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Stephane Boissinot, Yi-Hong Zhou, Li Qiu, Kanwaljit S. Dulai, Katherine Neiswanger, Horacio Schneider,
Iracilda Sampaio, David M. Hunt, David Hewett-Emmett and Wen-Hsiung Li (1997) Origin and molecuiar
evolution of the X-linked duplicate color vision genes in howler monkeys. Zoological Studies 36(4): 360-369. Like
humans and Old World monkeys (OWMs), the howler monkeys, a genus of New Worid monkeys (NWMs), have
trichromatic vision because they possess 1 autosomal (blue pigment) and 2 X-linked (red and green pigments)
color vision genes. In contrast, the other NWM species investigated in detail have only 1 autosomal and 1 X-
linked color vision gene, though the X-linked locus is polymorphic with 3 alieles. To understand the origin of tri-
chromacy in howler monkeys, several NWM species were examined for the number of X-linked pigment loci, and
intron 4, and exons 3, 4, and 5 of the red and green pigment genes of a male howler monkey were sequenced.
The spider monkey, the woolly monkey, the saki monkey, and the bearded saki monkey were shown by the tech-
nique of single strand conformational polymorphism (SSCP) and by Southern blotting to have only 1 X-linked color
vision gene, suggesting that within NWMs, the howler monkeys are the only genus with 2 X-linked pigment loci.
The sequences of exons 3, 4, and 5 and intron 4 reveal that the gene duplication in the howler monkey was inde-
pendent of that in the human-ape-OWM lineage. In addition, the amino acids at 4 critical sites for spectral tuning
suggest that the duplication in the common ancestor of howler monkeys was derived from the incorporation of 2
alleles that were, respectively, very similar to the P535 (green) and P562 (red) pigment alleles currently existing
in the squirrel monkey and capuchin (2 NWM genera). This hypothesis implies that the P535-P562 polymorphism
existed before the platyrrhini (NWM) radiation, which took place about 20 million years ago. Furthermore, the dis-
tribution of sequence differences in intron 4 between the 2 howler monkey genes suggests that the 2 intron 4 se-
quences have been homogenized by recent gene conversion events, providing further evidence for the frequent
occurrence of gene conversion between X-linked pigment genes.
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Humans, apes, and OIld World monkeys
(OWMs) are trichromatic because they possess 1
autosomal gene that encodes a blue-sensitive pig-
ment and at least 2 X-linked genes that encode the
red- and green-sensitive pigments (Nathans et al.
1986, Ibbotson et al. 1992, Neitz and Neitz 1995).
The latter 2 genes are believed to have arisen from
a gene duplication before the separation of the ape-

human lineage from the OWM lineage, but after the
separation of the OWM-ape-human lineage from the
New World monkeys (NWMs). On the other hand,
most species of NWMs have only 1 X-linked and 1
autosomal color photopigment gene. However, de-
tailed studies in squirrel monkeys, marmosets, and
related species reveal that the X-linked locus has 3
alleles coding for 3 phenotypically different pigments

*To whom correspondence and reprint requests should be addressed.
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(Jacobs 1984, Mollon et al. 1984, Jacobs and Neitz
1987a, Travis et al. 1988, Williams et al. 1992, Ja-
cobs et al. 1993). Because of this triallelic system at
the X-linked photopigment locus, heterozygous fe-
male monkeys are trichromatic, though males and
homozygous females are dichromatic.

It has been believed that all NWMs have only 1
X-linked photopigment gene. However, it has re-
cently been demonstrated that, like humans, apes,
and OWMs, the howler monkey (a NWM) has 2 X-
linked genes that encode 2 pigments with spectral
sensitivity maxima near 535 and 560 nm, respec-
tively (Jacobs et al. 1996). The 2 pigments will be
called the "green" and "red" pigments because their
spectral peaks are close to those of the human
green and red visual pigments. The 2 X-linked pig-
ment genes in howler monkeys could have arisen
from a relatively recent duplication, that is inde-
pendent of the duplication for the 2 X-linked pig-
ment genes in the human-ape-OWM lineage (i.e.,
the independent origin hypothesis). Alternatively,
the duplication in the howler monkey could have
had the same origin as that in the common ancestor
of humans, apes, and OWMs (i.e., the single origin
hypothesis). It has been proposed that the former
hypothesis is more likely (Jacobs et al. 1996), but it
is interesting to determine if the hypothesis is sup-
ported by further data and whether the duplication
exists only in the howler monkeys.

