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Heather A. McQueen*, Derek McBride!, Gino Mielet, Adrian P. Bird*

and Michael Clinton®

The Z and W sex chromosomes of birds have evolved
independently from the mammalian X and Y
chromosomes [1]. Unlike mammals, female birds are
heterogametic (ZW), while males are homogametic
(ZZ). Therefore male birds, like female mammals,
carry a double dose of sex-linked genes relative to
the other sex. Other animals with nonhomologous
sex chromosomes possess “dosage
compensation” systems to equalize the expression
of sex-linked genes. Dosage compensation occurs
in animals as diverse as mammals, insects, and
nematodes, although the mechanisms involved
differ profoundly [2]. In birds, however, it is widely
accepted that dosage compensation does not
occur [3-5], and the differential expression of
Z-linked genes has been suggested to underlie the
avian sex-determination mechanism [6]. Here we
show equivalent expression of at least six of nine
Z chromosome genes in male and female chick
embryos by using real-time quantitative PCR [7].
Only the Z-linked Scll gene, whose ortholog in
Caenorhabditis elegans plays a crucial role in
dosage compensation [8], escapes compensation
by this assay. Our results imply that the majority
of Z-linked genes in the chicken are dosage
compensated.
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Results and discussion

The Z-linked enzyme aconitase (also known as iron re-
sponse element binding protein, IREBP) displays higher
activity in the livers of male, as compared to female,
domestic fowl, house sparrows, and spotted turtledoves
[3]. Although based on a single gene, this represents the
main evidence against avian dosage compensation. The

lack of sex chromatin [4] or a late-replicating Z chromo-
some [9] in male avian nuclei also indicates that sex chro-
mosome inactivation, as observed in mammals, is unlikely
in birds. Dosage compensation by other methods, however,
remains a possibility. In order to clarify whether avian dos-
age compensation occurs, we aimed to assay gene expres-
sion from discrete points along the Z chromosome in male
and female chickens. Due to the paucity of physically
mapped genes available, we began by constructing our
own minimal physical map of the Z chromosome.

Two new Z chromosome genes, follistatin and Scll, whose
Z-linkage was previously indicated by gene dosage in
Southern blots were assigned to distal portions of the p
and q arms, respectively (Figure 1). Since human fo//istatin
maps to 5pl.4 (OMIM), our results confirm and extend
the previously noted conservation of synteny between
human 5p1.2-1.4 and this region of Zp [6]. Cytogenetic
locations were also assigned to two genetically mapped
genes (CHRNB3 and aldolase B) and were confirmed for
two previously mapped genes (VLDLR and IREBP) (Fig-
ure 1 and Table 1). W homologs were not detected, by
fluorescent in situ hybridization (FISH), for any of the
six Z chromosome genes. Incorporating a further three
genes with previously known locations, we assembled a
set of nine genes to represent both arms of the chicken
7, chromosome (Figure 1e).

We next compared gene expression from the nine Z chro-
mosome genes in individual male and female chick em-
bryos by using real-time quantitative PCR. We expected
that dosage compensation would result in similar expres-
sion levels in male individuals as those seen for females
while the lack of dosage compensation would result in an
average expression level for ZZ males that was twice that
of ZW females. We were surprised to find that relative
expression levels for eight of our nine test genes were
similar in both sexes, with male:female ratios ranging from
0.8 to 1.4 (Figure 2). p values were consistent with the
null hypothesis of a male:female ratio equaling 1.0 (p >
0.05) for six of the nine genes (excepting Sc/l, ZOV3, and
GGTBZ; Table 1). These results imply dosage compensa-
tion for most genes. In contrast, the S¢// gene gave consis-
tently higher relative expression levels for male embryos
at days 3 and 4 of development than for corresponding
female embryos (Figure 2). An approximately 2-fold dif-
ference (p = 0.58) detected for Sc/l expression in males
versus females suggests that no dosage compensation oc-
curs for this gene. We calculated male:female ratios for
each gene in two data sets corrected for RNA concentra-
tions according to expression from the autosomal genes
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Figure 1
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FISH mapping of Z chromosome genes. (a=c) Examples of
hybridizations to metaphase chromosomes, with gene names written
in the same colors as their hybridized probe signals. In each case a
colored plot shows the chromosomal position of the red and green
probe signals as a percentage of the entire chromosome, represented
in blue. (a) follistatin maps to Zp2.2-2.3, and the signal is shown

at approximately 20% from p to g. (b) Scll maps to Zq1.5-1.6, and
the signal is shown at approximately 80% from p to g. (c) Scll
mapping relative to aldolase B (Zq1.5, 75% pq) and CHRNB3 (Zq1.3,
62% pq). The Z chromosome plot shown is drawn from q to p. (d)
Scll location between aldolase B and the previously mapped /REBP
gene is shown by hybridization to an interphase nucleus. (e) Cartoon
of the Z chromosome shows physical locations for the nine mapped
genes used in the expression analysis. Percentage distances along
the chromosome from p to g were derived from multiple

experiments.

