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Genes located on the mammalian Y chromosome outside of the
pseudoautosomal region do not recombine with those on the X
and are predicted to either undergo selection for male function or
gradually degenerate because of an accumulation of deleterious
mutations. Here, phylogenetic analyses of X-Y homologues, Zfx
and Zfy, among 26 felid species indicate two ancestral episodes of
directed genetic exchange (ectopic gene conversion) from X to Y:
once during the evolution of pallas cat and once in a common
predecessor of ocelot lineage species. Replacement of the more
rapidly evolving Y homologue with the evolutionarily constrained
X copy may represent a mechanism for adaptive editing of func-
tional genes on the nonrecombining region of the mammalian Y
chromosome.

The eutherian Y chromosome is unusual because conventional
recombination with the X is limited to genes within the small

pseudoautosomal region. Comparative analyses of mammalian
sex chromosomes suggest that the Y acquires genes through
recombination with the X in the pseudoautosomal region, and
that these genes subsequently undergo extensive repositioning
into the nonrecombining region of the Y (NRY) via inversion
and intrachromosomal translocation (1, 2). There, X-Y recom-
bination ceases, and genes in the NRY are predicted to either
become specialized for male function (3, 4) or gradually degen-
erate from the accumulation of deleterious mutations through
processes such as Muller’s ratchet (5), hitchhiking with favorable
mutations at other Y genes (6), background selection (6), and
insertion of retroposons (7).

However, additional factors may influence the genetic com-
position and evolution of genes within the NRY. For example,
during hominid evolution 4–5 million years ago, a major portion
of the X long arm was incorporated onto the Y (8) and
subsequently was repositioned into the NRY via intrachromo-
somal recombination between repetitive LINE (long-inter-
spersed element) retroposons (9). This is evidence that the
occasional translocation of large chromosome fragments into the
NRY is possible. Another example is Zfx and Zfy, a pair of gene
homologues located in the sex-specific regions of chromosomes
X and Y, respectively. A sequence comparison of coding regions
of these genes between rodent and primate taxa (10–12) re-
vealed lower than expected divergence estimates between these
X and Y homologues. Thus, some form of genetic exchange was
indicated in the NRY.

Here we address this potential evolutionary paradox by a
comprehensive sequence analysis of the terminal Zn-finger exon
of Zfy and Zfx in 26 species of the cat family Felidae. Unusual
patterns of diversification between these homologues demon-
strate a novel mechanism of genetic exchange, termed ectopic
gene conversion, occurs within the nonrecombining regions of
the X and Y. Because the felid phylogeny has been well
established by using multiple molecular genetic markers (13–20),
we were able to characterize precisely two distinct episodes of
ectopic gene conversion of Zfy by Zfx during the evolution of
modern-day cat species. Considered together with a reassess-
ment of Zfy and Zfx diversification across mammalian orders

represented by human, rat, and cat, we offer additional insights
on the evolutionary fate of functional genes within the NRY.

Materials and Methods
DNA Specimens. DNA was purified from either blood or skin cell
fibroblasts from a male and female from 26 species of felids
representing the eight major evolutionary groups. Species from
the ocelot lineage included ocelot (Leopardus pardalis), tigrina
(L. tigrinas), margay (L. weidii), pampas cat (Lynchailurus colo-
colo), Geoffroy’s cat (Oncifelis geoffroyi). Representatives from
the domestic cat lineage were domestic cat (Felis catus), jungle
cat (F. chaus), and European wildcat (F. silvestris). Within the
Panthera group, lion (Panthera leo), leopard (P. pardus), tiger (P.
tigris), jaguar (P. onca), and clouded leopard (Neofelis neofelis)
were included. Three species comprising the puma group were
puma (Puma concolor), cheetah (Acinonyx jubatus), and jagua-
rundi (Herpailurus yagouaroundi). The lynx genus included bob-
cat (Lynx rufus) and Siberian lynx (Lynx lynx). The Asian leopard
cat group was Asian leopard cat (Prionailuris bengalensis),
f lat-headed cat (Ictailurus planiceps), and fishing cat (P. viverri-
nus). The caracal group was represented by caracal (Caracal
caracal), African golden cat (Profelis aurata) and serval (Lep-
tailurus serval). One species, Asian golden cat, (Profelis tem-
mincki) was used from the bay cat group. Lastly, the phyloge-
netically unaligned species of pallas cat (Otocolobus manul) was
included in the analysis. GenBank accession numbers for exons
in human ZFY and ZFX were J03134 and M30607. Rat Zfy and
Zfx exon sequences were X75172 and X75171, respectively.
Intron GenBank accession numbers were X58926 and X58925
for human ZFY and ZFX. Intron sequences from rat were
X58934 and X58933 for Zfy and Zfx, respectively. Domestic cat
intron sequences are available at http:yylgd.nci.nih.gov.

