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Abstract:  

All amniotes reproduce either by egg-laying (oviparity), which is ancestral to vertebrates, or 

by live-bearing (viviparity), which has evolved many times independently. However, the 

genetic basis of these parity modes has never been resolved and consequently its convergence 

across evolutionary scales is currently unknown. Here we leveraged natural hybridisations 

between oviparous and viviparous common lizards (Zootoca vivipara) to describe the 

functional genes and genetic architecture of parity mode and its key traits, eggshell and 

gestation length, and compared our findings across vertebrates. In these lizards, parity trait 

genes were associated with progesterone-binding functions and enriched for tissue 

remodelling and immune system pathways. Viviparity involved more genes and complex 

gene networks than did oviparity. Angiogenesis, vascular endothelial growth, and 

adrenoreceptor pathways were enriched in the viviparous female reproductive tissue, while 

pathways for transforming growth factor were enriched in the oviparous. Natural selection on 

these parity mode genes was evident genome-wide. Our comparison to seven independent 

origins of viviparity in mammals, squamates, and fish showed that genes active in pregnancy 

were related to immunity, tissue remodelling, and blood vessel generation. Therefore, our 

results suggest that pre-established regulatory networks are repeatedly recruited for viviparity 

and that these are shared at deep evolutionary scales.  
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Whether offspring hatch from calcified eggs after a period of external incubation (oviparity) 

or emerge from the mother via live birth (viviparity) is a fundamental and dichotomous 

reproductive strategy with wide-ranging consequences for amniote ecology, development, 

physiology and evolution1–4. The difference between these parity modes is complex; 

however, major transitions from oviparity to viviparity have evolved repeatedly2,3. All birds, 

most reptiles, and a few mammals retain the ancestral state of oviparity, while nearly all 

mammals and ~20% of reptiles are viviparous2. Mammals transitioned to viviparity once, 

while squamate reptiles have independently transitioned perhaps more than 115 times2,5. 

Amniote viviparity differs in the type and extent of maternal provisioning, ranging from 

simple (nourished by yolk: lecithotrophy) to complex (nourished through placenta: 

placentotrophy)1,2,4,6. Nonetheless, the reproductive physiology, neuroendocrine, and 

developmental pathways regulating viviparous reproduction are thought to involve 

structurally homologous tissues among amniotes1,7–10. Gathering evidence to test this 

hypothesis has been impeded by the deep evolutionary divergences between oviparous–

viviparous sister taxa, which obscure inference and preclude crossing experiments. First 

attempts to circumvent this issue have been implemented using differential gene expression 

between oviparous–viviparous sister taxa9,10, yet the genetic basis of parity mode has not 

been resolved for any animal3,4,11. 

Major adjustments of maternal traits related to embryo development are necessary for 

the transition from oviparity to viviparity, including i) an increase in the internal gestation 

time, to the point where the embryo is fully developed prior to parturition, and ii) the loss of a 

calcified eggshell12. Simultaneously, changes are necessary for the mother and for the healthy 

development of the embryo1,7, such as an active physiological exchange of gas, water and 

calcium and an adjusted immune response for maternal–foetal communication1,13, which is 

facilitated by uterine angiogenesis and membrane vascularisation1,7. Advanced evolutionary 
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stages of viviparity often involve more complex placentation, with enhanced nutritional 

transfer from mother to foetus1,2,6. To prevent abortion and promote foetal development, the 

mother’s immune response may be modified, for example, via the down-regulation of pro-

inflammatory cytokines1. However, the similarity in immune response during pregnancy 

across viviparous squamates remains poorly investigated and inconclusive at this point1. 

These developmental and physiological changes necessitate coordinated integration, making 

the transition a step change; intermediate phenotypes are considered a fitness valley, and 

most species are fixed for oviparity or viviparity14. 

Here, we identify the functional genomic architecture of alterative parity modes—

oviparity and viviparity—in an exceptional natural model. The Eurasian common lizard 

(Zootoca vivipara) is viviparous across the majority of its distribution and some southern 

populations are oviparous15. Oviparity is its ancestral state and the viviparous lineages 

represent one of the youngest transition to viviparity in amniotes16. Viviparity is at an early 

evolutionary stage in these live-bearing lineages, with no or very limited nutritional transfer 

from the mother to the embryo4,17. In this reproductively bimodal species, alternative parity 

modes are genetically fixed but can interbreed15,18,19. These lizards are therefore uniquely 

informative to genetically map the bases of these parity modes, demonstrate the functional 

genetic mechanisms and targets of natural selection, and thereby infer the molecular 

underpinnings of egg-laying and live-bearing. 

 

Egg-laying and live-bearing lizards hybridise 

We intensively sampled a contact zone between oviparous and viviparous common lizards 

with a divergence time of ~4 Mya20 where hybridisation had been speculated18,21 (Extended 

Data Fig. 1). We quantified the parity mode traits for pregnant females and their clutches (N 



 5 

= 606): i) embryonic stage at oviposition/parturition, ii) number of days a clutch was 

externally incubated, iii) calcium content (% Ca) within eggshells/membranes and iv) 

eggshell/membrane thickness. In addition, we genotyped adults (using ddRADSeq15), 

resulting in 80,696 genome-mapped22 polymorphic loci (N = 831, including the phenotyped 

females). 

Oviparous and viviparous clutches differed substantially. Eggs from oviparous 

females had a thick shell (49.8 ± 0.8 µm) covered with a dense layer of calcium crystals (25.4 

± 1.3% Ca), encircling embryos laid at an early developmental stage (stage 31.1 ± 0.1) 

requiring extended external incubation (35 ± 0.2 days) (Figs. 1A–1D) before they hatched at 

full development (neonate). Conversely, offspring from viviparous females were delivered 

fully developed (neonate), surrounded by a thin uncalcified membrane (4.2 ± 0.1 µm; 1.6 ± 

0.6% Ca), which they emerged from within a short time (1.9 ± 0.1 days) (Figs. 1R–1U) 

(Extended Data Fig. 2). These phenotyping results are as expected given previous work on 

gestation time and eggshell traits in common lizards17,23.  

