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the comparative developmental biology of external genita-
lia and discuss the implications of this work for understand-
ing external genital evolution. We address the question of 
the deep homology (shared common ancestry) of genital 
structures and of developmental mechanisms, and identify 
new areas of investigation that can be pursued by taking a 
comparative approach to studying development of the ex-
ternal genitalia. We propose an evolutionary interpretation 
of hypospadias, a congenital malformation of the urethra, 
and discuss how investigations of non-mammalian species 
can provide novel perspectives on human pathologies. 

 © 2014 S. Karger AG, Basel 

 Intromittent organs facilitate transfer of sperm for ef-
ficient internal fertilization and are found in each of the 
major vertebrate clades [Leonard and Cordoba-Aguilar, 
2010]. Not all intromittent organs are true external genital 
organs; for example, some fishes use modified fin struc-
tures to direct sperm into the female, and the basal frog 
 Ascaphis trueii  uses its ‘tail’ for intromission [Van Dijk, 
1959]. Although co-option of organs such as fins for cop-
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 Abstract 

 External genitalia are found in each of the major clades of 
amniotes. The phallus is an intromittent organ that functions 
to deliver sperm into the female reproductive tract for inter-
nal fertilization. The cellular and molecular genetic mecha-
nisms of external genital development have begun to be 
elucidated from studies of the mouse genital tubercle, an 
embryonic appendage adjacent to the cloaca that is the pre-
cursor of the penis and clitoris. Progress in this area has im-
proved our understanding of genitourinary malformations, 
which are among the most common birth defects in hu-
mans, and created new opportunities for comparative stud-
ies of other taxa. External genitalia evolve rapidly, which has 
led to a striking diversity of anatomical forms. Within the past 
year, studies of external genital development in non-mam-
malian amniotes, including birds, lizards, snakes, alligators, 
and turtles, have begun to shed light on the molecular and 
morphogenetic mechanisms underlying the diversification 
of phallus morphology. Here, we review recent progress in 
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ulatory function has played an important role in the evo-
lution of internal fertilization, de novo development of a 
phallus as an external genital organ occurs only in amni-
otes (mammals + reptiles, including birds) and in the enig-
matic amphibian lineage of caecilians [Wake, 1972].

  Phallus morphology is one of the most rapidly evolving 
characteristics among animals, often obtaining species-
specific size, shape, or ornamentation [Arnqvist, 1998]. 
This diversity in external genital form has gained the at-
tention of developmental and evolutionary biologists 
searching for deeper mechanistic understandings of this 
variation [Simmons and Jones, 2007; Eberhard, 2010; 
Brennan and Prum, 2012; Herrera et al., 2013]. Both the 
morphogenesis and the molecular mechanisms of exter-
nal genital development are only beginning to be under-
stood, based largely on studies of the laboratory mouse 
[reviewed in Cohn, 2011; Ipulan et al., this issue]. Despite 
the remarkable morphological diversity that occurs in the 
external genitalia of squamates (lizards, snakes, and am-
phisbaenians), turtles, and archosaurs (crocodilians and 
birds), little is known about development of the phallus 

outside of rodents. Here, we review both classical litera-
ture and several recent advances in our understanding of 
external genital development, with special attention given 
to reptilian species. We hope that this review will shed new 
light on the question of the deep homology (shared com-
mon ancestry) of these structures, highlight how studies 
of non-mammalian species can offer a novel perspective 
to human pathologies, and identify new areas of investiga-
tion that can be pursued by taking a comparative approach 
to studying development of the external genitalia.

  Diversity of Amniote External Genitalia 

 There are significant differences in both the gross 
anatomy and the microanatomy of amniote external
genitalia. Mammals, archosaurs, and turtles possess a sin-
gle midline phallus, whereas squamates have paired hemi-
phalluses ( fig. 1 ). The squamate hemipenis is a blind sac 
stored in the base of the tail when not erect, creating a 
diverticulum posterior to the cloaca [Arnold, 1986a, b]. 

Mammals

Birds

Crocodilians

Turtles

Archosauria

Lepidosauria

Tuataras

Squamates
(Lizards + Snakes)

  Fig. 1.  The diversity of adult genital morphologies among amniote 
crown groups. Aminote phylogenetic relationships based on the 
consensus of molecular phylogenomic analyses [Crawford et al., 
2012; Wang et al., 2013]. Most amniotes have a single median phal-
lus anterior to the cloaca, with the exception of tuataras, which are 
reported to lack intromittent organs, and squamates, which pos-
sess paired phalluses (hemipenes) lateral to the cloaca. Non-mam-
malian amniotes have an open sulcus spermaticus (shaded) that is 
used to transfer sperm to the female reproductive tract during cop-

ulation. Instead of this sulcus, mammals have an enclosed, tubular 
urethra that carries both sperm and urine. Note that the penis de-
picted in birds represents only that of paleognaths and anseri-
forms; in other birds the penis is reduced or absent. Historically, it 
has been unclear whether the ancestral condition for amniotes is a 
single midline phallus, a paired phallus, or whether the last com-
mon ancestor lacked external genitalia all together. Tree repro-
duced from Leal and Cohn [2014]. 
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Basal birds (paleognaths) and waterfowl (anseriforms) 
retain a well-developed phallus, although in most birds 
the phallus is significantly reduced or absent [King, 1981; 
Briskie and Montgomerie, 1997]. Despite this, internal 
fertilization is the rule among birds; those lacking an in-
tromittent phallus engage in cloacal apposition for sperm 
transfer, a behavior known as the cloacal kiss. Only the 
mammalian phallus contains a closed urethral tube; the 
phalluses of reptiles instead form an open groove, or sul-
cus, which functions to channel sperm along the phallus 
and into the female reproductive tract ( fig.  1 ) [Wake, 
1979; King, 1981]. Although squamates have paired phal-
luses, their closest relatives, the tuataras  (Sphenodon) ,
are reported to lack external genitalia and to copulate us-
ing cloacal apposition, similar to many bird species ( fig.
1 ) [Robb, 1977; Gans et al., 1984]. It remains unknown 
whether external genitalia were secondarily lost in tuata-
ras or whether copulatory organs were lost ancestrally in 
the Lepidosauria [Rhyncocephalia (tuataras) + Squama-
ta] and external genital organs were then re-acquired in 
squamates.

  Despite the shared function of intromittent organs, 
gross morphology of the amniote penis is quite variable 
both within and among clades. For example, the glans of 
the penis in turtles shows extreme morphological varia-
tion, ranging from a simple conical tip in sea turtles to an 
ornate, 5-lobed glans in the soft-shelled turtle  Trionyx  
[Jones, 1915; Zug, 1966]. Similarly, among waterfowl, the 
phallus varies extensively in length, coiling pattern, and 
degree of ornamentation [Coker et al., 2002; Brennan et 
al., 2007]. Like turtles, crocodilians have notable variation 
in the morphology of the glans [Ziegler and Olbort, 2007; 
Gredler et al., 2014b]. For many squamate species, each 
hemipenis assumes a common general plan as a distally 
bilobed organ with rounded tips, although cylindrical, 
bulbous, and clavate morphologies have been described 
[Dowling and Savage, 1960]. Hemipenes are extremely or-
nate, at times obtaining a medieval weapon-like appear-
ance with barbs, horns, and protuberances [Kluge, 1982; 
Zaher, 1999; Böhme and Ziegler, 2009]. Much like the 
mammalian baculum (penis bone), many squamates have 
evolved skeletal elements that support the hemipenis dur-
ing copulation [Kluge, 1982; Arnold, 1986a; Shea and 
Reddacliff, 1986; Böhme, 1988; Card and Kluge, 1995].