PCR Amplification of Exon. Amplification of the Zn-finger exon
used chromosome-specific sets of primers (Table 1). The same
approach was repeated for both Zfy and Zfx whereby an initial
segment (generated by chromosome-specific primers) encom-
passing a portion of the 59 adjacent intron and spanning the exon
was used as the template in nested PCR. For Y genes, chromo-
some specificity was verified by the presence of the Zfy gene PCR
product in male individuals and absent from female individuals
for each felid species. For Zfy, two primer pairs were used for
first-round PCR: Zfy2Fyolw111r, dZfyFyExon6R (Table 1). Se-
lecting the appropriate first-round product as template, a series
of overlapping Zfy fragments were amplified by several primer
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pairs: Zfy1FyExon1R, Zfy1FyExon4R, dZfyFyExon4R, Exon4Fy
Exon6R. Likewise, Zfx was generated by using nested PCR with
first-round products amplified by primer pairs Zfx2FydZfxR and
dZFxFyolw143R. Second-round nested PCR for Zfx used the
appropriate first-round Zfx product as template and the primer
pairs of Zfx1FydZfxR and dZfx1FyExon6R. Other primer pairs
(Table 1) were used as needed for additional sequence ampli-
fication and verification.

Conditions for PCR amplification in the first stage consisted
of 50 ml reactions containing 50–100 ngyml total genomic DNA,
50 mM KCl, 10 mM Tris (pH 8.3), 1.5 mM MgCl2, 0.01% gelatin,
0.01% NP-40, 0.01% Tween-20, 0.2 mM of each primer, 0.2 mM
dNTP, and 2.5 units Taq polymerase. For Zfy, thermocycling
conditions for the first round consisted of a hot start of 39 at 94°C,
followed by 40 cycles of 15 sec at 94°C, 15 sec at 48°C, and 30 sec
of 72°C and ending with a final extension of 72°C for 5 min. The
second round consisted of a 2 ml volume of the first-round
product with PCR conditions identical to the first round, except
for an annealing temperature of 52°C. With Zfx exon amplifi-
cation, conditions were identical except that the annealing
temperature was 55°C for both first and second rounds of nested
PCR. All PCRs were performed with an ABI Perkin-Elmer 9700
thermocycle sequencing machine.

PCR products were visualized on a 1% agarose gel. Sequences
were generated by BIGDYE sequencing kits (Applied Biosys-
tems) and analyzed by using an automated sequencer (model
373; Applied Biosystems).

Sequence Analyses. Sequences encompassing the final exon of Zfy
and Zfx were aligned by using the algorithm of Needleman and
Wunsch (21) with the GCG computer package version 8 (22) and
verified visually. The complete exon multiple sequence align-
ment is deposited at the web site of http:yylgd.nci.nih.gov.
Additional alignments were derived for the genetic analysis of
cat, human, and mouse Zfy and Zfx sequences by using intron and
exon sequences. The alignment of intron sequences used
CLUSTAL X (23). Nucleotide substitution models were selected
based on empirically derived estimates of the following param-
eters: frequency of nucleotides, transitionytransversion ratio,
and among-site rate variation. Therefore, exon genetic distances
used the Kimura two-parameter model of substitution (24).
Intron sequences were analyzed by using Tajima-Nei (25) dis-
tances. Exon sequences were translated into amino acids by using
MEGA version 1.01 (26).

Phylogenetic Analysis. Phylogenetic analysis of exon sequences in
Felidae was performed by PAUP* (27). Specific conditions for the
heuristic search are presented in Fig. 1. The reliability of the data
to recapitulate the same tree was assessed by a bootstrap analysis.
In the cat-human-rat phylogenetic analyses of exon and intron
segments, exhaustive searches that examined all possible trees to
identify the most optimal phylogeny were implemented by PAUP*
with specific conditions presented in Fig. 3.

