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ABSTRACT The kidneys of the Mediterranean Gecko,
Hemidactylus turcicus (Gekkonidae), were investigated
using light and electron microscopy with the primary focus
placed on morphology of the sexual segment of the kidney.
The nephrons of male H. turcicus are composed of five dis-
tinct regions: 1) a renal corpuscle and glomerulus, 2) a proxi-
mal convoluted tubule, 3) an intermediate segment, 4) a
distal convoluted tubule, and 5) the sexual segment of the
kidney/collecting duct. Female H. turcicus is similar but
lack a sexual segment of the kidney. The sexual segment of
the kidney is hypertrophied during the months of March
through August, which corroborates previous reports of
reproductive activity. During inactive months, the sexual
segment of the kidney is nondiscernable from the collecting
ducts. The sexual segment consists of tall columnar epithe-
lial cells with basally positioned nuclei. Perinuclear Golgi
complexes and rough endoplasmic reticulum are present.
Secretory granules, which fill the apices of the epithelial
cells, are electron dense and released into the lumen by a
merocrine secretory process. Narrow intercellular canaliculi
separate each epithelial cell and are sealed by tight junc-
tions at the luminal aspect. Basally, leukoctyes are observed
within the intercellular canaliculi and outside the basal lam-
ina. Mast cells can be found just outside the basal lamina in
close association with renal capillaries. The sexual segment
of the kidney of H. turcicus is similar to that of three unre-
lated lizards for which ultrastructure was investigated with
secretion mode being the major difference Also, H. turcicus
is similar to most other lizards in that complete regression
occurs during reproductive inactivity, but differs in this trait
from the skink, Scincella lateralis, and most snakes which
display a hypertrophied sexual segment of the kidney
throughout the entire year. Although some unique similar-
ities appear during the optimization, no direct patterns or
directions are observed, and only the molecular based phy-
logeny resolves the ancestral condition of the Squamata
as the sexual segment of the kidney being observed in
the distal convoluted tubule, collecting duct, and ureter. J.
Morphol. 272:802–813, 2011. � 2011Wiley-Liss, Inc.

KEY WORDS: reproduction; kidney; sexual segment;
histology; gecko

INTRODUCTION

The sexual segment of the kidney (SSK) was
first described as a hypertrophied region of the
kidney ducts by Gampert (1866) in the grass

snake, Natrix natrix, and termed the ‘‘segment
sexuel’’ by Regaud and Policard (1903), who noted
the SSK occurred only in male snakes. Subse-
quently, the SSK has been found in the kidney
ducts of all male snakes and lizards (Squamata)
that have been examined and is considered a sec-
ondary sexual characteristic (reviews by Saint
Girons, 1972; Fox, 1977; Aldridge et al., in press).
Research has been conducted investigating the
morphology and physiology of the sexual segment
in many squamates, but only nine studies have
investigated ultrastructural characteristics of the
SSK, five on snakes (Kühnnel and Krisch, 1974;
Sever et al., 2002; Krohmer, 2004; Sever et al.,
2008; Siegel et al., 2009), and four on lizards
(Furieri and Lanzavecchia, 1959; Del Conte and
Tamayo, 1973; Gabri 1983; Sever and Hopkins,
2005).

Previous studies regarding the sexual segment
vary in depth of coverage. For lizards, Furieri and
Lanzavecchia (1959) were concerned only with the
effects of castration on the ergastoplasm (endo-
plasmic reticulum conditions) of the sexual seg-
ment of Italian wall lizards, Lacerta sicula (Lacer-
tidae). Del Conte and Tamayo (1973) compared the
sexual segment of males of rainbow whiptails,
Cnemidophorus lemniscatus (Teiidae), with a ho-
mologous area that undergoes some differentiation
in females. Gabri (1983) examined captives of Bal-
kan wall lizards, Podacris taurica (Lacertidae),
kept under temperatures mimicking natural
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conditions but a complete annual cycle was not
examined. Sever and Hopkins (2005) studied
seasonal variation at the light- and electron-
microscopy level of the SSK in the ground skink,
Scincella lateralis (Scincidae). They reported data
from wild-caught lizards collected throughout the
entire year and found that, like most snakes
(Aldridge et al., in press), the SSK of S. lateralis is
discernible from other nephridic tubules during
the inactive season, which differs from that of
other lizards (Sever et al., 2002). They also pro-
vided ultrastructural observations on correspond-
ing areas of the female urinary ducts, and, like
C. lemniscatus, a hypertrophid region similar to
that of the male was found in females.

