Research

The Evolution of Trichromatic Color Vision
by Opsin Gene Duplication in New World

and Old World Primates

Kanwaljit S. Dulai," Miranda von Dornum,’ John D. Mollon,?

and David M. Hunt'-3

"Department of Molecular Genetics, Institute of Ophthalmology, University College London, London ECTV 9EL, UK;
?Department of Experimental Psychology, University of Cambridge, Downing Street, Cambridge CB2 3EB, UK

Trichromacy in all Old World primates is dependent on separate X-linked MW and LW opsin genes that are
organized into a head-to-tail tandem array flanked on the upstream side by a locus control region (LCR). The 5’
regions of these two genes show homology for only the first 236 bp, although within this region, the differences
are conserved in humans, chimpanzees, and two species of cercopithecoid monkeys. In contrast, most New
World primates have only a single polymorphic X-linked opsin gene; all males are dichromats and trichromacy
is achieved only in those females that possess a different form of this gene on each X chromosome. By
sequencing the upstream region of this gene in a New World monkey, the marmoset, we have been able to
demonstrate the presence of an LCR in an equivalent position to that in Old World primates. Moreover, the
marmoset sequence shows extensive homology from the coding region to the LCR with the upstream sequence
of the human LW gene, a distance of >3 kb, whereas homology with the human MW gene is again limited to
the first 236 bp, indicating that the divergent MW sequence identifies the site of insertion of the duplicated
gene. This is further supported by the presence of an incomplete Alu element on the upstream side of this
insertion point in the MW gene of both humans and a cercopithecoid monkey, with additional Alu elements
present further upstream. Therefore, these Alu elements may have been involved in the initial gene duplication
and may also be responsible for the high frequency of gene loss and gene duplication within the opsin gene
array. Full trichromacy is present in one species of New World monkey, the howler monkey, in which separate
MW and LW genes are again present. In contrast to the separate genes in humans, however, the upstream
sequences of the two howler genes show homology with the marmoset for at least 600 bp, which is well beyond
the point of divergence of the human MW and LW genes, and each sequence is associated with a different LCR,
indicating that the duplication in the howler monkey involved the entire upstream region.

[The sequence data described in this paper have been submitted to GenBank under accession nos. AFI55218,

AFI56715, and AF156716.]

Among the mammals, primates are unique in possess-
ing trichromatic color vision. In humans and Old
World primates, this is based on three classes of cone
photoreceptor within the retina, each containing a dif-
ferent visual pigment. Visual pigments are composed
of a chromophore, retinal, covalently bound by a pro-
tonated Schiff base to a protein moiety, opsin. There-
fore, spectral differences between primate pigments are
entirely attributable to differences in the amino acid
sequence of the opsin proteins.

The spectral peaks (\,,,,) of the three visual pig-
ments in primates are in the violet [short wave (SW)],
green [middle wave (MW)], and yellow-green [long
wave (LW)] regions of the spectrum. In Old World pri-
mates, the SW opsin is encoded by an autosomal gene
and the MW and LW opsins by separate genes on the X
chromosome (Nathans et al. 1986; Ibbotson et al.
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1992). Sequence comparison between these two genes
in different Old World species (Ibbotson et al. 1992)
indicates that they arose by gene duplication at the
base of the Old World lineage [(H0 mya (Goodman et
al. 1998; Hunt et al. 1998). The two genes show sub-
stantial sequence identity throughout their coding
(Nathans et al. 1986) and intronic (Shyue et al. 1995;
Zhao et al. 1998) regions. They are organized into a
head-to-tail tandem array (Nathans et al. 1986;
Vollrath et al. 1988; Feil et al. 1990), which is bound on
the upstream side by a so-called locus control region
(LCR) (Wang et al. 1992), the presence of which is criti-
cal for the expression of either gene (Nathans et al.
1989) and may be involved in the selective expression
of one or other gene in particular cone photoreceptors
(Shaaban and Deeb 1998).

The situation in New World monkeys is much
more variable. The nocturnal monkey Aotus trivirgatus
lacks a functional SW gene and is monochromatic (Ja-
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cobs et al. 1996a). Most New World species exhibit a
trichromacy that is based on only two opsin genes, an
autosomal SW gene as in Old World primates, and a
polymorphic X-linked MW/LW gene with up to three
allelic forms that encode pigments with differing \ ..
values. Male monkeys combine the SW gene with just
one of the different allelic forms of the X-linked gene
and can generate only two cone pigments. Therefore,
they are dichromats. In contrast, those females that
inherit a different form of the MW/LW gene from each
parent possess trichromatic vision, as X-inactivation
will ensure that only one allele is expressed per cell
(Mollon et al. 1984). Therefore, there is no need for an
additional mechanism for the selective expression of
the different allelic forms of the polymorphic X-linked
gene in different cone photoreceptors.

An exception to this polymorphism-based trichro-
macy of New World primates has been identified by
Jacobs et al. (1996b) in the howler monkey Alouatta
seniculus and Alouatta caraya, where separate MW and
LW genes are present, thus conferring full trichromacy
in both males and females. Sequence analysis of the
two genes indicates that this is a more recent duplica-
tion than in Old World primates (Hunt et al. 1998),
which occurred after the separation of the Old World
and New World lineages. For a functional trichromacy
to be present in this genus, a system for the selective
expression of either the MW or the LW gene in par-
ticular photoreceptors, is now required.

