolution of imprinting requires first 

a mutation that infers imprinting status to nearby genes, and then selection must act on this 

imprinting status for it to spread through the population. 

One explanation for the origins of imprinted genes in mammals is the “host defence 

hypothesis”, which proposes that genomic imprinting results from the insertion of foreign 

DNA (such as retroviruses and retrotransposons) into the genome, and that methylation of 

this foreign DNA led to imprinting in nearby genes [32]. Evidence for the “host defence 

hypothesis” comes from the molecular mechanisms of genomic imprinting, which uses the 

same molecular machines as those used to silence foreign DNA, and the close proximity 

between imprinted genes and retroviral and retrotransposon sequences [32, 33]. Although 

foreign DNA (from retroviral insertions) is widespread in reptiles [34], given the absence of 

genomic imprinting in P. entrecasteauxii, we expect  retroviral insertions have not occurred 

in sites that could lead to selection described by the parent-offspring conflict hypothesis (i.e. 

they have not inserted near genes that facilitate embryonic manipulation of the mother). Thus, 
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we argue that, whilst the genomic conflict hypothesis explains the adaptive significance of 

the presence of imprinting in organisms, the evolution of imprinting is unlikely to occur in 

organisms if mechanisms to induce imprinting at specific loci do not arise. Therefore, we 

conclude that to understand the evolution of imprinting it is essential to identify the 

mechanisms that led to imprinting at specific loci, and the selective pressures that resulted in 

these loci spreading to fixation in organisms.  
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SUPPLEMENTARY METHODS 

Lab confirmation of findings from transcriptome sequencing 

RNA used for transcriptome sequencing from the chorioallantoic membrane was reverse 

transcribed with SuperScript III First Strand Synthesis (Invitrogen). Genes were amplified 

with HotStar Taq DNA polymerase (0.1 units.µL-1, QIAGEN) with 1x reaction buffer, gene 

specific forward and reverse primers (1 µM, Sup. Table 1 for sequence) in 20 µL reaction 

volume with an initial denaturation (95 ºC, 4 m), followed by 40 cycles of denaturation (95 

ºC, 30 s), annealing (see supplementary table 1 for temperature, 30 s), and extension (72 ºC, 

30 s), with a final extension step (72 ºC, 7 min).  

Pyrosequencing was performed using Pyro Gold Q24 Reagents (QIAGEN), Streptavidin 

Sepharose beads (GE Healthcare), and gene specific sequencing primers (supplementary 

table 1), on the PyroMark Q24 (QIAGEN) using manufacturer’s instructions.  

Heterozygosity of SNPs and allele expression rates were confirmed by 

pyrosequencing.  

To show that heterozygosity and homozygosity in expressed genes reflect underlying allelic 

differences in individuals, we performed pyrosequencing on PCR products of RB1 and 
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UBE3A generated from paired gDNA and cDNA samples. gDNA and RNA were extracted 

simultaneously from embryonic chorioallantoic placenta sample using the All Prep 

DNA/RNA mini kit (QIAGEN) following manufacturer’s instructions. PCRs and 

pyrosequencing were performed as above. 

	 	



 

 

 

 

 

 

 

Supplementary Table 1 – Primers used for amplification of genomic and reverse-transcribed 
DNA, [btn] indicates biotinylation of adjacent nucleotide.  

Gene Primer 
Type 

Sequence Fragment Size Annealing 
temperature 

IGF2 Forward 5’GGACCTCTCATCATCTTCTCTTGT3’ 114 53 

Reverse 5’[btn]TGTGAGCTTTTCTTCTGCCATAT3’ 

Sequencing 5’CCAGCATTAAACAAGGATA3’ 

RB1 Forward 5’[btn]CATACAAATCTATGAATGCAATGC3’ 137 53 

Reverse 5’CCCGTGTTCTTTACAAAGTTCTTC3’ 

Sequencing 5’TGTTCTTGTTGAACCG3’ 

UBE3A Forward 5’GGCTTTTCGAAGAGGATTCCA3’ 80 56 

Reverse 5’ [btn]GCAATTCAATCTCCTCAGGTCTAA3’ 

Sequencing 5’TCCACATGGTGACAAA3’ 

   

  



 