To study the origin and evolution of the 2 X-link-
ed pigment genes in howler monkeys, we decided to
examine the number of X-linked pigment genes in
other NWMs. We also decided to sequence exons 3,
4, and 5 and intron 4 of the 2 genes in a male howler
monkey. These 3 exons are interesting because
they contain 4 critical positions at which amino acid
differences can largely account for the differences in
spectral sensitivity among visual pigments in higher
primates (Neitz et al. 1991, Merbs and Nathans
1993, Shyue et al. 1997). These positions can pro-
vide useful phylogenetic information because non-
critical regions, like intron 4, can be homogenized by
gene conversion (Shyue et al. 1994, Zhou and Li
1996, Boissinot et al., unpubl. data). From this point
of view, we were also curious to know if gene con-
versions have also occurred between introns 4 of the
2 duplicated genes in the howler monkey.

MATERIALS AND METHODS
DNA sample sources

Two males and 1 female howler monkey (A/-

ouatta seniculus) were used in this study; 1 male is
of unknown origin and the other male and the female
were from natural populations in French Guyana.
Other primates used in this study are two species of
spider monkey (1 male Ateles geoffroyi of unknown
origin, and two male Ateles chamek monkeys from
Brazil), 1 male woolly monkey (Lagothrix lago-
thricha, unknown origin), 3 male saki monkeys (Pi-
thecia pithecia, 1 from Brazil and 2 from French
Guyana), 2 male bearded saki monkeys (Chiropotes
albinasus, Brazil), and 1 female and two male tam-
arins (Saguinus mystax, Peru). All DNAs were ex-
tracted from blood samples.

SSCP analysis

SSCP (single strand conformation polymor-
phism) (Mundy 1997) was performed to detect the
existence of multiple copies of the X-linked pigment
gene in an individual. Exon 3, which contains 1 criti-
cal site, and exon 5, which contains 2 critical
sites, were chosen for the SSCP analysis. Exon 3
was amplified by the polymerase chain reaction
(PCR) using primers 5-ATCACAGGTCTCTGGT-
CTCTGG-3' (sense) and 5-ACCTGCTCCAAC-
CAAAGATGGG-3' (antisense). Exon 5 was ampli-
fied using primers 5'-TGGCAAAGCAGCAGAAAGA-
GTC-3' (sense) and 5-CTGCCGGTTCATAAAG-
ACATAG-3' (antisense). PCR amplifications were
carried out in 50-pl reaction mixtures containing 10
mM Tris-HCI (pH 9.0), 50 mM KCI, 0.1% Triton
X-100, 1.5 mM MgCl,, 120 uM dNTP, 1 unit of Taq
DNA polymerase (Promega), 50 ng of each primer,
and 0.1 ul of (0-*P)dCTP (Amersham). Exons 3
and 5 were amplified from 50 ng of genomic DNA
with 30 cycles of 94 °C (1 min), 60 °C (1 min), and
72 °C (1.5 min). Six microliters of formamide dye
were added to the PCR mixture. The mixture was
denatured at 95 °C (3-5 min) and 6 pl was loaded on -
an MDE gel, 0.6x TBE. The gel was electrophores-
ed overnight (14 h) at 6 W and room temperature.

SSCP is a technique that allows detection of dif-
ferences between sequences. This method has
been demonstrated to be effective in detecting poly-
morphisms because it is sufficiently sensitive to de-
tect single base differences. The way we used this
technique is based on the same principle. We as-
sume that trichromacy in primates results from the
presence on the X chromsome of 2 (or more) copies
of the pigment gene which differ at critical sites. By
amplifying the portion of the sequence where critical
sites are located (like in exons 3 and 5), we can de-
tect the number of copies that differ in sequence in a
given male individual. Of course, if multiple copies
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are present in an individual but do not differ at any
sites, we will not be able to detect the existence of
multiple copies. This is not a problem because we
are interested in the number of functionally different
genes.