  Although penile erection can be achieved by multiple 
mechanisms, the use of hydrostatic pressure is always in-
volved. Most amniotes use blood vasculature for erection, 
although birds use lymphatics, and the squamate hemi-
penis utilizes both blood and lymph for inflation [Dow-
ling and Savage, 1960; King, 1981; Arnold, 1986a; Kelly, 

2002, 2004]. In turtles, the open groove of the sulcus func-
tions as a closed tube in copula; erectile tissue becomes 
engorged with blood, forcing the lateral folds of the sulcus 
together to create an essentially closed tube [Wake, 1979; 
King, 1981]. The crocodilian phallus contains a large 
blood sinus comprised of tissue similar to the erectile vas-
cular tissue in other amniotes, as well as lacunar regions 
adjacent to the sulcus spermaticus that are believed to 
function in the formation of a functional tube (urethra) 
during copulation [Cabrera and Garcia, 2007; Cabrera et 
al., 2007; Ziegler and Olbort, 2007; Moore et al., 2011, 
2012]. The squamate sulcus spermaticus also closes tran-
siently during hemipenile eversion to form a functional 
tube [Dowling and Savage, 1960].

  In many amniotes, erection of the phallus is achieved
by muscle contraction in addition to hydrostatic pressure. 
Anatomical studies have proposed a different mechanism 
for crocodilia, in which the penis is protruded from the vent 
by adjacent cloacal musculature; both the sphincter cloacae 
and levator cloacae muscles have been implicated in this 
process [Powell, 1999; Kelly, 2013]. In squamates, the trans-
versus penis muscle acts to evert the hemipenes, whereas 
the retractor penis magnus functions in retraction [Ruiz 
and Wade, 2002]. Muscle involvement in erection has been 
similarly described for mammals [Schmidt and Schmidt, 
1993] and turtles [Gadow, 1887]. Gadow [1887] reported 
that the innervation patterns of copulatory anatomical 
structures are very similar among amniotes, which could 
suggest a shared evolutionary origin of amniote external 
genitalia. The mechanisms that orchestrate muscle devel-
opment in the phallus are largely unknown.

  The Reptilian Cloaca 

 Development of the phallus is closely associated with 
morphogenesis of the cloaca. The embryonic cloaca is the 
common chamber for the urinary, rectal, and genital 
ducts, and is divided into 3 parts: the coprodeum, uro-
deum, and proctodeum ( fig. 2 ). The cloacal membrane is 
a transient epithelial structure formed by fusion of the 
endoderm and the surface ectoderm of the embryo. Per-
turbation of cloacal development often disrupts develop-
ment of the phallus, and a number of human pathologies 
resulting from disrupted cloacal septation are associated 
with defects in development of the penis and clitoris 
[Keppler-Noreuil, 2001; Kim et al., 2001; Perriton et al., 
2002; Stoll et al., 2007; Miyagawa et al., 2009; Seifert et al., 
2009a; Xu et al., 2012].
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  Connections among the Cloacal Chambers, Phallus, 
Hindgut, and Allantois 
 The amniote cloaca is regionalized into 3 distinct 

chambers along its anteroposterior axis ( fig. 2 ). The ante-
rior-most cloacal chamber is the coprodeum, which con-
nects cranially to the rectum by the rectocoprodeal fold 
and to the urodeum by the coprourodeal fold [Gadow, 
1887; King, 1981]. The urodeum develops at the intersec-
tion of the allantois and the caudal hindgut, and is con-
nected to the ureter, the bladder (when a bladder is pres-
ent), and in some cases, the genital ducts. Development 
of the cloacal lips at the base of the phallus forms the proc-
todeum, the cloacal chamber that houses the adult phal-
lus/hemiphalluses of archosaurs, turtles, and squamates 
[Gadow, 1887; Wake, 1979; King, 1981]. Ventral somato-
pleure (endoderm + the deep layer of lateral plate meso-
derm) has been proposed to give rise to both the phallus 
and the proctodeum in amniotes [Gadow, 1887; Raynaud 
and Pieau, 1985], although cell lineage of the phallus has 
not been mapped.

  Septation of the Amniote Cloaca 
 The urorectal septum forms from mesenchyme over-

lying the hindgut endoderm (anterior to the urodeum), 
between the allantois and hindgut ( fig. 2 ) [Kluth et al., 
1995]. Posterior expansion of the urorectal septum par-
titions the cloaca into dorsal and ventral sections; the 
degree to which this occurs determines the relative size 
of the unseptated cloaca. In eutherian mammals, the 

urorectal septum extends all the way to the cloacal mem-
brane, resulting in complete division of the mammalian 
cloaca into distinct urogenital and anorectal chambers 
[Kluth et al., 1995; Hynes and Fraher, 2004]. In squa-
mates and birds, there is lateral constriction of the clo-
acal walls without septation of the embryonic cloaca. In 
turtles, the embryonic cloaca becomes divided by the 
urorectal septum into ventral urinary and dorsal rectal 
canals, with the urorectal septum reaching the base of 
the developing phallus. However, this septation is not as 
extensive as in eutherian mammals, and the adult phal-
lus and rectal orifices are housed within the proctodeum 
[Raynaud and Pieau, 1985; Larkins and Cohn, 2014].

  Development of the External Genitalia 

 Turtle Phallus 
 Phallus development in the male turtle has been de-

scribed for the Greek tortoise  Testudo graeca,  the Euro-
pean pond turtle  Emys orbicularis , and for the red-eared 
slider  Trachemys scripta  [Raynaud and Pieau, 1985; Lar-
kins and Cohn, 2014]. In these turtle species, develop-
ment of the phallus begins at the early limb bud stage with 
emergence of a pair of genital swellings on the ventral 
body wall adjacent to a median ridge that contains the 
cloacal membrane ( fig.  3 A). The genital swellings and 
median ridge grow distally from the body wall to form a 
single genital tubercle, the anlage of the phallus ( fig. 3 B). 