 

 

 

 

 

 

 

Supplementary Table 2 – Expressed alleles inferred from transcriptomic (trans) and 
pyrosequencing (pyro) techniques for retinablastoma 1 (rb1), insulin like growth factor 2 
(igf2), and ubiquitin protein ligase E3A (ube3A). 

 rb1 igf2 ube3A 

Lizard 
number 

trans trans trans pyro trans pyro 

1 A/G A/G C C C/T C/T 

2 A/G A/G C C C/T C/T 

3 A/G A/G C C C C 

4 A A C C C C 

5 A A C/T C/T C/T C/T 

6 A A C C T T 

 

  



 

 

 

 

 

 

 

 

Supplementary Table 3 – Genotype and expressed alleles for the retinablastoma 1 (rb1) and 
ubiquitin protein ligase E3A (ube3A) genes inferred by pyrosequencing in the chorioallantoic 
tissue of seven developing P. entrecasteauxii. 

 rb1 ube3A 

Lizard number Genotype Expressed 
alleles 

Genotype Expressed 
alleles 

7 A A C/T C/T 

8 A A C/T C/T 

9 A A T T 

10 A A C/T C/T 

11 A/G A/G C C 

12 A A T T 

13 A/G A/G T T 
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GENERAL	DISCUSSION	

Mechanisms	underpinning	the	evolution	of	placental	

functions	

Innovative functions in tissues evolve from three distinct processes, modifications to genes 

expressed in the ancestral tissue, recruiting the expression of genes typically expressed in 

other tissues, or the introduction of new genetic material (from either introduction of foreign 

DNA such as viral genes, or from the duplication of genes) (Knox and Baker 2008; Lynch, et 

al. 2008; Zhang 2003). The role of these genetic processes in the evolution of complex 

phenotypes is poorly understood. Analysis of the roles of these mechanisms in the evolution 

of placental traits in independent origins of placentation is a powerful tool for understanding 

how these processes facilitate the evolution of complex traits more broadly. In particular, 

comparisons between the genes that underpin placental functions in independent viviparous 

lineages enable assessment of whether complex phenotypic traits evolve using the same 

genes. I aimed to identify the gene expression patterns that are correlated with placental 

functions and identify the mechanisms that have resulted in the expression of these genes in 

placental tissues. Furthermore, by comparing the genes expressed in the placental tissues of 

organisms in which placental structures have evolved independently, I assessed whether 

placental innovations evolve in predictable ways.  
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Homology	–	placental	functions	that	result	from	ancestral	

properties	of	tissues	

Placentae in amniotes evolve from pre-existing tissues. Hence, to understand the evolution 

of placental functions, it is important to identify the role of homology in the gene expression 

that occurs in the placenta. Viviparity evolves from oviparity and the structures that support 

pregnancy must evolve from pre-existing tissues in squamates and other amniotes (Chapter 

2).  The uterus of the most recent common ancestor of extant amniotes had two prominent 

functions, to transport the fertilized egg from the ovaries to the external environment and to 

deposit the eggshell around the embryonic membranes (Thompson and Speake 2006). The 

extra-embryonic membranes of this ancestor exchanged respiratory gases with the external 

environment, absorbed calcium from the eggshell, and played some role in hormonal 

signaling for embryonic development (Albergotti, et al. 2009; Cruze, et al. 2013; Gabrielli 

and Accili 2010; Thompson and Speake 2006). Conservation of the processes that facilitated 

these ancestral functions is an important process that under pinned the evolution of novel 

functions in placental tissues.  

The vast majority of viviparous squamates have non-invasive placental morphologies (Van 

Dyke, et al. 2014a). The ancestral embryonic membranes of amniotes did not exhibit invasive 

properties (Chapter 4). Hence, the structural and functional innovations that occur in 

placental tissues of squamates must result from the modification of non-invasive placental 

morphologies. The maintenance of non-invasive embryonic membranes in most squamates is 

an example of a phenotypic trait that has been retained during the evolution of viviparity, 

which is in contrast to the evolution of non-invasive placentation in eutherian mammals, 
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where the embryonic membranes exhibit invasive properties, yet properties of the uterus 

prevent invasion (Samuel and Perry 1972). 