Despite these dramatic differences in reproduction traits, phenotypic and genotypic 

data revealed oviparous–viviparous hybrids. We found that 14.0% of adults inherited at least 

10% of their genome from the alternative parity mode and that 6.1% of adults were first-

generation (F1) hybrids (Fig. 1V). F1 hybrid females (45–55% genomic admixture) were 

intermediate between viviparous and oviparous characteristics with respect to eggshell 

thickness (mean: 26.7 ± 2.3 µm; 13.0 ± 2.9% Ca), gestation time (mean: 25.8 ± 1.4 days) and 

developmental stage at oviposition (mean: stage 33.9 ± 0.4) (Figs. 1J–1M and 1V). 

Therefore, here we here provided definitive evidence of contemporary natural hybridisation 

in the wild between oviparous and viviparous lizards. 
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The genetic bases of the parity modes 

This striking hybridisation between parity modes presents a natural genetic crossing 

experiment for determining the genetic architectures of oviparity and viviparity. Using 

genotypic and phenotypic data from females (N = 458; 80,696 single nucleotide 

polymorphisms [SNPs]), we performed admixture mapping on two essential reproductive 

traits, i) the gestation time (a score combining the number of external incubation days and the 

embryonic stage at oviposition/parturition per clutch) and ii) the eggshell traits (a score 

calculated from the eggshell/membrane thickness and calcium content), using linear mixed 

models (Extended Data Figs. 2 and 3). To identify relevant genes and biological processes, 

we estimated the chromosome-wide linkage disequilibrium (LD) decay from a whole genome 

resequencing dataset (N = 65 admixed females; mean genome coverage 4.1× each) 

(Supplementary Data 1). Genes within the same chromosome-specific LD-window as the 

SNPs associated with gestation time and/or eggshell traits (Extended Data Fig. 4) were 

considered candidate genes. 

We found that eggshell traits and gestation time were both genetically determined and 

that our experiment had the ability to resolve these traits with high resolution, even in this 

complex natural population. The phenotypic variance explained by the genotype data was 

very high: gestation time = 0.97 (95% CI = 0.96–0.98) and eggshell traits = 0.98 (95% CI = 

0.96–0.98) (Supplementary Table 1). Genome-wide, 221 genetic variants (488 genes) were 

significantly associated with reproductive traits (adjusted P < 0.01). More genetic variants 

were associated with the gestation time (210 SNPs, 439 candidate genes) than with the 

eggshell traits (17 SNPs, 38 genes), indicating that the genetic basis of embryo retention is 

more complex than that of the eggshell traits (Supplementary Data 2). From the 17 SNPs 

associated with eggshell traits, an excess was shared with gestation time (6 when the 

expected shared SNPs by chance is 0.05; P < 0.0001; 11 genes). These SNPs were located 
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within a locus on chromosome 7 (two SNPs within 100 bp) and within a locus on 

chromosome 3 (two SNPs within 100 bp), and two SNPs were located on unplaced scaffolds. 

The candidate genes (465 genes) were significantly enriched for eight pathways, including 

the immune system response (Fas signalling and T-cell activation) and tissue remodelling 

(the cadherin signalling pathway) (Supplementary Table 2). 

For gestation time, significant associations were found on most chromosomes (total 

accumulated span of 41.2 Mb; Supplementary Data 2; Extended Data Fig. 5), with an excess 

on chromosome 8 (64 significant SNPs; total span of 19.4 Mb) (Fig. 2a). The candidate genes 

were significantly enriched (P < 0.01) for processes associated with cell growth, proliferation 

and death (Supplementary Table 3), indicative of tissue remodelling. The three SNPs most 

highly associated with gestation time were found close to the LYPLA1 (chr. 7), PGRMC1 

(chr. 8), and SOCS2 (chr. 14) genes, all of which have reproductive relevance. LYPLA1 has 

been previously associated with pregnancy in mammals24. PGRMC1 is a progesterone-

binding membrane receptor protein highly expressed in mammalian placentae25. Progesterone 

levels are essential for embryonic implantation in the uterus and control development and 

ultimately parturition of the fetus12,26–28, and the introgression of Neanderthal variants into 

modern humans is associated with higher fertility29. SOCS proteins are negative regulators of 

pro-inflammatory cytokines and therefore modulate the maternal immune response during 

pregnancy30. 

For eggshell traits, significant associations were found on chromosomes 1, 2, 3, 7, 10, 

11, and 14 (total span of 3.3 Mb; Supplementary Data 2; Extended Data Fig. 5) (Fig. 2b). 

Genes were significantly enriched (P < 0.01) for processes related to cell communication and 

the immune system (Supplementary Table 4). The three loci that showed the strongest 

associations with eggshell traits mapped closely to the LGMN (chr. 3), LYPLA1 (chr. 7) and 

CRTC1 (chr. 2) genes. These genes have clear functional relevance for amniote reproduction. 
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LGMN is upregulated in placenta and uterine tissues8,31 and is associated with the cadherin 

pathway, which establishes the interconnectivity between the maternal–foetal membranes1, 

and LYPLA1 plays a role in mammalian pregnancy24 and was highly associated with 

gestation traits in our study. CRTC1 is a transcription coactivator involved in calcium 

augmentation32 and fertility in mice33 and has been correlated with egg productivity in 

birds34. 

 

Developmental pathways regulating the parity modes 

We compared gene expression between functional reproductive tissue (glandular uterus) from 

female oviparous and viviparous common lizards during reproductive (early pregnancy and 

mid-pregnancy) and post-reproductive (after oviposition/parturition) time periods using 

RNAseq (Supplementary Table 5) (N = 17). Early pregnancy represents the period when 

oviparous and viviparous females have completed vitellogenesis and started ovulation. 

Meanwhile, at mid-pregnancy, ovulation is completed and, in oviparous females, the eggshell 

is formed35. We found 2,610 genes that were significantly differentially expressed (DE) 

between the parity modes at reproductive stages (early and/or mid pregnancy) but not post 

pregnancy (Extended Data Fig. 6) (Fig. 3a). These differentially expressed genes were 

functionally involved in 10 enriched biological pathways, including significant enrichment (P 

< 0.05) for apoptosis signalling and the Parkinson disease pathway (Supplementary Table 6). 