Sever et al. (2002) proposed that the SSK is a
synapomorphy for squamates and possibly lepido-
saurs (Sphenodon 1 Squamata), as a SSK may
also be present in tuataras, Sphenodon punctatus
(Gabe and Saint Girons, 1964). However, a secre-
tory region of the kidney is also developed in
stickleback fish (Courrier, 1922) and in at least
three families of salamanders (Siegel et al., 2010).
However, sexual kidney structures in these other
vertebrate taxa do not appear to be homologous
with those found in the lepidosaurian reptiles
(Siegel and Aldridge, personal communication).

The function of the SSK has yet to be fully eluci-
dated, but the SSK has been hypothesized to acti-
vate and sustain sperm (Bishop, 1959; Cuellar,
1966), form copulatory plugs after insemination
(Devine, 1975), provide courtship pheromones
(Volsøe, 1944), and/or provide other functions asso-
ciated with seminal fluid (Prasad and Reddy,
1972). Seasonal variation in the SSK has shown
strong correlation with spermatogenic activity,
mating, and increased androgen levels (Bishop,
1959; Pandha and Thapliyal, 1964; Misra et al.,
1965; Prasad and Sanyal, 1969; Krohmer, 1986).

Earlier research found that variation exists in
the location of the SSK between different species
of squamates. In most snakes, the SSK includes
portions of the distal convoluted tubule (Fox,
1977), and in the scolecophidia, the SSK is limited
to the collecting duct portions of the kidney (Fox,
1965). However, recent studies have shown that
the SSK in lizards is highly variable (Saint Girons,
1972; Sever and Hopkins, 2005).

Although the SSK of geckos has been examined
with light microscopy (Misra et al., 1965; Sanyal
and Prasad, 1966; Saint Girons, 1972), no ultra-
structural studies exist. In southern Louisiana
Mediterranean geckos, Hemidactylus turcicus, are
spermatogenically active during the months of
October through August. Spermiation begins in
December and is most intense February through
July (Rheubert et al., 2009). Here, we describe the
seasonal ultrastructure of the SSK in a gecko, H.
turcicus. We then compare these data with those
of other ultrastructural studies on squamate SSKs.

To better understand the evolution of the SSK in a
broad context, we then optimize SSK location on
alternate squamate phylogenetic hypotheses.

MATERIALS AND METHODS
Tissue Collection

Adult male H. turcicus were collected from southeast Louisi-
ana from March 2007–March 2008 with the exception of Decem-
ber, and a reproductively active female from April 2007 was
examined. Geckos were euthanized within 48 h of capture using
a 0.2–0.5 ml intraperitoneal injection of sodium pentabarbitol
as approved by the Animal Care and Use Committee of South-
eastern Louisiana University. Snout-vent lengths were meas-
ured to the nearest 0.1 mm using calipers. The urogenital
systems were removed through gross dissection with the right
side fixed in neutral buffered formalin for light microscopy and
the left side fixed in Trump’s solution for electron microscopy.
Carcasses of all specimens were deposited in the Southeastern
Louisiana University Vertebrate Museum.

Light Microscopy

After fixation, tissues were rinsed with deionized water, dehy-
drated through a graded series of ethanol solutions (70%, 80%,
95% 3 2, 100% 3 2), cleared in two changes of toluene, and
placed in melted paraffin for 24 h under vacuum. Tissues were
then embedded in paraffin blocks and allowed to cure overnight.
Paraffin sections were cut at 10 lm with a RMC rotary micro-
tome (RMC Instruments, Tucson, AZ) and placed on albumi-
nized slides. Alternate slides were stained with hematoxylin
and eosin (general histological examination), bromphenol blue
(protein concentrations), and periodic acid and Schiff reagent
(PAS, neutral carbohydrates) counterstained with alcian blue
8GX at pH 2.5 (carboxylated glycosaminoglycans). Slides were
viewed using a Leica DM2000 compound microscope and photo-
graphs were taken using a Leica DF420 digital camera (Leica
Microsystems, Wetzlar, Germany). Composite micrographs were
constructed using Adobe Photoshop 7.0 (Adobe Systems, San
Jose, CA).

