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Tandem Array of Human Visual Pigment Genes

at Xq28

DouGLAS VOLLRATH, JEREMY NATHANS, RONALD W. DAvis

Unequal crossing-over within a head-to-tail tandem array of the homologous red and
green visual pigment genes has been proposed to explain the observed variation in
green-pigment gene number among individuals and the prevalence of red-green fusion
genes among color-blind subjects. This model was tested by probing the structure of
the red and green pigment loci with long-range physical mapping techniques. The loci
were found to constitute a gene array with an approximately 39-kilobase repeat length.
The position of the red pigment gene at the 5’ edge of the array explains its lack of
variation in copy number. Restriction maps of the array in four individuals who differ
in gene number are consistent with a head-to-tail configuration of the genes. These
results provide physical evidence in support of the model and help to explain the high
incidence of color blindness in the human population.

OLOR BLINDNESS IS A COMMON

trait in humans. Approximately 1 in

12 Caucasian males and 1 in 200
females are color-blind (I). The vast major-
ity of color blindness is the result of alter-
ations in the genes encoding the red and
green visual pigments located at the end of
the long arm of the X chromosome (2). The
physical distance between these genes is not
known, but the fact that they are 98%
identical in DNA sequence suggests they
arose by an evolutionarily recent duplication
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event. Normal individuals possess from one
to three green pigment genes but show no
variation in the number of red pigment
genes, which is always one (3). Examination
of the structure of these loci in individuals
with red or green color blindness revealed
rearrangements of at least one of the genes
in 24 of 25 cases (2). All of these rearrange-
ments appeared to arise from homologous
recombination, resulting in either a com-
plete gene deletion or the production of
fusion genes. This situation contrasts with
that of other loci such as clotting factor
VIII, ornithine transcarbamylase, and hypo-
xanthine-guanine phosphoribosyltransferase
in which 2, 7, and 18%, respectively, of
observed mutations are rearrangements and

most or all of these are intragenic deletions
(4-6).

A model for the arrangement of the red
and green visual pigment genes has been
proposed to explain these observations (3).
It specifies a head-to-tail tandem array of
genes composed of the red pigment gene at
the 5’ end with a variable number of green
pigment genes 3’ to it. Homologous but
unequal crossing-over in the array can gen-
erate the variation in green pigment gene
number observed in normal subjects as well
as the gene fusions and deletions observed in
color-blind individuals. The fact that an
entire red pigment gene is never duplicated
or deleted is explained in this model by its
position at the 5’ end of the array, abutting
unique sequences.

The model makes several specific predic-
tions about the structure of the visual pig-
ment loci as a function of the number of
genes possessed by an individual (see be-
low). These predictions could be experimen-
tally tested by DNA physical mapping meth-
ods if the red and green pigment genes were
sufficiently close together. To assess the
distance between the two genes, very high
molecular weight DNA prepared from the
peripheral blood leukocytes of a normal
male with one red and one green pigment
gene was digested with restriction enzymes
that cleave infrequentdy in the human
genome. The digested DNA was fractionat-
ed on the basis of size by means of alternat-
ing contour-clamped homogeneous electric
field (CHEF) gel electrophoresis, trans-
ferred to a membrane, and hybridized with a
complementary DNA (cDNA) probe for
the red pigment gene (Fig. 1) (7, 8). Be-
cause of the high degree of similarity be-
tween the genes, this probe detects the green
pigment gene as well.

M N B

Fig. 1. Physical linkage ‘

of the red and green vi-

sual pigment genes.