 genital
tubercle

anterior cloacal
swelling

urorectal
septum

hindgut
(rectum)

  cloacal
membrane

metanephric
tubules

mesonephric
tubules Wolffian

(mesonephric)
duct

tail

urodeum

allantois

coprodeum

proctodeum

ureter

    posterior
cloacal swelling

sulcal/urethral epithelium

  Fig. 2.  Embryonic amniote cloacal anato-
my. Schematic drawing of the developing 
amniote cloaca and external genital swell-
ings. The hindgut connects to the copro-
deum, which then empties into the anterior 
side of the urodeum. The ventral urodeum 
is connected to the allantois, and the Wolff-
ian duct connects the mesonephric tubules 
and ureter to the dorsal urodeum. Move-
ment of the urorectal septum is indicated 
by the curved arrow between the allantois 
and coprodeum. The cloacal membrane, 
indicated in red, is formed by fusion of the 
cloacal endoderm and surface ectoderm. 
Extension of the cloacal membrane into the 
base of the genital tubercle forms the sulcus 
spermaticus in turtles and archosaurs, and 
the urethra in mammals. 
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The cloacal membrane is found at the ventral midline of 
the developing phallus. As the tubercle grows, lateral clo-
acal swellings form at the base of the genital tubercle and 
will become the adult cloacal lips ( fig. 3 B, C) [Raynaud 
and Pieau, 1985; Larkins and Cohn, 2014]. The ventral 
bending of the embryo pushes the tail into close proxim-
ity with the tubercle, such that the ventral surface of the 
tail abuts the ventral side of the genital tubercle. This 
movement, together with growth of the cloacal lips, re-
sults in only the most distal part of the phallus being vis-
ible ( fig.  3 C) [Raynaud and Pieau, 1985; Larkins and 
Cohn, 2014]. By this point, the cloacal membrane has 
ruptured to reveal the urethral sulcus ( fig. 3 C). The clo-
acal lips continue to grow until the phallus is completely 
engulfed, creating the most posterior region of the adult 
cloaca, the proctodeum [Raynaud and Pieau, 1985; Lar-
kins and Cohn, 2014]. As adults, different turtle species 
have distinct elaborations of their glans, such as various 
assemblies of folds, lobes, and grooves, but given the 

broad conservation of early genital development across 
amniotes, it seems likely that all turtles begin phallic de-
velopment in the same basic manner [Zug, 1966]. Under-
standing how different testudine species generate their 
distinctive glans morphologies will require further com-
parative studies of external genital development.

  Although sex determination is temperature-depen-
dent in turtles, the response of external genitalia to tem-
perature and sexual differentiation depends on hor-
mones. The penis of male turtles and the clitoris of fe-
males are structurally similar with the exception of the 
female phallus being much smaller than that of the male 
[Jones, 1915]. Most of the work regarding hormonal reg-
ulation of turtle development has examined development 
of the gonads, but androgen likely has a role in develop-
ment of the phenotypically male phallus, as androgen ex-
posure in turtles causes accelerated growth and hypertro-
phy of the phallus [Wibbels and Crews, 1992; Crews et al., 
1995; Crespo et al., 2013]. The role of estrogen in regu-

Turtle Alligator Chick Anole Python Mouse
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B
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F
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  Fig. 3.  Scanning electron micrographs of amniote external genital 
development. Morphogenesis of amniote external genitalia at 3 
approximately equivalent stages of development. All SEMs are 
ventral views and anterior is at the top, except for  D  and  G , which 
are lateral views with anterior to the left. The developing phallus is 
pseudocolored green in all panels.  A–C   Trachemys scripta  (red-
eared slider turtle),  D–F   Alligator mississippiensis  (American alli-
gator),  G–I   Gallus gallus  (chicken),  J–L   Anolis carolinensis  (green 
anole),  M–O   Python regius  (ball python) ,   P–R   Mus musculus 
 (mouse). Top row ( A ,  D ,  G ,  J ,  M ,  P ): Genital swelling stage, early in 
external genitalia development. Middle row ( B ,  E ,  H ,  K ,  N ,  Q ): Gen-
ital tubercle or hemiphallus buds present. Bottom row ( C ,  F ,  I ,  L , 

 O ,  R ): Late genital tubercle or hemiphallus stage. Developmental 
series have been published for  Trachemys scripta  [Larkins and 
Cohn , 2014],  Alligator mississippiensis  [Gredler et al., 2014b],  Gal-
lus gallus  [Herrera et al., 2013],  Anolis carolinensis  [Gredler et al., 
2014a],  Python regius  [Leal and Cohn, 2014], and  Mus musculus 
 [Perriton et al., 2002]. White arrows indicate the cloacal mem-
brane; white arrowheads indicate the sulcus spermaticus; open ar-
rowhead indicates the proximal urethral opening; open arrow in-
dicates the urethral meatus. acl = Anterior cloacal lip; acs = ante-
rior cloacal swelling; cl = cloacal lip; g = glans; ls = lateral swelling; 
lss = labioscrotal swelling; p = prepuce; pcl = posterior cloacal lip; 
pcs = posterior cloacal swelling; prs = preputial swellings. 
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lating development of the phallus is not clear, although 
estrogen is required for development of the ovary, and 
estrogen production may be upregulated in response
to female-producing temperatures [Wibbels et al., 1991; 
Bergeron et al., 1999]. Examination of the phallus in an-
drogen- or estrogen-treated turtles will be important to 
determine the role of hormones in turtle external genital 
development.

  Crocodilian Phallus 
 Although gonadogenesis has been intensively investi-

gated in alligators and crocodiles [Forbes, 1940; Fergu-
son, 1985; Smith and Joss, 1993, 1995; Smith et al., 1995; 
Western et al., 1999, 2000], few studies have investigated 
early development of the crocodilian phallus [Gadow, 
1887; Reese, 1915, 1924; Ferguson, 1985]. Early develop-
ment of external genitalia in alligators is similar to other 
amniotes [Gadow, 1887; King, 1981; Ferguson, 1985; 
Gredler et al., 2014b; Larkins and Cohn, 2014]. Genital 
swellings emerge between the hindlimb buds, on either 
side of the cloacal membrane, at an early stage of develop-
ment ( fig. 3 D). The genital swellings later form the genital 
tubercle ( fig.  3 D, E). Outgrowth of the genital tubercle 
and formation of the phallic ridge regionalizes the embry-
onic phallus into the phallic ridge (or cuff), glans (or tip), 
and shaft (or base) ( fig. 3 F). Simultaneous development 
of the cloaca occurs by interaction between the posterior 
limits of the digestive and excretory tracts [Gadow, 1887; 
Ferguson, 1985; Gredler et al., 2014b].

  Sexual differentiation of crocodilian genitalia is sensi-
tive to environmental signals in addition to temperature. 
Environmental endocrine disrupting chemicals, for ex-
ample, have been shown to have profound effects on go-
nadal and external genital development in American al-
ligators  (A. mississippiensis) . For example, a negative cor-
relation between penis size and exposure to endocrine 
disrupting contaminants has been found in alligators liv-
ing in contaminated environments [Guillette et al., 1994, 
1995, 1996, 1999; Gunderson et al., 2004]. The molecular 
mechanisms that mediate the effects of these chemicals 
on external genital development are not well understood, 
although recent gene expression analyses have identified 
potential targets of exogenous compounds in the embry-
onic crocodilian phallus [Gredler et al., 2014b].