We speculate that the former may regulate the tissue remodelling occurring at the interphase 

of the embryonic membranes and uterine tissue and that the latter includes genes involved in 

vesicular transport, for example in the exchange of inorganic molecules36. While viviparous 

common lizards mainly provide embryonic nutrition via the yolk and do not generate 

complex placental structures, exchange of inorganic molecules between mother and embryo 

has been shown37. Moreover, we found a total of 507 genes differentially expressed after 
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pregnancy and these potentially reflect fundamental differences between phylogeographic 

lineages or in uterine structure or activity between parity modes. These genes were enriched 

for cell regulation, extracellular matrix organisation, blood plasma regulation, and immune 

response (Supplementary Table 6). 

We found a significant relationship between gene expression at reproductive stages 

and the genes inferred from genetic mapping of the parity mode traits (more overlap than 

expected by chance; 98 out of 488 candidate genes were also differentially expressed; P < 

0.0001) (Fig. 3b). This included LYPLA1, which was a top candidate from genetic mapping 

that was downregulated in the viviparous uterine tissue. Further, genome-wide p-values for 

differential expression at reproductive stages were correlated with genome-wide 

differentiation (FST) (estimate = −0.034; P = 0.017), indicating that differentially expressed 

genes were more likely to be located in genomic regions with higher genetic differentiation 

between the parity modes (see below). 

Three gene co-expression modules were associated with parity mode (FDR < 0.05). 

Significantly enriched pathways associated with the two modules overexpressed in the 

viviparous uterine tissue (total genes = 1,245) included angiogenesis, the vascular endothelial 

growth factor signalling pathway, and the Beta 1 and 2 adrenergic receptor signalling 

pathways (Supplementary Table 7). The module overexpressed in the oviparous uterine tissue 

(total genes = 203) was significantly enriched for the transforming growth factor beta 

signalling pathway (Supplementary Table 7), which regulates growth and cell proliferation38. 

This is consistent with both viviparous and oviparous uterine tissues undergoing changes 

during pregnancy; the oviparous experiences more growth35, while the viviparous increases 

vascularization and potentially maternofoetal communication, for example to provide gas 

exchange and facilitate embryonic retention12,35. These changes involve more genes and 

pathways in viviparous reproductive tissue than in oviparous tissue. 
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To pinpoint key regulators, we conducted a hub gene search based on the three co-

expression modules associated with parity mode. We identified a total of 64 (51 annotated) 

differentially expressed, highly connected hub genes (Supplementary Materials and Methods; 

Supplementary Data 3), which were significantly enriched for biological processes associated 

with cellular structure and extracellular communication, such as the establishment of cell 

polarity, epithelium development, and biological adhesion (Supplementary Table 8). Four 

hub genes overlapped with our candidate genes identified from the genetic mapping, which is 

more than expected by chance (3.2× fold enrichment; P = 0.036), two of which (RAPGEF2 

and RHOG) were located on chromosome 8. RAPGEF genes are key regulators of cell 

adhesion, secretion, proliferation, and differentiation39,40 and blood formation in 

extraembryonic membranes41. RHOG is involved in cell migration42. The other two genes 

were MAP1A (chr. 11), a protein involved in microtubule formation43 implicating a potential 

role in vesicular transport, and KANK3 (chr. 2). KANK genes are co-opted for vertebrate 

vascular development44, which might be related to the vascularization of uterine tissue 

required for viviparity. Therefore, the functional genetic regulation of tissues involved in 

alternative reproductive modes identified here has confirmed roles in vertebrate reproduction, 

and is underpinned by some of the same genes inferred from our admixture mapping analysis. 

 

Divergent selection between oviparous and viviparous lineages 

Having identified relevant heritable genetic variations, we aimed to infer the loci under 

divergent selection between the oviparous and viviparous lineages by applying an evaluation 

based on principal component analysis (PCAdapt approach)45 on females and males (N = 717 

adults from the sample locality, ranging from pure oviparous to pure viviparous and 

including hybrids, for 83,696 SNPs). This made it possible to explore the relationship 

between the functional genes identified from admixture mapping and the genome-wide 
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response to selection while holding the environment constant, which is shared at this site. In 

total, 1,050 SNPs showed significant signals of response to selection (q < 0.01) and these 

SNPs were distributed across the genome (Extended Data Fig. 7). We found a significant 

overlap of SNPs under selection between oviparous and viviparous populations and SNPs 

associated with the female reproductive traits from the admixture mapping (N = 67, 30.3% 

SNPs shared).  

Using our LD-decay approach (Extended Data Fig. 4), we identified 1,621 candidate 

genes under divergent selection between the oviparous and viviparous lineages. A functional 

link was also apparent from the significant overlap (N = 312 overlapping genes) between the 

genes differentially expressed in uterine tissue and the genes under selection (7.8% of genes 

shared; P < 0.0001). Highly enriched pathways for genes under selection included immune 

system response genes (Fas signalling; P = 0.05), blood formation and vascularisation 

(angiogenesis), and tissue remodelling (the cadherin signalling pathway and epidermal 

growth factor receptor signalling pathway) (Supplementary Table 9). Five of the top 10 most 

enriched pathways that showed genes with a response to selection were also enriched for 

genes associated with parity mode (Supplementary Tables 2 and 9). This indicates that a large 

fraction of the genes under selection are functionally relevant for the alternative parity 

modes. 

Genomic regions showing a response to selection as inferred by PCAdapt (q > 0.01) 

had high levels of differentiation (FST) between parity modes, while nucleotide diversity 

within parity modes was low in these regions (Extended Data Fig. 7). Significant correlation 

of the selection scores with the divergence between parity modes (Extended Data Fig. 8a), 

the high overall diversity (Extended Data Fig. 8b), and the low nucleotide diversity within the 

parity modes (Extended Data Figs. 8c, d) suggests that these regions are not only under 

divergent selection between parity modes but also under directional selection within parity 
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modes, potentially because they contain crucial genes controlling reproductive traits. While 

most SNPs associated with gestation time in the admixture mapping analyses had high 

selection scores and high FST and were fixed, or nearly fixed, between parity modes (N = 60), 

another set of SNPs (N = 23 SNPs) had lower selection scores and low FST (below 0.5; Fig. 

