
Genetic evidence against a role for W-linked histidine triad
nucleotide binding protein (HINTW) in avian sex determination

CRAIG A. SMITH*, KELLY N. ROESZLER and ANDREW H. SINCLAIR

Murdoch Childrens Research Institute and the Department of Paediatrics, The University of Melbourne, Parkville, Victoria, Australia

ABSTRACT  Birds have a ZZ/ZW sex chromosome system, but the mechanism of sex determina-

tion remains unknown. The heterogametic sex is female (ZW) and one hypothesis holds that the

W chromosome carries a dominant-acting ovary-determining gene. The strongest candidate

ovary-determinant on the W chromosome is HINTW, which encodes an aberrant nucleotide

hydrolase enzyme. HINTW is conserved amongst all carinate (flying) birds and it is strongly

expressed in the gonads and other tissues of female chicken embryos. This and other lines of

circumstantial evidence support the proposal that HINTW  is the female-determining gene in birds.

However, in vivo gain-of-function or loss-of-function studies have not hitherto been reported to

test this hypothesis. We tested the potential role of HINTW by mis-expressing it in genetically

male (ZZ) embryos, using the RCASBP avian retroviral vector. Strong, widespread expression was

delivered throughout the embryo, including the urogenital system, as assessed by whole mount

in situ hybridisation. This expression pattern mimicked that seen in normal ZW females, in which

HINTW is widely expressed. Strong mis-expression was observed throughout the gonads of

genetic male (ZZ) embryos. However, despite strong HINTW expression, ZZ gonads developed

normally as bilateral testes. In tissue sections of ZZ urogenital systems transgenic for HINTW,

normal testicular histology was observed. Female (ZW) gonads over-expressing HINTW also

developed normally, with normal ovarian structure and left/right asymmetry. These results

provide genetic evidence against a dominant role for HINTW  in avian sex determination.
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Introduction

Sex determination in higher vertebrates is controlled geneti-
cally by the inheritance of sex chromosomes. A gene or genes
carried on the sex chromosomes initiate differentiation of the
embryonic gonads into either testes or ovaries. While it was
known for some time that mammals have an XX female/XY male
sex chromosome system, it was not until 1990 that the master
testis-determining gene, SRY, was discovered on the Y chromo-
some (Berta et al., 1990; Koopman et al., 1991; Sinclair et al.,
1990). In the absence of SRY, ovarian development occurs, as in
XX embryos. A number of other genes downstream of SRY have
since been identified in mammals (Wilhelm et al., 2007), and
some genes required for ovary development have also been
discovered (Ottolenghi et al., 2007; Parma et al., 2006). In
contrast, our understanding of sex determination and gonadal
development in other vertebrates is less well understood. Sex is
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determined genetically in birds, as in mammals, but by a different
pair of sex chromosomes, the Z and W. The female (ZW) is the
heterogametic sex and the male (ZZ) is homogametic. However,
the mechanism of sex determination in birds remains unknown.
Two hypotheses have been proposed: female development is
controlled by a key ovary-determining gene carried on the W sex
chromosome, or gonadal development depends upon Z sex
chromosome dosage (Ellegren, 2000; Smith et al., 2007). Sex
chromosome aneuploidy (in particular, 2A:ZO or 2A:ZZW) has not
been definitively documented in birds, and indeed may be embryo
lethal (Graves, 2003; Smith and Sinclair, 2004). A potential
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2A:ZZW female reed warbler has been described, supporting the
dominant W hypothesis, although the bird was assessed by Z-
linked microsatellites and karyotyping was not carried out (Arit et
al., 2004).

Under the Z dosage hypothesis, two copies of a Z-linked gene
would result in testis development and male sex determination,
while one copy would lead to ovarian development and female sex
determination. The most favoured candidate gene under this
hypothesis is DMRT1, which is Z-linked and male up-regulated in
the embryonic chicken gonad (Nanda et al., 2000; Raymond et al.,
1999; Shan et al., 2000; Smith et al., 2003). DMRT1 encodes a
transcription factor, characterised by a conserved DNA-binding
motif, the DM domain (Murphy et al., 2007). Homologues of
DMRT1 are involved in testicular development in other vertebrates
(Kim et al., 2007; Matsuda et al., 2002; Matsuda et al., 2007;
Raymond et al., 2000), while a female DM domain gene, DM-W,
has recently been shown to participate in Xenopus laevis ovarian
development (Yoshimoto et al., 2008). However, it is now known
that dosage compensation of Z-linked genes is weak in birds
(Ellegren et al., 2007; Itoh et al., 2007; Melamed and Arnold, 2007),
so that any Z-linked gene expressed in the embryonic gonads
could theoretically regulate avian sex determination under the Z
dosage hypothesis. The avian Z sex chromosome carries a large
number of genes (Stiglec et al., 2007), presenting a long list of
potential candidates.