Electron Microscopy

Tissues for transmission electron microscopy were rinsed in
deionized water, postfixed in 2% osmium tetroxide, dehydrated
through a graded series of ethanol solutions (0%, 85%, 95% 3
2, 100% 3 2), cleared in propylene oxide, and embedded in ep-
oxy resin (Embed 812, Electron Microscopy Sciences, Hatfield,
PA). Plastic sections were cut using a Reichert ultramicrotome
(Reichert Microscope Services, Depew, NY) and DiATOME
(Biel, Switzerland) diamond knives at 1 lm and 70 nm. Tolui-
dine blue was used to stain 1 lm thick sections to highlight
areas for electron microscopy examination. Sections 70 nm
in thickness were placed on uncoated 200 mesh copper grids
(Electron Microscopy Sciences, Hatfield, PA) and stained with
uranyl acetate and lead citrate. Grids were viewed using a
JEOL 100 transmission electron microscope (JEOL, Tokyo, Ja-
pan) and photographed using a L3C CCD attached digital cam-
era (Scientific Instruments and Applications, Duluth, GA).
Specimens for scanning electron microscopy were dehydrated
using a series of graded ethanol solutions, critical point dried
with a Denton DCP-1, and sputter coated with gold palladium
using a Denton Desk IV (Denton Vacuum, Moorestown, NJ).
Specimens were viewed and photographed using a Phillips
XL20 scanning electron microscope. Composite micrographs
were again constructed using Adobe Photoshop 7.0 (Adobe
Systems, San Jose, CA).

SEXUAL SEGMENT OF H. turcicus 803

Journal of Morphology



Phylogenetic Analysis

Character optimization was performed using MacClade (ver-
sion 4.08; Maddison and Maddison 2005) under a most parsimo-
nious reconstruction framework. All historical data were
acquired from previously published light micrographs by a
single author (J.L.R.). Taxa sampled, character states, and
references used are shown in the Supporting Information. The
character states of taxa were elevated and assigned to that
member’s family level unless multiple taxa within a family pre-
sented differing character states. For instance, the character
state of Varanus niloticus (obtained from Saint Girons 1972)
was assigned to Varanidae, because the necessary reproductive
morphology of all members of each family has not been
described in the literature. We identified five distinct regions of
the SSK in squamates: limited to collecting duct (Character 0);
limited to the distal convoluted tubule, collecting duct, and ure-
ter (Character 1); limited to collecting duct and ureter (Char-
acter 2); limited to distal convoluted tubule (Character 3); and
limited to intermediate segment (Character 4).
Character states were optimized onto the squamate phylog-

eny of Conrad (2008) (Fig. 1A) and Eckstut et al. (2009b)
(Fig. 1B) separately. The Conrad (2008) phylogenetic hypothesis
of Squamata provides an extensive morphological tree recon-
structed with the use osteological data. Eckstut et al. (2009b)
provide a squamate level phylogeny using the nuclear encoded
C-mos gene. All attempts were made to synonymize the taxon-
omy between the two phylogenies. The Conrad (2008) clade
comprised of Pygopodidae, Eublepharidae, and Gekkonidae was
collapsed to strictly Gekkonidae to match Eckstut et al. (2009b)
taxonomy. The Pygopodidae character state for RSS location is
unknown, whereas the Eublepharidae and Gekkonidae share
character state 0. Character state 0 is applied to the collapsed
Gekkonidae clade. In the Eckstut et al. (2009b) phylogeny, the
Cordylidae and Gerrhosauridae clade was collapsed into a sin-
gle Cordyliformes clade and the Chameleonidae and Agamidae
clade was collapsed into a single Acrodonta clade. Differences in
taxonomy on the resulting character mapping trees are a result
of incrongruenices between the two alternate hypotheses.

Conrad (2008) elevates subfamilial clades (Polychrotidae, Phry-
nosomatidae, Opluridae, and Corytophanidae) to family level
because the hypothesized family Iguanidae is rendered para-
phyletic by Acrodonta and Hoplocercidae in his resulting phy-
logeny. Eckstut et al. (2009b) recover a monophyletic Iguanidae
and retains sub familial levels. Descriptive statistics were not
incorporated into this analysis, because taxon sampling is low
and gaps in the data exist (Helodermatidae, Xenosauridae,
etc.).

RESULTS
Gross and Light Microscopy

The kidneys of H. turcicus are retropleuroperito-
neal and lie along the dorsal wall lateral to the spi-
nal column. The ductus deferens runs ventral to the
kidney within the hilus groove but external to the
collagen sheath surrounding the kidney. The neph-
ridian tubules consist of five main regions (Fig. 2):
a) a renal corpuscle and glomerulus, b) a proximal
convoluted tubule, c) an intermediate segment, d) a
distal convoluted tubule, and e) the SSK. The histol-
ogy of the nephron is described below from a repro-
ductively active male H. turcicus.