In this paper we have addressed the question of
the origin of the duplication in Old World primates
and in the howler monkey. The original report of the
sequence of the human MW and LW genes by Nathans
et al. (1986) included H50 bp of the upstream se-
quence of both genes. This region shows only 14 single
nucleotide substitutions in the first 236 bp, but then
diverges completely, indicating that this is the point of
insertion of the duplicated opsin gene. To confirm this,
we have sequenced the upstream region of the single
X-linked gene in the marmoset Callithrix jacchus, a
New World monkey with a polymorphism-based tri-
chromacy. The absence of any opsin gene duplication
in this species means that the upstream sequence will
reflect the ancestral arrangement. We have also exam-
ined the conservation of substitution within the region
of homology of the MW and LW genes in humans,
chimpanzee, and in two species of Old World cercopi-
thecoid monkeys.

The presence of two distinct upstream regions to
the X-linked opsin genes in the howler monkey has
already been established (Kainz et al. 1998). We have
extended this sequence across the region of divergence
in the Old World primate genes and also into the LCR.
From these sequences, we have been able to establish
that the opsin gene duplication in this genus is very
different from that in Old World primates.
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RESULTS

The 5’-Flanking Regions of the Separate MW and LW
Opsin Genes in Old World Primates

The first gene in the opsin gene array on the X chro-
mosome is the LW gene and there is a distance of [B.5
kb between the upstream LCR and the transcription
start site for this gene [accession nos. $44029 (Wang et
al. 1992) and 768193 (Sanger Centre data bank 19935)].
Within this 5'-flanking sequence, a number of repeat
elements are present including an Alu at —1991 to
—2232, three L1 elements at —1360 to —1622, —1781
to —1970, and —2261 to —2341, and a MER12 ele-
ment at —2438 to —2617. In the case of the MW gene,
Nathans et al. (1986) originally published 450 bp of the
human 5'-flanking region; this was extended by 700
bp to —1185 by Dulai (1996) and further extended to
—2513 by Hanna et al. (1997; accession no. U93721). A
dot matrix plot of the first 1000 bp of the 5’-flanking
regions of the MW and LW genes (Fig. 1) confirms that
homology is restricted to the first 236 bp. Further
analysis of the 5'-flanking region of the human MW
gene shows that it contains four Alu repeat elements
(Table 1), a partial repeat of 120 bp at position —234
immediately adjacent to the point of sequence diver-
gence between the MW and LW 5’ flanking regions,
and three more complete elements further upstream.
To establish whether these Alu elements are also pres-
ent in the upstream region of the MW gene of another
Old World primate, a fragment of (750 bp of the up-
stream region of the MW gene in the diana monkey
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Figure 1 Dot matrix plot of human MW and LW upstream
region. The parameters for comparison were set at 60% identity
for a sliding window of 10 nucleotides. The presence of a diago-
nal line that passes through the origin indicates homology at the
same position in both sequences. Note that no continuous lines
are present beyond position —236.
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Table 1. Alu Repeat Elements in the 5'-Flanking Region of
the Human MW Opsin Gene

Position in 5’ flanking region Length of repeat (bp)

—234 to —358 125
—369 to —652 284
—1508 to —1781 273
—2140 to —2427 288

was amplified and cloned. Alignment with the human
sequence shows that this fragment contains Alu ele-
ments at identical positions to the elements present in
the human MW gene at positions —234 to —358, and
—369 to —652 (Fig. 2).

The homologous region of the human MW and
LW upstream sequences show a total of 14 substitu-
tions between the start of the coding sequence and the
point of sequence divergence at —237. To determine

Human CGAAAAGCAACAATTAAATACTATTTTCTCATCCACCAGAACGCCARARA -T793

Diana  .....ovennn - Accennn. -792
Human TTAAAARAGCCTAACAATGTCCAGGGCTGGC GA -743
Diana . N L I3
Human TGTCACATACCCTGCAA ATCTAAACA TTTGTTTT -693
Diana  .......... 2 Covinennnnns T.... -692

Human TTTTTAATCGCAATTAGGTGGCCTGTTAAATTTTTTTTCTTCAGACACAG -643

Diana  .----..... (- C...B.uuuns PN = s G... —647
Human TTT TGGAGTGCA T CTTGECTCAC -593
Diana i aiis ciiaiia st e a e e e s s A -597
Human CGCAACCIC - CARAGCGATTCTCCTGTCTCAGCCTCCCA -543
Diana ¥l @i i e St e e -547
Human CAGCTATTTGCCACTAAGCCCAGCTAATTGTTTITT -493
Diana  ....... B A iGCR . i B iaiissiasis T....6. -497
Human ATT ACTC -443
Diana iiiisaaian. LSy e s P ek -447
Human CTceA CCGL FGGGATTAC -393
Diana  .....c00e..- L Io e e e S -397
Human CAC AGCCACTTTTTTTT TCTT -347
DETCEEE = 2 s e S TTTC: - v avanaes c -347
Human 66T 'CAGT AL A -297
Diana  .T..... Coin SR e B C B e -297
Human CCTCCGCCTCL < Ci GTAGC -247
Diana  ......uen .66 ... Cook i M -247
Human TGGGATTACAGSTTTCCAGCAAATCCCTCTGAGCCGCCCCL TCG -197
DIBNA  ciiiiiciesrinasnaniatae et aaaaaaiaan e e A -197
Human ccT CARA AGCARA GA TAAGTCCCAGG -147
07 Covvinnnnnnns -147
Human CCCA TC T TTTTAAGGTGAAG -97

0 -97

Human AGGCCCGGGCTGATCCCACTGGC AAGCGCCGTGACCCTCAGGT -47

B T L LT -47

Human GACGCACCAGGGCCGGCTGCCGTL AGGGCTTTCCATAGCC -1

) -1

Figure 2 Alignment of the upstream region of the MW gene in
humans and diana monkeys. The Alu repeat elements present in
both sequences are shaded. Identity between the human and
diana sequences is indicated by a dot.

whether these differences are conserved, we have se-
quenced the region in the chimpanzee Pan troglodytes
and in two species of cercopithecoid monkeys, the di-
ana monkey Cercopithecus diana and the Patas monkey
Erythrocebus patas. As shown in Figure 3, with the ex-
ception of the substitution at the transcription start, all
of the differences between the human MW and LW
upstream sequences in this region of homology are
conserved, although the cercopithecoid MW and LW
sequences differ at a few other positions.

