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Examination by direct DNA sequence analysis of the X-linked visual pigment genes in 27 males with 
normal color vision reveals that almost half have two or more different genes encoding a 
long-wavelength-sensitive cone pigment. This is counter to the conventional theory proposed from results 
of Southern hybridization studies that there is a single long-wave pigment gene per X-chromosome. 
Further, the sequences and consideration of the structure of the X,linked pigment gene array suggest 
that the majority of the observers (as many as 2/3) have hybrid (or fusion) genes like those that have 
been proposed to underlie color anomaly. In some observers the long-wave hybrid genes contain a 
substantial amount of middle-wave sequence, e.g. five observers have hybrid long-wave genes that contain 
middle-wave sequences that include exon 4. Three of those five have the hybrid as their only long-wave 
gene, and thus have no other gene that could potentially encode a long-wave pigment. In these subjects, 
it is the hybrid gene that produces their normal long-wavelength-sensitive cone pigment. The high 
frequency of hybrid genes indicates that they are normal variant forms of the long-wave gene. Contrary 
to what is commonly believed, the introduction and the expression of hybrid genes is not sufficient to 
cause color vision defects. 

Cones Cone pigment Photopigment genes Color vision Color vision defects 

INTRODUCTION 

Normal human color vision is trichromatic, and is 
traditionally thought to be based on three types of  cone 
photoreceptor: long-, middle- and short-wavelength-sen- 
sitive. Long before the tools of  modern molecular biology 
were brought to bear on questions about the genetics of  
color vision, inheritance patterns of color vision defects 
indicated that genes on the X-chromosome encode the 
long- and middle-wave pigments and an autosomal gene 
encodes the short-wave pigment. Two pigment genes on 
the X-chromosome were anticipated, one for the 
long-wave pigment and one for the middle-wave pigment. 
Contrary to this, quantitative Southern analysis of  
genomic DNA revealed that the number of pigment 
genes on the X-chromosome varies in color normal 
males. Nathans, Thomas and Hogness (1986b) proposed 
that color normal males typically have one long-wave 
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gene but they can have either one, two or three 
middle-wave genes. 

Genomic DNA from color blind and color deficient 
males was also subjected to Southern analysis and a model 
for the molecular genetic basis of color vision defects was 
formulated (Nathans, Piantanida, Eddy, Shows & 
Hogness, 1986a). According to that model, 5'middle- 
3'long-wave hybrid genes, introduced by homologous 
recombination, were proposed to encode abnormal 
"anomalous" pigments that differ in spectra from the 
pigments that underlie normal color vision. The addition 
of  such a hybrid gene to an otherwise normal pigment 
gene array containing normal middle- and long-wave 
genes was proposed to cause the color vision defect, 
deuteranomaly. The model assumed that sequences 
upstream of  each gene specifically direct the expression of  
the gene into either long-wave or middle-wave cones. The 
color vision deficiency in deuteranomaly, was suggested 
to be caused by the expression of the hybrid pigment into 
middle-wave cones along with the normal middle-wave 
pigment. This model has been shown to be untenable, 
since, in their color matches, deuteranomalous observers 
do not show evidence of  the expression of  any significant 
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amount of normal middle-wave pigment [see Neitz, Neitz 
& Jacobs (1991a) and Neitz & Neitz (1994) for a 
discussion]. 

An alternative explanation for how the addition of a 
5'middle-Ylong-wave hybrid gene to an otherwise 
normal array might produce a color vision defect was 
proposed recently (Deeb, Lindsey, Hibiya, Sanocki, 
Winderickx, Teller & Motulsky, 1992; Winderickx, 
Battisti, Motulsky & Deeb, 1992a). They suggest that only 
two genes in the X-chromosome array are expressed, 
presumably the first two. According to this model, if the 
first gene encodes a long-wave pigment, then normal color 
vision will result only if the second position in the array 
is occupied by a middle-wave gene. Introducing a hybrid 
gene into the second position in the array by homologous 
recombination is suggested to displace the middle-wave 
gene downstream to a non-expressed position and thereby 
produce color anomaly. Deeb et al. (1992) observed that, 
using methods that have become standard in characteriz- 
ing and interpreting the structures of the X-linked 
pigment genes, occasionally 5'middle-Ylong-wave hy- 
brid genes can be detected in males with normal color 
vision. They hypothesize that in color normal males, the 
hybrid genes are in a non-expressed position in the array. 
Implicit in this model is the assumption that expression 
of a hybrid gene causes color anomaly, and that hybrid 
genes occur with very low frequency in color normal 
males, ca. 3%. 