4a). Most of these SNPs (total N = 19 out of 23 SNPs) were located on a sex-linked region, 

chromosome 8 (Fig. 3; Extended Data Fig. 7e). Because females are heterogametic and 

therefore only carry a single copy of an allele on the female sex chromosome, FST differences 

are generally lower on this chromosome46. Moreover, an autosome and the W sex 

chromosome have fused in the evolutionary history of viviparous common lizards, resulting 

in a larger W chromosome in some viviparous lineages than in the ancestral oviparous 

lineage47. Sex-linked genes can lead to rapid evolutionary change due to the restriction of 

recombination48. This prompts the interesting and open question of whether sex chromosome 

evolution may be linked to parity mode evolution. In summary, we found a large proportion 

of genes showing selection signals between the two parity modes, of which many were 

associated with pathways in vertebrate reproduction as well as other potential adaptive 

responses. 

 

Shared genetic and developmental programs of viviparity across vertebrates 

Having shown the functional genomic mechanisms of ancestral oviparous and derived 

viviparous parity modes in common lizards, we aimed to describe the extent that these 

molecular pathways are shared more broadly. Using available published data (Supplementary 

Material and Methods), we compiled two databases: i) genes differentially expressed in the 

uterine tissue between squamate oviparous–viviparous sister lineages that diverged <30 

Mya20,49 (N = 3 squamate genera) and ii) genes differentially expressed in the uterine tissue 

of viviparous vertebrates during pregnancy compared to during non-pregnancy stages (N = 
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11, spanning five squamate families/subfamilies, five orders of mammals [even-toed and 

odd-toed ungulates, carnivores, marsupials, and primates], and seahorse, in which embryos 

are incubated in the father’s pouch instead of the mother’s uterine tract50,51). Across lineages, 

we explored the overlap of the genes that were significantly differentially expressed in those 

published studies. Gene symbols of the significantly expressed genes were extracted from 

each study and these lists of gene symbols were then compared across studies. Due to the 

inherent experimental differences across that breadth of studies (i.e. variation in stages and 

tissues analysed, exclusion of novel lineage-specific variation), our statistical analyses will be 

an underestimate and our results are primarily descriptive and comparative. 

We found that the genes differentially expressed across three evolutionarily 

independent transitions from oviparity to viviparity in squamates overlapped considerably. A 

total of 166 (out of 3,039) genes were shared across two transitions; the overlap between 

common lizards and agamid lizards was high (N = 99 genes; in a statistical framework the 

exact t-test P < 0.001), while the other two comparisons were not (Supplementary Table 10) 

(Fig. 5a). Even though these are deeply divergent squamate lineages (with shared origins 

~180 Mya), we found that eight genes were shared across all three oviparous–viviparous 

comparisons (exact t-test: P < 0.001; Supplementary Table 10) (Fig. 5a). 

Comparing pregnant and non-pregnant states for viviparous squamates, we found that 

the differentially expressed (DE) gene sets overlapped highly across most species (22 out of 

26 species comparisons had more overlapping DE genes than expected by chance; 

Supplementary Table 11). Across all squamates and the 9,057 genes involved, one gene 

(CDH5) was shared between all five groups and another 31 genes were shared across four 

groups (Supplementary Table 12). Sharing was higher in viviparous mammals, especially 

when accounting for phylogenetic relatedness (Supplementary Data 4), and all gene set 

comparisons between species overlapped more than expected by chance (Extended Data Fig. 
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10; Supplementary Table 13). For example, out of 8,509 differentially expressed genes we 

assessed, five genes were shared across all five mammalian orders and 41 genes were shared 

by four orders (Supplementary Table 14). These genes could be considered a core 

developmental gene set for regulating uterine tissue functionality and pregnancy in mammals 

because they are enriched for the biological processes of the morphogenesis of a branching 

structure, regulation of vascular development, and urogenital system development 

(Supplementary Table 15). The high degree of sharing across viviparous mammals can be 

explained because viviparity arose once in the common ancestor of therian mammals ~160 

Mya52. Conversely, the viviparous squamates included here represent five independent 

transitions to viviparity from oviparous ancestors and between 4 Mya and 67 Mya49. As a 

consequence, the overlap we identified reveals marked convergence in the developmental 

genes recruited for the evolution of viviparity in squamates (Supplementary Table 11) (Fig. 

5b).  

We explored the gene set overlap more broadly and found substantial sharing of 

differentially expressed genes across a breadth of viviparous vertebrates: mammals, 

squamates, and seahorses. The ten largest gene sets (i.e. those with the most shared genes) for 

pregnancy all consisted of viviparous mammals and viviparous squamates (Fig. 5c). More 

broadly, at least one squamate and one mammal were involved in the gene sets significantly 

shared by at least three species (85 of the 132 [64.4%] possible combinations), revealing 

considerable sharing across divergent amniote groups (Supplementary Data 5). In all 

instances, the anamniote representative, seahorse, showed the lowest proportion of significant 

overlaps with gene lists from other viviparous vertebrates (intersections that show significant 

gene list overlaps across groups: mammals: 42.3% [588 out of 1391], squamates: 40.0% [565 

out of 1414], seahorse: 15.2% [135 out of 888]) (Fig. 5c). Seahorses and amniotes do not 

share homologous reproductive tissues to accommodate pregnancy; in seahorses, the male 
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develops a ‘brood pouch’, which performs functionally analogous tasks to the uterine tissue 

in female amniotes50. Nonetheless, a relatively high number of genes were also shared 

between seahorses and amniotes (227 out of the 311 genes shared with at least one other 

group; Supplementary Data 5). Overall, we find the strongest convergence in pregnancy 

genes across amniotes and a lesser overlap across vertebrates (Supplementary Data 4 and 5). 

