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The breadth of anatomical and functional diversity among amniote external gen-

italia has led to uncertainty about the evolutionary origins of the phallus. In

several lineages, including the tuatara, Sphenodon punctatus, adults lack an intro-

mittent phallus, raising the possibility that the amniote ancestor lacked external

genitalia and reproduced using cloacal apposition. Accordingly, a phallus may

have evolved multiple times in amniotes. However, similarities in development

across amniote external genitalia suggest that the phallus may have a single evol-

utionary origin. To resolve the evolutionary history of amniote genitalia, we

performed three-dimensional reconstruction of Victorian era tuatara embryos

to look for embryological evidence of external genital initiation. Despite the

absence of an intromittent phallus in adult tuataras, our observations show

that tuatara embryos develop genital anlagen. This illustrates that there is a con-

served developmental stage of external genital development among all amniotes

and suggests a single evolutionary origin of amniote external genitalia.
1. Introduction
The evolution of internal fertilization was a critical step towards the diversifica-

tion of amniotes. In most amniotes, internal fertilization is facilitated by

intromission of the male phallus into the female’s cloaca (or mammalian

vagina) to deliver sperm. However, some lineages lack an intromittent phallus

and copulate through cloacal apposition [1–3]. The striking diversity of phallus

form and function among amniotes, and the absence of a phallus in several

unrelated lineages, have led to competing hypotheses regarding their evolution-

ary origins [4–9]. Whether the phallus evolved once at the origin of amniotes

or independently among amniote lineages remains debated. Although adult

anatomy provides relatively little information regarding the relationship of

the phallus among different clades, an understanding of the embryonic origins

of the phallus is shedding new light on its evolutionary ancestry [10].

Phallus position, number and gross anatomy differ among amniote clades

(table 1). Mammals, some birds (Palaeognathae, the most basal clade, and Anser-

iformes, water fowl), crocodilians and chelonians (turtles) have a single midline

phallus. Squamates (lizards and snakes) have paired, lateral hemipenes, whereas

an intromittent phallus is reduced or absent in the majority of birds (97%) and in

the tuatara, Sphenodon punctatus [2,3,11,12]. The phallus of birds, crocodilians and

turtles has an endodermally derived open groove, known as the sulcus sperma-

ticus, on the ventral side of the phallus, which channels sperm towards the

phallus tip [2,13–15]. Squamates also possess an open sulcus on each hemipenis,

but the squamate sulcus forms as an invagination of surface ectoderm [16,17].

Mammals possess a closed urethral tube that is derived from endoderm; how-

ever, in some species (e.g. rabbit and human) the penis passes through a stage

with an open sulcus-like groove that later closes [18,19].
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Table 1. Variation among amniote phalluses. *, this study.

external genital
swellings number
and position

phallus number and
position

open sulcus or
closed urethra

germ layer
contributing to sulcus/
urethra

primary
erectile
mechanism

Sphenodon paired, lateral buds* no mature phallus

Squamata paired, lateral buds paired, lateral hemipenes open sulcus ectoderm blood/lymph

Chelonia paired, lateral buds single, midline phallus open sulcus endoderm blood

Crocodilia paired, lateral buds single, midline phallus open sulcus endoderm muscle/blood

Mammalia paired, lateral buds single, midline phallus tubular urethra endoderm blood

Aves (Palaeognathae,

Anseriformes)

paired, lateral buds single, midline phallus open sulcus endoderm lymph

Aves (Neoaves,

Galiformes)

paired, lateral buds no mature intromittent phallus

(a) Python regius

Gallus gallus

Trachemys scripta

Mus musculus

post.

CL

GS AS

AS

HL

HL

AS

GS

TL

TL

GS
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lat. med.

ant.