The 5’-Flanking Region of the Single MW/LW Opsin
Gene in a New World Primate
Using a combination of gene walking and conven-
tional PCR, we have sequenced the entire 5'-flanking
region of the marmoset MW/LW opsin gene from the
translation start site to the conserved core sequence of
the LCR. Figure 4 shows the alignment of the marmo-
set sequence with the upstream region of the human
LW gene. Our amplification strategy involved using a
primer designed to the 5’ half of the conserved core
sequence of the LCR; therefore, the sequence extends
only as far as the 3’ half of this region. The available
sequence from the marmoset is sufficient to conclude,
however, that an LCR is present upstream of the single
MW/LW gene in a New World monkey.

Sequence identity between the marmoset and hu-

Human LW GGTTCC
Chimp LW ......
Diana LW .

Figure 3 Nucleotide sequences of the homologous upstream
regions of the MW and LW genes of Old World primates. Identity
to the human LW sequence is indicated by a dot.
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Human LW -3445
Marmoset -3154
Human LW -3345
Marmoset ~3054
Haman LW -3245
Marmoset . -2956
Human LW 2C =3145
Marmoset . -2857
Humsn LW -3045
Marmoset -2792
Human LW -2945
Marmosel =2692
Human LW GGAAGTCH TTGACAL -2864
Marmoset . ........ AACTCC. A..8C..........GAC....Clhinsovo .. [AGTGGCATTGIGA.G. ... .G.C...G. A .o v n o TG v et -2592
Human LW -2764
Marmoset . -2485
Human LW -2664
Marmoset -2443
Human LW -2564
Marmoset -2368
Human LW -2464

SRR L TG T .. ......s C.... =2319
Human LW ATTTGALC “TGAG( ATCCAT -2364
Marmoset e T -2306
Human LW TG -2264
Marmoset . 2T Cc..... p VN [T . (- | S TTTC.. ... mm——— ... -2218
Human LW °C A= =C! GGCTCA: -AG -2178
Marmoset -2118
Human LW -2078
Marmoset . -2018
Human LW A C -1980
Marmoset ..., T ieeeiiieeeaiaaae [ . T ... G- .. .G . ... TEP.....C....Cooi.o.. C..T..G.C -1920
Human LW = CAGACCCTGCCTTCCATTCCT -1882
Marmoset B T T - [ - PP N Y S | 1+ - [ - -1825
Human LW =1782
Marmoset N Gove i Ao =G Rhiicisanenaann [+ . T I [- R AT... -1726
Human LW -1682
Marmoset ... [ R M [ Coennn | TP G..... - ——————ee =1634

Deleted region of L1 repeat element
Humaa LW -1582
Marmoset - -1581
Human LW A -l482
Marmoset .m=.C.B.CC..GT.~. .. m=m=mem—=me=m=—=hA... 1500
Human LW L -1383
Marmoset L [ P Ceiiaarrssnnrranns T.BChunennanns [ e T T 1406
Human LW AGAGTT -1308
Marmoset PSPPI K Co.@. . T .. .AG. ...CA...A o ci i TGETGCCACTGEGCATCAMGCCCAG . . . C. v v vn s © -1307
Huoman LW -1209
Marmoset ..., e B = L Bttt teetiiesiistasseteetatteaa e -1213
Human LW e ! CATGCAGCCCTEECC TG -110%
Marmoset PR - [ PO Chiiiaininnns CCAA...T.....T.C....0...0000 .80 LALLCL L. BLCA, L LB, G. ... LWL -1113
Homan LW -100%
Marmoset ... B L ettt e e e GG ... -1014
Human LW i -90%
Marmoset . { - BT.G.Tiovciisaanns 1 NN CA. AT ACRLG e . TR ===, =017
Human LW ' -80%
Marmaoset ..., Taaaaas Covrvnnnnns L Coiheiivvinnnnsnsnnnsnas L N LR R R TR T T c... -81%
Humao LW =708
Marmoset W L - CAB...ooeo G T AR B G AT =720
Human LW GTEAGCAGGOEC — cc -€38
Marmoset IR - NN T N - eee TG GET....C.A.....B... A ..G.....G, 820
Human LW -544
Marmoset -520
Human LW —444
Marmoset -443
Human LW -346
Marmoset -352
Human LW ===~ ARCAL] -254
Marmoset G.A.T.......G....R........6... . G.GRACAGTG. ... ..C... L PPALL L. G T GGG .. 252
¥ Divergence of human MW sequence

Human LW GCCCTTGCGGECTY =154
Human MW e ..CC.G. . T 1
‘Marmoset . . =154
Human LW _54
Human MW -54
Marmaoset -54
Human LW +3
Human MW +3
Marmeset +3