The alternative view of avian sex determination is that the W
chromosome carries a dominant acting female determinant. Stud-
ies on triploid and chimeric chickens point to an ovary-determining
gene on the W, but potentially counteracted by two Z chromo-
somes. For example, a line of triploid chicken with a 3A:ZZW
genotype develop as intersexes, with a right testis and left ovotes-
tis, but the ovarian component later regresses (Lin et al., 1995;
Thorne, 1997; Thorne and Sheldon, 1991). The phenotype of these
birds implies that the W carries an ovary-determining gene that can
be overcome by two copies of the Z sex chromosome. A diploid-
triploid chimeric chicken with ZZ/ZZW sex chromosomes and a

Fig. 1 (Above). Positive controls for RCASBP

retroviral infection; global expression of eGFP

in the chicken embryo.  (A) Day 4 embryo in-
fected at day 0 with RCASBP.B.eGFP, showing
ubiquitous eGFP expression. (B) No eGFP expres-
sion is detectable in uninfected negative control
embryo.
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Fig. 2. Over-expression of HINTW in chicken DF1 cells. (A) Immunof-
luorescent detection of viral-specific p27 antigen in DF1 cells infected
with RCASBP.B.HINTW. No p27 staining if detectable in uninfected DF1
cells. (B) Mis-expression of HINTW in DF1 cells. Cells were uninfected
or infected with RCASBP.B.HINTW and propagated for 10 days. RT-PCR
analysis showed strong HINTW expression in infected cells, with a lower
level of endogenous expression in uninfected DF1 cells. Gonadal cDNA
from E10.5 female and male gonads served as positive and negative
controls, respectively. Chicken HPRT was used as an internal control.

small proportion of triploid cells developed as a male, but with a left
ovotestis and right testis, indicating that even a small number of W-
bearing cells was sufficient to induce some ovarian development
(Thorne, 1995).

In contrast to the avian Z sex chromosome, the W is small and
largely heterochromatic. Only a small number of genes have been
mapped to the avian (chicken) W chromosome, and most have Z-
linked homologues. There are few candidate female-determining
genes that are unique to the W (Smith, 2007). The best candidate
sex-determining gene on the avian W chromosome is HINTW, a
Histidine triad Nucleotide binding protein,-W linked. (also known as
WPKCI and ASW) (Hori et al., 2000; O’Neill et al., 2000). HINTW
encodes an aberrant form of a nucleotide hydrolase enzyme
(HINT). HINT proteins have endogenous adenosine 5’
monophosphoramidase enzyme activity. However, unlike all other
HINT proteins, the predicted HINTW gene product specifically
lacks a functional catalytic domain. A bona fide HINT gene is
present on the Z chromosome (HINTZ), and several lines of in vitro
biochemical evidence indicate that translated HINTW protein can
interfere with the function of the Z form (Pace and Brenner, 2003).



HINTW in avian sex determination   61

HINTW is reiterated along the chicken W chromosome (Hori et al.,
2000), and the gene has been positively selected over evolution
(Backstrom et al., 2005). HINTW mRNA is widely expressed in the
gonads and other tissues of female chicken embryos (Hori et al.,
2000; O’Neill et al., 2000). While both HINTW and HINTZ are
expressed in embryonic chicken gonads, HINTW is more strongly
expressed (Hori et al., 2000). Taken together, these data identify
HINTW as a candidate sex-determining gene in birds (Smith and
Sinclair, 2004).

Some lines of evidence do not support a universal role for HINTW
in avian sex determination. The gene appears to be absent from
ratites (flightless birds) (O’Neill et al., 2000). In addition, HINTW
mRNA is expressed throughout the body in ZW (female) chicken
embryos, from as early as day 2, and it is expressed in the urogenital
system well before gonadal sex differentiation (Hori et al., 2000).

showed 100% infection with virus, as determined by p27 viral
antibody staining (Fig. 2A). As there is no available antibody against
the predicted HINTW protein, mRNA expression in DF1 cells was
confirmed by RT-PCR. Strong HINTW mRNA expression was ob-
served in infected DF1 cells, in day 10.5 control female gonads and
not in male gonads (negative control). Uninfected DF1 cells showed
endogenous expression of HINTW (indicating that this cell line must
be of female origin), but expression was not as high as in the infected
cells (Fig. 2B). Active virus was harvested from these cells, concen-
trated and injected into day 0 blastoderms of freshly laid eggs.