GAPDH and either growth hormone or B actin. Male:female

ratios were largely consistent between these two data sets
(‘Table 1).

Our results indicate that, contrary to current dogma, avian
dosage compensation does occur and is demonstrated for
at least six of the nine chicken Z chromosome genes
analyzed. Compensated genes are found on both arms of
the Z chromosome (Table 1) and include the /REBP
gene, whose sexually dimorphic enzyme activity in avian
liver [3] was previously cited as evidence against compen-
sation. This contradiction might arise from the different
tissues used for assay. Sex differences in expression levels
have been reported previously for liver enzymes [10],
while we conducted our experiments on chick embryos
prior to formation of the genital ridge specifically to avoid
differences due to sexual differentiation.

In addition to the finding that avian dosage compensation
exists, we have found one example, the 8¢/l gene, that
seems to escape such compensation. This is not without
precedent since 15% of 224 human X chromosome genes
tested have been shown to escape X inactivation [11].
These genes are grouped nonrandomly along the inactive
human X chromosome, with one-third of the genes on
the short arm escaping inactivation [11]. Athough we have
found dosage compensation for two genes located in the
same or adjacent cytogenetic band with the 8¢/l gene
(Table 1), it is still unclear whether S/l represents an
isolated example or is one of a group of Z chromosome
genes that escape dosage compensation. The higher level
of Scll expression observed in day 3 males continues in
the male gonad until at least day 8 of development (data
not shown). This sexually dimorphic expression pattern
both before and during sex determination suggests a role
for ScIl in gonadal development or in sex-determination
itself. Such sexually dimorphic expression resembles that
of the DMRTI gene demonstrated at day 4.5 [12, 13].
DMRTI is thought to represent a conserved component
of vertebrate sex-determining pathways [12], and it has
been suggested that its sexually dimorphic expression in
birds results from the lack of dosage compensation [6].
We were unable to detect DMRTT expression in our day
3 and 4 samples, and it is therefore unclear whether the
sexually dimorphic expression pattern for DMRTT repre-
sents escape from dosage compensation or whether it is
secondary to other events during the formation of the
genital ridge.

We have detected significant within-sex variation in rela-
tive expression levels for most genes. We believe that
this finding is due to genetic heterogeneity within non-
inbred chicken lines. We consider our results to be reliable
due to their reproducibility in repeated experiments incor-
porating two different control genes (Table 1) and two
methods of real-time PCR (Figure 2a,b). For the relatively
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Male:female ratios for expression of chicken Z genes normalized for expression of GAPDH, growth hormone gene, or actin

Expression (m:f)*

normalized to expression of p value
Map location Z gene GAPDH GH/actin Result 1:1 (2:1)
Zp2.2-2.3 follistatin 1.35 (22/16) nd Compensated 0.08 (0.04)
Zp2.1 Z0oV3 1.35 (6/6) 1.47 (7/6) ? 0.05 (0.04)
Zp1.2-1.3 VLDLR 0.78 (6/6) 1.00 (6/6) Compensated 0.17 (0.00)
Zp1.1-1.2 BRM 1.23 (6/6) 1.45 (6/6) Compensated 0.26 (0.00)
Zq1.3 CHRNBS3 1.33 (6/6) nd Compensated 0.18 (0.05)
Zq1.5 aldolase B 0.94 (6/6) nd Compensated 0.77 (0.01)
Zq1.5-1.6 Scll 2.24 (22/16) 2.00 (22/16) Not Compensated 0.05 (0.58)
Zq1.5-1.6 GGTB2 1.39 (6/6) 1.07 (6/5) ? 0.02 (0.00)
Zq1.6 IREBP 0.83 (6/6) 1.09 (6/5) Compensated 0.30 (0.00)
194.1-q4.5 GH 1.11 (6/6) 0.70 (2/1) (Autosomal) 0.45 (0.02)