Figure 4 Nucleotide sequence of the 5'-flanking regions of the human LW gene and the
marmoset MW/LW gene, plus the homologous region of the human MW gene. Identity to the
human LW sequence is indicated by a dot. Indels are indicated by dashes in the deleted se-
quence. The shaded regions identify the LCR core, the deleted region of the L1 repeat element
in the marmoset, and the TATA box. Marmoset sequence, GenBank accession no. AF155218.
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man LW sequences is substan-
tial throughout the entire
length; the overall identity is
77%, and there is no evidence
of duplicated regions within ei-
ther sequence. Although the
marmoset sequence is 291 bp
shorter than the human LW se-
quence, alignment requires a
number of insertions/deletions
(indels) in both sequences;
only one of these indels, a de-
letion of 42 bp at — 1581 in the
marmoset sequence, exactly co-
incides with a repeat element
in these sequences, in this case
with the 5’ end of a L1 repeat
element at —1622 in the hu-
man sequence. In contrast, the
human MW sequence shows
essentially no homology with
the marmoset sequence be-
yond the first 236 bp of up-
stream sequence. This region of
the human MW sequence has
also been included in Figure 4.
Within this region, there are 14
differences between the human
MW and LW genes, with the
marmoset sequence showing
identity to the human MW se-
quence at nine of these sites
and to the human LW se-
quence at the other five sites.
Within this region, therefore,
the marmoset promoter shows
a closer homology to the hu-
man MW than to the human
LW gene.

The absence of any homol-
ogy between the marmoset and
human MW upstream se-
quences beyond position —236
effectively rules out the possi-
bility that divergence beyond
this region between the human
MW and LW genes is the result
of selective changes within the
promoter regions of these two
genes. Rather, the divergence
must be the consequence of
gene duplication and therefore
identifies the breakpoint for
the gene insertion that gave
rise to the separate MW and
LW genes in Old World pri-
mates.
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Duplication of the X-Linked Opsin Genes

in the Howler Monkey

A fragment of (700 bp was amplified that included 620
bp of the 5'-flanking region of the X-linked opsin
genes in the howler monkey. The sequencing of nine
clones of this amplified fragment showed that they fell
into two classes distinguished by four nucleotide dif-
ferences in the 5'-flanking region at —111, —125,
—422, and —431, and a single difference in the coding
region at +38 (Fig. 5). This latter substitution will result
in an arginine/glutamine amino acid difference be-
tween the two howler opsins. The substitution at —111
has been reported previously by Kainz et al. (1998) in a
shorter direct-sequenced PCR-amplified fragment from
the howler upstream region, but the second substitu-
tion at —90 reported by these investigators (these sites
are incorrectly numbered in Kainz et al. 1998) was not
present in our sequence. Therefore, the presence of two
distinct upstream sequences is consistent with the
presence of two X-linked opsin genes in this species of
New World monkey and we conclude that one is de-
rived from the upstream region of the MW gene and
the other from the upstream region of the LW gene.
This fragment extends well beyond the 236 bp of ho-
mology of the 5’ flanking regions of the human MW
and LW genes, therefore, indicating that the duplica-
tion in the howler monkey differs from that in Old
World primates. A 350-bp fragment of the region im-
mediately downstream of the LCR was amplified suc-
cessfully from howler monkey DNA by using a primer
to a conserved region of the marmoset and human LW
upstream sequences at position —2896. Cloning and
sequencing yielded two distinct sequences that are
identical in the LCR core sequence but differ by two

nucleotide substitutions in the less conserved 3’ flank-
ing region (Fig. 6). We conclude from this that there
are two X-linked LCRs in the howler monkey. There-
fore, the duplication in this species must include the
entire 5’ flanking region of the gene and the LCR. Fi-
nally, by using the howler monkey sequence data
downstream of the LCR and upstream of the transcrip-
tion start site to design PCR primers AL~ and AL*
(Table 2), a fragment of (2.8 kb that overlapped with
both sequences was amplified and cloned. Sequencing
of the ends of these clones enabled us to associate,
respectively, the upstream sequences 1 and 2 shown in
Figure 5 with LCR sequences 1 and 2 shown in Figure
6. The additional sequence that this generated is in-
cluded in Figure 6.

DISCUSSION

Trichromacy in all Old World primates depends on the
presence of two separate X-linked opsin genes that en-
code a MW and LW opsin, with A\, values of 1530
and 560 nm, respectively (Bowmaker et al. 1991). The
close homology between these two genes indicates that
they represent a relatively recent duplication from a
single ancestral gene (Hunt et al. 1998) and the pres-
ence of the duplication in all Old World primates ex-
amined to date (Ibbotson et al. 1992; Deeb et al. 1994;
Dulai et al. 1994) places the duplication event at the
base of the catarrhine lineage (40 mya (Goodman et al.
1998). A recent analysis of the coding sequence of
these two genes would suggest that the evolution of
the spectral shift between the visual pigments encoded
by these two genes occurred subsequent to duplication
and did not draw on different allelic forms of the poly-
morphic gene now present in New World primates