Southern blot analysis

Ten micrograms of genomic DNA were digested
with 20 units of EcoRV restriction enzyme and sep-
arated by overnight electrophoresis through 0.7%
agarose gels at 35 mV, then DNA was transferred to
a nylon membrane (Hybond N*, Amersham) accord-
ing to the Southern method. The DNA was immobi-
lized by UV exposure for 3 min. Membranes were
prehybridized at 68 °C for 2 h in hybridization buffer
(6x SSC, 0.1% SDS, 0.02% Ficoll). The probes
were generated by PCR using the same 2 primers
for amplifying exon 5 in the SSCP analysis, and la-
beled by random priming with (a-*2P)dCTP. Hybridi-
zation was conducted overnight at 68 °C in 3x SSC,
0.1% SDS, 0.02% Ficoll. The membranes were
washed 3 times at 68 °C with 2x SSC/0.1% SDS.

PCR ampilification, cloning, and sequencing

Exons 3, 4, and 5, and intron 4 were amplified
by PCR. Exon 3 was amplified using primers 5'-
GCAGAATGGCATGCGGAAACAAACTG-3' (sense)
and 5'-CCAGAGAAAGGAAGTGATTTGCC-3' (anti-
sense). A region covering exon 4, intron 4, and exon
5 was amplified using 3 pairs of primers that ampli-
fied overlapping fragments. The segment covering
exon 4 and the 5' end of intron 4 was amplified using
primers 5-GCCGGCCCTTCTCTCCAG-3' (sense)
and 5-CCCAGTGGCAACCTAGTCTAGG-3' (anti-
sense); the segment covering the 3' end of intron 4
and the 5' end of exon 5 was amplified using primers
5'-CCAGCGAGAAGAATCAGGTGATTCC-3'
(sense) and 5-ACCACCAGCATGCGCGTCACT-
TC-3' (antisense); and the entire exon 5 was ampli-
fied using primers 5'-ATCCTCCAATTCTAGAAGG-
ACTCCC-3' (sense) and 5'-TCAGAGACATGATTC-
CAGGTGG-3' (antisense). PCR amplifications were
carried out in 60-pl reaction mixtures containing 10
mM Tris-HCI (pH 9.0), 50 mM KCI, 0.1% Triton
X-100, 1.5 mM MgCil,, 120 pM dNTP, 1 unit of Tag
DNA polymerase (Promega), and 50 ng of each
primer. The sequences were ampilified from 200 ng
of genomic DNA with 30 cycles of 94 °C (1 min),
60 °C (1 min), and 72 °C (1.5 min).

The amplified DNA fragments were purified
using the Magic PCR Preps kit (Promega), and
cloned into EcoRV-digested p-Bluescript SK* TA

cloning vector. The ligations were then used to trans-
form competent Escherichia coli XL1-Blue cells.

Plasmid DNA for sequencing was purified with
the Wizard Minipreps kit (Promega). For each liga-
tion, several clones were sequenced. We first se-
guenced exon 5, which was known to contain 2 of
the 4 critical sites (positions 277 and 285). Using
these positions, and by comparing them with other
species, we were able to identify 2 types of se-
quence. For each type of sequence, 5 clones and
both strands of DNA were sequenced. Internal se-
qguencing primers were designed as sequence infor-
mation accumulated.

Data analysis

Sequences were aligned manually. The MEGA
program package (Kumar et al. 1993) was used for
phylogenetic reconstruction. Kimura's 2-parameter
distances (Kimura 1980) were computed and used
to build phylogenetic trees by the neighbor joining
method (Saitou and Nei 1987).

RESULTS AND DISCUSSION
SSCP and Southern blot analysis

The SSCP analysis gave 2 different patterns: in
some individuals a single band was observed,
whereas in the other individuals 2 bands were ob-
served (Fig. 1). For a given individual, the amplifica-
tion of exons 3 and 5 gave the same number of
bands. A single band was obtained in males of the
following species: Ateles geoffroyi, Ateles chamek,
Lagothrix lagothricha, Pithecia pithecia, Chiropotes
albinasus, and Saguinus mystax. In contrast, 2

Sadant:

Fig. 1. SSCP for exon 5. Lane 1, male howler monkey; Lane 2,
female howler monkey; Lanes 3 and 4, male saki monkeys;
Lanes 5 and 6, male bearded saki monkeys; Lane 7, male spider
monkey (Ateles geoffroyi); Lanes 8 and 9, male spider monkey
(Ateles chamek); Lane 10, wolly monkey; Lane 11, male tamarin;
and Lane 12, female tamarin.
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bands were obtained in male howler monkeys and in
the female tamarin (Saguinus mystax). The pre-
sence of 2 bands reveal that 2 sequences differing
by at least 1 mutation have been amplified simul-
taneously. In the case of the female tamarin, which
is known to have only 1 X-linked pigment gene, the
2 bands indicate that this female is heterozygous at
this locus; we verified this result by direct sequenc-
ing of exon 5. In the case of the male howler mon-
key, which has only 1 X chromosome, the 2 bands
confirm the presence of 2 X-linked pigment loci and
indicate that both exons 3 and 5 differ between the 2
genes. In other species, no evidence of multiple
copies was found with this method. We decided to
confirm the SSCP results by a Southern blot analy-
sis in 2 close relatives of the howler monkey: the spi-
der monkey Ateles geoffroyi and the woolly monkey
Lagothrix lagothricha. In both species, only 1 band
was obtained, supporting the SSCP results.

These results indicate that the 2 species of spi-
der monkey (A. geoffroyiand A. chamek), the woolly
monkey (L. lagothricha), the saki monkey (P. pithe-
cia), and the bearded saki monkey (C. albinasus),
like the other NWM species studied earlier, have
only a single X-linked photopigment gene. Previous
results suggested that, as in the squirrel monkey, a
polymorphism exist within spider monkey popula-
tions (Blakeslee and Jacobs 1982, Jacobs and Dee-
gan 1993). The dichromacy of each of the males
they studied is consistent with the idea that spider
monkeys have a single X-linked photopigment gene.
Our SSCP analysis clearly confirms this interpreta-
tion. In the family Pithecidae (sensus Harada et al.
1995), which includes 4 genera (Callicebus; Pithe-
cia; Chiropotes; Cacajao), the previous data sug-
gested the presence of 1 X-linked pigment gene in
the titi monkey, Callicebus moloch (Jacobs and Neitz
1987b). Here, we report the same situation in Pithe-
cia and in Chiropotes.

These new results and those of Jacobs et al.
(1996) are consolidated in Figure 2. In this figure,
the 2 families Atelidae and Pithecidae (sensus
Harada et al. 1995) are closer to each other than to
Cebidae. This tree was only slightly preferred over
the tree in which Pithecidae is closer to Cebidae
than to Atelidae (Schneider et al. 1996). In either
case, however, it seems clear that the 2 X-linked du-
plicate pigment genes were derived from a duplica-
tion in the common ancestor of howler monkeys, be-
cause only the genus Alouatta has the 2 duplicate
genes. In other words, this duplication was indepen-
dent of the one that produced the 2 X-linked pig-
ment genes in humans, apes, and OWMs. Note
that the single origin hypothesis, which assumes

that the two-gene systems in howler monkeys and
in humans, apes and OWMs were derived from the
same duplication, implies the persistence of the 2
duplicate genes in the howler monkey lineage and a
recent loss or degeneration of 1 of the 2 duplicate
genes in theAteles-Lagothrix lineage. In this case,
the Southern blot analysis should be able to detect
the degenerated duplicate, contrary to our observa-
tion of a single band. In summary, the independent
origin hypothesis is more plausible than the single
origin hypothesis.