Gene overlap was generally higher if viviparous species shared a more recent common 

ancestor and if more parity mode transitions and species were included in the analysis 

(Supplementary Table 16).  

 

 

Discussion 

Here we provided experimental evidence for the functional genetic architecture of parity 

mode by leveraging natural hybridisations and comparison of oviparous and viviparous 

lizards. Viviparity has evolved from oviparity repeatedly across vertebrates53 but the 

molecular mechanisms and functional consequences have been challenging to infer. In this 

squamate model, several lines of evidence suggest that eggshell characteristics are under 

simpler genetic control than the gestation time. Because different reproductive traits have 

different genetic architecture, we suggest that this may directly impact the likelihood and 

mechanism of transitions from oviparity to viviparity. Specifically, our findings suggest a 

strong polygenic genetic basis for parity mode, compatible with the widespread uni-

directionality of the transition to viviparity and the genetic and phenotypic impediments to 

reversal10,54,55. Our results also suggest that the speed of evolution may differ between 

gestation time and eggshell traits12; eggshell has a simpler genetic basis that presumably 

enables more rapid evolution. However, while gestation time is more complex, sex 

chromosome linkage evolution may have facilitated and increased the speed of evolutionary 
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change for gestation time. Our results also show that parity mode genes are under strong 

divergent selection. The combination of strong selection and sex-linkage can therefore act as 

accelerants for the evolution of viviparity, contributing to a lack of intermediate forms in 

nature. Future work is required to identify the minimal genetic differences determining the 

parity mode, the genetic basis of components of traits within parity modes, and to recapitulate 

its evolutionary steps. For example, it would be intriguing to examine if the genetic 

architecture of parity mode traits is similar in a different oviparous common lizard lineage 

that presumably re-evolved oviparity15.   

Our comparative assessment of vertebrate reproduction genes suggests that the 

functional genetic architectures inferred from this common lizard natural model are 

potentially broadly relevant. First, there was high overlap between the genes that were 

consistently differentially expressed in uterine tissues across divergent viviparous vertebrates 

(≥2 species) and the genes identified in our common lizard genetic mapping experiment (208 

out of 488 candidate genes from genetic mapping; overlapping more than expected by 

chance). In relative terms, the highest proportion of gene sharing was found across amniotes: 

the relative proportion of shared genes increased as we compared more species that 

independently evolved viviparity, suggesting that a core set of genes active in pregnancy is 

deeply shared across amniotes (Supplementary Data 4; Supplementary Table 16). Of the 38 

candidate genes that also showed overlapping differential expression across at least four 

viviparous vertebrates, the most commonly shared genes were ASAH1, PLP1, SLC22A23, 

and EPAS1 (Supplementary Data 6 and 7). These genes act in transmembrane transport 

(PLP1 and SLC22A23), cell differentiation (ASAH1), and vascularisation (EPAS1) and are 

involved in the establishment of pregnancy, immune response and preeclampsia1,56,57. 

Cadherins were found to be involved in the genetic basis of the eggshell traits and showed 

molecular signals of response to selection, and CDH5 was the only gene differentially 
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expressed in all pregnant squamates we compared; cadherins are calcium-dependent cell 

adhesion proteins known to be key regulators of reproductive tissues58.  Other strongly 

implicated candidate genes extensively shared across viviparous vertebrates included LYN, 

LYPLA1, LGMN, and KANK3 (Supplementary Data 6 and 7).  

Second, of the 51 annotated hub genes we found that differed between oviparous and 

viviparous common lizards, 32 were differentially expressed in at least two other viviparous 

vertebrates (1.95× enrichment, P < 0.001). Three of these genes, RAPGEF2, RHOG, and 

KANK3, were also functional candidates that we inferred from genetic mapping. RAPGEF 

genes are relevant for blood formation in extraembryonic membranes41,59, and each of the 

seven genes in the family (RAPGEF1-6, RAPGEFL1) was differentially expressed during 

pregnancy in at least two viviparous species in our comparative analysis of gene sets, 

indicating that this gene family is crucial for live-bearing reproduction. RHOG is a gene 

involved in cell migration42 that we found differentially expressed in four viviparous 

squamates and mammals. KANK genes are key in vertebrate vascular development44 and we 

speculate that they may play a role in the well-vascularized uterine tissue required for 

viviparity in squamates and mammals. Altogether, our results show that similar 

developmental pathways controlling viviparous reproduction have evolved repeatedly across 

vertebrates. The notable level of convergence that we inferred suggests that pre-established 

regulatory networks are used7 and that these networks are often related to immunity, tissue 

remodelling, and blood vessel generation. Given that fish, mammals, and squamates have 

independently evolved viviparity over the past ~450 million years60, this implies that similar 

functional genes are recruited repeatedly during the evolution of viviparity. To test whether 

similar genetic architectures have also evolved repeatedly, the genetic basis of parity mode 

should be investigated in other amniotes and compared to the results reported here. With 
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more systems evaluated, this may also allow for the molecular comparison of different types 

of viviparity, i.e. varying degrees of placentation.  

The evolution of key innovations, such as live-bearing reproduction, eyes, scales, and 

feathers, offer unprecedented possibilities to exploit new ecological niches and are associated 

with exceptional diversification44. Viviparity is associated with increased speciation rates, 

more complex parental behaviour, and ecological niche expansion1,2,45. Our study shows how 

this ecological and evolutionary innovation could be underpinned by a trait-specific genomic 

architecture of retention time and eggshell characteristics, involving particular and deeply 

shared genes and pathways, either retained and re-used or convergently evolved. We 

speculate that other origins of viviparity and differences from oviparity will involve similar 

key pathways, controlled by some common functional genes, coordinated in a modular, trait-

specific fashion. 