(b)

(d ) (e)

(c)

Figure 1. Initiation of amniote external genitalia consistently begins as paired genital swellings (a, red arrows); specimens taken from [10,12,15,17,19]. (b) Illus-
tration of tuatara embryo 1491 from the Harvard Embryological Collection (HEC). (c,d). This embryo possesses genital swellings (GS) and anterior swellings (AS)
adjacent to the cloaca (CL) at a stage comparable with when other amniote species are undergoing external genital morphogenesis (HL, hindlimb; TL, tail). This
morphology is remarkably similar to what is observed in squamates, such as Anolis carolinensis (e; tail and right hindlimb removed).

rsbl.royalsocietypublishing.org
Biol.Lett.11:20150694

2

Amniotes also possess a range of functional anatomical

differences in their phalluses. For example, all clades use

some degree of hydrostatic pressure for phallic erection, but

the fluid that engorges the phallus varies. Mammals and tur-

tles use blood to achieve an erection [6,7], birds use lymph [2]

and squamates use a combination of lymph and blood to

erect their hemipenes [20].
Despite the diversity of adult forms, the phallus has a similar

developmental origin in all amniotes examined to date. Recent

studies in birds [5,21] and squamates [5] show that external gen-

italia are derived from two populations of progenitor cells

adjacent to (and perhaps overlapping with) the progenitors of

the left and right hindlimb buds. In clades with a single, midline

phallus, these cells give rise to paired genital swellings (figure 1a)
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that expand towards the midline, where they merge to form the

genital tubercle, the precursor to the phallus [12,14,15,19]. The

squamate hemiphallus also forms from paired swellings, but

rather than merging at the midline, they remain separate to

form two discrete phalluses [9,16,17]. In reptiles (including

birds), additional cloacal swellings emerge and fuse to form cloa-

cal lips, although there are subtle differences in their number and

position [10]. Furthermore, comparative analyses of gene

expression and function show that similarities of external geni-

tal development among amniotes extend to the molecular

mechanisms [10,12,19].

The phylogenetic distribution of shared embryological

and molecular characters associated with amniote external

genital morphogenesis suggests the phallus may have a

single evolutionary origin. Under this evolutionary scenario,

lineage-specific modifications underlie phallus diversity,

including repeated phallus loss. This hypothesis is compli-

cated, however, by the phylogenetic position of S. punctatus
as the sister group to squamates, as S. punctatus lacks an

intromittent phallus as an adult and reproduces through

cloacal apposition [1]. This raises the possibility that

S. punctatus represents the ancestral amniote condition and

that embryological similarities (e.g. paired genital swellings)

are secondarily derived. To help resolve the evolutionary

history of amniote external genitalia, we assessed whether

S. punctatus embryos undergo early stages of external genital

initiation, despite the absence of an intromittent phallus in

adults. If evidence of paired genital swellings is found in

tuatara embryos, then this would be indicative of an evolutio-

narily conserved stage of external genital development

among amniotes. Phylogenetic continuity of this develop-

mental character state would be consistent with the

hypothesis that external genitalia evolved once, at least as

early as the amniote common ancestor.
2. Material and methods
As the sister group to squamates, S. punctatus occupies an

important phylogenetic position for resolving amniote genital

evolution (electronic supplementary material, §S1.2); however,

acquisition of new embryological material is difficult owing

to the close management of this species [11]. The most compre-

hensive collection of S. punctatus embryos was performed by

Arthur Dendy between 1896 and 1897 [22]. In 1909, Dendy

transferred four embryos to Charles Minot, curator of the

Harvard Embryological Collection (HEC) (electronic supplemen-

tary material, §S1.2, figure S2.1), where they were prepared

histologically. We examined the historical records and concluded

that of the four S. punctatus embryos sent to Minot, one embryo,

specimen 1491, is the ideal stage at which to examine the cloacal

region for evidence of genital swellings (figure 1b).

Minot histologically prepared embryo 1491 into 8 mm thick

sagittal sections relative to the head (electronic supplementary

material, figure S2.3), but the relative positioning of the limb

buds, cloaca and any presumptive genital swellings is obscured

because of the embryo’s body torsion (figure 1b). Therefore, we

performed three-dimensional reconstruction of the cloacal

region of 1491 on a series of 82 serial sections (see electronic

supplementary material, §S1.3).