Howler] AGGAGCTGCAGCTCATGGGGGAAAGGGGGAAGAAGGGAAGCCGAGAGCAGGATACACGCACGTAGTCAGCCTGCCCGCCCCTCACCCCGGGGGAGGAGCC ~-522
(R -
Marmoset . .. . e e e A e : A, A.C.. . Tl ittt i -526
Howler 1 CCCTGGCACAGATCTCGCCTGTTTGGGCCCACLGLGATGGTCGGCCTCGmGG&GGATCTGGGTCCKAGCCTTGGCCCTGAAAAATCTCTCTATGTTT! -422
3 108 e
Mammoset ... ... a ... A..CA e ——————————— ... = - 0BGl a . -446
Howler 1 CAAGAGARAGGAGGATTCGGGCTCTGGGCAGA-TTCATCATCCACCCARA -~~~ —~——=—————————————— GGTTGACCTGCCCCAAAGGCGGGCTCTG -346
Howler2 .. .. i i i e et ae e e e e e i ittt e sea s
Marmmoset . ... ... a i L SR T..G.vnnnn [ CCCAGTCTGCAAATCTTGACCTTEG . Tn v v v v e vesme e e e ans A... =346
Howler 1 GACAGTGGAAGAGAACAGAGGACACGTGAACAGTGAACACAGCGAGGGCCACTGCGGCTCCCACAGGCACCTCCACCTGCCTGECGGEE-~TEGEETCGEEE —248
5 L0 11
Marmosel ... e e i e e sa et B [~ -246
Howler 1 CATGTGAGTTTGGTTTCCAGCAAATCCCTCTGAGCCECCCTCACAGGCTCGCCTCAGGAGCAGGGAAGCAAGGEETGGGAGGAGTAGGTGTAAGTCCCAG ~148
3 L 1T P
Marmoset . ... ... o = L= -148
Howler 1 GCCCAATTAAGAGATCAGATGGTGTAGGGTTTGGGAACT TTTAAGGTAAAGAGGCCCGGGCTCATCCCACAGGCCAGTATARMAGCGCCGTGACGCTCAGG 48
Howler2 . ... ... ... i L= -
MamoSEt ... v it i i e e s s = = e L -48
M G Q Q w s L Q R L A & R/Q
Howler 1 TTACCAGCCAGGGCTGGCTGCCGTCGGGEACAGGECTTTCCATAGCC ATG GGC CAG CAG TGG AGC CTC CAG AGG CTC GCA GGC CGG +39
2 LR K.
Marmoset =

Figure 5 Nucloetide sequence of the upstream region of the X-linked opsin genes in the howler monkey, aligned with the equivalent
region of the marmoset gene. Identity of howler sequence 2 and marmoset to howler sequence 1 is indicated by a dot. Sequence
deletions are indicated by dashes. Howler monkey sequence, GenBank accession nos. AF156715 and AF156716.
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Howler 1 AGCCCTAATC GCTGGC! GCAGRACCTACCGCC
Howler2 oo siaiennrecnnrnanrsacananaaannaannn
Mamoset i iiicasis e e o -3204
Howler 1 TTTTGAGGCCTCCCCCCACCTCTGCCACCTCCACTCTCCTTCCTGGGATS
Howler 2 ... i et

Mamoset  ....T......i... Bore ot ittt a e -3154

Howler 1 TGGGEGACTGCTGCACTTCTGGCCCAGGGCATTGGTGACATTGCACTGAGC
Howler2  .......... . [
Mamoset C....6....C.iuuurrrnararenneanennans [ -3104

Howler 1 TGGATCAGTARCATAATCCTGGACA GGCA GG
Howler 2 .ottt ittt e
Mamoset  ...G...T....B..urrrrnrnnanrnr s L -3054

Howler 1 CATCTCCAGGGCTCAGGCARGG(
3
Mamosel ... ... et ae e CoToiniienann -3004

Howler 1 CCTCTGCCAGACCCCCACCTCACAGGGCAGTTCATGCTGTGARAGGGCTT
e
Marmoset ... .. Ciennnannns P -2954

Howler 1 CCARAACAACATGGTGGCCTTGGATGCCCACGGAAGCCTCGGAGTTGCTTA
Howler 2 . ittt ira it
Mamoset ... ... i e [ AR .. ..., -2904

Howler 1 TCTCCCTCTAGACAGARAGGGAATCTGGGCCAAGAAGGAARGGTCACCTG
Howler 2 et i i it ii e aa e
Marmoset  .......iiiiiaa.. G B iiiiiiiiiaan A... R -2854

Howler 1 TCCAAGGCCACCCGGCCGGCGE.
Howler 2 i i i e it ia et ae e
Marmoset ... AT.C.....========m———m oo -2828

Howler 1 CCATCTCATGGT CAGAAGGGACCCGGTGAGGCAGGTAATCTCAGAGGAGG
Howler 2 . i e a et e e
Marmoset  —------mmmm e = -2789

Howler 1 CTCACTTCTGGGTCTCACACTCTTGGATCCTCAGACTCTCTGACTCCGET
Howler 2 L et ae i
Mamoset ... i i i T.ooTursoen =m=====m el =2747

Howler 1 GGGGACA
Howler 2 Lttt it it i i e a s
Mamoset ...t Goniinat -2693

Howler 1 AGTCACAACTCCT T
Howler 2 L i e et iea et ar i
Mamoset ... .. e i Cenrineiiarana -2643

Howler 1 AGTGGCATTGTGAGETCTATGCCTTGGACACACCTCAGGTGTCTCATCCA

3 10
L -2593
Howler 1 CAGAACTGGGACAGTGACCATTCCATCTTGCC. AC
HowWler 2 Lo i it i et a e
Mamoset  ..... [ P . Cuovrnnnn e -2944

Howler |  ACCATGCGGCTCGCAGTCAGAGTGGAAAGTA-GGG-————====
Howler2 ... i iei i e
Mamoset  ....... CA...CA.AC. ...vcrnurnnnn A...GTCCCAGCTGAAGCA -2894

Howler 1 -— --
Howler2 — --- et IR R R e
Mamoset CGGCCACAGCGGC GCAGT( feneeea B T, -2844

Howler 1 CCAAARRATAATAAGAGGAGGAAAGGCACT
L
Mamoset .. ...l A ... -2815

Figure 6 Nucleotide sequence of the two locus control regions
identified in the howler monkey, aligned with the corresponding
region in the marmoset. The numbering of the marmoset se-
quence corresponds to the full sequence shown in Fig. 3. Identity
of the other two sequences to howler sequence 1 is indicated by
a dot.