*Relative expression in males:females presented as ratios of average
values corrected against either GAPDH and growth hormone or GAPDH
and actin for the Scl/l and GH genes. (n/n) = n males/n females,

small sample size studied, significant individual variation
could distort average expression values and result in cases
such as those of the ZOV3 and GGTBZ genes, for which
the expression profiles suggest dosage compensation (Fig-
ure 2a) but similarities in male-to-female expression levels
are not statistically significant (Table 1). For ZOV3, only
one male value is outside the range of the female values
(Figure 2a). An alternative explanation for the raised level
of ZOV3 transcript in this individual is heterogencous
dosage compensation, in which some but not all individu-
als are compensated for a particular gene. The REP/ and
TIMPI genes are examples of the approximately 5% of
human genes that show such heterogeneous inactivation
patterns [11, 14].

Dosage compensation is achieved by very different mech-
anisms in mammals, fruitfies, and nematode worms. All
female mammals inactivate one of their two X chromo-
somes, which results in the activity of only one X. This
inactivation thus equalizes female gene dosage with that
of males. For the fruitfly Drosophila, the single male X
chromosome shows increased expression relative to that
of females, while in the worm C. e/egans the hermaphrodite
downregulates expression from both X chromosomes [15].
There is no reason to suspect that the mechanism of
dosage compensation in birds will be similar to that of
mammals, or indeed to any of the three described mecha-
nisms. However, it is interesting to note that the chicken
Scll gene, which escapes dosage compensation, is a mem-
ber of the structural-maintenance-of-chromosomes (SMC)
family and has a role in mitotic chromosome condensation
[16]. MIX-1 is the C. elegans ortholog of Scll [17], and in
addition to its role in mitotic chromosome condensation,
MIX-1 localizes to the X chromosomes of XX hermaphro-
dites, in conjunction with dosage compensation—specific
proteins, and reduces X chromosome gene expression [8].

nd = not done. p values indicate degree of consistency with a null
hypothesis of a 1:1 ratio of males:females. Bracketed values are for the
null hypothesis of a 2:1 ratio of males:females.

One speculative possibility is that the sexually dimorphic
expression of the 8¢/l gene in chickens is related to the
establishment or maintenance of dosage compensation.

Materials and methods

Physical mapping of the Z chromosome

All genes were mapped by the three-color fluorescent in situ hybridization
(FISH) of BAC and YAC clones to metaphase and interphase chicken
chromosomes. We obtained the FISH probes by screening YAC and
BAC libraries [18, 19] or by hybridizing HGMP-distributed spotted filters
(produced by Richard Crooijman). Alternatively, Richard Crooijman car-
ried out two-dimensional PCR screening. The library identification num-
bers and known insert sizes of Z chromosome gene clones used were
as follows: follistatin, YAC987 (900 Kb); VLDLR, YAC1117 (600 Kb)
BAC35007; CHRNB3, BAC51e3 (120 Kb); aldolase B, BAC98c17
(130 Kb); Scll, BAC76g06 (190 Kb); /IREBP, BAC11k15. BAC labeling
and FISH procedures were as previously described [20]. Recombinant
YACs were gel purified, and fluorescent nucleotides were incorporated
by degenerate oligonucleotide PCR [21]. Cytogenetic bands were as-
signed by reverse DAPI banding, and percentage distances from p to
q were also assigned to each probe.