The small renal corpuscle possesses a squamous
parietal and visceral epithelium (Fig. 2A) that
stains positively with alcian blue (Fig. 3B). The
visceral epithelium is in direct contact with the
capillaries of the glomerulus (Fig. 2A). The simple
low columnar epithelium of the proximal convo-
luted tubule (Fig. 2B) is continuous with the epi-
thelium of the renal corpuscle. The epithelial cells
of this region are filled with dark staining cyto-

Fig. 1. Phylogenetic hypotheses used for character mapping in assessing evolutionary trends.
A. Morphological phylogeny provided by Conrad (2008). B. Molecular phylogeny provided by
Eckstut et al. (2009b).
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plasmic contents and basal nuclei that often posses
a centralized nucleolus.

The nonciliated epithelial cells of the proximal
convoluted tubule are filled with dark staining
cytoplasmic contents (toluidine blue) and basal
nuclei (Fig. 2B; Nu) that usually posses a central-
ized nucleolus (Fig. 2B). The epithelium of the
proximal convoluted tubule stains positively with
alcian blue (Fig. 3B) and bromphenol blue
(Fig. 3C) and contains a low microvillus brush
boarder that lines the apices of the epithelial cells
(Fig. 2B). Diffuse material is often found in the
lumen and associated with the apical regions of
the epithelial cells. At the proximal region of this
segment ciliated cells with dark cytoplasm are
found intermixed with the nonciliated epithelial
cells described above.

The intermediate segment (Fig. 2C) unites the
proximal and distal convoluted tubules. This seg-
ment is lined by a simple cuboidal epithelium with
dark staining cytoplasm (toluidine blue). Nuclei
are in a basal position and typically possess a cen-
trally located nucleolus. Elongate cilia (Fig. 2C; Ci)
form at the apices of all of the epithelial cells in
this region and protrude into the lumen with their

terminal ends oriented toward the distal regions of
the nephron. This region does not stain positive
with any histochemical stains used (Fig. 3).

The distal convoluted tubule (Fig. 2D) is lined
by a simple columnar epithelium. Like the anterior
regions of the proximal convoluted tubule, the
proximal region of the distal convoluted tubule
possesses sporadically positioned ciliated cells.
Intermixed with these ciliated cells in the proxi-
mal region of this segment, and the primary cell
type in the more distal regions of this segment,
are epithelial cells packed with lucent secretory
vacuoles (Fig. 2D; Va) at their apices. Nuclei
(Fig. 2D; Nu) are located in a basal position and
typically possess a centrally located nucleolus. Dif-
fuse secretory material is often found in the lumen
of this segment. This region stains positively with
alcian blue (Fig. 3B) and bromphenol blue
(Fig. 3C). At the distal most extremity of the distal
convoluted tubule, the apical vacuoles fill with
dark staining granules and the epithelial height
increases dramatically, demarcating the transition
to the SSK (Fig. 2E).

The sexual segment is lined by a tall columnar
epithelium with basally positioned nuclei (Fig. 2E;

Fig. 2. Schematic drawing of the nephron in H. turcicus, constructed from visual estimates of the nephrons regionality, detailing
the histology of each region. The bends do not actually represent the coiled morphology of the nephrons (e.g., in histological section,
the proximal portion of the distal convoluted tubule lies adjacent to the renal corpuscle). A. Renal corpuscle with associated glomer-
ulus. Cs, capsular space; Rbc, red blood cell; Cn, capillary nuclei; Ge, glomerular epithelium; Ce, capsular epithelium. B. Proximal
convoluted tubule. BB, brush border; Lu, lumen; Dc, dark cell; Nu, nucleus. C. Intermediate segment connecting the proximal con-
voluted tubule and distal convoluted tubule. Lu, lumen; Ci, cilia, Nu, nucleus. D. Distal convoluted tubule. Lu, lumen; Va, vacuoles;
Nu, nucleus. E. Sexual segment. Lu, lumen; Sg, secretory granule; Nu, nucleus.
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Nu), which often contain a centrally located nucle-
olus (Fig. 2E). Dark secretory granules (Fig. 2E;
Sg) fill the apices of all of the epithelial cells in
this region. The sexual segment empties into the
ureter differentiating the distal extremity of the
nephron. The SSK reacts positively with PAS
(Fig. 3B) and with bromphenol blue (Fig. 3C).

Figure 4 depicts the activity of the SSK in com-
parison with other major reproductive events
previously investigated in male and female H. tur-
cicus. Activity of the SSK begins in March (Fig. 4)
with the hypertrophy of the collecting duct. Hyper-
trophy of the SSK continues through August
(Fig. 4) with dense secretory granules within the
cytoplasm. By September, the collecting tubule is
no longer hypertrophied and does not stain posi-
tively with any histochemical stains. During this

time, the SSK appears similar to the other regions
of the nephron (Fig. 5A, black box). The SSK
remains nonhypertrophied until March when ac-
tivity begins again. A reproductively active female
H. turcicus also did not possess a hypertrophied
SSK (Fig. 5B).