(Hunt et al. 1998). The single X-linked opsin gene that
is present in most New World monkeys is clearly or-
thologous to both genes in Old World species (Ibbot-
son et al. 1992; Williams et al. 1992; Dulai et al. 1994;
Hunt et al. 1998) and therefore, most likely represents
the ancestral organization before gene duplication.
Previous sequence analysis of the 5’ flanking re-
gions of the human MW and LW genes has demon-
strated that the two regions are homologous for only
236 bp immediately upstream of the translation start
site (Nathans et al. 1986). This raises the question of
the origin of the different sequences beyond this re-
gion. By sequencing the 5’ flanking region of the mar-
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moset, a New World monkey with a single X-linked
opsin gene and a polymorphism-based trichromacy,
we have been able to demonstrate that this region
shows extensive homology to the human LW gene but
not to the human MW gene. In fact, the homology
between the marmoset and the human MW sequences
is limited to the same 236 bp immediately upstream of
the translation start as found for the two human se-
quences. From this, we can deduce that the duplicated
opsin gene in Old World primates includes only this
short upstream region, and that the 5’ flanking region
of the human LW gene represents the ancestral se-
quence.

Recent work by Hanna et al. (1997) has demon-
strated that, in humans, a novel gene called TEX2S,
which is expressed only in the testes, lies at the 3’ end
of the opsin gene array on the X chromosome. A trun-
cated copy of this gene is also present immediately
downstream of the opsin gene closest to the LCR, and
any additional copies of MW genes are also flanked by
truncated copies of TEX28. It is only the final opsin
gene at the 3’ end of the array that is flanked by a
complete copy of TEX28. Therefore, the duplication in
Old World primates encompasses a 35-kb region that
includes a complete copy of the opsin-coding region,
236 bp of the upstream flanking sequence, and a trun-
cated copy of the TEX28 gene. With the exception of
the opsin gene adjacent to the LCR, all other genes
within the array now possess a minimal promoter re-
gion of 0190 bp of the original flanking region up-
stream of the transcription start site. This duplicated
region was inserted either just upstream of the original
opsin gene or into the first intron of the TEX28 gene,
as depicted in Figure 7. If the former alternative is cor-
rect, then the duplication must have occurred by an
unequal crossover mechanism that avoided any se-
quence duplication or deletion at the point of inser-
tion, as there is no evidence for any indels in the mar-
moset and human LW sequences in the immediate vi-
cinity of the insertion. The preservation of the exact
sequence might have been less important if the inser-
tion was into the intron of the TEX28 gene. It has been
suggested that the LW opsin was most probably ances-
tral in primates (Nei et al. 1997). This does not, how-
ever, distinguish between the above two alternatives
as, subsequent to duplication, evolution of a MW se-
quence could have occurred in either gene and it does
not follow that the present LW gene was the ancestral
sequence.

A striking feature of the upstream region of the
human MW gene beyond the region of homology is
the presence of a number of Alu repeat elements, and at
least the first two of these are also present in identical
positions in the upstream region of the MW gene of
the diana monkey. This would indicate that the juxta-
positioning of these elements with the MW opsin gene
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Table 2. Sequence and Position of PCR Primers

minimal promoter, numbered
from immediately upstream of

Primer Position Sequence (5 to 3) codon one, was defined in this
UNI-33 T IITITGTITGTTGTGGGGGGGTT  Study as the region from —64 to
UNI-17 TTTTTGTTTGTTGTGGG —1, with positive elements
Op1~ +94 TGCTGGACTGGGTGCTGTCCTCATAGC within the region from —83 to
8p$_ ;78 E%ALAGCGEGECGCJGCGEAZ%GCG —171, and negative elements
p1* +254 AGTAGCTGGGATTACA . © .

Op2* ~151 TGGGAGGAGGAGGTCTAAGTCC from —171 to —240. This study
Up(A™) —130 GCTCCCAAATCCTACACCATC was unable to provide, how-
Up(B™) -233 AGAGGGATTTGCTGGAAAC ever, any information on the
Up(C™) —2350 AGACAGTAGACAGGTGGGTGCC mechanism of selective gen

MW ~114 AAATCCTACACCATCTGATCTC echanism of selective gene
MW+ _ 865 AGGTGATCCGGGAATAGTAAG expression that ensures that
NWMLCR ™ —360 CTGTCCAGTGCCCGCCTTTGG only one visual pigment is pro-
N .

ar * = . .

MarLCR(D ") ~1015 TGCCTCCTTTTGGGTTTGTTCC ceptor, although differences in
MarLCR(D") —2221 TTTGTTTATTCAATCATCCG the activity of the two promot-
MarLCR(E ™) —1257 GTGCTAGGTGCCAAGCTAGG ers were clearly apparent. Given
MarLCR(E*) ~1900 CGATGGACACAGTTTGCTTCC the divergence of both promot-
LCR(C*) —3484 GACTTGATCTTCTGTTAGCCCTAATC from that of th .
AL~ -380 GGATGATGAATCTGCCCAGAG €rs from that ot the marmoset,
AL* ~3225 CGAAGGTGCAGAACCTACCG it is tempting to speculate that

Except for Op1*, Op1~ and Op2~, which are based on the human MW and LW sequences,
and AL™, which is based on the howler monkey sequence, the nucleotide numbering system
refers to the marmoset X-linked opsin gene, where +1 would be the first base of the coding

sequence.

occurred at the same time as the gene duplication
rather than as a result of a more recent insertion. The
first of these elements, a half Alu, is found at the point
of insertion of the original duplication. Because Alu
repeat elements have been implicated in unequal
crossing over within other genes (e.g., see Campbell et
al. 1995; Rudiger et al. 1995; Harteveld et al. 1997;
Levran et al. 1998) and in the insertion event that re-
sulted in the “long” intron 1 of the human LW opsin
gene (Meagher et al. 1996), it is possible that the pres-
ence of Alu sequences was a contributory factor in the
generation of the original opsin gene duplication, and
in the generation of additional copies of the MW gene
(Drummond-Borg et al. 1989; Ibbotson et al. 1992). By
the same mechanism, these sequences may also be im-
portant in promoting unequal crossing over within the
opsin gene array that leads to either the complete loss
of opsin genes or the generation of hybrids. Such
changes are considered to be responsible for anoma-
lous trichromacy and dichromacy in humans (Nathans
et al. 1986; Deeb et al. 1992).