 

Methods 

Biological samples: Adult common lizards were sampled April-August 2014–2017 in 

Carinthia, Austria15,21 under collection permit	no. HE3-NS-959/2013 (for detailed methods, see 

Supplementary). Pregnant females were housed individually in terraria (following61) and 

phenotyped (N = 480) for parity mode: i) number of external incubation days after parition, 

ii) embryonic stage at parition, iii) eggshell thickness and iv) calcium content in eggshells 

(Supplementary Data 8). A small subset of females was sampled for glandular uterus tissue, 

which was stored immediately in RNAlater for subsequent RNA extraction (Supplementary 

Table 5; Extended Data Fig. 6). Clutches were weighed, staged, and measured for hatching 

time and success. 

Eggshell/membrane thickness was measured by scanning electron microscopy (SEM). 

Calcium composition of eggshell was measured by energy-dispersive X-ray spectroscopy 

(EDX). Combining these, an ‘eggshell’ score was calculated for each female. We calculated a 
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gestation time score for each female from the embryonic stage at parition62 and the number of 

external incubation days.  

Genomics: Double-digest RAD Sequencing (ddRADSeq) libraries were prepared with 

enzymes PstI and MspI following15. Genome-referenced22 genotypes were inferred in 

STACKS version 1.4463. Individual genomic ancestry was inferred by ADMIXTURE 

vers.1.364 with two genetic clusters. For each phenotyped female, the correlation coefficient 

with the genome-wide degree of admixture (Q-value) was estimated. A subset of hybrid, 

oviparous, and viviparous females were additionally selected for genotyping by whole 

genome re-sequencing (Supplementary Data 1).  

Admixture mapping was performed in females with reproductive trait data and 

ddRADSeq genotypes using GEMMA vers. 0.9865. First, a Bayesian sparse linear mixed 

model (BSLMM) was used to infer associations between genotypes and two phenotypic 

scores: gestation time and eggshell characteristics. Second, a linear mixed model (LMM) was 

performed on all four reproductive phenotypes (external incubation days, embryonic stage at 

parition, eggshell calcium, eggshell thickness), and the two combined phenotype scores for 

gestation time and eggshell characteristics. 

  The whole-genome dataset was used to quantify regional and genome-wide linkage 

disequilibrium and its decay. We used the chromosome-specific half-life as linkage boundary 

for each candidate SNP from admixture mapping to empirically determine the regional 

candidate genes (Supplementary Data 9). We performed pathway enrichment analyses using 

the PANTHER option in WebGestalt66 on this set of genes, using the chicken genome RefSeq 

protein dataset (GCA_000002315.5) as a reference.  

 Analyses of genome-wide divergence were based on the ddRADseq genotype matrix 

between purely (Q>99%) oviparous and viviparous individuals. Nucleotide diversity was 

calculated in sliding windows of 50,000 sites67. Haplotype-based Fst values were extracted 

from STACKS. Outliers in nucleotide diversity were identified by estimating the top 5% and 

lowest 5% quantiles across the genome of each parity mode. Fst outliers were identified as 

the top 5% quantiles. PCAdapt45 was used to identify candidate genomic loci under selection 
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between parity modes, with a threshold of q = 0.01. We identified the genes in linkage with 

outlier loci using the LD block inference method from admixture mapping. We tested for 

pathway enrichment of candidate genes and candidate SNPs (inferred by association and 

selection) using PANTHER.  

Gene expression: RNAseq data from uterine tissue were aligned to the reference genome22 

using STAR vers. 2.5.2b68 and normalised69. Count data were log2 scaled using the rlog 

function in DESeq2. Then a principal component analysis was conducted using the svd 

approach in the R package pcaMethods and a redundancy analysis (RDA) generated using the 

R package vegan. Reproductive stage was specified as a ‘condition’.  

To identify genes associated with parity mode, we performed separate differential 

expression analyses with DESeq2 to identify sets of differentially expressed genes (DEGs) 

between parity modes within and across stages, and only considered genes that were 

significantly differentially expressed (adjusted p-value: 0.01) during a reproductive stage. 

Second, we used a Weighted Gene Co-Expression Network Analysis (WGCNA) to identify 

modules of co-expressed genes associated with parity mode70. Pearson’s correlations were 

calculated between module eigengenes (the first principal component of the module’s 

expression profile) and trait measurements (parity mode and reproductive stage). Positive 

correlations represent up-regulation in viviparous (vs. oviparous), and negative up-regulation 

in oviparous (vs. viviparous). To identify key regulator genes, we identified a set of hub 

genes for all modules significantly associated with parity mode. Hub genes were selected 

based on being within the top 10% quantile of the module membership (MM) scores and 

gene significance (GS) scores. 

We performed separate functional enrichment analyses on the parity-associated genes 

sets identified using differential expression and WGCNA analyses, using the PANTHER 

classification tool71. Gene Set Enrichment Analyses (GSEAs)66 were used to identify 

significantly enriched pathways for DEG gene sets using ranked expression scores. To 

identify pathways that were enriched within parity-associated co-expression modules, we 

performed individual Over-Representation Analyses (ORAs) for each module. The 
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background gene set for all GSEA and ORA analyses was specified as the full set of 21,187 

genes in the genome22.  

Comparative analysis of reproduction genes: Using gene symbols from previous studies, we 

assessed the overlap between differentially expressed genes between oviparous and 

viviparous squamate uterine tissue from three lizard systems (Saiphos equalis10, Zootoca 

vivipara and sister species in genus Phrynocepahlus9) (Supplementary Table 17). We 

assessed the overlap of the three gene symbol lists and if intersections exceeded that expected 

by chance (based on a total gene set of 20,000 genes typical of vertebrates72) using the R 

package ‘SuperExactTest’73. Comparison of published gene lists has the drawback that novel, 

unannotated genes cannot be identified, and that different studies employ various 

methodological pipelines (Supplementary Table 17). Here, we chose an inclusive approach to 

identify robust biological pathways and key genes controlling viviparous pregnancy across 

developmental stages and times. Transcriptomic datasets tend to generally show extreme 

variation and this is challenging to control for in a multi-study comparison74. In the future, an 

experimental approach that considers consistent timing, methodologies, and sequencing effort 

would be ideal to investigate the genetic basis of pregnancy in a more controlled setting, for 

example to identify genes that are expressed in stage-specific ways.  