Very high molecular

weight DNA from an in- kb
dividual with one red —473
and one green pigment
gene (1:1) was prepared
and digested as de-
scribed (8) with Mlu
(M), Nru I (N), and
BssH II (B). Samples
were fractionated by al-
ternating CHEF  gel
electrophoresis (7) (200
volts, 23 hours, 1%
agarose, 30-second
switching interval, 9°C).
The DNA was then
transferred to Genetran
(Plasco) and hybridized
with a full-length cDNA
encoding the red visual

pigment (3).
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A single band was present after digestion
with two of the enzymes, Nru I and BssH
II, and these bands are less than 200 kb in
size, suggesting that the red and green pig-
ment genes are quite close together. Similar
data were obtained with the enzymes Not I,
Sac II, and Eag I. If these enzymes are
indeed cleaving outside of the red and green
pigment gene cluster, then the size of the
fragments they produce should be a func-
tion of the number of genes possessed by an
individual; that is, the more genes, the larger
the fragment. DNA from five males whose
gene number varies from one to five was
cleaved with Not I, fractionated, and probed
as before (9) (Fig. 2A). Among the enzymes
tested, Not I generated the smallest frag-
ment; therefore, differences in fragment
sizes among individuals were most clearly
seen with this enzyme.

The predicted increase in fragment size
with increasing gene number was observed.
The size of each fragment was determined
with concatamers of phage A DNA as stan-
dards (Fig. 2B). The fragments range in size
from 80 to 240 kb. The model predicts a
constant size difference between fragments
derived from any two individuals who differ
by one gene, regardless of the total number
of genes. This difference represents the size

of the repeat unit, consisting of a single gene
and any duplicated flanking sequences. In
agreement with the model, this experiment
revealed an increase in fragment size of 39
kb with each additional gene (10).

The model also predicts that an enzyme
that cleaves a small number of times per
repeat unit should produce two types of
fragments—repeat fragments in which both
end points lie within repeated sequences and
end fragments in which one end point lies in
unique DNA. The copy number of the
repeat fragments should be a function of the
number of repeat units (that is, genes) in an
array, while that of the end fragments
should not, because every array has only two
ends. To test this prediction, DNA from
four of the five individuals used in Fig. 1
was cleaved with the enzyme $fi I, fraction-
ated, and probed with the red pigment
cDNA (Fig. 3A).

Two classes of bands are present: (i) 3.6-
kb and 17-kb bands with intensities that are
a function of gene number and (ii) a 32-kb
band, the intensity of which is independent
of gene number. Upon long exposure, the
3.6-kb band could be seen in all samples,
while the 17-kb band was absent from the
individual with a single gene. Two Sfi I sites
spaced 3.6 kb apart were found at the 3’ end
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Fig. 2. Size of the visual pigment gene array as a
funcrion of gene number. (A) Very high molecu-
lar weight DNA was prepared from the peripheral
blood leukocytes of five males and digested with
Not I. The samples were separated by alternating
CHEF gel electrophoresis (200 volts, 19 hours,
1% agarose gel, 25-second switching interval,
9°C), transferred to Genetran, and hybridized
with the red pigment cDNA probe. The numbers
above each lane to the left and right of the colon
indicate the number of red and green pigment
genes, respectively, possessed by the individual
(9). The 1:0 and 1:4 individuals possess red-
green fusion genes and exhibit a color-variant
phenotype. These genes were designated accord-
ing to the identity of their first exon, which is red
in origin. (B) A plot was made of the sizes of the
fragments in (A) with the difference in size be-
tween adjacent fragments indicated to the right.

A=39kb

Molecular size (kb)
3
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O Notl fragment
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The error (standard error) associated with these interval measurements is on the order of +4 kb. (C)
The size of the Not I fragment and the proposed arrangement of the red and green pigment genes
within it is given for each individual in this scale drawing. Small vertical arrows at the end of cach
fragment indicate Not I sites. The horizontal black arrows indicate red pigment genes, the open arrows
indicate green pigment genes. The approximate crossover point is indicated for the fusion genes. A 39-
kb repeat unit was assumed in positioning the genes.
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of both the red and green pigment genes in
A genomic clones. These sites bracket the
two 3'-most exons of the genes. A probe
derived from sequences 3’ to these Sfi I sites
(Fig. 3B, probe II) (and thus sharing no
homology with the cDNA probe) was hy-
bridized to the filter in Fig. 3A after remov-
ing the first probe. This second probe de-
tects a different copy number—sensitive 17-
kb band in all four samples. The three copy
number—sensitive bands (3.6, 17, and 17)
thus comprise a total of 37.6 kb, which is
very close to the size of the repeat unit
determined in Fig. 2.