The close proximity of the duplication insertion
breakpoint to the transcription start site of the MW
gene would imply that the promoter for this gene is
contained within the remaining 199 bp of upstream
sequence. This has been confirmed by an in vitro study
of the activity of this region in driving the expression
of the human MW and LW genes in transfected WERI
Rb1 cells, a retinoblastoma cell line that is known to
express cone opsins (Shaaban and Deeb 1998). The

the control of differential gene
expression in Old World pri-
mates may also reside in this re-
gion, and our finding that all
the upstream differences, ex-
cept that at position +1 within
this minimal promoter region in the human and chim-
panzee MW and LW genes, are conserved in two spe-
cies of cercopithecoid monkeys is supportive of this
interpretation.

The presence of an LCR upstream of the single
X-linked opsin gene in the marmoset is consistent with
the idea that this highly conserved region is required
for the activation of gene transcription in this chromo-
somal region. It has been suggested that the LCR inter-
acts by a looping mechanism with the adjacent gene
promoter to form a transcriptionally active chromatin
domain (Festenstein et al. 1996; Milot et al.1996)
through protein—-protein interactions of transcription
factors that bind to both the promoter and LCR (Shaa-
ban and Deeb 1998). In this case, sequence differences
in the MW and LW opsin promoters may determine
specificity of gene expression through the differential
binding of such transcription factors. However, this
would require a further level of gene regulation and the
alternative possibility that the interaction of the LCR
with one or other promoter region is mutually exclu-
sive, provides a simpler explanation. The presence of
an LCR in New World monkeys argues, however, that
the primary role of this region is not the selection of
either a MW or LW opsin gene for expression as only a
single gene is present in most New World primates; the
presence of the LCR must therefore predate the Old
World opsin gene duplication.

The howler monkey is unique among New World
primates in possessing separate MW and LW genes.

Genome Research 635
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Locus contrast, separate MW and LW op-
Control Opsin TEX28 Transketolase- . . .
Region > < related gene sin genes will generate trichromacy
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Figure 7 Origin of the opsin gene duplication on the X chromosome of Old World
primates. The opsin and TEX28 genes are shown as open boxes showing the approximate
positions of exons and introns. The LCR and transketolase-related gene are shown as filled
boxes. Details of the TEX28 and transketolase-related genes are from Hanna et al. (1997).

Therefore, in this respect, it resembles the Old World
primates. The presence of flanking regions to the two
X-linked opsin genes in this species that differ at a
small number of sites was first reported by Kainz et al.
(1998) and the more extensive sequence analysis of
this region presented here confirms their observation.
The extensive identity within the 620-bp region imme-
diately upstream of the howler genes contrasts with
the divergence of the upstream region within 237 bp of
the translation start site for the human MW and LW
genes. The howler monkey and Old World primate du-
plications are, therefore, quite distinct and the homol-
ogy in this region between the two howler genes, with
only four single nucleotide differences in >600 bp of
DNA, indicates that the howler monkey duplication is
much more recent than that in Old World primates. In
addition, we have been able to clone and sequence two
distinct LCRs from the DNA of a single male howler
monkey that differ by two nucleotide substitutions in
the 3’ flanking region of the conserved core sequence
of the LCR, and to link these two LCR sequences to the
two sequences of the immediate upstream region, thus
defining two complete 5' flanking regions of the
howler opsin genes. Therefore, it would appear that the
duplication in the howler monkey involved not only
the complete coding region of the opsin gene but also
the entire upstream region, including the LCR.

In typical New World monkeys with a single poly-
morphic X-linked opsin gene, trichromacy is achieved
in heterozygous females by random X inactivation. In
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only if a mechanism exists to limit
expression to only one gene per
cone photoreceptor. The presence of
two LCRs in the howler monkey
would indicate that the mechanism
of selective opsin gene expression
may differ from that in Old World
primates. Whether the limited se-
quence differences within the pro-
moter regions and LCRs of these two
genes in howler monkeys are suffi-
cient for this process remains to be
determined.

METHODS
DNA Samples

DNA was isolated from a blood sample
taken from a male black howler monkey
Alouatta seniculus. DNA was isolated
from liver tissue of a male marmoset Cal-
lithrix jacchus, with the P563 allele of the
X-linked opsin gene, using a standard
phenol-chloroform method as described
previously (Williams et al. 1992). DNA
from the two cercopithecoid monkeys,
the diana monkey Cercopithecus diana and the patas monkey
Erythrocebus patas, was isolated as described by Ibbotson et al.
(1992), and from the chimpanzee as described by Dulai et al.
(1994).

Amplification of the 5'-Flanking Regions
of Opsin Genes

The sequences of all primers used in PCR amplifications are
listed in Table 2.