Mis-expression of HINTW in chicken embryos
Of sixty day 0 blastoderms injected with RCASBP virus express-

ing HINTW, 41 (68%) were alive at the time of harvest (day 9),
indicating that global HINTW mis-expression is not embryo lethal.

Fig. 3. Mis-expression of HINTW in female and male chicken embryos at

embryonic day nine, assessed by whole mount in situ hybridisation. (A) Whole
mount in situ hybridisation of tissues taken from uninfected controls and embryos
infected with RCASBP.B.HINTW at day 0. Control and infected females (ZW) show
strong HINTW expression in the urogenital system, and in other tissues, such as the
gut and hindlimb. Control male tissues (ZZ) show no expression, while infected males
show strong expression in the urogenital sytem, gut and hindlimb, mimicking control
female expression. Scale bar, 0.5 mm, except for hindimbs, where bar represents 1
mm. (B) Isolated gonads, showing strong HINTW expression in control and infected
females (ZW), and in infected males (ZZ). Note the typical size asymmetry seen in the
left (L) and right (R) female gonads, which is not seen in control or infected males.

Here we describe the mis-expression of HINTW
in chicken embryos. To mimic the normal expres-
sion pattern of the gene in genetic females, HINTW
was mis-expressed throughout the urogenital sys-
tem and body of early developing chicken embryos
(ZZ males and ZW females). HINTW mis-expres-
sion did not alter testicular or ovarian development.
Therefore, we conclude that HINTW is unlikely to
play a dominant role in avian sex determination.

Results

Over-expression of a positive control protein
(eGFP) in chicken embryos

To firstly demonstrate global mis-expression of
a positive control in chicken embryos, we infected
day 0 blastoderms with concentrated RCASBP.B.
eGFP. Incubation was then allowed to proceed for
four, five or nine days. In most embryos examined
at these timepoints, global eGFP expression was
achieved. (Fig. 1A). In negative control embryos
not injected with virus, no eGFP was detectable.
This preliminary experiment demonstrated the effi-
cacy of using RCASBP viral vectors to deliver
ubiquitous gene (and protein) expression in avian
embryos.

Production of  HINTW-expressing virus in DF1
cells

Chicken fibroblastic DF1 cells were transfected
with RCASBP.B.HINTW and the cells were cul-
tured for ten days. After this time, an aliquot of cells
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This is in agreement with the known expression profile of HINTW
in female (ZW) embryos, in which expression is widespread from
early stages. Embryos infected with control virus
(RCASBP.B.eGFP) showed a similar level of survival, and global
eGFP expression (including the gonads). RCASBP.B.eGFP served
as a negative control for viral infection; gonads developed nor-
mally in embryos infected with RCASBP.B.eGFP (not shown). At
the time of dissection (day 9), all embryos were genetically sexed
by PCR. In control female (ZW) embryos not infected with virus,
strong endogenous HINTW expression was detectable in the
gonads and other tissues (gut and limbs) by whole mount in situ
hybridisation. Female embryos (ZW) infected with virus also
showed strong HINTW expression, throughout the gonads, me-

Fig. 4. HINTW mis-expression within day nine embryonic chicken gonads. Sectioned
whole mount tissues. (A) Low power magnification. In ZW embryos, Strong HINTW
expression is detectable in both control and transgenic female left and right gonads. In the
left gonad (ovary) expression is strong in the outer cortex (C), with lower expression in the
underlying medulla (M). The medulla of the left gonad shows characteristic lacunae
(arrowheads), in both control and transgenic embryos. In ZZ male embryos, no HINTW
expression is detectable in either left or right gonads of controls, but strong expression is
detectable in transgenic gonads. (B) High power magnification of gonads from transgenic
embryos. In the left gonad of ZW females transgenic for HINTW, expression is strongest
in the outer cortex (arrow), with a lower level of expression in the medulla (arrowhead). In
both gonads of ZZ males transgenic for HINTW, expression is detectable in the outer
coelomic epithelium (CE), in developing seminiferous cords (SC) and in surrounding
interstitial cells (arrowhead). Some areas of the interstitium do not show HINTW mis-
expression (arrow). Scale bar represents 100 µm.