Coding sequences

Since there are 2 critical amino acid residues in
exon 5 (positions 277 and 285) that contribute to the
spectral differences between the red and green pig-
ments in primates (Nathans et al. 1986, Neitz et al.
1991), we first sequenced exon 5 to identify the se-
quences of the green- and red-sensitive pigment
gene in the howler monkey. After this, exon 4, intron
4, and then exon 3 were sequenced using the strate-
gy described in Materials and Methods. Since exon
4, intron 4, and exon 5 were amplified together, it
was easy to determine the linkage of the amino ac-
ids at critical positions 229 (in exon 4), 277, and 285.
The green pigment gene has isoleucine (|} at posi-
tion 229, phenylalanine (F) at position 277, and al-
anine (A) at position 285. The red pigment gene has
phenyalanine (F) at position 229, tyrosine (Y) at po-
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sition 277, and threonine (T) at position 285. The
linkage of positions 229, 277, and 285 with the criti-
cal site at position 180 is less certain because this
position is located in exon 3 and we did not succeed
in amplifying exon 3, intron 3, and exon 4 all to-
gether. However, since the green and red pigments
in the howler monkey have very similar spectral sen-
sitivities to the human green and red pigments, re-
spectively, and also to the squirrel monkey green
and red pigment alleles (with spectral peaks at 535
and 562 nm), we assume that the alanine (A) found
at position 180 is characteristic of the green pigment
gene while the red pigment gene has serine (S).
Exons 3, 4, and 5 of the howler monkey pigment
genes were compared with those of the human red
and green pigment genes and with the 3 allelic se-
quences of each of 4 NWM species (Saimiri sciu-
reus, Callithrix jacchus, Cebus nigrivittatus, and
Saguinus mystax) (Figure 3). In these exons, 79
positions are variable, 25 of which result in amino-
acid changes (including the 4 critical sites). For all
comparisons there is no nucleotide position at which
the sequence of the howler monkey is the same as
a human sequence but different from any other
NWM sequence. Conversely, at 8 positions, all
NWM sequences (including the 2 howler monkey
sequences) are identical but different from the 2 hu-
man sequences. It seems clear that the howler
monkey coding sequences are closer to the NWM
sequences than to the human sequences. More-
over, the 2 howler monkey sequences differ by only

EXON 3
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6 positions in the 3 exons, in addition to the 4 critical
sites. These results further support the independent
origin of trichromacy in the howler monkey.

Intronic sequences

Intron 4 sequences of the 2 howler monkey
genes were aligned with the human red (and identi-
cal green) pigment intron 4 sequence and with the
12 allelic sequences obtained from the 4 other NWM
species studied (Shyue et al. 1995, Boissinot et al.
unpubl. data). The alignment is 2005 base pair (bp)
long and includes 498 variable sites and 93 inser-
tions and deletions (indels). Kimura's 2-parameter
distances were computed (Table 1). The diver-
gences between the human sequence and the how-
ler monkey sequences (12%) are on average twice
the number of divergences between the howler mon-
key sequences and other NWM sequences (~6%).
If we examine indels as phylogenetic characters,
the NWM sequences have 13 indels in common, but
the howler monkey and human sequences share no
indels that are not found in 1 of the 12 NWM allelic
sequences. Furthermore, all NWM sequences have
an Alu insertion (from position 91 to 410 of the align-
ment) in common, which is not found in humans.
Distances, indels, and the Alu insertion clearly indi-
cate that the howler monkey sequences are closer to
the other NWM sequences than to the human se-
quences. This result again supports the indepen-
dent origin of trichromacy in the howler monkey.

EXON 4

EXON 5

4444444444445555555555555
1234455667890111123344556
7901437251387056713867284

* *

Human Red ATCTCGCGGGTCCCGCACTTGTAGC

Human Green ..., AR Covivnnnnnn G.vunn
Squirrel monkey P-562 GCTC...TCAC..T.AG..... G..
Squirrel monkey P-550 GCTC...TC.C..T.AGTGG. . .A.
Squirrel monkey P-535 GCTC...TC.C..T.AG..G..G..
Capuchin P-562 Colln TC.C....AG..... G..
Capuchin P-550 .CT....TC.C....AG..G...A.
Capuchin P-535 .C.. TC.C....AG..G.....
Marmoset P-562 GC..... TC.C..T.AG...T.G..
Marmoset P-556 GC..... TC.Civunnnnn G.....
Marmoset P-543 GC..... TC....T..... G...ne
Tamarin P-562 .C..G..TC.C..T.AG....AGA.
Tamarin P-556 GC..G..TC.C..TCA...G..G..
Tamarin P-543 GC..G..TC.CA.TCA...G..G.T
Howler monkey Red GC..... TC...T..AG..... G..
Howler monkey Green GC..... TC...T..AG..GA.G

56666666666666666666777777
90123556777888899399000014
16876273038458906789567874

* * *

CACCGTCTAGCCAATCCGCTCATGCG

7778888888888888888888899999
4670012222223333455668902256
7841450345680145923138241683