Ultrastructure

The tubules of the SSK are lined with a simple
columnar epithelium (Fig. 6A,B; Ep) surrounding a
centralized lumen (Fig. 6A,B, Lu). The nuclei (Fig.
7A; Nu) are euchromatic, usually contain a dark
staining centralized nucleolus (Fig. 7A; No), and
are positioned in close association with the basal
lamina (Fig. 7A; Bl). The cytoplasm of the epithe-
lial cells contains perinuclear rough endoplasmic
reticulum (Fig. 7C; Rer) and extensive Golgi com-
plexes (Fig. 7C; Gc). Multiple electron-lucent
vesicles (Fig. 7C; Gv) can be seen budding from the
Golgi complexes. From the Golgi complexes, the
Golgi vesicles (Fig. 7C Inset, black arrowhead) can
be seen merging to form condensing vacuoles
(Fig. 7C Inset, white arrowhead). The condensing
vacuoles (Fig. 7B; Cv) migrate apically and become
homogenous electron-dense secretory granules
(Figs. 6 and 7A,B; Sg) before being released into
the lumen by a merocrine style secretion (e.g.,
vacuole fusion with apical plasma membrane; Fig.
7A; Mr). Small microvilli (Fig. 7B; Mv) extend into
the lumen (Fig. 7B; Lu), and the cells are joined at
the luminal aspect by tight junctions (Fig. 7B; Tj)
sealing the intercellular canaliculi.6

The basal tubular region of the SSK contains
the nuclei of the columnar epithelial cells. The
intercellular canaliculi (Fig. 8A,B; Ic) are very nar-
row and nonlabyrinthine, but few junctional com-
plexes occur deep to the apical tight junctions.
Monocytic leukocytes (Fig. 8A; Lk) can be seen
both inside the basal lamina (Fig. 8A; Bl), within
intercellular canaliculi (Fig. 8A; Ic), and exterior
to the basal lamina. Capillaries (Fig. 8B; Cp) and

Fig. 3. Histochemical analysis of the kidney in H. turcicus.
A. Hematoxylin and eosin stain showing the general morphol-
ogy of the cross-sectional area for which histochemical analyses
were taken. B. Periodic Schiff ’s stain of the kidney showing the
magenta stain of the collecting duct (SSK) and alcian blue posi-
tive stain for the proximal convoluted tubules. C. Bromphenol
blue stain of the kidney detailing the positive reaction to brom-
phenol blue by the collecting duct (SSK).

Fig. 4. Graph of reproductive activity in both male and
female H. turcicus.
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mast cells (Fig. 8B; Mc) can both be found outside
the basal lamina of the SSK tubules. The mast
cells contain large amounts of granulated material
as well as some membranous material.

During the inactive months (September–Febru-
ary) the SSK is not discernible from the other
regions of the collecting duct (Fig. 5A; outline).
During this time, cellular height decreases, and
few remnant secretory granules are seen in the
apices of the epithelial cells (Fig. 9A,B; Sg). The
nucleus is euchromatic with a dark staining cen-
tralized nucleolus. No prominent Golgi complexes
or rough endoplasmic reticulum are observed.
Intercellular canaliculi (Fig. 9A,B; Ic) are straight
and narrow as in active cells. Several cytoplasmic
spaces are observed in the apical portions of the
cell (Fig. 9B; Cs) and basal portions of the cell
(Fig. 9C; Cs) near the basal lamina (Fig. 9C; Bl).

Evolution of SSK Location

When mapped onto the morphological phylog-
eny of Conrad (2008) (Fig. 10A), the ancestral

state of both Lepidosauria and Squamata are
recovered as equivocal. The SSK involving the
distal convoluted tubule, collecting duct, and ure-
ter unites the Iguanomorpha, and convergence is
seen in Teiidae and Scolecophidians. The SSK,
being limited to the collecting ducts, unites the
Gekkonidae, although the ancestral state is ren-
dered as equivocal due to missing data in Pygopo-
didae. This state is also observed within Xantu-
siidae and P. taurica. Within the Lacertidae,
except P. taurica, the SSK involves the collecting
duct and ureter. This character state is also
observed within the Scincomorpha, with the
exception of Serpentes and Anguidae. All Alethi-
nophidia are united by the SSK being limited to
the distal convoluted tubule. Varanidae is unique
with the SSK being limited to the intermediate
segment of the nephron.