Expression of Zfy and Zfx. Nine tissues were dissected from a
euthanized male domestic cat kitten and flash-frozen into liquid
nitrogen. Total RNA was extracted from frozen tissue each from
kidney, liver, thymus, spleen, heart, lung, skin, brain, and testes
by using the protocol of Rneasy minikit (Qiagen, Chatsworth,
CA). cDNA was synthesized by using the procedure of Super-
script Preamplification System (GIBCOyBRL). Hemi-nested
PCR was used for the amplification of cDNA sequences by using
primers ZF1F and Exon1R for the first round. Second-round
primers consisted of primers ZF2F and the Y-specific primer
dZfyR for Zfy, and ZF2F with X-specific primer dZfxR for Zfx.
These primers span the final intron and 315 bp into the final
exon. In both rounds, each 50-ml reaction contained 50–100
ngyml total cDNA, 50 mM KCl, 10 mM Tris (pH 8.3), 1.0 mM
MgCl2, 0.01% gelatin, 0.01% NP-40, 0.01% Tween-20, 0.2 mM of
each primer, 0.2 mM dNTP, and 1.25 units of Taq polymerase.
Using a Perkin–Elmer 9700 thermocycling machine, first-round
cycling conditions consisted of an initial hot start of 39 at 94°C,
followed by 40 cycles of 15 sec at 94°C, 15 sec at 50°C, and 30 sec
at 72°C followed by a final extension of 59 at 72°C. Second-round
conditions were identical except the annealing temperature was
changed to 52°C.

This same fragment, using the primers listed above for the
cDNA second round, was amplified from genomic DNA for Zfy
and Zfx. Each 50-ml reaction used the same concentration of
reagents, with the appropriate sex-specific primer pair, but
adjusted MgCl2 between 1.0 mM for Zfx and 2.5 mM for Zfy.
Thermocycling conditions were identical to those used above
with following exceptions: the annealing temperature was 50°C
for Zfx and 60°C for Zfy; and amplification occurred with 35
cycles rather than 40. Genomic and cDNA were identified by
their expected differences in product size (338 bp cDNA, 1,237
bp genomic DNA for Zfx, and 335 bp cDNA versus 1,345 bp
genomic for Zfy).

Table 1. List of primers, gene specificity, nucleotide position, sequence, and source

Primer Gene Position Nucleotide position 1st Round 2nd Round Sequence Source

Zfy2F Zfy 59 Intron 2459–439 X 59-tgtcagcataagcaggct 2
Zfy1F Zfy 59 Intron 2166–149 X 59-tggagtttgctgttacct 2
Zfx2F Zfx 59 Intron 2731–717 X 59-gcttctgtgactga 2
Zfx1F Zfx 59 Intron 2403–386 X 59-tgggtttaagctctactg 2
Zf2F Zfyyx 59 Intron 2804–783 X 59-ttccaggcagtac 2
dZfyF Zfy Exon 292–315 X X 59-tgcataaggaaaaagccaaca 1
dZfxF Zfx Exon 292–315 X X 59-tgcataaggagaaaggagccaaca 1
dZfyR Zfy Exon 315–292 X 59-tgttggctttttctttatgca 1
dZfxR Zfx Exon 315–292 X X 59-tgttggctcctttctccttatgca 1
Exon4F Zfyyx Exon 885–900 X 59-cgccatattctctcag 1
Exon4R Zfyyx Exon 900–885 X 59-ctgagagaatatggcg 1
olw111F Zfyyx Exon 1005–1028 X 59-agtgtaccagtgtgagtactgtgagtat 3
olw111R Zfyyx Exon 1028–1005 X 59-atactcacagtactcacactgata 3
Exon5F Zfyyx Exon 1057–1071 X 59-ggcacgttatctcca 1
Exon5R Zfyyx Exon 1071–1057 X 59-tggagataacgtgcc 1
Exon6R Zfyyx Exon 1181–1164 X X 59-gggcaggccaacttcctt 1
olw144 Zfy 39 Flank (1)195–165 X 59-agaaactgaataggattcagaacagcg 3
olw143 Zfx 39 Flank (1)195–165 X 59-aacaaactgaatagaattcagaacacac 3

5308 u www.pnas.org Slattery et al.