sonephric kidneys and in other tissues tested
(heart, gut and limbs) (Fig. 3A). In these infected
females, the detected HINTW expression repre-
sented endogenous and exogenous (virally deliv-
ered) expression. Indeed, expression appeared
stronger (darker) in the infected females, com-
pared to the uninfected controls. In control males
(ZZ) not infected with virus, no HINTW expres-
sion was detected, as expected. In contrast, all
ZZ genetic males infected with virus carrying
HINTW (a total of fifteen embryos) showed robust
HINTW expression in the gonads, mesonephric
kidneys, and other tissues tested (gut and limb)
(Fig 2A). The intensity of staining was similar to
that seen in infected females. Some gonads were
dissected away from the mesonephric kidneys
and examined separately (Fig. 3B). Uninfected
control females and transgenic females (ZW)
showed strong HINTW expression in the gonads,
and displayed the left-right size asymmetry typi-
cal of females at this stage (the left being larger
than the right). Infected male gonads (ZZ) showed
strong HINTW expression, with none detected in
negative control male gonads. All gonads from
male embryos infected with RCASBP.B.HINTW
showed gross anatomy typical of paired testes,
that is, “sausage-shaped” with no size asymme-
try (Fig. 3B). This suggested that genetic males
(ZZ) transgenic for HINTW were not sex-reversed.
Gonads were over-stained in colour reaction and
sectioned for further examination.

In ZW females embryos, both control gonads
and those mis-expressing HINTW showed typi-
cal ovarian structure. The left gonad of both
control and HINTW transgenic embryos exhib-
ited strong HINTW staining in a well-developed
outer cortex, with staining also present in the
underlying medulla (Fig. 4A). At this stage of
development, the left ovary has characteristic
lacunae (spaces) in the medulla. The right gonad
did not form a cortex, as expected, while HINTW
expression was detectable throughout the me-
dulla. In control males (ZZ), the gonads were
testicular in appearance. Gonads of males in-
fected with HINTW also appeared testicular, but
with strong HINTW staining throughout (Fig. 4A).

In left female gonads, high power magnification revealed strong
HINTW mRNA expression in the ovarian cortex and a lower level
of staining throughout the underlying medulla (stronger in the so-
called juxtacortical medulla, immediately adjacent to the cortex)
(Fig. 3). High power magnification of transgenic ZZ male gonads
showed strong HINTW expression within seminiferous cords, and
in areas between the cords (Fig. 4).

Gonadal histology and expression of marker proteins
In a second experiment, thirty blastoderms were infected with

RCASBP virus carrying HINTW, and harvested at day nine. Some
tissues were taken for quantitative RT-PCR, while others were
taken for histology. Normal control gonads from E6.5 and 8.5
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embryos showed female-specific HINTW expression, with no
expression in ZZ males, as expected. In contrast, a robust HINTW
mRNA expression was detected in both ZW female and ZZ male
gonads taken from embryos infected with virus carrying HINTW.
(Fig. 5). The gonads of ZW female and ZZ male embryos mis-
expressing HINTW showed normal gonadal histology at day nine
(Fig. 6). In ZW females infected with RCASBP virus carrying
HINTW, normal asymmetry was seen, characterised by a well-
developed left ovary and a regressing right gonad (Fig. 6). The left
ovary exhibited a typical ovarian structure, with thickened outer
cortex and an underlying medulla with lacunae (spaces). The right
gonad lacked a well-developed cortex, as in normal control
females (Fig. 6). In ZZ males mis-expressing HINTW, normal
testicular morphology was evident, characterised by well-devel-
oped seminiferous cords in both gonads (Fig. 6).

In both ZW female and ZZ male infected embryos, strong p27
immunostaining confirmed viral expression in the gonads (Fig. 7).
No p27 staining was detected in negative control tissues from
uninfected embryos. In ZW females mis-expressing HINTW, a
normal pattern of aromatase enzyme expression was found (Fig.
7). Aromatase is a key marker of ovarian differentiation in birds,
expressed in the medulla of both left and right gonads. While
aromatase is expressed female-specifically, SOX9 is expressed
male-specifically. In ZZ males mis-expressing HINTW, a normal
pattern of SOX9 protein expression was detected. As in control
gonads, Chicken Vasa Homologue (CVH) staining revealed a
typical pattern of germ cell distribution in both sexes. In ZW female
embryos mis-expressing HINTW, germ cells had accumulated in

the left ovarian cortex, as in controls. ZZ males mis-expressing
HINTW showed a typical male-specific distribution of germ cells
in the developing seminiferous cords (Fig 7). Altogether, the
histology and immunofluorescence indicated normal gonadal
development in both sexes mis-expressing HINTW.