Using the molecular phylogeny of Eckstut et al.
(2009b) (Fig. 10B), the ancestral state of the Lepi-

Fig. 5. Inactive states of the kidneys in H. turcicus. A. Inac-
tive state in the male showing the region of the renal sexual
segment (black box) and the position of the ductus deferens
(Dd). B. Kidney of the female during April showing no hyper-
trophic regions of the kidney.

Fig. 6. Scanning electron microscopy of the sexual segment.
A. Cross section of the renal sexual segment tubule detailing
the simple columnar epithelium (Ep), secretory granules (Sg),
and lumen (Lu). B. Transverse section of the sexual segment
tubule detailing secretory granules (Sg) preparing to be
released into the lumen (Lu).
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dosauria and Squamata are resolved as the SSK
including the distal convoluted tubule, collecting
ducts, and portions of the ureter. The first charac-
ter change is within Gekkonidae, which are
united with the SSK being limited to the collect-
ing duct, and convergence is observed within P.
taurica. Within the Scincidae–Rhineuridae clade,
the SSK includes the collecting ducts and por-
tions of the ureter with convergence being

observed in Anguidae. The Varanidae is unique
with the SSK being limited to the intermediate
segment. The derived snakes are united with the
SSK being limited to the distal convoluted tubule
and the paraphyletic status of the Scolecophidia
render the ancestral character being the SSK
including the collecting ducts and portions of the
ureter, which is seen in all other squamates
investigated.

Fig. 7. Transmission electron microscopy of the sexual segment. A. Overview of the SSK detailing the large columnar epithe-
lium with basal nuclei (Nu) and central nucleaolus (No). Large secretory granules (Sg) are released into the lumen (Lu) by mero-
crine secretion (Mr). B. Apical portion of an epithelial cell detailing the apical tight junctions (Tj) and microvilli (Mv) extending
into the lumen (Lu). Both condensing granules (Cg) and secretory granules (Sg) can be found in the apical portion. C. Basal portion
of an epithelial cell detailing the nucleus (Nu) and juxtapositioned rough endoplasmic reticulum (Rer). Large Golgi complexes (Gc)
are seen apical to the nuclei with multiple Golgi vesicles (Gv). Inset: Golgi vesicle (black arrowhead) merging with a secretory
granule (white arrowhead).
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DISCUSSION

Since the first description of the SSK by Gam-
pert (1866), numerous studies have been con-
ducted detailing the morphology of the SSK in
squamates. The nephron structure is similar to
what has been described in most squamates with
the SSK being limited to the distal portions of the
uriniferous tubules (Anderson, 1960; Misra et al.,
1965; Sever et al., 2002; Krohmer, 2004; Siegel
et al., 2009). Inconsistencies observed in the exact
location of the SSK within squamates have con-
founded the terminology used in keeping synony-

mous nomenclature between lizards and snakes.
Within snakes, the SSK appears to be limited to
the distal convoluted tubules, and up to three dif-
ferent regions of the distal convoluted tubule have
been recognized (Regaud and Policard, 1903; Fox,
1952; Sever et al., 2002; Krohmer, 2004; Sever
and Hopkins, 2005; Siegel et al., 2009). The pre-
terminal segment is limited to the anterior region
of the distal convoluted tubule (Fox, 1952), the
terminal segment is the body of the distal convo-
luted tubule (Fox, 1977), and the postterminal
segment is limited to the most posterior portion of
the distal convoluted tubule before entering the
collecting duct (Gabe, 1959). However, within the
Scolecophida, Fox (1965) described the SSK being
limited to the collecting duct and anterior portion
of the ureter.

Within lizards, the SSK shows some variation in
its location. In the Gekkonidae including H. turci-
cus, the SSK is limited to the collecting duct.
Within the Teiidae, Gymnopthalmidae, Agamidae,
Chamaeleonidae, and Iguanidae, the SSK resem-
bles that of the Scolecophidia in which it includes
the collecting duct and at least some portions of
the ureter. Varanus is unique with the SSK limited
to the intermediate segment of the nephron (Saint
Girons, 1972). In all other squamates investigated
to date, the SSK includes the distal convoluted
tubule, collecting ducts, and portions of the ureter.