These data are interpreted as follows and
summarized in the restriction map in Fig.
3C. The 3.6-kb band is the same as that
observed in genomic clones. The 32-kb
band corresponds to the 5’ end fragment of
the array, because the cDNA probe that
detects it extends 5’ but not 3’ from the 3.6-
kb fragment. Similarly, the copy number—
sensitive 17-kb band detected by this probe
must also be largely derived from 5’ se-
quences. The absence of this 17-kb fragment
in the individual with one gene indicates
that it spans the boundary between two
repeat units. In contrast, the 17-kb fragment
detected by the 3’ probe (probe II) is pre-
sent in the individual with one gene, and
therefore lies entirely within the repeat unit.
The 3’ end fragment of the array is not
detected with these probes, because it is
separated from them by one or more $fi I
sites. These Sfi I digestion data are consist-
ent with a head-to-tail arrangement of the
red and green pigment genes (Fig. 3C).

A third prediction of the model is that the
red pigment gene lies at the 5’ end of the
array. To test this, a probe derived from
sequences immediately 5’ of the red pig-
ment gene and lacking homology to the
green pigment gene (Fig. 3B, probe I) was
hybridized to an $fi I digest of DNA from
an individual with one red and two green
pigment genes. The probe hybridizes specif-
ically to the same 32-kb Sfi I fragment
visualized with the cDNA probe (Fig. 4).
Moreover, this fragment was cleaved by Not
I, which only cuts outside of the array, to
produce an 18-kb fragment. Similar results
were obtained with DNA from the individ-
ual with a single gene. The 5’ Not I site can
therefore be located relative to the $fi I sites
and the array of genes positioned within the
Not I fragments defined in Fig. 2 (Fig. 3C).
Because a red pigment gene-specific 5’
probe hybridized to the 32-kb 5’ end frag-
ment, this gene must be at the 5’ end of the
array. The third prediction of the model is
thus fulfilled.

This report provides compelling physical
evidence in support of a model whereby
unequal but homologous recombination
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Fig. 3. Sfi I analysis of the visual pigment gene array. (A) DNA from four of the five individuals used in
Fig. 2 was digested with Sfi I, separated by CHEF gel electrophoresis (200 volts, 18 hours, 1% agarose
gel, 2.2-second switching interval, 9°C), transferred to Genetran, and hybridized with the red pigment
cDNA probe. Fragment sizes were determined with Bethesda Research Laboratories 1-kb ladder and
high molecular weight standards. The largest band in the 1:0 sample is about 2 kb smaller than that in
the other samples because the red-green fusion gene in this subject contains the smaller green pigment
gene first intron (10). The 5’-most genes of the other individuals contain red pigment gene first introns.
(B) The fragments visualized in Figs. 3 and 4 and the probes used to detect them are illustrated in this
diagram. The red and green pigment genes are as in Fig. 2. The stippled arrows represent Sfi I sites, the
vertical black arrow represents the same 5’ Not I site as in Fig. 2. Fragments detected by the red
pigment cDNA are shown above the arrows. Those detected by probes I and II are shown below the
arrows. Probe I (see Fig. 4) is a 0.5-kb Hind III-Bam HI fragment from gJHN33 (3). Probe IIisa 1.8-
kb Hind III-Eco RI fragment from gJHN53 (3). (C) An $fi I restriction map of the visual pigment
gene array in four individuals was constructed with the information in (A). Designations of restriction
sites and genes are as in (B) and Fig. 2. A 37.6-kb repeat unit was assumed to build the map.