Real-time quantitative PCR

Embryos were dissected and staged at days 3 (stage 20/21) and 4 (stage
23/24) of development and were stored frozen while DNA extracted
from extraembryonic tissues was used to sex individual embryos by
established procedures [22]. RNA was extracted from whole chick em-
bryos with RNAzol B (AMS Biotechnology), and cDNA was produced
by oligo dT priming. RT-PCR primers were as follows: follistatin
(X87609), 5'-TGTGCTCCGGATTGCTCTAA-3' and 5'-CTTCAAGTT
CGGGCTGTTCTTT-3’; ZOV3 (D16151), 5'-ATCGCCATCAATGAC
TCCC-3’ and 5'-GCTTCCCTTTACTCTTGCC-3'; VLDLR (X80207),
5'-CCTCAGTCAACCCAGTGTATC-3' and 5'-ACTCCAACTCATCAC
TACCATC-3'; BRM (X91638), 5'-TGTTGCTGTGTCATAATGCTC-3’
and 5’-ACTCCTCTTCATCATCCTCATC-3'; CHRNB3 (X83739),5’-TCC
TCAGCAACTTACCACC-3" and 5'-GCAATCACGACTTTCTCTCC-3';
aldolase B (M10946), 5’-GCAAGAAACAACTAACGCTG-3' and 5'-ACT
GCAAAATGTGGTAATGGG-3'; GGTB2 (U19890), 5'-CCAATGGAT
GACAGGAACAC-3' and 5'-GCAGACACACCTCCAAAATAC-3'; Scll
(X80792), 5'-CTGGCATCGTATCTGGAGTATCA-3’ and 5'-ACGAA
CATACTGAAAAGCCACATAGA-3'; IREBP (D16150), 5'-AATACCA
GTAACCCCTCAGTC-3' and 5'-CATAACCCACTACATCAAACCC-3';
GH (D90458), 5'-TACGACAAGTTCGACATCCACC-3" and 5'-TCAT
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Expression analysis for nine Z chromosome genes and one autosomal
gene on individual male and female embryos. (a) Relative expression
levels for eight Z chromosome genes and growth hormone gene,
corrected for GAPDH expression, in the same six female and six
male day 4 embryos by SYBR Green real-time quantitative PCR
analysis. Females (left) are shown in pink, and males (right) are
shown in blue. Expression levels in each case are relative to the first
female, whose value was scaled to 1.0. Male:female (m:f) values are
given. The first male value for the Scll plot was 6.0 and could not
therefore be plotted within the chart. Standard deviations of the

mean values are shown. (b) Relative expression levels for 22 male
and 16 female day 3 and 4 samples for follistatin and Scll genes.
The expression levels are corrected for GAPDH expression by TagMan
analysis. Male:female (m:f) values for combined results from days 3
and 4 are given. One male day 4 Sc// value was 3.9 and could not
be plotted on the chart.

CACCTTCAGGTAGGTCTC-3'; GAPDH (M11213), 5’-ATCTTTAAC
CACTGCTCCTTG-3" and 5'-CATGCTGAGCCTATTCACTG-3'; and
B-actin (LO8165), 5'-TATTGCTGCGCTCGTTGTTG-3' and 5'-GGG
CGACCCACGATAGATG-3'. Probes for TagMan assays were labeled
with either FAM and TAMRA or VIC and TAMRA and were as follows:
Scll, CGCCTTAAATTCTCCACTTCTCGTGTCATTT; follistatin, TTCCT
GTAGGTTTTCCCATCTAAGCCACACA,; and actin, CGAAACCGGC
CTTGCACATACCG. RT-PCR was carried out with the SYBR Green
or TagMan reagents and procedures (Applied Biosystems), and amplifi-
cations were detected with the ABI PRISM 7700 Sequence Detection
System. We used RNA from the same embryos to analyze the expression
of all nine genes. All results are averages from triplicate or quadruplicate
PCR reactions. Relative expression levels were calculated after correc-
tion for expression of GAPDH, beta actin, or growth hormone gene,

none of which are Z linked and which were assayed in triplicate or
quadruplicate in parallel with the test gene. Since assays of all cDNAs
with any one pair of a test gene and a control gene were carried out
simultaneously, we were able to assign an expression value of 1.0 to
the first female in the data set and calculate relative expression levels
for all other samples. We assayed all genes except follistatin by using
SYBR Green analysis, which depends upon nonspecific binding of dye
to DNA. The specificity of the reaction was therefore tested for each
primer pair. follistatin and Scll were both tested with the TagMan assay,
whose specificity derives from fluorescence energy transfer (FRET)
probes [7]. Scll was assayed by both TagMan and SYBR Green methods
and gave a similar spread of relative expression levels and male:female
ratios in both experiments (Figure 2).

Statistical significance was assessed in an unrelated samples 2-tailed
t test in which equal variance was not assumed. p values indicate the
degree of consistency with a null hypothesis of no difference in the
means or of a 2-fold difference, and p values >0.05 were taken to be
significant.

Acknowledgements

We thank Richard Crooijman for screening the BAC library, B. Belloir for
supplying probes, and Martin Simmen for help with the statistical analysis.
This work was supported by a fellowship from the Caledonian Research
Foundation to H. M., by a MAFF commission, and by the Wellcome Foun-
dation.