To assess among a breadth of vertebrates, we compared differentially expressed genes 

in uterine tissues of pregnant viviparous species relative to their non-pregnant states 

(Supplementary Table 17). This included: mammals Canis lupus (wolf), Equus caballus 

(horse), Homo sapiens (human), Monodelphis domestica (opossum), and three closely related 

even-toed ungulates (Bos taurus, Capra aegagrus, and Sus scrofa) combined into a single 

gene set; squamate bimodal Saiphos equalis and Zootoca vivipara, Phrynocepahlus vlangalii, 

and two viviparous skinks Chalcides ocellatus and Pseudemoia entrecasteauxii that evolved 

viviparity independently; and an anamniote outgroup, the seahorse Hippocampus 

abdominalis. In contrast to all viviparous amniotes, seahorses exhibit male ‘pregnancy’ or 

incubation of embryos; therefore the reproductive organs are not structurally homologous but 

the pouch serves a function analogous to uterine tissue, including facilitating exchange 

between parent and developing offspring50,51. For simplicity, we refer to all viviparous 
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amniotes and the seahorse exhibiting male pregnancy as viviparous vertebrates, although sea 

horse pregnancy is not structurally homologous to amniote viviparity50. The final data set 

consisted of 11 gene sets (five mammalian, five squamate, one fish) composed of 13 species 

(Supplementary Table 17), and representing seven independent origins of viviparity across 

vertebrates53. Intersections between gene sets were again assessed using ‘SuperExactTest’73 

for: i) overlap of genes across mammalian gene sets, ii) overlap of genes across viviparous 

squamate gene sets, and iii) overlap of genes across all vertebrate viviparous gene sets. 

Biological pathway enrichment analyses were performed in WebGestalt66 for the genes shared 

by more than four groups within the mammals and squamates. 

Data availability: The raw sequence data presented in this paper can be found on NCBI 

(NCBI BioProject ID: SUB7928930 - PRJNA657575; BioSample ID: SUB7928962 - 

SAMN15832663). The genotype file and list of differentially expressed genes can be found 

at the University of Glasgow Enlighten repository 

(http://dx.doi.org/10.5525/gla.researchdata.1138). 
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Fig. 1. Natural hybridisation and backcrossing between oviparous and viviparous 

common lizards result in intermediate phenotypes and genotypes. a, b, c, d, In clutches 

laid by oviparous females, the (a) eggshell is more calcified and external incubation time is 

longer (~35 days), (b) embryo is at an early developmental stage (stage ~31), (c) eggshell has 

fewer calcium crystals (~25%), and (d) eggshell is thick (~50 μm). r, s, t, u, Offspring from 
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viviparous females (r–s) emerge from thin membranes (s) within hours to a few days (~1.9 

days) and are fully developed (> stage 40, neonate). In s the dehydrated eggshell membrane is 

still evident and contrast has been increased to facilitate distinguishing the neonate from the 

background. Membrane has (t) no calcium crystals (~1.6%) and (u) is much thinner (~4 μm). 

Note the difference in scale between eggshells thickness images taken from oviparous and 

viviparous individuals. e, f, g, h, Hybrid females that backcrossed with oviparous lizards 

have clutches with generally thinner eggshells and embryos that are at a later developmental 

stage compared to oviparous females. j, k, l, m, F1-hybrids are intermediate between 

oviparous and viviparous phenotypes. n, o, p, q, Females backcrossed with viviparous lizards 

have clutches with short incubation times and thinner eggshells. v, This is reflected by the 

genotypes of common lizards in the examined contact zone. Genome-wide ancestries differ 

considerably and show varying proportions of ‘oviparous’ and ‘viviparous’ ancestral 

genomes in admixed individuals. White arrowheads indicate calcium crystals on the outer 

surface of eggshells.  
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Fig. 2. Genetic architecture of parity mode. Admixture mapping reveals genetic variants 

associated with (a) the gestation time and (b) the eggshell traits. The genome-wide 

significance is indicated by the horizontal red dotted line, while the blue line indicates a p-

value threshold of <0.01 using the Benjamini–Hochberg correction.  
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Fig. 3. Differential expression analyses between oviparous and viviparous uterine tissue 

during pregnancy. a, Differentially expressed genes during the reproductive stages 

(pregnancy). Genes that show significant differential expression (adjusted p-value < 0.05) 

and a strong difference in expression (Log2-fold change threshold > 1×) between the two 

parity modes are shown in red. Genes showing relatively higher expressions in oviparous 

glandular uterus have more negative Log2-fold changes, while those overexpressed in 

viviparous glandular uterus have more positive Log2-fold changes. Blue-coloured genes show 

significant p-values but relatively low differential expression (<1× Log2-fold change), while 
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beige-coloured genes show higher Log2-fold changes (>1×) but low p-values (>0.05). Grey-

coloured genes show low differential expression (Log2-fold change <1×; p-value > 0.05). b, 

Differentially expressed genes during reproductive stages across the genome. Candidate 

regions identified from admixture mapping are illustrated in red, and differentially expressed 

(adjusted p-value < 0.05) genes falling into these regions are also shown in red, with the gene 

density shown on the top in grey. 
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Fig. 4. Genome-wide analysis of the selection score (-Log10P from PCAdapt) versus the 

genetic differentiation (FST) between adult common lizards spanning oviparity to 

viviparity (64,846 loci). Genetic variants associated with reproductive traits from genetic 

mapping of (a) the gestation time and (b) the eggshell traits are highlighted in red. 
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Fig. 5. Overlap between differentially expressed genes in pregnant and non-pregnant 

viviparous organisms. a, Overlap in reproductively bimodal squamate reptiles, with each 

lineage having a different viviparous ancestor. The pairwise overlaps between S. equalis and 

the other two bimodal species are each not significant, while the Z. vivipara and P. vlangalii 

overlap and the overlap between all three species are significant. b, Overlap across squamate 

reptiles. All five species have different viviparous ancestors, i.e. viviparity independently 

arose in all five cases. Intersections across all groups are significant. c, Overlap across 

viviparous amniotes and a seahorse species, which is an anamniote and exhibits a similar 

function of incubation or ‘pregnancy’, but in males. Only significant (P < 0.001) intersections 

with at least four species are shown and these are sorted by significance, left to right. Sharing 
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was extensive between all amniotes but less extensive with the seahorse (H. abdominalis). 