Calcium is an essential nutrient for vertebrate embryonic development (Stewart 2013). In 

oviparous amniotes calcium can be derived from both ovulated yolk reserves and by 

removing calcium from the eggshell (Stewart and Ecay 2010). Hence, ancestrally the 

embryonic membranes of amniotes are capable of absorbing calcium (Ecay, et al. 2004; 

Mossman 1987). In amniotes, eggshell is deposited around embryonic membranes in the 

uterus, where specialized structures such as shell glands secrete calcium and other shell 

constituents (Adams, et al. 2004; Girling 2002). These tissues are therefore capable of 

calcium transport, and viviparous lineages use the same calcium transport mechanisms that 

supports egg-shell deposition in oviparous species (Stewart and Ecay 2010; Stewart, et al. 

2011). Uterine transport of calcium in squamates occurs in specialized shell glands and is 

facilitated by a plasma membrane bound Ca2+- ATPase (PMCA)(Herbert, et al. 2006; 

Herbert, et al. 2010; Thompson, et al. 2007). Pseudemoia entrecasteauxii has altered the 

timing of PMCA expression such that calcium is transported late in pregnancy when it is 

utilized by the embryo for growth (Chapter 3; Herbert et al. 2010).   The utilization of 

calcium transport structures in the uterine tissue of viviparous squamates is an example of a 

placentotrophic trait that is ancestral to the tissues that are derived to form placentae in 

viviparous amniotes. 

The extra-embryonic membranes of oviparous amniotes were capable of producing both 

steroid and peptide hormones (Chapter 5; Albergotti et al. 2009; Cruze et al. 2013; Cruze, et 

al. 2012). The functional significance of hormone production in the embryonic membranes of 

oviparous taxa is not understood. One explanation is that the embryonic membranes produce 
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hormones in response to environmental cues. Signaling of this sort may be necessary to allow 

plasticity in embryonic development and allow for regulation of properties of the egg, such as 

regulation of water transfer across the eggshell in different environmental conditions. 

Whatever the functional significance, hormone production of extra-embryonic membranes 

has been retained in viviparous lineages, where it can facilitate various pregnancy-specific 

functions (Chapter 5). Insulin like growth factor 2 (IGF2) is a peptide hormone that increases 

the growth of tissues and organs (Wolf, et al. 1998). In mammals IGF2 is produced by the 

trophoblast to facilitate placental growth and plays an important role in manipulating nutrient 

transport across placental tissues (Sibley, et al. 2004). The expression of IGF2 in many 

oviparous and viviparous amniotes (Chapter 5), suggests that its expression is ancestral to the 

amniote chorioallantoic membrane. In therian mammals, and potentially other viviparous 

amniotes, conservation of IGF2 expression has resulted in a unique pregnancy-associated 

function of the embryonic placenta. 

Recruitment	–	placental	functions	that	derive	from	

recruitment	of	genes	expressed	elsewhere	in	organisms	

During the evolution of novel complex phenotypes, novel traits can evolve by expressing 

genes typically expressed elsewhere in the organism (Knox and Baker 2008; True and Carroll 

2002). Gene expression recruitment typically occurs to changes in regulatory regions of the 

DNA proximate to the gene (cis-regulatory element) or changes to other genes that regulate 

gene expression (trans-regulatory elements) (Lynch et al. 2008; Wittkopp and Kalay 2012). 

Identifying genes that are recruited to facilitate placental functions, and the processes that 

resulted in their recruitment is fundamental to understanding how new placental functions 

evolve. 
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Transposon mediated changes to gene regulation have been fundamental to the evolution of 

the mammalian reproductive system (Lynch, et al. 2011; Lynch, et al. 2015). Transposons are 

short sequences of DNA that, when transcribed, are capable of copying themselves and 

inserting themselves in another region of the genome (Kidwell and Lisch 2000). Transposons 

can contain their own regulatory elements, and once inserted near other genes they can 

induce the expression of that gene, ultimately resulting in the gene being expressed at times 

when it would not normally be expressed (Feschotte 2008; Feschotte and Pritham 2007). 