  Avian Phallus 
 Basal birds (paleognaths) have retained the phallus, 

and waterfowl have dramatically increased phallus size, 
coiling, and ornamentation. Most birds, however, have 
undergone extreme reduction or complete loss of the 

phallus, such that approximately 97% of extant bird spe-
cies lack an intromittent organ altogether [Briskie and 
Montgomerie, 1997; Brennan and Prum, 2012]. Recent 
studies have shed light on the developmental and mo-
lecular foundations of phallic reduction in birds [Herrera 
et al., 2013, 2014]. Development of the phallus has been 
described for species with varying degrees of external 
genital outgrowth, ranging from the elaborate phalluses 
of ducks to the rudimentary non-intromittent phalluses 
of chickens. At early stages, the intromittent phallus of 
anseriforms (waterfowl) and the non-intromittent phal-
lus of galliforms (chickens and other land fowl) are very 
similar [Bakst, 1986; Bakst and Cecil, 1986; Herrera et al., 
2013, 2014]. The external genitalia begin to form when 
the paired genital swellings emerge on either side of the 
cloacal membrane ( fig. 3 G). Two additional pairs of swell-
ings, the anterior and posterior cloacal swellings, give rise 
to the cloacal collar ( fig. 3 G, H). The paired genital swell-
ings fuse to form the genital tubercle, and cloacal swell-
ings fuse to form the anterior and posterior cloacal lips 
(later these lips fuse to form the cloacal collar [Herrera et 
al., 2013]) ( fig.  3 I). The genital tubercles of galliforms 
then arrest and regress, leaving only a rudimentary phal-
lic swelling [Herrera et al., 2013, 2014]. Development of 
the genital tubercle continues in ducks and geese, eventu-
ally taking on a spiral pattern of outgrowth that underlies 
the coiled morphology seen in adult males [Herrera et al., 
2014]. Sexual differentiation of duck external genitalia 
occurs at relatively late stages, just prior to hatching, 
whereas in chickens, sexual dimorphism of the phallus 
diminishes over developmental time and is not apparent 
after hatching. Although phallus morphology is highly 
variable among different species of ducks, comparative 
analysis of external genital development across 3 duck 
species with variable adult morphologies showed little 
difference in genital form even at late stages of develop-
ment, suggesting that the variation arises post-hatching 
[Herrera et al., 2014].

  It has long been known that avian phallus morphology 
(as well as testes and bursa size) undergoes transient 
changes during the breeding season and in response to 
female stimuli [Briskie and Montgomerie, 1997]. The 
mechanisms by which sex hormones shape development 
of avian genital structures are not well understood. Hor-
mone levels in yolk, plasma, and in the embryo have been 
characterized, and these studies can serve as a platform 
for investigating interactions between sex steroids and 
the genetic pathways that sculpt avian external genital 
structures [Woods et al., 1975; Sayag et al., 1991; Henry 
and Burke, 1999; Katoh et al., 2006].
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  Squamate Hemipenes and Hemiclitores 
 Squamates develop paired copulatory organs called 

hemipenes (male) and hemiclitores (female) [Gadow, 
1887; King, 1981; Lombardi, 1998; Kardong, 2012]. The 
most comprehensive studies of early development of the 
hemipenes in squamates were done by Raynaud and 
Pieau [1970, 1985] in the European green lizard  (Lacerta 
viridis) , slow-worm serpentiform lizard  (Anguis fragilis) , 
and the dice snake  (Natrix tessellata) . Little work has been 
done on hemipenes development since the publication of 
these classical descriptions, although 2 recent studies 
have characterized the embryology and the cellular and 
molecular development of hemipenes in the green anole, 
 Anolis carolinensis  [Gredler et al., 2014a] and the ball py-
thon,  Python regius  [Leal and Cohn, 2014].

  Morphogenesis of the hemipenes and hemiclitores is 
generally conserved across different lineages of lizards 
and snakes but differs from development of the single 
amniote genital tubercle in a number of ways [Raynaud 
and Pieau, 1985; Gredler et al., 2014a; Leal and Cohn, 
2014]. Major differences between squamate and non-
squamate amniote external genital development include 
the paired nature of the hemiphalluses, their embryonic 
origin relative to the hindlimb buds and cloacal mem-
brane, and the molecular mechanisms underlying forma-
tion of the sulcus spermaticus [Raynaud and Pieau, 1985; 
Gredler et al., 2014a; Leal and Cohn, 2014].

  Like other amniotes, squamate embryos develop itera-
tive pairs of swellings around the cloacal membrane ( fig. 3 J, 
M) [Raynaud and Pieau, 1985; Gredler et al., 2014a; Leal 
and Cohn, 2014]. At least 3 pairs of external genital/cloacal 
swellings form along the lateral edges of the cloaca. Based 
on their anatomical positions (rather than inferences of 
homology), these are termed the anterior cloacal swellings, 
hemiphallus swellings, and posterior cloacal swellings 
( fig. 3 J, M). These swellings give rise to the anterior lip of 
the cloaca, the hemiphalluses, and the posterior lips of the 
cloaca, respectively [Raynaud and Pieau, 1985; Gredler et 
al., 2014a; Leal and Cohn, 2014]. Although the bilateral an-
terior and posterior cloacal swellings fuse to form the an-
terior and posterior lips of the cloaca, the hemiphallus 
swellings emerge lateral and posterior to the cloacal mem-
brane and remain adjacent (and sometimes posterior) to 
the cloacal membrane as each one differentiates into a 
hemiphallus (hemipenis or hemiclitoris) [Raynaud and 
Pieau, 1985; Gredler et al., 2014a; Leal and Cohn, 2014].

  In squamates, genital swelling initiation occurs in close 
proximity to the early hindlimb buds [Raynaud and Pieau, 
1970, 1985; Rosenberg et al., 1989; Leal and Cohn, 2014]. 
In the green anole, the hemiphallus swellings originate at 

the base of the hindlimb buds, on the postero-ventral sur-
face ( fig. 3 J) [Gredler et al., 2014a], while in other amni-
otes the phallus swellings develop medial to the hindlimb 
buds, closer to the cloacal membrane ( fig.  3 ) [Raynaud 
and Pieau, 1985; Gredler et al., 2014b; Herrera et al., 2014; 
Larkins and Cohn, 2014; Leal and Cohn, 2014]. The to-
pographic association between the hindlimb buds and 
hemiphallus swellings in the green anole does not neces-
sarily indicate a mechanistic or causal link between limb 
and genital development, as limbless squamates that show 
no signs of embryonic hindlimb buds nonetheless con-
serve fully developed hemipenes [Raynaud and Pieau, 
1970, 1985]. This implies that the hemipenes and 
hindlimbs are dissociable structures in both development 
and evolution. However, it is plausible that the hemipenes 
and limbs come from a common or adjacent population(s) 
of cells derived from the lateral plate mesoderm [Gredler 
et al., 2014a]. Interestingly, an association between the 
limbs and embryonic cloaca would not be unique to squa-
mates, since it has been found that muscle precursor cells 
in the chicken hindlimbs and cloaca are derived from a 
common population of cells [Valasek et al., 2005]. In the 
chick, cloacal muscle cells are derived from axially located 
somites, which migrate to the proximal hindlimb bud and 
then can be identified as discrete regions of MyoD-posi-
tive cells that later split, with one subpopulation forming 
the hindlimb muscle and the other migrating back out of 
the limb to form the cloacal muscle [Valasek et al., 2005].