Divergence times between species are derived from TimeTree52. 
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Figure # Figure title 

 

Figure Legend 

 

Extended 
Data Fig. 
1 

Distribution of 
common lizards in 
Europe 

a, The distribution of oviparous (dark brown) and 
viviparous (light brown) common lizard lineages. b, 
The sampling area for this study, a contact zone in 
Austria with overlapping oviparous and viviparous 
common lizards, including hybrids (Q-value 0.1-0.9). 
The map was drawn in R using Google Map data 
retrieved by API Key. 

Extended 
Data Fig. 
2 

Histograms of all 
reproductive 
phenotypes 
describing parity 
mode 
characteristics 

a, The number of external incubation days was 
measured for each clutch in the field, and b, one 
sample per clutch was taken to identify the 
embryonic stage at oviposition/parturition. c, From 
these two phenotypes, a gestation time score was 
calculated, where 0 is more viviparous and 1 is more 
oviparous. To describe eggshell characteristics, d, 
calcium content and e, eggshell thickness were 
measured for one eggshell per clutch. f, From these 
two phenotypes, an eggshell score was calculated 
for each individual, where 0 is more viviparous and 1 
is more oviparous. 

Extended 
Data Fig. 
3 

Correlation 
between 
reproductive 
phenotypes and 
genome-wide 
ancestry 

Correlations between reproductive traits and 
summary scores for a, - c, gestation time and d, - f, 
eggshell characteristics are shown plotted against 
genome-wide Q-value for parity mode (0 = 
oviparous, 1 = viviparous) inferred from 
ADMIXTURE. 

Extended 
Data Fig. 
4 

Decay of linkage 
disequilibrium (LD) 
in candidate 
regions for 
chromosomes 
containing SNPs 
significantly 
associated with 
parity mode 

 

Extended 
Data Fig. 
5 

Genetic 
associations 
between 
reproductive 
phenotypes and 
80,696 SNPs 

Manhattan plots of admixture mapping on the four 
individually measured reproductive traits: a, 
incubation days, b, embryonic stage, c, calcium 
content, d, eggshell thickness. The genome-wide 
significance is indicated by the horizontal red dotted 
line, while the blue line indicates a p-value threshold 
of <0.01 using the Benjamini–Hochberg correction. 

Extended 
Data Fig. 

RNA expression 
across 14,102 
genes for 

a, schematic timeline of the reproductive season of 
oviparous and viviparous common lizards at the 
sampling location. Sampling times for RNA at early, 
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6 oviparous and 
viviparous females 
at different 
reproductive 
stages in multi-
dimensional space 

mid and after parition are indicated with stars. 
Sampling times reflect embryonic developmental 
stages (early: < stage 22; mid: stage 23 – 30). b, 
shows a principal component analysis (PCA), and c, 
a redundancy analysis (RDA). d, shows a Venn 
diagram of the overlap of differential gene 
expression between the three stages ‘early’ in 
pregnancy, ‘mid’ pregnancy and ‘after’ pregnancy. 
Genes that were differentially expressed (DE) either 
during ‘early’, ‘mid’ or both ‘early’ and ‘mid’ were 
considered as functionally important DE genes 
(noted with asterisks), excluding those that also 
overlapped ‘after’ pregnancy. 

Extended 
Data Fig. 
7 

Genome-wide 
selection scan and 
estimates of 
diversity and 
divergence 

a, Out of a total of 80,696 SNPs, those highlighted in 
blue and red (N = 1051 SNPs) showed significant 
signals of selection (Benjamini-Hochberg corrected 
p-value < 0.01). In addition, all SNPs in red (N = 128 
SNPs) are those associated with reproductive traits 
via admixture mapping analyses. Nucleotide 
diversity estimates within b, oviparous and c, 
viviparous common lizards. Smoothed means are 
shown in red for oviparous and blue for viviparous. 
d, shows FST across the genome. Candidate regions 
are marked as red bars. Standard deviations of 
smoothed means are shown in light grey. e, 
Genome-wide difference in coverage between a 
male and female common lizard, suggesting regions 
on chromosome 7 and 8 act as sex chromosomes 
where coverage in the female/heterogametic sex is 
lower. 

Extended 
Data Fig. 
8 

Correlation 
between selection 
scores (shown as 
negative Log10 P) 
and genetic 
diversity measures 

SNP selection scores positively correlate with a, FST 
and with b, overall nucleotide diversity when all 
individuals are pooled. Within both c, oviparous and 
d, viviparous parity modes, nucleotide diversity 
negatively correlates with selection scores. 

Extended 
Data Fig. 
9 

Comparative 
assessment of 
functional genes 

a, Overlap in differentially expressed genes between 
viviparous mammals during pregnancy. Species 
comparisons in each histogram are shown in 
turquoise circles. A phylogenetic tree of the 
viviparous mammals shows estimated divergence 
times. Note that all species diverged from a common 
egg-laying ancestor around 160 million years ago. 
***P < 0.001. Divergence times were derived from 
TimeTree42. b, Correlation between unfiltered gene 
lists extracted from literature and gene lists filtered 
with the Database for Annotation, Visualization and 
Integrated Discovery (DAVID). Gene lists filtered 
with DAVID were based on human and chicken gene 
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symbols. While some genes (on average 6.9%) are 
lost using the filtering, the fold enrichment of 
observed versus expected overlap of gene lists 
between all possible intersections across viviparous 
vertebrates was highly correlated (R2 = 0.997). 

Extended 
Data Fig. 
10 

Correlation 
between 
reproductive 
phenotypes 

Correlations between all reproductive phenotypes 
from females: combinations of embryonic stage at 
parition, number of external incubation days from 
parition to hatching, eggshell thickness, and calcium 
content in eggshells. 
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