generates (i) the variation in green but not
red pigment gene number observed in nor-
mal individuals and (ii) the gene fusions and
deletions observed in color-blind individ-
uals. Examples similar to this exist in the
human genome. A 5-kb repeat unit contain-
ing a A light chain constant gene varies in
number from one to four between individ-
uals (11). Duplication and deletion events at
the 21-hydroxylase locus can be explained
by unequal homologous recombination in
the small two-gene array (12). Lepore he-
moglobins are produced from hybrid genes
that arose by homologous recombination in
the globin gene cluster (13). In none of
these systems, however, is the extent and
degree of homology as great as at the visual
pigment loci.

The high prevalence of red-green color
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blindness among humans most likely reflects
both an absence of selective pressure and a
propensity for the red and green pigment
genes to undergo unequal homologous re-
combination. The latter is a consequence of
the gene duplication that occurred some 40
million years ago in the Old World primate
lineage (3, I14). Sequence divergence be-
tween the duplicated visual pigment genes
gave rise to trichromatic vision, while the
head-to-tail tandem arrangement provided a
substrate for future duplications and dele-
tions. The frequency of homologous rear-
rangements may be further enhanced by the
location of these genes near the end of the
long arm of the X chromosome. Recombi-
nation events appear to be more frequent
both near the ends of chromosomes and in
females, where exchanges between X chro-

Fig. 4. A red pigment S S+N
gene—specific probe hy-
bridizes to the 5’ end
fragment. DNA from a
1:2 individual (9) was
cleaved with either S$fi I
(S) or Sfil and Not I (S
+ N) and subjected to
conventional electropho-
resis in a 0.5% agarose sy
gel. Samples were hy-
bridized with red pig-
ment gene—specific
probe I (see Fig. 3B),
after transfer to Gene-
tran. The double-digest
data were used to posi-
tion the Not I site rela-
tive to the two 5'-most
Sfi I'sites in Fig. 3, B and
C.

kb
— 32

mosomes occur (15, 16). The present-day
variation in these genes provides a pool of
visual pigments with altered spectral sensi-
tivities that may represent the first step in
the evolution of tetrachromatic vision.
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Kin Selection and the Evolution of Monogamy

JoerL R. PEck AND MARCUS W. FELDMAN

A two-locus genetic model is studied in which one locus controls the tendency of
individuals to act altruistically toward siblings and the other locus controls the mating
habits of females. It is demonstrated that genetic variation at the altruism locus is often
sufficient to induce an increase in the frequency of genes that cause females to produce
all of their offspring with a single mate. This occurs because of nonrandom associations
that develop between genes that cause altruism and those that affect female mating
behavior. The results provide a new explanation for the evolution of monogamy, and
they suggest a previously unexplored mechanism for the evolution of a variety of other

behavioral traits as well.

ECENT THEORETICAL WORK ON
Rthc evolution of altruism between

relatives has shown, in general, that
altruism between closely related kin is more
likely to evolve than altruism between dis-
tantly related kin (1, 2). This trend moti-
vates the present work, in which we examine
the evolution of monogamy, a trait that can
control the relatedness of interacting kin.
The mating behavior of numerous mam-
mals, birds, fishes, and crustaceans has been
described as monogamous, and monogamy
has most often been explained by supposed
needs for biparental investment in young,
although other explanations have been of-
fered as well (3-7). We analyze here a
mathematical model and show that if there
is genetically based variation in the propen-
sity to be altruistic toward siblings, then
monogamy may increase in frequency even
when there is no paternal care and when
maternal care ends at parturition.