  The hemiphallus swellings of squamates do not extend 
medially over the cloacal membrane, but instead remain 
separate from one another in a lateral position [Raynaud 
and Pieau, 1985; Gredler et al., 2014a; Leal and Cohn, 2014]. 
In other amniotes, medial fusion of the paired genital swell-
ings is a key developmental event that forms the single mid-
line phallus, and may be essential for the incorporation of 
endoderm into the phallus, either as a sulcus spermaticus 
or as a tubular urethra [Perriton et al., 2002; Cohn, 2011]. 
Squamates do not undergo fusion of the hemiphallus swell-
ings, and the hemipenes develop without an endodermal 
contribution [Raynaud and Pieau, 1985; Gredler et al., 
2014a; Leal and Cohn, 2014]. Each hemipenis later develops 
a seminal furrow, called the sulcus spermaticus, which is 
formed by invagination of surface ectoderm along the me-
dial surface of each hemipenis bud ( fig. 3 L, O) [Raynaud 
and Pieau, 1985; Gredler et al., 2014a; Leal and Cohn, 2014]. 
Thus, the sulcus spermaticus of squamates has a different 
embryonic origin (ectoderm) from that of turtles, archo-
saurs, and mammals (endoderm; discussed below) [Perri-
ton et al., 2002; Seifert et al., 2008; Cohn, 2011; Herrera et 
al., 2013, 2014; Gredler et al., 2014a, b; Larkins and Cohn, 
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2014; Leal and Cohn, 2014]. The unusual development of 
squamate hemiphalluses, particularly the absence of an en-
dodermal epithelium, a key signaling region in the genital 
tubercles of other amniotes [Perriton et al., 2002; Seifert et 
al., 2008, 2010], suggests that at least some of the fundamen-
tal mechanisms of external genital development have un-
dergone evolutionary modifications in squamates.

  Sexual differentiation of the hemipenes and hemiclito-
res occurs late in development [Raynaud and Pieau, 1985; 
Gredler et al., 2014a]. In general, hemiphalluses develop 
similarly in male and female squamates until after forma-
tion of the sulcus spermaticus, when the female buds start 
to regress to a vestigial state [Raynaud and Pieau, 1985; 
Gredler et al., 2014a]. Experimental manipulations have 
shown that androgen and estrogen levels are important for 
sexually dimorphic development of squamate external gen-
italia [Raynaud and Pieau, 1985; Holmes and Wade, 2005; 
Rhen et al., 2005; Beck and Wade, 2008]. Steroid hormone 
receptors are expressed dimorphically during external gen-
ital development in  Anolis ; embryonic hemipenes have 
high expression of androgen receptor whereas female
hemiclitores express high levels of estrogen receptor alpha 
[Raynaud and Pieau, 1985; Holmes and Wade, 2005; Rhen 
et al., 2005; Beck and Wade, 2008]. This is consistent with 
the temporal correlation between ovary development and 
hemiphallus bud regression to form the female hemiclitores 
[Raynaud and Pieau, 1985; Holmes and Wade, 2005; Rhen 
et al., 2005; Beck and Wade, 2008]. Thus, the variation in 
relative timing of gonadal development in squamates could 
explain the variation in external genital dimorphism [Ray-
naud and Pieau, 1985; Holmes and Wade, 2005; Rhen et al., 
2005; Beck and Wade, 2008]. It is noteworthy that recent 
studies in the mouse have shown that estrogen is required 
to inhibit growth of the clitoris [Yang et al., 2010], which 
raises the possibility that a common mechanism may be in-
volved in feminization of the phallus across amniotes.

  Ontogeny of the Reptilian Sulcus 

 Despite the common function of the sulcus and ure-
thra, these structures differ significantly between mam-
mals and other amniotes. Mammals have a closed ure-
thral tube but all other amniotes have an open urethral 
groove or sulcus ( figs. 1 ,  2 ). In mammals, turtles, alliga-
tors, and birds, the sulcal/urethral epithelium is derived 
from cloacal endoderm [Wake, 1979; King, 1981; Ray-
naud and Pieau, 1985]. Genital swellings emerge on either 
side of the cloacal membrane and fuse at the midline to 
form the genital tubercle. When the paired swellings 

merge to form the genital tubercle, the ventral wall of the 
cloaca becomes incorporated into the center of the tu-
bercle and, as the tubercle grows distally, the cloacally de-
rived endoderm forms a bilaminar sulcal or urethral plate 
along the posterior/ventral side of the growing phallus. In 
turtles, alligators, birds, and some mammals, the cloacal 
membrane ruptures along the ventral margin of the phal-
lus, which results in an open sulcus or urethral groove 
[Wake, 1979; King, 1981; Raynaud and Pieau, 1985; 
Gredler et al., 2014b; Herrera et al., 2014; Larkins and 
Cohn, 2014]. This open urethral groove is maintained in 
non-mammalian amniotes. In mammals, the urethral 
plate either remains closed at the ventral seam (as in ro-
dents) or ruptures and then closes by fusion of the uro-
genital folds (as in humans) [Kurzrock et al., 2000].

  Development of the sulcus in squamates differs signifi-
cantly from all other amniotes. The squamate cloacal 
membrane forms as it does in other amniotes; however, it 
is maintained in its initial position at the surface of the 
ventral body wall, while the genital swellings of the hemi-
penes grow distally on either side, without fusing at the 
midline [Raynaud and Pieau, 1985; Gredler et al., 2014a; 
Leal and Cohn, 2014]. At later stages of hemiphallus devel-
opment, ectodermal invaginations form along the proxi-
mal-distal axis of each hemiphallus, generating the sulcus 
spermaticus [Gredler et al., 2014a; Leal and Cohn, 2014]. 
The cloacal membrane ruptures on the surface of the ven-
tral body, and the ectodermal sulci become contiguous 
with the cloacal opening. Thus, the squamate sulcus is de-
rived from surface ectoderm of each hemipenis, and the 
cloacal endoderm is not incorporated into the phallus. 
Since the sulcus/urethra of all other amniotes develops 
from endoderm, an ectodermally derived sulcus spermat-
icus must have been acquired independently in squamates. 
It is possible that medial fusion of the genital swellings in 
non-squamate amniotes is required for incorporation of 
the cloacal endoderm into the phallus and, therefore, fail-
ure of hemipenes to fuse medially may account for the ab-
sence of cloacal endoderm in squamate genitalia.

  Molecular Mechanisms of External Genital 

Morphogenesis 

 Major progress in our understanding of the molecular 
mechanisms of external genital development has been 
made over the past 10–15 years. Most of these advances 
have come from the mouse model, due to its well-charac-
terized development, sequenced genome, and accessibil-
ity for genetic and genomic manipulation [for details, see 
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review by Cohn, 2011; Ipulan et al., this issue]. The iden-
tification of signaling pathways that play important roles 
in development of mammalian external genitalia has be-
gun to establish a foundation for comparative studies. Be-
low, we review some recent progress in understanding the 
mechanisms involved in the evolution of genital develop-
ment in birds and reptiles. It is noteworthy that only a 
handful of studies have been conducted in these taxa, and 
there are numerous questions that remain unaddressed. 
These gaps present exciting opportunities and challenges 
for future investigation.