To prepare sections for reconstruction, slides were cleaned

and photographed, and debris from damaged tissue was

removed digitally (electronic supplementary material, figure

S2.3). We then aligned the sections in Amira 5.0 (FEI Visualiza-

tion Sciences Group) and imaged them through a series of
digital filters [23] to create a three-dimensional model of the

embryo’s posterior right side. Additional slides that presum-

ably included the left side of the body are no longer held by

the HEC.
3. Results and discussion
Genital swellings are visible in the three-dimensional recon-

struction of the S. punctatus embryo 1491 between the

hindlimb bud (figure 1c) and cloaca (figure 1d), which can

also be observed in the original histological sections (elec-

tronic supplementary material, figure S2.4). To better

understand the positional relationship of the genital swel-

lings to the cloaca and hindlimb, we prepared a second

reconstruction that focused on the cloacal region

(figure 1d ). In this model, one genital swelling is visible

immediately lateral to the cloacal urodeum, at the same pos-

ition where one finds the right genital swelling in other

amniotes [10,19]. A second swelling is observed anterior to

the cloaca, in the position appropriate for the anterior cloacal

swelling of squamates (figure 1e; electronic supplementary

material, S2.5, [9,16,17]). Thus, the reconstruction of the S.
punctatus cloacal region reveals the presence of the right gen-

ital and anterior cloacal swellings, indicating that although

this species lacks an intromittent phallus as an adult, devel-

opment of a phallus and cloacal lip is initiated in the embryo.

Our observations suggest that S. punctatus undergoes a

similar developmental progression to galliform birds that

lack an intromittent phallus. In the chicken, Gallus gallus,
and quail, Coturnix coturnix, outgrowth of paired genital swel-

lings initiates morphogenesis of the resultant genital tubercle,

which later regresses owing to programed cell death [12]. Our

data indicate that the early stages of external genital develop-

ment occur in S. punctatus embryos, and we suggest that the

absence of an intromittent phallus in adult tuatara could

result from a similar process of programmed cell death or

diminished proliferation at stages later than embryo 1491.

The presence of external genital swellings in S. punctatus
suggests that, despite wide diversity in adult anatomy,

there is a conserved developmental program controlling

early phallus development in amniotes. The phylogenetic

continuity of this developmental character—paired external

genital swellings adjacent to the cloaca—across amniotes

suggests that paired genital swellings are plesiomorphic

and that independent convergence is not parsimonious. We

propose that the amniote common ancestor likely had a

single, midline phallus with an open endodermally derived

sulcus (figure 2). Hemipenes form from a modification to

the ancestral developmental program wherein the paired

genital swellings fail to merge at the midline, instead matur-

ing independently as two discrete phallic structures.

Mammals evolved a urethral tube when the sulcus-like ure-

thral groove gained the ability to undergo tubulogenesis

and internalization. The data presented here, along with pre-

vious developmental studies of galliform birds [12,21],

suggest that the absence of an intromittent phallus in tuataras

and birds are homoplasies that resulted from independent

evolutionary reductions. These new developmental data sup-

port earlier proposals that a midline phallus was lost in

lepidosaurs [8,25].

Taken together with previous studies of external genital

development, the data from tuatara support the hypothesis
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Figure 2. A resolved hypothesis regarding the evolution of amniote external genitalia. Our observations suggest that the phallus evolved once and diversified
among amniote lineages. We cannot determine if the lepidosaur ancestor possessed mature hemipenes, but the embryological programs that pattern the
cloaca and hemipenes of extant squamates likely evolved before the divergence of Rhynchocephalia and Squamata. Phylogeny after Chiari et al. [24].
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that the amniote phallus had a single evolutionary origin that

was followed by lineage-specific modifications that underlie

the diversity observed in extant amniotes.
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