Discussion

In normal genetic female chicken embryos (ZW), HINTW is
strongly expressed throughout the body. Expression is detect-
able as early as day 2.5 (Yamada et al., 2004), and it persists in
the developing urogenital system, nervous system, somites and
limbs. In the embryonic gonads, the gene is expressed at all
stages that have been examined, from the time of gonadal
formation (day 3), throughout sexual differentiation (from day 6),
and up to hatching (Hori et al., 2000). In the experiments de-
scribed here, we aimed to mimic this widespread female pattern
of expression by delivering HINTW into male embryos from the
earliest stage possible (day 0 blastoderms). Infection of day 0
blastoderms resulted in widespread HINTW expression in ge-
netic males, which lack the endogenous gene. Despite this
widespread expression, including strong expression in the go-
nads, testes developed normally. These results provide genetic
evidence against the hypothesis that‘HINTW plays a role in avian

Fig. 5. Mis-expression of HINTW in day nine chicken embryonic

gonads, as assessed by real time RT-PCR. Control 8.5 female (ZW)
gonads show HINTW expression (normalised to 1), and control ZZ males
show no expression. Gonads from both ZW female and ZZ male embryos
infected with RCASBP.B.HINTW show robust expression.
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Fig. 6. Normal gonadal histology of day nine chicken embryos mis-

expressing HINTW. Haematoxylin and eosin staining. Normal asymmet-
ric ovarian development is seen in ZW control females and in ZW females
mis-expressing HINTW. The left gonad has a thickened outer cortex (C)
and fragmented medulla (M), while the right gonad lacks a cortex. The left
ovary had developed characteristic lacunae (arrows). Normal bilateral
testicular morphology is seen in control ZZ males and in ZZ males mis-
expressing HINTW, characterised by developing seminiferous cords
(SC), surrounded by interstitium and an thin out coelomic epithelial layer
(CE). For males, the left gonad only is shown. Scale bar,  100 µm.
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(chicken) sex determination.
The positive control (eGFP) demonstrsted that the RCASBP

viral vector is an efficient vehicle for delivering global expres-
sion of a protein in chicken embryos. The lack of a phenotype
observed in embryos infected with RCASBP.B.HINTW is there-
fore unlikely to be due to a lack of transgene expression. It is
possible that the level of HINTW mis-expression delivered by
the RCASBP virus was not sufficient to affect gonadal develop-
ment. However, this is unlikely, because the viral LTR promoter
is very strong, driving high-level expression, and quantitative
RT-CPR analysis showed robust mis-expression of HINTW
mRNA in the gonads of infected embryos (at least 25 fold higher
than that of normal ZW females). Furthermore, mis-expression
in the appropriate cell types was achieved (in the medullary
cords and the surface epithelium of gonads; Fig. 4), precluding
the possibility of cell type restricted mis-expression. Given that
embryos were infected at the blastoderm stage, it is anticipated
that essentially global HINTW expression would be achieved,
as supported by the whole mount results (Fig. 3). Furthermore,
the embryonic (mesonephric) kidneys of infected embryos
were always strongly positive for HINTW expression. This
points to strong infection of the kidney primordia (derived from
intermediate mesoderm) very early in development. The
RCASBP virus integrates permanently into the genome of each
cell, passing vertically to daughter cells as well as horizontally
to neighbouring cells. This ensures strong and stable mis-
expression of the transgene. Therefore, since the gonads
derive from the mesonephric kidneys, they are also expected to
show strong transgene expression. This was indeed the case.

HINTW belongs to a family of genes that encode nucleotide
hydrolase enzymes. These enzymes are nucleotide-binding
factors that have intrinsic adenosine 5’-monophosphoramidase
activity. However, the predicted HINTW protein lacks the key
catalytic motif common to all other HINT enzymes. Several in
vitro biochemical studies have shown that over-expression of

the predicted HINTW protein blocks the function of the Z-linked
homologue, HINTZ (Moriyama et al., 2006; Pace and Brenner,
2003; Parks et al., 2004). HINTZ encodes a bona fide HINT
protein that has adenosine monophosphoramidase activity, but
it can heterodimerise with HINTW in vitro, causing a dramatic
reduction in its function. It has been hypothesised that HINTW
could act as a dominant negative in avian sex determination,
blocking the function of HINTZ, which would be testis-promot-
ing (Hori et al., 2000; O’Neill et al., 2000; Pace and Brenner,
2003). However, an endogenous HINTW protein has not yet
been demonstrated; there is no evidence that the HINTW
transcript is in fact translated. We raised an antibody against
the deduced HINTW protein, but it failed to detect any endog-
enous HINTW protein. It therefore remains possible that, under
normal conditions, HINTW is transcribed but not translated. In
the HINTW mis-expression experiments conducted here, the
transgene was transcribed, as expected, and it is also expected
to have been translated. If translated, HINTW may have a role
in embryonic development that is not related to gonadal sex
differentiation per se.