  In the developing external genitalia, many genes are 
expressed in similar patterns across different amniote 
clades [Perriton et al., 2002; Herrera et al., 2013, 2014; 
Gredler et al., 2014a, b; Larkins and Cohn, 2014; Leal
and Cohn, 2014]. For example, all amniotes express 
 Hoxd13  in the phallic anlage and, with the exception of 
squamates, show expression of  Shh  in the sulcus/urethral 
epithelium and  Ptch1  expression in the adjacent mesen-
chyme. However, differences in gene expression of im-
portant signaling molecules (such as  Bmp4  and its 
downstream target,  Msx2 , which mediate many develop-
mental processes, including apoptosis) may be associated 
with gross anatomical differences in external genital mor-
phology within and among amniote clades.

  Bmp Signaling and Variation in External Genital 
Structures 
 The arrest and regression of the galliform genital tu-

bercle is caused by BMP4-mediated apoptosis at the distal 
tip of the genital tubercle [Herrera et al., 2013]. The distal 
domain of  Bmp4  expression that occurs in galliform geni-
talia is absent from the genital tubercles of ducks and emus, 
both of which form well-developed intromittent phalluses. 
Inhibition of Bmp signaling by experimental application 
of Noggin protein (a Bmp antagonist) can restore cell sur-
vival and increase outgrowth in chick genital tubercles 
[Herrera et al., 2013]. Furthermore, application of BMP2 
protein (which signals via the same receptor as BMP4) to 
the distal tip of duck genital tubercles is sufficient to induce 
ectopic cell death, indicating that Bmp activity is necessary 
and sufficient for apoptosis-mediated regression of the 
genital tubercle in birds [Herrera et al., 2013].

  Multiple anatomical structures that show variation 
among amniote external genitalia have been demonstrated 
to be associated with modulation of Bmp expression do-
mains.  Bmp4  is normally found in the mesenchyme adja-
cent to the urethra in the mouse, however in turtle and al-
ligator,  Bmp4  is also expressed along the ventral seam of the 
cloacal membrane and sulcus prior to it rupturing [Perriton 

et al., 2002; Suzuki et al., 2003; Gredler et al., 2014b; Larkins 
and Cohn, 2014]. The same is true for the Bmp target gene 
 Msx2 , which is also expressed along the cloacal membrane 
and in the sulcus. Bmp signaling induces apoptosis in many 
developmental contexts [Suzuki et al., 2003; Bandyopad-
hyay et al., 2006; Herrera et al., 2013] and, consistent with 
this, apoptosis is found along the turtle and alligator cloacal 
membranes just prior to their rupture [Gredler et al., 2014b; 
Larkins and Cohn, 2014]. These results suggest that Bmp 
signaling and apoptosis may be required for generation of 
the urethral groove of the sulcus spermaticus. Experimental 
inhibition of Bmp signaling and/or apoptosis in turtle and 
alligator embryos should determine the role of this signal-
ing pathway in sulcus development.

  In contrast to turtles and crocodilians, formation of the 
sulcus spermaticus in pythons is not associated with  Bmp4 
 or  Msx2  expression [Leal and Cohn, 2014]. However, 
 Bmp4  and  Msx2  are both expressed at the distal tip of the 
developing hemipenes.  Bmp4  is also expressed in the clo-
acal endoderm. Whether Bmp signaling is essential for the 
cloaca rupture in squamates remains to be tested [Gredler 
et al., 2014a; Leal and Cohn, 2014]. Similarly, it is not clear 
whether birds have  Bmp4  expression along the cloacal 
membrane prior to its rupture. It is noteworthy that the 
mouse genital tubercle lacks expression of  Bmp4  or  Msx2  
along the length of the cloacal membrane or urethral epi-
thelium, and these tissues do not undergo extensive 
 apoptosis, with the exception of the most proximal and 
distal regions [Perriton et al., 2002; Suzuki et al., 2003; Lin 
et al., 2009]. Moreover, mice do not exhibit degradation of 
the ventral epithelium along the entire proximal-distal 
axis of the genital tubercle, as is the case in other mammals 
such as rabbits, pigs, and humans [Glenister, 1956; Paidas 
et al., 1999; Kurzrock et al., 2000]. This could mean that 
upregulation of Bmp signaling and apoptosis along the 
ventral surface of the genital tubercle is an event that nor-
mally occurs in some mammals, such as humans, to gen-
erate the urogenital ostium, and that hypospadias is caused 
by the failure to close this ostium at later stages. Examina-
tion and manipulation of Bmp signaling and apoptosis in 
mammals that form an ostium should determine whether 
epithelial degradation along the ventral surface of the gen-
ital tubercle occurs similarly to turtles and alligators.

  Genetic Regulation of Hemiphallus Development 
 Analyses of gene expression in developing hemipenes 

have been conducted in green anole and ball python em-
bryos [Gredler et al., 2014a; Leal and Cohn, 2014]. These 
studies revealed both conserved and divergent expression 
patterns of developmental genes. One of the major differ-
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ences is that early hemiphallus buds lack hedgehog signal-
ing, whereas all other amniotes show strong expression of 
 Shh  in the urethral/sulcus epithelium of the genital tuber-
cle [Gredler et al., 2014a; Leal and Cohn, 2014]. In the 
mouse,  Shh  expression in the urethral epithelium acts as a 
proliferative, survival, and polarizing factor to drive out-
growth and patterning of the genital tubercle [Perriton et 
al., 2002; Seifert et al., 2009a, 2010]. The absence of  Shh  
and  Ptch1  (a readout of Shh signal transduction) expres-
sion in the developing hemipenes, together with histolog-
ical data, suggests that squamates lack an equivalent endo-
dermally derived external genital organizer. Likewise, the 
expression patterns of other genes associated with endo-
dermal urethral/sulcus epithelium (i.e.  Fgfr2  and  Fgf8 ) 
and the surrounding mesenchyme (i.e.  Fgf10  and  Bmp4 ) 
are different in squamates. The observations that  Shh, 
Fgfr2 ,   and  Fgf8  are not detectable in the squamate sulcus 
spermaticus further support the non-equivalence of the 
squamate sulcus spermaticus and the amniote sulcus/ure-
thra [Gredler et al., 2014a; Leal and Cohn, 2014].

  With the exception of the differences described above, 
squamate hemipenes express a battery of genes associated 
with appendage growth, illustrating conserved expression 
patterns among amniote genital tubercles [Gredler et al., 
2014a; Leal and Cohn, 2014]. These genes are expressed at 
either the distal tip, such as  Wnt5a, Bmp4, Msx2 , and 
 Hoxa13 , or throughout the genital swellings, such as  Tbx4  
and  Hoxd13  [Leal and Cohn, 2014]. It is possible that the 
expression patterns of these developmental genes in exter-
nal genital swellings are shared between squamates and 
the other amniotes due to independent co-option of the 
genetic program for appendage development, rather than 
reflecting structural homology of hemipenes and penises 
of other amniotes. Nonetheless, molecular development 
of squamate external genitalia has been examined in only 
2 species thus far, and further studies are needed to resolve 
the question of homology of squamate hemipenes to the 
single midline phallus in non-squamate amniotes.