References

1. Fridolfsson AK, Cheng H, Copeland NG, Jenkins NA, Liu HC,
Raudsepp T, et al.: Evolution of the avian sex chromosomes
from an ancestral pair of autosomes. Proc Natl Acad Sci USA
1998, 95:8147-8152,

2. Meller VH: Dosage compensation: making 1X equal 2X. Trends
Cell Biol 2000, 10:54-59.

3. Baverstock PR, Adams M, Polkinghorne RW, Gelder M: A sex-
linked enzyme in birds- Z-chromosome conservation but no
dosage compensation. Nature 1982, 296:763-766.

4. Cock AG: Dosage compensation and sex-chromatin in non-
mammals. Genet Res Camb 1964, 5:354-365.

5. Chandra HS: How do heterogametic females survive without
gene dosage compensation? J Genet 1991, 70:137-146.

6. Nanda |, Zend-Ajusch E, Shan Z, Grutzner F, Schartl M, Burt DW,
et al.: Conserved synteny between the chicken Z sex
chromosome and human chromosome 9 includes the male
regulatory gene DMRT1: a comparative (re)view on avian
sex determination. Cytogenet Cell Genet 2000, 89:67-78.

7. Holland PM, Abramson RD, Watson R, Gelfand DH: Detection of
specific polymerase chain reaction products by utilising the
5’ to 3’ exonuclease activity of Thermus aquaticus DNA
polymerase. Proc Natl Acad Sci USA 1991, 88:7276-7280.

8. Lieb JD, Albrecht MR, Chuan P, Meyer BJ: MIX-1: an essential
component of the C. elegans mitotic machinery executes
X chromosome dosage compensation. Ce// 1998, 92:265-277.

9. Schmid M, Enderle E, Schindler D, Schempp W: Chromosome
banding and DNA replication patterns in bird karyotypes.
Cytogenet Cell Genet 1989, 52:139-146.

10. Watanabe M, Tanaka M, Tateishi T, Nakura H, Kumai T, Kobayashi
S: Effects of the estrous cycle and the gender differences
on hepatic drug-metabolising enzyme activities. Pharmacol
Res 1997, 35:477-480.

11. Carrel L, Cottle AA, Goglin KC, Willard HF: A first-generation
X-inactivation profile of the human X chromosome. Proc
Natl Acad Sci USA 1999, 96:14440-14444.

12. Smith CA, McClive PJ, Western PS, Reed KJ, Sinclair AH:
Conservation of a sex-determining gene. Nature 1999,
402:601-602.

13. Raymond CS, Kettlewell JR, Hirsch B, Bardwell VJ, Zarkower D:
Expression of Dmrt1 in the genital ridge of mouse and
chicken embryos suggests a role in vertebrate sexual
development. Dev Biol 1999, 215:208-220.

14. Carrel L, Willard HF: Heterogeneous gene expression from the
inactive X chromosome: an X-linked gene that escapes X
inactivation in some human cell lines but is inactivated in
others. Proc Nat/ Acad Sci USA 1999, 96:7364-7369.

15. Lucchesi JC: Dosage compensation in flies and worms: the



20.

21.

22,

ups and downs of X-chromosome regulation. Curr Opin Genet
Dev 1998, 8:179-184.

Saitoh N, Goldberg |G, Wood ER, Earnshaw WC: Scll: an
abundant chromosome scaffold protein is a member of a
family of putative ATPases with an unusual predicted tertiary
structure. J Cell Biol 1994, 127:303-318.

Cobbe N, Heck MM: SMCs in the world of chromosome biology:

from prokaryotes to higher eukaryotes. J Struct Biol 2000,
129:123-143.

Crooijmans RP, Vrebalov J, Dijkhof RJ, van der Poel JJ, Groenen MA:

Two-dimensional screening of the Wageningen chicken BAC
library. Mamm Genome 2000, 11:360-363.

Toye AA, Schalkwyk L, Lehrach H, Bumstead N: A yeast artificial
chromosome (YAC) library containing 10 haploid chicken
genome equivalents. Mamm Genome 1997, 8:274-276.
McQueen HA, Siriaco G, Bird AP: Chicken microchromosomes
are hyper-acetylated, early-replicating and gene-rich. Genome
Res 1998, 8:621-630.

Telenius H, Carter NP, Bebb CE, Nordenskjold M, Ponder BA,
Tunnacliffe A: Degenerate oligonucleotide-primed PCR:
general amplification of target DNA by a single degenerate
primer. Genomics 1992, 13:718-725.

Clinton M: A rapid protocol for sexing chick embryos (gallus
g. domesticus). Anim Genet 1994, 25:361-362.

Brief Communication 257