Transposons occur in the genomes of most eukaryotes and can be hyper abundant in the 

genomes of squamates and birds (Feschotte 2008; Gilbert, et al. 2011; Kordis 2009). Multiple 

retrotransposon genes are expressed in the uterine tissue of P. entrecasteauxii, but none that 

were identified are up or down-regulated during pregnancy (Chapter 3). The role of 

transposons in the recruitment of placental functions in reptiles is not clear, but transposons 

have been implicated in the evolution of other complex traits in reptiles, including venom and 

tail regeneration (Hutchins, et al. 2014; Ikeda, et al. 2010). Identifying the role of 

retrotransposons in the evolution of placental functions in reptiles should be an area of active 

research as it is likely to be an important mechanism for the evolution of complex novel 

traits.  

In mammals, viviparity evolved by the recruitment of thousands of genes (Lynch et al. 2015). 

Whilst, thousands of genes are significantly up-regulated during pregnancy in skinks 

(Chapter 3), it is not clear if these changes in regulation are due to recruitment of these genes 

to the uterus during pregnancy, or because they exhibit ancestral expression in these tissues. 

Further work is needed to answer this question, but it is interesting to note that largely the 

same amino acid transport proteins are expressed in the trophoblast of humans and are 

upregulated in the uterus of P. entrecasteauxii during pregnancy (Chapter 3). If the 
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expression of these genes in either tissue is the result of gene expression recruitment, then 

convergent gene use suggests that there are constraints on the genes that can be recruited to 

derive novel placental traits. An alternative explanation is that the amino acid transport 

protein genes expressed in both tissues are induced by the expression of a single regulatory 

protein that can be mobilized between embryonic and maternal placental tissues, such as a 

growth factor expressed in the embryonic membrane (Chapter 5). 

The evolution of viviparity in amniotes does not require the recruitment of any single 

hormone or hormone related gene (Chapter 5). However, differences in gene expression show 

that some genes have been recruited to each viviparous lineage, albeit not consistently to 

viviparous lineages. One protein responsible for thyroid hormone metabolism, deiodinase 

iodothyronine type III (DIO3), was recruited to the placental tissues of two matrotrophic 

amniotes (Chapter 5). The functional significance of this gene in the placenta of both taxa is 

yet to be understood, but the encoded protein facilitates the metabolisation of thyroid 

hormones, and the gene is genomically imprinted in eutherian mammals, but not in P. 

entrecasteauxii (Chapter 6; Chan, et al. 2009; Edwards, et al. 2008; Roti, et al. 1981). The 

expression of DIO3 in the placentae of matrotrophic species is an example of how gene 

expression recruitment can facilitate the evolution of novel placental functions in both 

mammals and reptiles. By identifying the cis- and trans-regulatory elements responsible for 

DIO3 expression in matrotrophic and closely related lecithotrophic taxa, it would be possible 

to identify the proximate mechanisms responsible for recruitment of this gene to the placenta. 

Gene	expression	loss	

Whilst the evolution of innovative functions in tissues typically requires a gain in function, 

gene expression is an important process in the evolution of novel phenotypes. The expression 
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of 10 hormone related genes has been lost in matrotrophic amniotes, suggesting that gene loss 

might be important for the evolution of matrotrophy (Chapter 5). The loss of gene expression 

appears to have occurred in the evolution of viviparity in mammals too, where several genes 

responsible for shell production are not expressed in the endometrium of viviparous 

mammals (Lynch et al. 2015). The processes that underpin the loss of gene expression are 

likely to be similar to those that result in the recruitment of expression, changes to cis- and 

trans-regulatory elements (Prud'homme, et al. 2007; Wray 2007). In rats, endometrial 

prolactin expression results in down-regulation of genes that are detrimental to pregnancy 

(Bao, et al. 2007). Gene expression loss is likely to be fundamentally important for the 

evolution of complex phenotypic traits, because the rate of gene expression loss in organisms 

is far higher than the rate of gene expression recruitment (Oakley, et al. 2006). 

Parent	offspring	conflict	and	the	evolution	of	placentotrophy	

Conflict	and	the	origins	of	matrotrophy	

The fundamental assumption of the viviparity-conflict model for the evolution of placental 

innovations is that offspring are capable of manipulating maternal investment in themselves 

(Crespi and Semeniuk 2004). In viviparous amniotes embryonic placental tissues express a 

range of signaling molecules such as growth factors that can potentially alter the physiology 

of maternal tissue (Chapter 5). Understanding how hormone production by embryos could 

manipulate the provision of maternal resources requires an understanding of the mechanisms 

of nutrient transport to embryos across the placenta.    