  The Reptilian Sulcus: Insights into Hypospadias 

 Hypospadias as a Primitive Condition 
 One of the most common birth defects in humans is a 

failure to form a fully closed urethral tube, a condition 
known as hypospadias. Hypospadias can range from a 
small ectopic opening of the urethra anywhere along the 
penis (from the glans to the perineum) to a complete fail-
ure of urethral tube closure along the entire ventral side of 
the phallus. The causes of hypospadias are still under in-

vestigation, but experimental and clinical evidence indi-
cates that it can result from environmental causes, genetic 
factors, or both [reviewed in Blaschko et al., 2012]. For 
example, hypospadias is commonly found in patients with 
hand-foot-genital syndrome, which results from a muta-
tion in  HOXA13  [Mortlock and Innis, 1997]. In addition, 
embryonic exposure to environmental contaminants that 
block androgen signaling can lead to hypospadias [Pau-
lozzi et al., 1997; Yiee and Baskin, 2010]. While some of 
the genetic causes of hypospadias are known, most are 
not, and it is not clear which genetic targets act down-
stream of endocrine disrupting effectors. Because the hy-
pospadias condition can be remarkably similar to what is 
found naturally in non-mammalian amniotes, comparing 
mammalian and non-mammalian urethral development 
may give us insight into the events that led to the evolu-
tionary transition from an open urethral sulcus to a closed 
urethral tube, and how these events can be disrupted to 
generate hypospadias. In the contexts of both phylogeny 
and developmental mechanisms, the persistence of an 
open urethral groove in severe hypospadias could be in-
terpreted as a reversion to the primitive amniote condi-
tion of having an open sulcus rather than a closed tube.

  Ontogeny and Molecular Genetic Control of Cloacal 
Septation 
 Another feature that differs between mammalian and 

non-mammalian anogenital sinuses, which may contribute 
to a closed versus open urethra, is the degree of cloacal sep-
tation. The urorectal septum in mammals separates the 
anorectal and urogenital sinuses, forms the perineum, and 
then extends into the phallus, where it internalizes the male 
urethra [Hynes and Fraher, 2004; Seifert et al., 2008]. Non-
mammalian amniotes do not undergo complete septation 
of the cloaca, nor does the septum invade the phallus. If 
closure and internalization of the urethral tube is depen-
dent upon growth of the urorectal septum into the phallus 
[Seifert et al., 2008], then it is possible that the absence of 
cloacal septation in non-mammalian amniotes plays a role 
in the persistence of a sulcus. In support of this, hypospa-
dias is often found in mouse mutants and humans that 
show defective cloacal septation [Metts et al., 1997; Garcia 
et al., 2006; Yucel et al., 2007; Seifert et al., 2009a; Wu et al., 
2009]. Another possibility is that the genes that regulate 
cloacal septation are also responsible for closure and inter-
nalization of the urethra. For example, in mice,  Shh  is re-
quired for cloacal septation and for maintenance of the 
closed urethral tube, with the null  Shh  mutant lacking ex-
ternal genitalia and having persistent cloaca [Haraguchi et 
al., 2001; Perriton et al., 2002]. Conditional deletion of  Shh 
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 after the completion of cloacal septation results in hypospa-
dias that ranges in severity according to the timing of  Shh 
 deletion [Lin et al., 2009; Seifert et al., 2009a]. It will be in-
teresting to carefully examine not only the patterns but also 
the levels of gene expression that are important for cloacal 
septation in non-mammalian amniotes. It may stand to 
reason that in order to fully understand urethral tubulogen-
esis, we must understand cloacal septation and growth of 
the urorectal septum in both mammals and non-mammals.

  The Evolution of External Genital Development: 

Resolving the Question of Homology 

 Internal fertilization is necessary for development of 
the amniotic egg and, therefore, a mechanism of sperm 
transfer must have been present in the common ancestor 
of amniotes [Romer and Parsons, 1986]. Whether primi-
tive amniotes copulated using a phallus or through clo-
acal apposition, similar to tuataras [Gans et al., 1984] and 
many birds [Briskie and Montgomerie, 1997], remains 
uncertain. Based on the phylogenetic distribution of in-
tromittent phalluses, their similar embryonic origins 
across amniotes, and the conservation of cellular and mo-
lecular mechanisms of development, we favor the hy-
pothesis that a single midline phallus with an endodermal 
sulcus spermaticus was present in the common ancestor 
of amniotes, and a closed urethral tube evolved in the 
mammalian lineage ( fig. 4 A). According to this hypoth-
esis, the endodermal sulcus was lost and an ectodermal 
sulcus was gained in squamates. Nonetheless, we recog-
nize that there are at least 3 alternative evolutionary sce-
narios that could explain the phylogenetic distribution of 
phalluses in amniotes: (1) A single midline phallus with 
an endodermal urethral tube (rather than a sulcus, as pro-
posed above) was present in the common ancestor of am-
niotes ( fig. 4 B). In this scenario, the endodermal urethral 
tube would have formed an open sulcus in the common 
ancestor of non-squamate reptiles, and the midline phal-
lus and phallic endoderm would have been completely 
lost in Squamata. (2) All amniote phalluses are derived 
from paired genital swellings; however, the midline phal-
lus evolved independently in mammals and non-squa-
mate reptiles ( fig. 4 C). (3) Paired genital swellings and the 
clade-specific intromittent organs evolved independently 
in squamates, archosaurs, and mammals ( fig.  4 D). Al-
though our preferred hypothesis is based on developmen-
tal evidence available to date, and none of these 3 alterna-
tives offer more parsimonious explanations, there are as-
pects of each scenario that warrant further investigation.

  Development often has been used to resolve questions 
regarding anatomical homology when secondary di-
vergence poses challenges to direct comparisons of the 
adult structures [Wagner, 1994; Raff, 1996]. As discussed 
above, there are significant anatomical differences in the 
adult phalluses of amniotes. However, similarities in the 
genetic programs underlying external genital morpho-
genesis now shed new light on the debate regarding the 
evolution of the amniote phallus. Importantly, the phal-
luses of most, if not all, amniote groups begin as paired 
swellings within a presumptive genital field surrounding 
the cloaca. In mammals, turtles, and archosaurs, these 
paired swellings fuse to form a single, midline phallus 
with contributions from all 3 embryological germ layers. 
Despite differences in the origin of the spermatic sulcus, 
squamate hemipenes also develop from the direct expan-
sion of paired genital swellings in the embryo. These
observations are consistent with an intromittent phallus 
being a shared, derived character of amniotes. Given
that tuataras have been reported to   lack intromittent 
phallus(es), this interpretation also raises additional 
questions regarding the specific evolutionary steps that 
led to the origin of squamate hemipenes. Whether the 
ancestors of tuataras (or the common ancestor of tuataras 
and squamates) possessed a single or paired phallus re-
mains unknown. Nonetheless, our interpretation of phal-
lus evolution suggests that hemipenes evolved through 
significant modification of a more widely shared ances-
tral developmental program.