The data presented here indicate that HINTW does not have
a dominant role in avian sex determination. However, it may
have a role in the female pathway that is overridden by the male
pathway in ZZ embryos. Thus, in ZZ embryos mis-expressing
HINTW, the male pathway may antagonise HINTW function
such that testis development can still occur. For example, a
higher dose of the Z-linked candidate male factor, DMRT1, may
override HINTW in ZZ embryos. Our study does indicate,
however, that HINTW is unlikely to operate as a dominant factor
in avian sex determination. Further studies are now required to
address the possible requirement of HINTW for female devel-
opment. Specifically, knock down of endogenous HINTW ex-
pression in ZW female embryos would address this issue. Over-
expression of short interfering RNAs could be used in this
instance, as it has recently been shown that the RCAS viral
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Fig. 7. Expression of marker pro-

teins in day nine embryonic

chicken gonads mis-expressing

HINTW. Immunofluorescent detec-
tion, shown in green (counterstained
with anti-fibronectin in red). Strong
expression of the viral p27 protein is
detectable in gonads of embryos
infected with RCASBP.B.HINTW, but
not in uninfected controls. In ZW
females mis-expressing HINTW, the
female-specific marker, Aromatase,
is expressed normally in the gonadal
medulla. In ZZ males mis-express-
ing HINTW, the male marker, SOX9,
is expressed normally in Sertoli cells
of the seminiferous cords. The germ
cell marker, CVH, delineates a nor-
mal germ cell distribution pattern in
ZW females and ZZ males mis-ex-
pressing HINTW. In females, CVH+
germ cells accumulate in the outer
cortex, as in control females, while,
in males, they become localised
within seminiferous cords.
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vector can be used for RNA interference (Harpavat and Cepko,
2006).

The study reported here is the first to directly test a candidate
avian sex-determining gene by mis-expression in the embry-
onic gonads. The results suggest that HINTW does not play a
role in avian sex determination, at least not via the dominant
mechanism postulated. This implies that another, as yet uni-
dentified, W-linked gene may be ovary-determining in birds.
The alternative hypothesis also remains viable, that is, sex
determination via a Z dosage mechanism.

Materials and Methods

Preparation of RCASBP.B.HINTW viral vector
For mis-expression of HINTW, we used the avian retroviral vector,

RCASBP.B (Replication-Competent Avian sarcoma-leukosis virus, long
terminal repeat (LTR) with a’Splice acceptor, Bryan Polymerase, sub-
type B). RCASBP.B proviral DNA and associated plasmids were a gift
from Professor Cliff Tabin (Department of Genetics, Harvard Medical
School). Specific forward and reverse primers were designed to am-
plify the 393 base pair HINTW open reading frame from embryonic
chicken gonads HINTW.ORF.
Forward: 5’-AGTCCATGGCCGGCGGGATCGTTAGG-3’,
Reverse: 5’-TACCGAATTCTTAGCCAGGAGGCTGGCCCAAC-3’). The
forward primer included a (natural) Nco1 site and the reverse primer
included an artificial EcoR1 site for cloning into the shuttle plasmid,
pSlax13 (underlined above) (Logan and Tabin, 1998). The ORF was
amplified with high fidelity Proofstart DNA polymerase according to the
manufacturer’s instructions (QIAGEN), and cloned into Nco1+EcoR1
digested pSLAX13 shuttle vector. The identity of the insert was con-
firmed by sequencing. The pSLAX13-HINTW plasmid DNA was then
digested with Cla1, the insert gel purified and cloned into Cla1-digested
RCASBP.B. Since cloning into RCASBP is non-directional, the correct
orientation was confirmed by PCR with a 5’ RCASBP primer together
with an internal HINTW 3’ (reverse) primer. High purity, endotoxin-free
RCASBP.B.HINTW DNA was prepared from DH5α cells and 10µg was
used to transfect the DF1 chicken fibroblastic cell line. Lipofectamine
2000 (Invitrogen) was used for transfection. Cells were grown and
passaged for 10 days prior to testing for viral expression using an
antibody against the viral protein, p27. For p27 staining, an aliquot of
infected versus non-infected DF1 cells were grown in a 24 well plate,
fixed in -20°C methanol for 10 minutes, rinsed in PBS, blocked in 2%
BSA/PBS, then incubated overnight with rabbit anti-p27 antibody
(1:1000; Charles River Laboratories). Following washes in PBS, Alexa
fluor 488 goat anti-rabbit antibody was added for one hour (1:1000;
Molecular Probes). DAPI was added to visualise cells prior to mounting
in Fluorosave (Calbiochem). Only the infected DF1 cells showed global
p27 expression. To test for HINTW expression, RNA was extracted
from uninfected DF1 cells and from cells infected with‘RCASBP.B.
HINTW. Total RNA was treated with DNase (Ambion DNA-free kit), and
RT-PCR analysis was then performed for HINTW mRNA expression,
using the primers,
For: 5’-CGTTGTGGACGAGGAGTGCC-3’;
Rev: 5’-TGAGGGTGGGTATCTCACCAGCC-3’; 215bp cDNA prod-
uct). Chicken HPRT controls were also included:
For: 5’-TGGGCTCATCATGGACAGGAC-3’;
Rev: 5’-GGTTGAGAGGTCATCCCCACC-3’; 256bp cDNA product).