Results
We sequenced the terminal Zn finger exon (1,181 bp) of Zfx and
Zfy from individuals of 26 Felidae species to extend previous
research on the molecular evolution of X and Y genes. Our initial
analysis (20) of the adjacent 59 intron of Zfx and Zfy among cat
species revealed differences in nucleotide substitution rates
between X and Y chromosome introns and demonstrated that
these genes recapitulated previously described felid phylogenetic
relationships. In contrast, the present study indicated that Zfx
and Zfy exons evolved more slowly compared with intron
sequences and were phylogenetically uninformative in establish-
ing expected relationships among cat species (Fig. 1). Nonethe-
less, there was considerable genetic distance between Zfx and Zfy
sequences supporting the notion that ZfxyZfy divergence pre-
dated the evolution of modern-day felids. An unusual exception
to this ZfxyZfy exon sequence distinctiveness occurred in one
species, pallas cat, where Zfy clustered with pallas cat Zfx within
the monophyletic lineage of all other Zfx genes (Fig. 1). It was
this unexpected observation that stimulated the following
analysis.

Alignment of Zfx and Zfy exons revealed 55 nucleotide site
positions that were variable in at least two species of Felidae (Fig.
2). Of these, several (19y55) represented fixed differences that
discriminated between Zfx and Zfy exons (blue). For example,
site 32 was diagnostic as G (Zfx) or A (Zfy) in all cat species (see
Fig. 4, which is published as supplementary material on the

PNAS web site, www.pnas.org). Therefore, these substitutions
likely occurred in a common ancestor for all modern felids. A
second category of substitutions (5y55) included sites that
exhibited the same polymorphisms in both Zfy and Zfx exons
(black). For instance, site 512 alternated randomly between A
and G in both Zfx and Zfy across Felidae (see Fig. 4).

A continuum of yellow blocks over multiple, adjacent sites
(Fig. 2) indicated a historic gene conversion event where the Zfy
gene segment was replaced by an exact copy of the counterpart
sequence from the Zfx exon. Two such motifs were apparent in
Zfy (Fig. 2), one spanning sites 74–1046 in pallas cat and the
second in positions 74–136 in the five ocelot lineage species. In
the pallas cat, with the exception of the first four variable sites
(sites 29, 32, 44, 65), the Zfy exon was identical to the corre-
sponding Zfx exon. For example, position 236 was Zfx-C and
Zfy-T in all species except in pallas cat where both Zfx and Zfy
were C. This pattern is repeated throughout the pallas cat Zfy
fragment starting from site 74. For this reason, the direction of
gene conversion was clearly from Zfx to Zfy and not vice versa.
The second putative gene conversion event occurred in a
common ancestor of the monophyletic ocelot lineage. In this
case, the motif encompassed approximately 62 bp (positions
74–136). Three of the sites within this region (positions 74, 117,
and 136) were diagnostic between Zfy and Zfx in all other species
of Felidae. However, within the ocelot lineage the Zfy sequence
at these sites was identical to Zfx and indicated directed gene

Fig. 1. Phylogenetic analysis using 1,181 bp of the Zn-finger exon of Zfx and Zfy for 26 species of Felidae. Shown is the 50% majority rule consensus (length 5
171; consistency index 5 0.672) of 10,850 trees generated by maximum parsimony analysis. Numbers on branches are lengthyhomoplasies. Numbers in italics are
bootstrap proportions in support of adjacent node that exceeded 50%. Bootstrap analysis consisted of 100 iterations (43). Note that the Zfx and Zfy sequences
are respectively monophyletic with the exception of the pallas cat Y, which resembles X chromosomes Zfx genes and more precisely, the pallas cat Zfx homologue
(see text). The resolution of species divergence hierarchies within the Zfx and Zfy groups are not robust because of slow-moving evolution of these genes in the
period of Felidae evolution (10–15 million years). The derived tree is significantly different from a constrained tree representing established species lineages as
listed in Fig. 2 (Kishino-Hasegawa test; t 5 2.59; P , 0.0095). For this reason, the species topologies should not be considered to reflect Felidae phylogenetic
divergence accurately.
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conversion from X to Y. In addition, two of these species, ocelot
(Lpa) and margay (Lwi) exhibited a derived Y substitution that
evolved after the initial gene conversion event.