Evolution of the SSK location shows variation
between the two phylogenies utilized as a result of
their respective hypothesized internal relation-
ships. Using the C-mos tree proposed by Eckstut
et al. (2009b), the ancestral condition of the Lepi-
dosauria is resolved as the SSK includes the distal
convoluted tubule, collecting duct and portions of
the ureter. However, Gabe and Saint Girons (1964)
hypothesize that only the distal piece of the
intermediate segment may become hypertrophied
during the active season in Sphenodon, which is
similar to Varanus. All of the Alethinophidia are
united by the SSK being limited to the distal con-
voluted tubule. The topology proposed by Conrad
(2008) recovers the relationship between the
Scolecophidia and Alethinophidia unresolved
where the Eckstut et al. (2009b) phylogeny renders
the Scolecophidia paraphyletic. This changes the
ancestral character state from being equivocal to
the SSK including the collecting duct and portions
of the ureter unequivocally the ancestral state for
snakes. Interesting to note is the difference of
P. taurica within Lacertidae. The study on P. taur-
ica stated the SSK was limited to the collecting
duct but no mention of the ureter was made, lead-
ing to the possibility that involvement of the ure-
ter in the SSK of P. taurica was overlooked. It is
premature to discuss the evolution of reproductive
morphological characters based on the number
of taxa that are currently unrepresented for
SSK morphology.

Fig. 8. Transmission electron microscopy of the SSK. A. Ba-
sal portion of the epithelium detailing the nucleus (Nu) with a
central nucleolus (No). Leukocytes (Lk) can be found both
within and outside of the basal lamina (Bl). Golgi vesicles (Gv)
and cytoplasmic vesicles (Cv) are also observed. B. Basal view
of the epithelium detailing the basal nucleus (Nu) and secretory
granule (Sg). A large mast cell (Mc) sets outside the basal lam-
ina (Bl) within the extracellular matrix (Ecm).
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The seasonal variation within the SSK of H. tur-
cicus parallels the data presented by Rheubert
et al. (2009) on spermatogenic activity, and the
variation within the testicular ducts (Rheubert
et al., 2010). Activity begins in March and contin-
ues through August (Fig. 4). These data on SSK
activity strongly correlate with data on sperm
presence within the testicular ducts of males and
vitellogenesis in females. During the times when
copious amounts of sperm are present within the
testicular ducts (Rheubert et al., 2010), the SSK is
hypertrophied. Johnson (1982) reported that SSK
activity mirrored data from androgen levels in the
cottonmouth snake Agkistrodon piscivorus but,
interestingly, the SSK in H. turcicus continues ac-
tivity even after spermatogenesis has entered a
quiescent period (presumably when androgen lev-
els decrease) while sperm are still present in the
efferent ducts. The activity of the SSK is also
highly correlated with the proposed mating season
and female vitellogenesis and oviductal cycle in
the Mediterranean Gecko (Fig. 4; Eckstut et al.,
2009a), a condition similar to that described for

the snake A. piscivorus. Seasonal fluctuations in
SSK activity, efferent duct activity, and spermato-
genesis are significant in an analysis of overall
reproductive energy costs for male H. turcicus.
Schaffer (1974), Bull and Shine (1979), and Olsson
et al. (1997) noted that periods of nonlinearities
between reproductive costs and benefits vary with
optimal life history strategies based on periods of
increased reproductive energy allocation.

Inactive SSK tubules of H. turcicus undergo
complete regression, which has also been reported
in some other lizards (Sanyal and Prasad, 1966;
Fox, 1977; Gabri, 1983). In some snakes secretory
activity is only reduced, and the SSK is still distin-
guishable from other portions of the nephron
throughout the year (Sever et al., 2002; Krohmer,
2004; Sever et al., 2008). Although Prasad and
Sanyal (1969) found no stimulatory effects on the
SSK with estrogen and progesterone, they found
that anabolic and androgenic steroids stimulate
SSK development, and Billy and Crews (1986) cor-
roborated their data. Most temperate snakes ex-
hibit a postnuptial spermatogenic pattern and

Fig. 9. Transmission electron microscopy of the inactive sexual segment. A. Overview of an epithelial cell showing the tall co-
lumnar epithelium with the lumen (Lu), reduced number of secretory granules (Sg), intercellular canaliculi (Ic), nucleus (Nu),
nucleolus (No), and basal lamina (Bl). B. Apical portion of an epithelial cell detailing the secretory granules (Sg), cytoplasmic
spaces (Cs), intercellular canaliculi (Ic), and nucleus (Nu). C. Basal portion of an epithelial cell detailing the nucleus (Nu), cytoplas-
mic spaces (Cs), and basal lamina (Bl).
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store sperm in the ductus deferens throughout the
year until mating (S. Goldberg, personal communi-
cation). With the postnuptial spermatogenic cycle,
androgen levels may remain increased throughout
the year and thus may lead to a continuously
hypertrophied SSK. However, most temperate liz-
ards exhibit a prenuptial spermatogenic cycle (R.
Aldridge, personal communication), and sperm are
evacuated from the efferent ducts during mating.
This may lead to a dramatic decrease in androgen
levels during the reproductively inactive season
which may result in the SSK becoming regressed.