Active virus was harvested and concentrated from DF1 cells as
described previously (Logan and Tabin, 1998; Morgan and Fekete,
1996). Briefly, culture medium was taken from 6 large flasks of DF1
cells infected with RCASBP.B.HINTW. Medium was collected over 3
days, ultracentrifuged, resuspended in a small volume (100 -300 µL),
aliquotted in 20 µL volumes and stored at -80°C. Two types of negative
controls were included. For negat ive controls,  we used

RCASBP.B.EGFP, transfected into DF1 cells and prepared as for
RCASBP.B.HINTW (Smith et al., 2008). Another set of controls com-
prised uninfected embryos.

Infection of embryos with RCASBP.B.HINTW
Viral titre was firstly assessed by adding serial dilutions of concen-

trated RCASBP.B.HINTW virus to uninfected DF1 cells for 48 hours and
then staining for p27 expression. Isolated colonies of p27 expressing cells
were counted and titres of 1x 108 – 1 x 109 Infectious Units/mL were
obtained. This is within the range considered suitable for robust infection
of embryos (Logan and Tabin, 1998). Fertile eggs susceptible to RCASBP
virus were obtained from SPAFAS (Woodend, Victoria). Concentrated
virus containing 0.025% Fast Green tracking dye was injected into the
subgerminal cavity of day 0 blastoderms. Approximately 2-3 µL were
injected per embryo. Eggs were re-sealed and incubated horizontally with
rocking at 37.8°C until day 3. Eggs were then placed upright, some
albumen was removed and incubation resumed without rocking until day
9. (Gonadal sex differentiation begins on day 6 and is normally advanced
by day 9.) Embryo survival from day 0 to day 3 was over 90% and overall
survival from day 0 to day 9 was 68%. Ninety eggs in total were injected.
For negative controls, RCASBP.B.EGFP was injected into 40 eggs. This
resulted in global eGFP expression (including gonadal expression) that
was compatible with sexual differentiation. Hence, infection with the
RCASBP virus itself did not perturb normal male and female develop-
ment. Survival rates of embryos infected with RCASBP.B.eGFP were
similar to those obtained for RCASBP.B.HINTW infections. A second
group of negative controls comprised embryos that were not infected with
any viruses.

PCR sexing
Infected and controls embryos were dissected at day 9 (developmen-

tal stage 35) (Hamburger and Hamilton, 1951). For genetic sexing of
embryos, a small piece of limb tissue was digested in PCR compatible
Proteinase K buffer (McClive and Sinclair, 2001) and the genomic DNA
used for rapid PCR sexing (Clinton et al., 2001). By this method, only
females show a W-linked (female-specific) Xho1 band. Amplification of
18S rRNA serves as an internal control.