The greater number of shared derived substitutions (synapo-
morphies) observed for Zfy (24y55) than Zfx (9y55) indicated
unequal rates of nucleotide substitution between Y and X
homologues during Felidae evolution. Excluding the ocelot
lineage species and pallas cat, the empirical substitution rate
ratio estimated between Zfy and Zfx exons was YyX 5 1.96.
Using the equation YyX 5 3 amy(am 1 2), which accounts for
the pattern of inheritance between Y and X chromosomes (28),
the estimated maleyfemale mutation rate ratio (am) was 3.76.
This value was consistent with the hypothesis of male-driven
evolution that states enhanced rates of mutation observed in Y
genes are a consequence of the higher number of cell divisions
that take place in spermatogenesis versus oogenesis (28).

Translation of nucleotides into amino acid residues indicated
the protein domain encoded by the Zn finger exon (393 aa) was
highly conserved between Zfy and Zfx in Felidae. Of the 55 sites
examined, only three (positions 117 and 136 and a 3-bp deletion
of 305–307), encoded amino acid changes between Zfy and Zfx
in all felid species. Two of these sites, 117 and 136, were
converted from the Zfy version (117 isoleucine; 136 histidine) to
the Zfx version (117 leucine; 136 arginine) in both pallas cat and

a common ancestor of the ocelot lineage. The third amino acid
difference, encoded by the nucleotide insertionydeletion at sites
305–307, resulted in a lysine deletion from Zfy in all felids.
However, in pallas cat, the gene conversion of Zfy by Zfx resulted
in the restoration of lysine at this site in Zfy.

Zfx and Zfy Expression in Domestic Cat. To assess the tissue
distribution of Zfx and Zfy in cats, we extracted RNA from nine
tissues of domestic cat, prepared cDNA, and assayed for ZfxyZfy
transcripts by using reverse transcription–PCR methodology.
The results show abundant RNA transcripts for both genes in
every tissue (Fig. 5, which is published as supplementary mate-
rial on the PNAS web site). Because the PCR primers spanned
an intron of both Zfy (995 bp) and Zfx (844 bp), the cDNA
predicted size of 338 bp (Zfx) and 335 bp (Zfy) were easily
distinguished from genomic DNA product of 1,237 bp for Zfx
and 1,345 bp for Zfy (see Fig. 5). DNA sequence analysis
confirmed each cDNA PCR product as Zfy or Zfx.

Genetic Distance of Zfx and Zfy in Human, Mouse, and Cat Homo-
logues. Provocative insights on sex chromosome evolution rela-
tive to gene evolution were derived by sequence comparison of
Zfy and Zfx in different mammalian orders. In Table 2 (which is
published as supplementary material on the PNAS web site), we