Our model distinguishes two kinds of
adult females: those that mate monoga-
mously and those that mate polygamously.
Monogamous females are assumed to
choose a mate at random and then produce
all of their offspring with that mate. By
contrast, polygamous females are assumed
to produce each of their offspring with a
different randomly selected mate. All of the
offspring produced by a female are deposit-
ed into what we call an “offspring group.”
Monogamous females produce offspring
groups consisting entirely of full sibs, where-
as polygamous mothers produce offspring
groups consisting entirely of half sibs. With-
out affecting the results reported here, the

Department of Biological Sciences, Stanford University,
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mates of monogamous mothers may be as-
sumed either to practice monogamy or to
remain available to be chosen by other fe-
males. Thus, the results apply to a broader
class of mating systems than those usually
described as monogamous.

The hypothetical population is diploid
with discrete generations. Genetic variation
is allowed at two autosomal loci, each of
which has two alleles. One locus controls
altruism, and the other controls monogamy.
The alleles at the altruism locus are called A
and 4, and the alleles at the monogamy locus
are called M and . There are ten possible
genotypes, enumerated as follows:

AA Aa an AA Aa
mm wmm mm Mm Mm
1 2 3 4 5

Aa aa AA Aa aa
mM Mm MM MM MM
6 7 8 9 10

The rate of recombination between the loci
is denoted by 7, and the frequency of the ith
genotype immediately before mating and
reproduction is denoted by #;. The frequen-
cy of A is called p,4, and the frequency of M
called pay.

Pa=u +ugt+ug+ 1200 + us + ue + uy)
and

Pu = 12(ng + us + ue + u7) + ug + no + uyo

Mothers with the mm genotype are as-
sumed to be polygamous. Mothers with the
Mm and MM genotypes are monogamous
with probabilities g, and g, respectively,
and are polygamous with probabilities 1 — 7,
and 1 — g, respectively. The monogamy
locus is not expressed in males. For conve-
nience, we assume that 4; > 0 and that the

population size and the number of offspring
produced per female are sufficiently large to
allow us to ignore stochastic effects. We
assume further that the two sexes are pro-
duced in equal numbers.

Individuals with genotypes A4, Aa, and
aa at the altruism locus are altruists with
probabilities 4y, 4, and ks, respectively (8).
We assume that 4, lies between 4, and 4.
Without loss of generality, this may be
written:

bhh>by and bhy=h,=hs (1)

Let w be a quantity that is proportional to
the probability that a given juvenile will
survive to reproductive age. We use the
additive formulation common in kin selec-
tion models (1, 9) and assume that w may be
expressed as

w=1-98y+zB

where z is the frequency of altruists in the
juvenile’s offspring group, and 3 equals 1 if
the juvenile is an altruist and equals 0 if the
juvenile is not an altruist. The parameters 8
and vy are positive constants that represent,
respectively, the benefits and costs of altru-
ism. We assume y = 1.

Let us first examine the case where the
allele # is fixed, and thus the population is
entirely polygamous (#y + u, + u3 = 1,
u; = 0 for 7 > 3). With methods similar to
those of Uyenoyama and Feldman (&), it
may be shown that when m is fixed, both
fixation equilibria (p4 =0 or p4 = 1) and
polymorphic equilibria (0 <p4 < 1) are
possible at the altruism locus. Numerical
and analytic work indicates that both types
of equilibrium can be stable. Additive genet-
ic variance is preserved at polymorphic equi-
libria.

Next, we ask whether a population that is
fixed for m and that has achieved a stable
equilibrium at the altruism locus can be
successfully invaded by M. It is simple to
show that pa will neither increase nor de-
crease from any initial value if the popula-
tion is fixed on A or 4. This is not surprising
because, when A or a is fixed, there are no
potential sources of differential fitness
among the genotypes that have nonzero
frequencies.

In contrast to the result for fixation equi-
libria, when the initial equilibrium at the
altruism locus is polymorphic, M will always
increase to a nonnegligible frequency after
invasion (10). On intuitive grounds, it
seems likely that these successful invasions
by M will lead to a subsequent increase in
Pa- Although analytic proof of this point has
eluded us, an extensive numerical study pro-
vides strong support for the idea. Parame-
ters were generated randomly for each of
10,000 computer trials. During each trial,
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