During pregnancy, the uterus of P. entrecasteauxii increases the expression of many genes 

that encoded nutrient transport proteins, suggesting that mechanisms of nutrient transport to 
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offspring are complex (Chapter 3). Offspring must produce hormones that can regulate the 

expression of these suites of genes for conflict to be the primary driver for the evolution of 

matrotrophy. Whilst I identified the expression of multiple growth factors in the embryonic 

component of the placenta in P. entrecasteauxii, it is unlikely that these genes are sufficient 

to regulate complex mechanisms of transport on their own, because growth factors typically 

induce general growth/development pathways, and are not known to induce the expression of 

novel genes to perform innovative cellular functions (Carter-Su, et al. 1996). Furthermore, it 

is unlikely that these mechanisms of transport could evolve by selection on offspring alone 

and not selection on mothers to optimize the processes of transport.  

The extra-embryonic membranes of P. entrecasteauxii differ from those of eutherians with 

similar placental morphology because they lack mechanisms to invade maternal tissues 

(Chapter 4). Eutherians have ancestrally invasive placentation, which gives embryos greater 

power to manipulate maternal provision of nutrients (Elliot and Crespi 2009; Mess and Carter 

2007; Wildman, et al. 2006). In eutherian mammals, non-invasive placentation (and hence 

mechanisms of histotrophy) may have evolved due to selection on mothers to regain control 

over placental nutrient transfer during pregnancy (Garratt, et al. 2013). In P. entrecasteauxii, 

the extra-embryonic membranes of offspring are not ancestrally invasive (Chapter 4). 

Without ancestrally invasive tissues, parent-offspring conflict does not predict that 

mechanisms of placentotrophy are likely to evolve in response to selection on mothers. 

Together, these results strongly suggest that the evolution of mechanisms for matrotrophy, 

and that matrotrophy itself, must have non-conflict driven selective advantages, i.e. 

advantages that are of mutual benefit to maternal and paternal genomes in offspring.  
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Several alternative hypotheses for the evolution of placentotrophy in vertebrates exist, but 

more data are required to support these models. One explanation is the facultative 

placentotrophy hypothesis, which suggests matrotrophy allows mothers to be plastic in the 

amount of nutrients provided to offspring depending on the availability of resources in the 

environment during reproduction. Although facultative placentotrophy has been documented 

in placentotrophic lizards, food shortage can lead to developmental failure, small offspring, 

and infanticidal cannibalism, which means placentotrophy is likely to only be a successful 

strategy when food is abundant (Pollux and Reznick 2011; Swain and Jones 2000; Van Dyke, 

et al. 2014b). Alternatively, under the life history model, placentotrophy may allow mothers 

to increase reproductive output when food abundance is both high and predictable (Trexler 

and DeAngelis 2003). An assumption of this hypothesis, is that mothers are capable of 

aborting and absorbing resources from inviable offspring (Trexler and DeAngelis 2003). 

Whilst there is limited evidence of maternal recouping of resources in fish, high food 

abundance appears to be necessary in placentotrophic fish and reptiles (Banet and Reznick 

2008; Riesch, et al. 2013; Van Dyke et al. 2014b).  

Conflict	and	obligate	placentotrophy	

Although the nutrient transport mechanisms that support matrotrophy are unlikely to have 

evolved as a result of parent offspring conflict that does not mean that parent offspring 

conflict has not contributed to the evolution of other traits of viviparous taxa. The selective 

pressures that led to the evolution of matrotrophy need not be the same as the pressures that 

drove the evolution of obligate placentotrophy. Given that the embryo is likely to have the 

ability to influence the maternal provision of nutrients, but not complete control over it, the 

role of conflict in the evolution of placentotrophy may be restricted to shifting the reliance 
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from lecithotrophic to placentotrophic nutrition. Under this model, nutrient transport 

mechanisms must first evolve in mothers under a non-conflict associated selection program, 