HINTW quantitative Reverse Transcription-PCR (qRT-PCR)
RNA was extracted from paired gonads derived form negative control

embryos and those infected with RCASBP.B.HINTW. Approximately five
pairs of gonads were used for each sex at each stage. Total RNA was
subjected to DNase treatment to remove contaminating genomic DNA
using the Ambion DNA-free kit. For each sample, 400-1000ng DNased
RNA was reverse transcribed using Superscript IIITM (InVitrogen) and a
mixture of oligo-dT and random hexamers as primers. One µL of each RT
reaction was used for each PCR reaction. Primers spanning exon-exon
boundaries were designed, and care was taken to avoid amplification of
the related HINTZ sequence. Primers were used and together with the
Universal Probe Library (UPL) system and Faststart Probe Master mix
with ROX (Roche). Real time PCR was performed on an ABI 7900 HT
instrument. Samples were run in triplicate and experiments performed at
least twice. All samples were normalised against cHPRT using the
comparative CT method (îîCT). HPRT (which is autosomal in chicken)
was found to be a stably expressed during chicken gonadal development.
Cycle parameters and sequences for all qRT-PCR primer/UPL probe set
combinations are included in Supplementary Table 1. For all qRT-PCR
data presented here, no template controls or RT- samples exhibited no
amplification. In addition, each amplification set was performed with
standard curves to confirm primer/probe efficiency, > 90%).

Whole mount in situ hybridisation
Urogenital and other tissues were dissected from day 9 infected and

non-infected control embryos. Whole mount in situ hybridisation was
used to assess HINTW mis-expression. Tissues were fixed overnight at
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4°C in RNAse-free 4% paraformaldehyde/PBS, washed in cold PBS
containing 0.1% Triton X-100 (PBTX), and dehydrated through a series
of methanol solutions, ending with 100% methanol. Tissues were stored
overnight at -20°C prior to rehydration through a descending methanol
series and into PBTX. Whole mount in situ hybridisation for HINTW mRNA
expression was carried out as described previously (O’Neill et al., 2000a;
Smith et al., 1999). Briefly, tissues were rehydrated, digested for 45
minutes in 10µg/mL proteinase K in PBTX, pre-hybridised overnight at
65°C, then hybridised under the same conditions in the presence of a
digoxygenin-labelled HINTW-specific antisense riboprobe. This probe
was generated from gonadal cDNA and has been described previously
[31]. Following stringency washes in 2x SSC and 0.2x SSC, tissues were
blocked in PBTX containing BSA and sheep serum, followed by incuba-
tion in PBTX/BSA/sheep serum containing alkaline phosphatase conju-
gated DIG antibody (Roche) (overnight at 4°C). Tissues were then
extensively washed in Tris buffer/ BSA (overnight). Colour reaction
(BCIP/NBT) was added in Tris-based buffer for 1.5 hours at room
temperature. The reaction was stopped after a deep purple precipitate
became visible. Sense controls did not show any colour reaction. Follow-
ing photography, some tissues were then over-stained by immersion in
colour reagent for a further 48 hours, prior to cryoprotection in 30%
sucrose/PBS and embedding in OCT for tissue sectioning. Fourteen to
eighteen µm frozen sections were taken of over-stained tissues, mounted
in Aquamount and photographed.

Gonadal histology and analysis of gonadal marker proteins
In a second experiment, 30 embryos were infected with

RCASBP.B.HINTW at day 0, as described above, dissected at day 9 and
urogenital systems were fixed for standard H & E staining or immunofluo-
rescence. Paired urogenital systems were cut in half transversely, and
one half taken for histology, while the other half was taken for immunof-
luorescent detection of gonadal marker proteins. For histology, tissues
were fixed overnight at room temperature in Bouin’s fluid, dehydrated in
70% ethanol and processed into paraffin blocks. Six micron sections were
stained with haematoxylin and eosin. For immunofluorescence, tissues
were fixed briefly in 4% PFA in PBS, cryoprotected overnight at 4°C in
30% sucrose/PBS, immersed in OCT embedding compound and snap
frozen in isopentane pre-cooled in liquid nitrogen. Some tissues were
directly snap frozen without fixation. Ten micron frozen sections were
either collected in PBS or post-fixed for 10 minutes in methanol at -20°C
(for p27 viral staining only). Regardless of fixation method, tissues were
then blocked in 2% BSA/PBS (2 hours), and incubated with primary
antibodies diluted in 0.1% Triton-X 100/ 1% BSA/PBS (overnight at 4°C).
Most primary antibodies were raised in house (Smith et al., 2003), rabbit
anti-chicken SOX9 (1:6000), rabbit anti-chicken Aromatase (1:5000) and
rabbit anti-Chicken CVH Homologue (CVH) (1:6000). A mouse anti-
chicken fibronectin antibody was also used to delineate overall gonadal
structure (Serotec, 1:200). Secondary antibodies were Alexafluor 488
donkey anti-rabbit IgG (green) (used at 1:1000) and Alexafluor 594
donkey anti-mouse IgG (red) (used at 1:1500) (Molecular Probes, Invit-
rogen).
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