Most of the ultrastructural descriptions of the
SSK describe a tall columnar epithelium (Table 1).
The natricine snakes and some old world vipers
exhibit and epithelium containing centrally located
nuclei (Sever et al., 2002; Siegel et al., 2009),
whereas all others have basally positioned nuclei
(Sever and Hopkins, 2005; Sever et al., 2008) simi-
lar to H. turcicus. Large electron dense secretory
granules that stain positively for carbohydrates
(PAS) and proteins (bromphenol blue) during the
active season are observed in H. turcicus. Saint
Girons (1972) found that the secretory granules in
the 73 species of 19 families he studied were
always rich in protein, but the PAS reaction was
quite variable, and histochemical studies since
then (Table 1) have corroborated his data. Both
C. lemniscatus (Del Conte, 1972) and A. piscivorus
(Sever et al., 2008) contain cells with secretory
granules of various sizes within the apical cyto-
plasm. Some lizards including S. lateralis contain
cells with secretory granules that have an elec-

tron-lucent collar surrounding them that was not
observed in H. turcicus. However, all other studies
show results similar to H. turcicus in which the se-
cretory granules are similar in size and homoge-
nous in electron density. These granules are
released by a merocrine secretion as predicted in
the northern watersnake, Nerodia sipedon
(Krohmer, 2004), and observed in the electron-
lucent granules of A. piscivorus (Sever et al.,
2008), whereas the SSK epithelium in black
swamp snakes, Seminatrix pygaea (Sever et al.,
2002), brown treesnakes, Boiga irregularis
(Siegel et al., 2009), and P. taurica (Gabri, 1983)
release secretory granules in an apocrine manner
(Table 1).

All studies regarding the ultrastructure of the
SSK report extensive Golgi complexes as observed
in H. turcicus. The Golgi complex of H. turcicus is
arranged concentrically like the Golgi complexes of
A. piscivorus (Sever et al., 2008), Scincella laterai-
lis (Sever and Hopkins, 2005), and B. irregularis
(Siegel et al., 2009; Table 1). The presence of rough
endoplasmic reticulum occurs in the SSK of H. tur-
cicus but is often obscured by Golgi vesicles and
condensing vacuoles. The intercellular canaliculi of
H. turcicus are narrow and nonlabyrinthine simi-
lar to B. irregularis (Siegel et al., 2009), which dif-
fers from reports in the snake A. piscivorus (Sever
et al., 2008) and the lizards C. lemniscatus (Del
Conte, 1972) and P. taurica (Gabri, 1983). The
intercellular canaliculi in these species also remain
wide even during the inactive season. In H. turci-
cus, the intercellular canaliculi are very narrow

Fig. 10. Parsimony optimization of SSK location onto the A. Morphological tree adapted from
Conrad (2008) and B. Molecular tree adapted from Eckstut et al. (2009b).
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during both the active and inactive season simi-
lar to S. lateralis (Sever and Hopkins, 2005).

During the inactive season, SSK tubules of
H. turcicus consists of low columnar epithelial
cells with few remnant secretory granules and no
prominent Golgi complexes or rough endoplasmic
reticulum. Previous reports on the inactive SSK,
in lizards, suggest the epithelium is cuboidal
with basal nuclei (Gabri, 1983; Sever and Hop-
kins, 2005). These reports all show prominent
Golgi complexes and in P. taurica a distended
rough endoplasmic reticulum with mucoidal
vacuoles. The appearance of cells in squamates in
which seasonal regression of the SSK occurs may
vary greatly based on the portion of the nephron
that comprises the SSK.

In the lizards, S. lateralis (Sever and Hopkins,
2005) and C. lemniscatus (Del Conte, 1972)
females show a hypertrophied SSK similar to
that in males. However, in H. turcicus, like the
Balkan wall lizard, P. taurica, and the yellowbel-
lied house gecko, H. flaviviridis, hypertrophy
does not occur in the nephrons examined from a
reproductively active female.

The SSK in squamates has been considered
an important part of the reproductive biology in
squamates (Sever and Hopkins, 2005), and
knowledge of its variation is essential for fully
understanding reproductive cycles of lizards and
snakes. With increasing data on reproductive
characteristics within reptiles (germ cell devel-
opment, efferent duct morphology, sperm stor-
age cycles, cloacal morphology, and SSK mor-
phology), better analyses of reproductive cycles
and phylogenetic analyses can be performed.
Furthermore, morphological work on male
reproductive systems in squamates is needed to
investigate a wider range of this taxonomically,
morphologically, and ecologically diverse group
of vertebrates.
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