Fig. 2. Distribution of nucleotide sites that vary in two or more felid species in the Zn-finger exon of Zfy and Zfx. Except for the phylogenetically unaligned
pallas cat, all other species are listed within the eight monophyletic evolutionary groups within Felidae (11–18). Five categories of substitutions are depicted.
Blue: substitution diagnostic between Zfy and Zfx and fixed in the majority of species from all lineages. Black: Zfx-Zfy polymorphism, not sex specific. Orange:
Newly derived Zfy substitution shared by some, or all, of the corresponding species group. Pink: Newly derived Zfx substitution shared by some, or all, of the
corresponding species group. Yellow: Site where the Zfy-specific nucleotide is replaced by that from Zfx in some, or all of the corresponding species group. The
yellow continuum for pallas cat includes those sites that are identical between Zfy and Zfx in most felid species (including pallas cat). In addition, the clearest
evidence of gene conversion is that each of the fixed diagnostic sites (blue) shared by all other felid lineages are not present in the yellow region of Zfy exons
from pallas cat or ocelot lineage species. Caracal group includes serval. b 5 Substitution that is unique and shared by Zfy and Zfx within a single species. *: Sites
that encode amino acid substitutions distinguishing between Zfy and Zfx in all felids. For specific alignment details of polymorphic sites, please see Fig. 4 at PNAS
web site http:yywww.pnas.org and http:yylgd.nci.nih.gov.
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present genetic distances between Zfx and Zfy gene sequences in
human, rat, and domestic cat species with available intron and
exon data. Considered together with phylogenetic trees of these
exon and intron sequences (Fig. 3), three principle observations
were revealed. First, intron and exon sequences of Zfx diverged
more slowly than their respective counterparts from Zfy. Most
likely, this was a reflection of the reduced substitution rates for
X chromosome genes. Second, genetic distances (exon or intron)
between cat and human for both Zfx and Zfy genes (i.e., cat Zfx
vs. human Zfx and cat Zfy vs. human Zfy) were considerably
closer than the comparable distance of either gene from either
species to rat Zfx and Zfy. This difference might be explained by
the more ancient divergence of rodents (estimated at 112 million
years ago) in comparison to the split between carnivores and
primates (approximately 80 million years ago) (29). Third,
distance estimates between Zfx and Zfy in cat (1.8% for exon and
29.8% for intron) are less than Zfy divergence among mammal
orders. The same is true for human (i.e., X-Y distances are 5.3%
for exon and 40.1% for intron). Thus, the closest sequence to cat
and human Y sequence was its corresponding X homologue
within each order. Because the original placement of Zfx and Zfy
onto the sex chromosomes occurred early within eutherian
mammal divergence (2, 30, 31), this similarity implied ancient
episodes of gene conversion too old to allow character analysis
such as is presented in Fig. 2. By contrast, the rat does not display
this increased X-Y similarity. Our analysis was unable to deter-
mine whether the rat Zfy and Zfx results were a consequence of
a lower frequency of conversion, generation time differences
(32), or sampling errors.

Discussion
Comparative analysis of the terminal Zn-finger exon of Zfy and
Zfx in 26 species of Felidae depicts a novel form of genetic
exchange between mammalian sex chromosomes. Located in the
sex-specific regions, and therefore excluded from conventional
recombination during chromosomal pairing of X and Y, these
gene homologues demonstrate unique, precise episodes of ec-
topic gene conversion. The proposed mechanism of ectopic gene
conversion is thought to be an inadvertent outcome of homology

searches preceding, and essential to, synapsis of homologous
chromosomes (33). Thus, ectopic gene conversion may be par-
ticularly relevant to nonrecombining regions of the genome like
the NRY because it does not require the formation of the
synaptonemal complex accompanied by reciprocal exchange (34,
35) and also may take place during both meiosis and mitosis
(36–38). Considered together with our comparisons of Zfy and
Zfx segments between carnivore (cat), primate (human), and
rodent (rat), our results illustrate the potential importance of
ectopic gene conversion in the maintenance of Y gene function
in eutherian mammals.

Using a phylogenetic analysis of Zfy and Zfx exons, the
presence of ectopic gene conversion was indicated by the unex-
pected placement of the pallas cat Zfy sequence clearly within
the monophyletic lineage of Zfx sequences from all other felid
species. Additional analysis of variable sites within aligned Zfy
and Zfx sequences confirmed gene conversion of nearly the
entire Zfy exon by that of Zfx in pallas cat and also revealed a
second event involving the replacement of a smaller fragment
(62 bp) in multiple species within the ocelot lineage.

The frequency of fixation of ectopic conversion events be-
tween sex chromosomes can be estimated by using the well-
characterized evolutionary history of the Felidae. The ocelot
lineage and pallas cat results indicate ectopic gene conversion
plus fixation occurred twice in the evolution of nine lineages
tested. As the divergence of modern felid species likely occurred
10–15 million years ago (18–20), the frequency of fixation for
ectopic gene conversion is 0.0148 eventsymillion years. Assum-
ing an average generation time of 5 years in felids, an estimate
of 7.4 3 1028 ectopic gene conversion eventsygeneration is
obtained. This estimate reflects only those events that become
fixed within the species and is thus a fraction of number of
ectopic gene conversion possible within each generation. There-
fore, it is consistent with the estimate of 1 3 1027ygeneration,
computed from experimental studies of mitotic ectopic gene
conversion not associated with crossing over in yeast (39).