*k e

GTCGCTATTTGGACCGCCACCTGTGAGC

.............. C..AGC.G.... ......GC.G.AT...A.G..CC..T..
TC.T...C..A.TC..T.GCTG...T .C.....A.G...T.....T.C.CA.AT
TC.T...C..A..C...AGCTG.... CCTA...C.GAAT..A.....C.CA.AT
.TTT...C..A..C...AGCTG.... .C.....G,GAAT..A..G..C.CA.A.
TC.T...C.AA.TC..T.GCTG.... .C. A.G.A.........C.CA.A.
TC.T..T..AA..C...AGCTG.... ......n C.GA.T.T ...C.CA.A,
TC.T.C.C.AA..C...AGCTG.A.T .C.A...G.GA.T.....G..C.CA.A.
TCTT...C.AA.TC..T.GCTG..T. .C.....G.G...T.. ...C.CA.A,
TCTT...C.AA.TC...AGCTG..T. .CT....GCG,...T...... C.CA.A.
T.TT...C.AAT.C...AGCTG..TA .C.....G.G,. ..G..C.CA.A.
TC.T..... AA.TC.,.T.GCTG..T. .C.....G.G.. T..GC.CA.A.
TC.T...C.AA.TC...AGCTG..T. .C..T..GCG..vuverunrs C.CALA.
TC.T...C.AAT..... AGCTG..T. .C...C.G.G........G..C.CA.A.
TC.TA..C.AA.TC....GCTGA,.. .C.....A.G.T.........C.CA.A,
TC.TA..CGAA..C.T.AGCTG..,.. .C.....AA..T.....G..C.CA.A.

Fig. 3. Sites at which variation is observed among the 2 human genes, 12 allelic sequences in 4 NWM species, and the 2 howler monkey
genes. The numbers at the top of the table refer to the positions of the site on the complete coding sequence. The 4 positions in bold
face are the 4 critical amino acid residues: positions 180, 229, 277, and 285. The 8 positions with * at the top are the positions at which
all NWM sequences are identical but different from the 2 human sequences.



Table 1. Number of nucleotide substitutions per 100 sites between intron 4 sequences

Human Squirrel monkey Capuchin Marmoset Tamarin Howler monkey
Red P-562 P-550 P-535 P-562 P-550 P-535 P-562 P-556 P-543 P-562 P-556 P-543 Red Green
Human Red
Squirre! P-562 11.78 1.1
monkey P-550 11.77+11 217x04
P-535 12.07+11 216+04 190=x04
Capuchin  P-562 10.76+1.0 4.13+06 395+06 4.13:06
P-550 11.06+15 4.13+06 3.95:+0.6 431x06 1.72x04
P-535 11.07+15 450+06 432:x06 450+06 146+x04 21604
Marmoset P-562 124811 6.72+08 6.15+07 662+08 559x07 587+07 569=07
P-556 12.26x1.1 624+08 6.05+x07 632+08 568x07 595+07 57707 44106
P-543 12.18+11 597+07 587+07 596+07 55007 587+07 59707 422+06 350+06
Tamarin P-562 11.85x1.1 549x07 55807 595+07 558+07 577+07 596+07 58+07 549+07 47606
P-556 11.67+1.1 522+07 513+07 549x+0.7 53107 550+07 569+07 560+07 503+07 45806 129+03
P-543 12.07+1.1 549x07 559+07 57707 531x07 531207 55007 486+07 439+x06 458+06 25105 225+04
Howler Red 12.07+1.1 634:08 585:07 633+£08 57707 596+07 596+07 680«08 660+08 661+08 650+08 6.33x08 632+08
monkey Green 1229x11 62508 57707 624+08 568+07 587+0.7 6.06+07 690+08 698+x08 652+08 64108 6.24+08. 66108 1.29+03

Means and standard errors were estimated using Kimura 2-parameters method. Gaps are not included in the comparison.
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Phylogenetic analysis and evidence of gene
conversion

The distances between intron 4 sequences
were used to build a neighbor-joining tree (Fig. 4).
A long branch leads from the human sequence to
the NWM sequences (including the howler monkey
sequences). The 3 polymorphic alleles in each
species form a monophyletic group supported by a
high bootstrap value (100%, 100%, 96%, or 99%).
Similarly, the 2 howler monkey sequences strongly
group together. The branching of the species-
specific groups of sequences follows the known phy-
logenetic relationships (Fig. 2): the Cebidae species
(squirrel monkey, capuchin, marmoset, and tamarin)
form a monophyletic group, and within this group,