Human and Diana Monkey MW Gene

Three clones containing the upstream region of the human
MW gene were isolated from a human cosmid library
(Cachon-Gonzales 1991), using exon 1 of the human MW
gene as a probe. The presence of the MW coding region was
confirmed by PCR amplification of exon 2. One of these
clones was prepared for sequencing by digestion with EcoRI,
followed by the ligation of EcoRI Vectorette 1 linkers. The
Vectorette 1 primer was then used in combination with a
gene-specific primer (Opl~) to generate a fragment of (2.3
kb. This was direct sequenced using Op1l~ as a sequencing
primer. The sequenced region was extended in two more steps
to — 1185 through the use of two additional sequencing prim-
ers designed from the sequenced region. Approximately 750
bp of the upstream region of the diana monkey MW gene was
amplified using primer pair MW~ and MW™. The resulting
fragment was cloned and sequenced.

Marmoset MW/LW Gene

A combination of conventional PCR and gene walking was
used to amplify the upstream region of the marmoset gene.
Gene walking allows unknown flanking regions to be ampli-
fied from a known sequence. Initially, a 245-bp fragment that
included the first exon and extended upstream to —151 bp
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was amplified with primers Op2* and Op1l~, designed from
the X-linked human opsin genes (Nathans et al. 1986). This
sequence was then extended upstream to — 205 bp, using an
unpredictably primed PCR developed by Dominguez and
Lopez-Larrea (1994) and modified by Bellingham et al. (1998).
Gene-specific nested primers used in the gene walk were
Opl~, Op2~, and the nested “universal” walking primers
were UNI-33 and UNI-17. The first round UP-PCR-1 mix con-
tained 10 ng of DNA, 12.5 pmoles of primer UNI-33, 0.5
nmole each of dATP, dCTP, dGTP, and dTTP, 3 mm MgClL,,
and 5 pl of 10 X NH, buffer in a total volume of 23 pl. The mix
was heated at 94°C for 60 sec to denature the DNA, during
which 0.25 units of Taq polymerase was added in a volume of
1 pl. The incubation temperature was then lowered to 80°C
for 30 sec, then rapidly to 15°C for 120 sec, and finally held at
25°C for 10 min. The sample tubes were then placed in a
thermal cycler, initially at 72°C for 60 sec before DNA dena-
turation at 94°C for 60 sec during which 12 pmoles of the
outer Op1~ primer was added in a volume of 1 pl. The sample
was then heated at 94°C for 1 sec, 62°C for 30 sec, and 72°C
for 30 sec for 35 cycles, followed by a final extension at 72°C
for 5 min. The UP-PCR-2 contained 1 pl of 1:1000 (vol/vol)
dilution of the UP-PCR-1, 12.5 pmoles each of primers Op2~
and UNI-17, 0.5 nmole each of dATP, dCTP, dGTP, and dTTP,
3 mm MgCl,, and 5 pl of 10 x NH, buffer in a total volume of
24 pl. Taq polymerase (0.25 units) in 1 pl was added during
the DNA denaturation step, as done previously, and the
sample cycled at 94°C for 1 sec, 56°C for 1 sec, and 72°C for 30
sec for 35 cycles, followed by a final extension at 72°C for 5
min.

A further round of UP-PCR with a new set of primers
[Up(A—) and Up(B —)] together with UNI-33 and UNI-17 gen-
erated a fragment of (550 bp, which extended upstream to
base —659. On the basis of the sequence obtained from this
fragment, further primers [NWM LCR™ and MarUp(A™)] were
designed to allow amplification both upstream and down-
stream back into the gene. Primer NWM LCR ™~ was combined
with primer LCR(C*) to amplify a fragment of [BOOO bp,
which extended from the LCR core to a region in the proximal
promoter. This fragment was fully sequenced using a set of
nested primers [MarLCR(C™), MarLCR(D"*), MarLCR(E*),
MarLCR(D ), and MarLCR(E7)].

The Conserved Region of the Chimpanzee, Diana Monkey, and Patas
Monkey MW and LW Genes

The sequence of the LW gene of the chimpanzee, diana and
patas monkeys was obtained by gene walking using Op1~ and
Op2~ as gene-specific primers. This generated fragments of
[HOO bp that were both direct sequenced using Op2~ and
UNI-17 as sequencing primers, and sequenced after cloning.
The MW sequences were obtained by conventional PCR using
reverse primer Op2~ and forward primer Op1* that sits at the
boundary of the region of homology between the MW and
LW genes. The fragments were both directly sequenced and
sequenced after cloning.

Howler MW and LW Genes

The upstream regions were initially amplified as two discrete
blocks by conventional PCR using primer pairs MarUp(A*)
with Op2~, and LCR(C*) with Up(C™), using standard PCR
parameters with annealing temperatures of 61°C and 57°C,
respectively. Fragments of (700 bp and 900 bp, respectively,
were generated by these amplifications. Each fragment was
both directly sequenced and sequenced after cloning. A

primer pair (AL~ and AL*) was designed from these two se-
quences that would amplify the intervening region of (2.8 kb.
The resulting fragment was cloned and a [(B50-bp region at
each end was sequenced.

DNA Cloning and Sequencing

All amplified fragments were sequenced directly on an Ap-
plied Biosystems model 373a automated sequencer. Before
cycle sequencing, the PCR mix was cleaned with a Centricon
(Princeton, Inc.) column. Approximately 100 ng of DNA was
combined with 4 ul of ABI PRISM Dye Terminator and 3.5
pmoles of an appropriate sequencing primer, and cycled on a
Perkin Elmer 9600 PCR thermal cycler. Selected PCR frag-
ments were cloned into pTAg or pGEM-T-Easy, before cycle
sequencing. Alignments were performed using GeneWorks.
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