such as to facilitate facultative nutrient supply to offspring. After placental nutrient transport 

mechanisms have evolved, strategies may evolve in embryos to manipulate maternal nutrient 

transfer. Embryos that are able to gain additional nutrients from mothers through gestation 

are likely to be fitter than siblings that are not (Sinervo 1990). If mothers bear children that 

are capable of taking more nutrients than is in the interest of her life time reproductive 

success, then selection will act to decrease the supply of nutrient to offspring through the 

reproductive cycle. Selection may then act on mothers to either decrease placental transport 

of nutrients or decrease the size of eggs at ovulation. In lineages with the highest mass of 

nutrient transport (eutherian mammals and Mabuya sp.) mothers ovulate microlecithal eggs 

with very limited yolk resources (Ramírez-Pinilla, 2006). Furthermore, in the lizard genus 

Pseudemoia, species with increasing placental transport rates correlate with decreasing size 

of eggs at ovulation (Thompson et al. 2000). Combined this evidence supports the idea that 

the evolution of placentotrophy has occurred concurrently with a decrease in ovulated yolk 

mass. 

With smaller eggs being ovulated, it is easy to see how iterative adaptations for embryonic 

mechanisms to increase nutrient transfer and selection on mothers to decrease the size of eggs 

at ovulation would result in a shift from lecithotrophic to matrotrophic nutrition. This model 

makes two assumptions, first that embryos are capable of altering the rate of nutrient transfer 

across the placenta in maternal tissue and secondly that the size of eggs at ovulation is both 

variable and heritable. Once mechanisms of nutrient transport have evolved, the embryo may 

have the capability of manipulating the activity of placental transporters. The embryo could 

further manipulate the size and surface area for transport by increasing the folding of the 
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chorioallantoic membrane, and the production of hormones/growth factors may increase 

expression of transporters in the mother. Finally, the embryo could increase the 

vascularization of the uterine tissue by the production of angiogenic factors that can be 

transferred to uterine tissue and promote blood vessel growth and development.  

I propose that regulation of angiogenesis is an important mechanism by which embryos can 

manipulate the capacity for transport of the placenta. The assumptions of this model requires 

that embryos are capable of regulating angiogenesis in the uterine tissue of mothers, and that 

increasing angiogenesis can result in changes to nutrient transport capacity. Reptile embryos 

can manipulate uterine angiogenesis because embryonic signaling contributes to increased 

vascular development in the uterus of the viviparous skink Eulamprus quoyii (Murphy, et al. 

2010b).  Furthermore, production of angiogenic factors is ancestral to the embryonic 

membranes of amniotes (Chapter 5; Murphy, et al. 2010a; Whittington, et al. 2015), 

suggesting that the capacity for embryos to induce angiogenesis in maternal tissues is 

widespread in viviparous amniotes. Increasing angiogenesis without mechanisms for nutrient 

transport is not sufficient to increase nutrient transfer across the placenta through pregnancy, 

because variability in uterine blood vessel density exists in lecithotrophic species without 

observable placentotrophy (Murphy, et al. 2012; Thompson, et al. 2000). However, in species 

with mechanisms for transport in place, increased vascularization could result in increased 

rate of transfer because it increases the rate of supply of nutrients to the uterus. An analogous 

mechanism for increased nutrient supply happens in cancers (Vaupel, et al. 1989). Cancer 

cells actively secrete angiogenic factors such as VEGF into their micro-environment to 

increase vascular development around the tumor site (Carmeliet 2005; Folkman 2002). A 

range of drugs have been identified to either inhibit or promote angiogenesis in tissues 

through research to fight angiogenesis in cancer (Carmeliet and Jain 2000). The use of these 
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drugs in the uterus of placentotrophic reptiles provide a way to experimentally test if changes 

in angiogenesis alter the rates of nutrient transfer across the placenta. 

The second assumption of the conflict model for the evolution of obligate placentotrophy is 

that heritable variation in egg size existed to be selected on. Geographic variation in egg size 

at ovulation has been identified in lizards including Takydromus septentrionalis and Uta 

stansburiana under common garden experiments (Du, et al. 2005; Sinervo and Licht 1991), 

suggesting that size of eggs at ovulation is variable and probably genetically controlled. 