the squirrel monkey is closer to the capuchin,
whereas the marmoset is closer to the tamarin.
However, the clustering of the (allelic) intron 4
sequences in each species might be due to gene
conversion (Boissinot et al. unpubl. data). Gene
conversion has been found to have occurred be-
tween the 2 X-linked pigment genes in humans,
chimpanzees, and baboons (Ibbotson et al. 1992,
Winderickx et al. 1993, Shyue et al. 1994, Zhou and
Li 1996), and between the X-linked pigment alleles
in New World monkeys (Boissinot et al. unpubl.
data). For this reason, it is quite possible that the tri-
allelic systems in the squirrel monkey, the capuchin,
the marmoset, and the tamarin have been derived
from only 1 or 2 origins rather than the 4 origins
shown in Figure 4 (Boissinot et al., unpubl. data).

Amino acids at positions

180 229 277 285

P 562 S F Y
96 T
72 P 556 A F Y T Marmoset
P 543 A I Y A
9g P 562 S 13 Y T
99
P 556 A 13 Y T Tamarin
P 543 A I Y A
45
r 100 P 562 S 13 Y T
Squirrel
P 550 A I 3 T
57 monkey
P 535 A I 3 A
100
82 P 562 s F Y T
100
P 550 A I F T Capuchin
P 535 A I F A
100 Red s E Y T Howler
Green A I F A monkey
Red S I Y T Human
1%

Fig. 4. Neighbor-joining tree derived from an analysis of intron 4 sequences. The number at each node denotes the proportion of 500

bootstrap replicates that supported the subset of sequences.
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Similarly, the clustering of the howler monkey red
and green pigment genes in Figure 4 might also be
due to gene conversion. To examine this possibility,
we plotted the sequence divergence between in-
trons of the 2 genes along the sequence (Figure 5).
The divergence (~1.6%) in the first 700 bp of intron
4 is 2.5 times lower than that in the region from po-
sition 700 to position 1100 (~4%). Moreover, the di-
vergence in the region from position 1100 to the 3'
end is close to 0%. This uneven distribution of diver-
gence suggests that the 5' and 3' ends of intron 4 be-
tween the red and green genes were homogenized
by recent conversion events, while the central por-
tion was either not homogenized or homogenized by
much earlier conversion events. As gene conver-
sion seems to have occurred frequently, the phylo-
genetic relationships among these sequences are
uncertain and need to be studied further.

Origin of trichromacy in the howler monkey

This study and that of Jacobs et al. (1996)
strongly suggest that the trichromacy in the howler
monkey arose from a relatively recent duplication of
the X-linked pigment gene and arose independently
of the trichromacy in humans, apes, and OWMs.
Unfortunately, the origin of the 2 alleles that were
incorporated into 1 chromosome to produce the
duplication is difficult to infer because noncritical re-
gions such as intron 4 could have been homogeni-
zed by gene conversion. However, we note that at
the 4 critical sites for spectral tuning, the green and
red pigments in the howler monkey are, respectively,
identical to the P535 and P562 pigments in the squir-
rel monkey and capuchin (Fig. 4). Thus, it is pos-

10

No. of differences

. . 111

500 1000 1500

Segment along intron 4 (bp)

Fig. 5. Histograms showing variation in divergence between the
2 X-linked color vision genes of the howler monkey as a function
of position in intron 4. Horizontally each bar represents a 100-bp
segment. Vertically each bar shows the number of differences
per segment.

sible that the green and red pigment genes in the
howler monkey were derived by the incorporation of
2 alleles similar to the P535 and P562 alleles cur-
rently existing in the squirrel monkey and capuchin.
This hypothesis requires that the substitutions at the
4 critical sites occurred only once and it does not re-
quire any parallel change. The alternative hypothe-
sis (suggested by the tree in Figure 4) requires
many parallel changes at the 4 critical sites. The
former hypothesis is more parsimonious and seems
more likely. However, more data are needed to
draw a more definitive conclusion. If this hypothesis
is correct, it implies that the P535 and P562 alleles
existed before the divergence between the squirrel
monkey and howler monkey lineages, i.e., before
the divergence of the Cebidae and Atelidae from the
ancestral NWM, which has been estimated to have
occurred about 20 million years ago (Schneider et
al. 1993). Such a long persistence would imply the
maintenance of these alleles by some type of bal-
ancing selection (e.g., heterozygote advantage).
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