The observed X to Y direction of gene conversion (Fig. 2)
suggests that a more constrained version of the gene, preserved
by comparatively lower nucleotide substitution rates of the X
chromosome, is reintroduced into the paternal lineage. Genes on
the X chromosome evolve more slowly than those on the Y,
presumably because of male-driven evolution [i.e., sex-biased
mutation rates arising from germ-cell division differences (28,
40)] or selection leading to a mutation rate reduction on the X
chromosome (41). In felids, the estimated ratio of maleyfemale
mutation rate per generation for Zn-finger exon is am 5 3.76.
This is consistent with the estimated ratio for the adjacent intron
(am 5 4.38) (20). Considered together, these estimates support
the prediction of higher mutation rates of Y chromosome genes
compared with those from the X.

Ectopic gene conversion may prove to be a mechanism for
adaptive correction of Y genes whose X homologues do not
undergo X inactivation in females. Unlike the mouse, in which
Zfy is expressed in testes only (42), domestic cat and humans
express Zfy and Zfx ubiquitously, implying both copies of the
gene are required for normal function. Yet, genes located in the
nonrecombining region have a greater probability of accumu-
lating deleterious mutations and undergoing loss of function.
The predicted enhanced mutation rates on the Y are supported
by our data that depict a greater number of newly derived
substitutions in Zfy (orange) relative to Zfx (pink) during felid
radiation (Fig. 2). Of those that were nonsynonymous, three
encoded diagnostic amino acid differences between Zfy and Zfx
in all felids. The subsequent removal of these differences in the
ocelot lineage (two of three sites) and pallas cat (three of three
sites) via ectopic gene conversion reverts Zfy to a more con-
served state. Therefore, the apparent nonrandom distribution of
gene conversion sites relative to codon-altering substitutions

Fig. 3. (A) Phylogenetic tree of exon sequences from cat, human, and rat Zfx
and Zfy genes. The tree is derived from minimum-evolution using neighbor-
joining derived from an exhaustive search using Kimura 2P model. Branch
lengths are % sequence divergence. (B) Phylogenetic tree of adjacent 59 intron
of Zfy and Zfx from cat, human, and rat. Shown is the minimum evolution-
neighbor joining tree derived from an exhaustive search of all possible trees
based on the Tajima-Nei model of substitution. Numbers on branches repre-
sent % sequence divergence.
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may indicate targets of selective pressures responsible for driving
gene conversion events to fixation.

Our results revise and expand previous research on the
evolution of genes located in the NRY of the Y chromosome.
Our reassessment of substitution patterns in the Zn finger exon
across mammalian orders of carnivore, primate, and rodent
consistently depicts a closer association between Zfy and its
corresponding Zfx homologue. Under the hypotheses that these
two homologues diverged early within eutherian radiation, the
expected phylogenetic pattern should have demonstrated a
major bifurcation between a monophyletic lineage composed of
Zfy sequences and one of all Zfx. However, the opposite is
observed whereby Zfy and Zfx cluster with each other within
each order. Thus, a process of ancestral recombination likely
occurred that may have consisted of the following: (i) ancient
reciprocal exchange occurred between these homologues origi-
nally in the pseudoautosomal region, (ii) intrachromosomal
shuffling of Zfy into the nonrecombining region at different
times in each mammalian order, and (iii) episodes of ectopic
gene conversion that occurred after the genes were situated
within the sex-specific regions of Y and X. Because of this
process, ancient recombination patterns will be evident only by
comparisons across higher-order taxonomic divisions. In con-
trast, more recent evolutionary trends can be discerned by
phylogenetic analysis of Zfy and Zfx homologues within mam-

malian orders. In Felidae, we find evidence for both processes.
Zfy and Zfx separate into monophyletic gene-specific lineages
that reflect recent diversification and precise episodes of ectopic
gene conversion between these genes in modern species.

In conclusion, based on the evolution of Zfy and Zfx in
multiple species of Felidae, we postulate a plausible third
alternative for the fate of genes located in the NRY. The
conventional view that most of the Y chromosome, excluding the
pseudoautosomal region, cannot benefit from recombination is
challenged by the clear incidence of ectopic gene conversion in
felid evolution. This form of recombination may be an effective
mechanism for the adaptive editing of functional genes within
the NRY and thus ameliorate the effects of Y chromosome
degeneration.
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