Pseudemoia is a genus of Australian skinks that exhibits varying degrees of placentotrophy 

and differences in the size of eggs at ovulation among its species (Haines, et al. 2014; Stewart 

and Thompson 1993; Thompson, et al. 1999a; Thompson, et al. 1999b); given that size of 

eggs at ovulation is species-specific, it is likely to be a trait with a genetic basis.  

Since the assumptions of the conflict model for the evolution of obligate placentotrophy hold, 

I argue that the hypothesis needs further investigation as a model for understanding why taxa 

shift from a lecithotrophic to matrotrophic nutrient provisioning strategy. In particular, 

further work is needed to identify to what degree embryonic manipulation of maternal tissues 

can increase the rate of nutrient transport across the placenta through pregnancy.  

Concluding	remarks	

Discussion of reptilian placentation in the context of mammalian pregnancy is important for 

cross taxa comparisons that seek to understand how placental traits evolve broadly and is 

essential for understanding what reptilian viviparity can tell us about the evolution of 

pregnancy and placentation in amniotes generally. I have made major advances in our 

understanding of the genetics and evolution of pregnancy in reptiles, by generating and 
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annotating the first transcriptome of the most widely studied viviparous and placentotrophic 

reptile, Pseudemoia entrecasteauxii. I used whole transcriptome sequencing to describe the 

gene expression profiles of embryonic and maternal placental tissues. My focus on genes that 

are important for key placental functions, such as embryonic signaling during pregnancy and 

the mechanisms by which these functions evolved at the genetic level, provide a significant 

advanced our understanding of the genetic mechanisms of complex trait evolution.  I provide 

strong evidence that placental functions in mammals and reptiles have evolved by the same 

genetic mechanisms, i.e. utilization of ancestrally expressed genes, and recruiting the 

expression of genes to perform novel placental functions. Furthermore, I show that the 

mechanisms that facilitate placental amino acid transport in the reptile uterus significantly 

overlap with those used by the human trophoblast. This provides the first evidence that the 

evolution of complex traits do not occur by the random recruitment of functionally equivalent 

genes, but instead other processes result in the recruitment of the same specific genes. That 

the same genes facilitate placental functions in independently derived placental structures in 

lineages that shared a common ancestor more than 300 million years ago suggests that, if 

time was rewound and replayed even hundreds of millions of years, we would expect the 

same complex structures of vertebrates to evolve predictably. 

Genomic imprinting has been central to debates regarding the role of parent offspring conflict 

in the evolution of placentation, as it is correlated with the evolution of viviparity in 

mammals and plants. I provide the first evidence that genomic imprinting is not essential for 

the evolution of placentotrophy in organisms as it is not present in all candidate genes in a 

placentotrophic reptile. This finding resolves the debate regarding the role of genomic 

imprinting as a driving force in the evolution of substantial matrotrophy, and suggests that 

instead imprinting is best understood as an outcome of conflict between genes of maternal 
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and paternal origin in viviparous organisms. Once matrotrophy and imprinted genes are both 

present, the imprinted genes may have an important role in the evolution of placental 

innovations. 

The central assumption to the parent-offspring conflict hypothesis for the evolution of 

placental functions is that embryos are capable of manipulating how mothers provide 

resources to themselves. Evidence for mechanisms of embryonic control over resource 

provisioning has been lacking outside of mammalian studies, primarily because of a lack of 

research on the signaling processes occurring in the placental tissues of reptiles. In this thesis 

I identify a suite of embryonically produced hormones and growth factors, providing the first 

evidence for mechanisms of embryonic regulation of the placenta.  

This thesis allows us to conclude that parent offspring conflict is a poor explanation for the 

evolution of mechanism of placental nutrient transport, but a potentially good explanation for 

a shift from lecithotrophic to placentotrophic nutrition. The parent-offspring conflict 

hypothesis for the evolution of obligate placentotrophy is a new explanation for why obligate 

placentotrophy evolves that can be tested broadly across animals. The identification of 

hormones expressed in placental tissues provides the foundations for future research to test 

the parent-offspring conflict hypothesis for the evolution of obligate placentotrophy, which 

will allow us to understand why different reproductive strategies evolve in organisms.  
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