  Absence of a phallus in most extant amphibians raises 
the possibility that the evolutionary origin of the phallus 
occurred near the base of Amniota. Another intriguing 
possibility, however, is that the phallus arose prior to am-
niotes, near the origin of tetrapods, and was subsequently 
lost in frogs and salamanders [Gauthier et al., 1988]. The 
third group of modern amphibians, caecilians, possesses 
a single, midline, male-specific intromittent organ, the 
phallodeum, which has long been considered convergent 
with the amniote phallus [Wake, 1972; Gauthier et al., 
1988]. Detailed comparative analysis of caecilian cloaca 
and phallus development has the potential to further ad-
vance our understanding of vertebrate genital evolution.

  Prospectus 

 Developmental studies of non-mammalian amniotes 
have significantly expanded in recent years. These studies 
have brought new perspectives to our understanding of 
developmental mechanisms, diversity, and evolution, 
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Aves   single phallus
   G. gallus   endodermal sulcus
   A. platyrhynchos

Crocodylia  single phallus
   A. mississippiensis endodermal sulcus

Testudines  single phallus
   T. scripta   endodermal sulcus

Squamata  paired hemipenes
   P. regius   ectodermal sulcus
   A. carolinensis 

Mammalia  single phallus
   M. musculus  endodermal urethra

paired genital swellings

fusion of genital swellings into 
genital tubercle and endoderm 
incorporated into phallus

urethral tubulogenesis

Mammalia

Aves

Crocodylia

Testudines

Squamata

ancestral amniote had 
a single phallus with an 
endodermally derived 

open sulcus spermaticus

A

Mammalia

Aves

Crocodylia

Testudines

Squamata

ancestral amniote had 
paired hemipenes with 
ectodermally derived 
open sulci spermatici

C    

Mammalia

Aves

Crocodylia

Testudines

Squamata

ancestral amniote had 
no phallus

D

Mammalia

Aves

Crocodylia

Testudines

Squamata

ancestral amniote had 
a single phallus with an 
endodermally derived 

closed urethral tube

B

  Fig. 4.   A–D  Alternative scenarios for the evolution of amniote ex-
ternal genital morphogenesis. Each phylogeny shows one series of 
evolutionary transitions that can explain the morphological diver-
sity of amniote external genitalia and the developmental mecha-
nisms required for these character states. Three characters of ex-
ternal genital development are shown (pink box), each with 2 char-
acter states. The characters are phallus number (paired or single), 
phallic endoderm (presence or absence), sulcus morphology (open 
sulcus spermaticus or closed urethral tube), and the developmental 
origin of sulcus/urethral epithelium (endoderm or ectoderm). Sce-
nario  A  reconstructs the series of events by which the suite of ex-
ternal genital characters that are present in extant reptiles could 

have evolved from a common amniote ancestor that had a single 
phallus with an endodermally derived open sulcus spermaticus, or 
an archosaur/turtle pattern.  B  reconstructs the evolution of these 
characters from an ancestral state of the mammalian pattern, a 
single phallus with an endodermally derived closed urethral tube. 
 C  reconstructs the evolution of amniote external genitalia from a 
common ancestor with paired hemipenes and ectodermally de-
rived open sulci spermatici.  D  reconstructs the independent acqui-
sition of each of these 3 developmental events that would have oc-
curred if the midline phallus of non-squamate amniotes is a con-
vergent trait, and if the common ancestor of all amniotes lacked 
external genitalia. 
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and may provide new models for human disease. Our re-
view of external genitalia development in reptiles and 
birds summarizes recent advances in this area and sup-
ports the hypothesis that, despite their gross anatomical 
differences, external genitalia are a shared, derived char-
acter of Amniota ( fig. 4 ).

  Much remains to be learned about the molecular and 
morphogenetic mechanisms of external genital develop-
ment in mammals and in non-mammalian species. Ad-
vances in our understanding of mouse external genital de-
velopment, together with the diversity of external genital 
morphologies that exists across amniotes, provide a spring-
board for comparative studies aimed at understanding the 
evolution of developmental mechanisms. Moreover, un-
derstanding the evolutionary history of morphogenetic 
processes that are affected by congenital malformation, 
such as hypospadias, can provide new insights into the basis 
of these structural defects. External genitalia represent 
some of the most rapidly evolving anatomical characters in 
nature [Arnqvist, 1998] and, as a result, this organ system 
is rich with variation and evolutionary innovation. Com-
parative investigation into differential formation of blood 
versus lymphatic vasculature, for example, will help us to 
understand the developmental bases of the diversity in am-
niote erectile systems. The opossum, a marsupial mammal, 
has a bifid glans penis, and gene expression analysis has 
demonstrated that development of the distal bifid urethra 
in marsupials involves division of expression domains that 
mark the single urethra in eutherian mammals [Seifert et 
al., 2009b]. Does development of a bilobed mammalian ure-
thra involve processes similar to those that generate the
bifurcate sulcus spermaticus in squamate hemipenes or,
alternatively, is bifurcation produced by branching events 
similar to those found in the lung and kidney [reviewed in 
Andrew and Ewald, 2010]? Such advances are beginning to 
be made within invertebrates [Khila et al., 2012], and con-
tinued investigation of phallus morphogenesis in a phylo-
genetic context has the potential to uncover new mecha-
nisms by which developmental processes have been modi-
fied to generate the morphological diversity present in 
amniote external genitalia.

  Further study of external genital development in non-
mammalian organisms also has the potential to shed new 
light on the molecular mechanisms of sexual differentia-
tion. Amniotes have an array of genetic and temperature-
dependent mechanisms that control sex determination 
[Williams et al., 2008], but how each of these yields similar 
anatomical differentiation is not well understood. Fur-
thermore, most developmental research has focused on 
male traits, creating a biased understanding of sexual de-

velopment of the external genitalia. As discussed above, 
many aspects of patterning and morphogenesis are similar 
between males and females of particular species, yet the 
specific molecular triggers and downstream effectors that 
mediate anatomical divergence remain largely unknown 
for most amniotes. Hormonal triggers of sexual differen-
tiation have been the subjects of much research during late 
stages of development and maturation, but how these sys-
temic and environmental cues act on early developmental 
processes, often in tissue-specific manners, is not well un-
derstood. Thus, it remains unknown how and where hor-
monal signals interact with locally acting signaling net-
works to produce distinctive, sex-specific external genita-
lia. Increasing the depth as well as the phylogenetic breadth 
of understanding of these pathways and mechanisms – 
from early morphogenesis to adult morphology and from 
systemic to cell type-specific regulation – has the potential 
to offer new insights into the development of sex-specific 
characters. We anticipate that discoveries in this area will 
be applicable to biomedical [Barlow et al., 1999; Soto and 
Sonnenschein, 2010], evolutionary, and conservation-re-
lated problems [Colborn et al., 1993; Frische et al., 2013].
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