There is no apriori reason to expect that the expression 
of hybrid genes would cause color vision deficiency. The 
first gene in the X-chromosome visual pigment gene array 
has a unique upstream sequence that differs from the 
sequence upstream of the other genes in the array. The 
first position in the array is usually occupied by a 
long-wave gene (Vollrath, Nathans & Davis, 1988). 
Therefore, a second long-wave gene that was introduced 
by homologous recombination would have upstream 
sequences in common with middle-wave genes and would 
by earlier convention be a hybrid gene. Spectral tuning 
studies have demonstrated that amino acid differences 
encoded by exon 5 of the genes produce the large spectral 
shift that differentiates X-linked pigments into two 
well-separated classes, long- and middle-wave (Asenjo, 
Rim & Oprian, 1994; Chan, Lee & Sakmar, 1992; Merbs 
& Nathans, 1992b, Neitz, Neitz & Jacobs, 1991bNeitz 
et al., 1991b). Thus, any gene that includes long-wave 
exon 5 will encode a pigment with a spectrum that falls 
within the long-wave class. Depending on where, 
upstream of exon 5, the crossover occurred, 5'middle- 
3'long-wave hybrid genes can encode pigments with 
identical spectra to the parent long-wave gene or they can 
encode long-wave pigment subtypes with shifted spectra 
compared to the parent. There is considerable variation 
in normal color vision. Much of it can be accounted for 
by a serine/alanine polymorphism at position 180 of the 
middle- and long-wave photopigments (Neitz, Neitz & 
Jacobs, 1993; Winderiekx, Lindsey, Sanocki, Teller, 
Motulsky & Deeb, 1992b) that produces a 5 7nm 
spectral shift (Asenjo et al., 1994; Merbs & Nathans, 
1992a; Neitz, Neitz & Jacobs, 1995; Neitz et al., 1991b). 

Other individual amino acid differences encoded by exons 
2-4 of the genes provide relatively small spectral shifts, 
on the order of 0.5-4 nm (Asenjo et al., 1994; Merbs & 
Nathans, 1992b). 

Normal color vision requires the expression of at least 
one pigment from the long-wave class and at least one 
from the middle-wave class. A hybrid gene could be 
expressed as the only representative of one of the two 
classes, or one could be expressed in combination with 
other middle- and long-wave pigments. In either case, as 
long as a person draws at least one pigment from the long- 
and one from the middle-wave class he will have the 
photopigment basis for normal color vision (Neitz & 
Neitz, 1994). The expression of hybrid genes in the color 
normal population may contribute to the considerable 
variability in normal color vision but there is no reason 
to expect that it causes color vision deficiencies. 

The concept that there is typically a single long-wave 
gene per X-chromosome is a central feature of currently 
accepted models to explain the molecular basis of normal 
and defective color vision. The idea that expression of 
hybrid genes will cause color vision defects has remained 
an integral part of the postulated mechanism for color 
anomaly. Here we report experiments designed to directly 
test the hypothesis that there is typically a single 
long-wave gene per X-chromosome in color normal 
males. We find that color normal males very often have 
more than one long-wave gene. We also provide evidence 
that color normal males have and can express 
5'middle-Ylong-wave hybrid genes. 

METHODS 

Subjects and DNA isolation 

The subjects were males, with normal trichromatic 
color vision. Initial screening for normal color vision was 
from evaluating each individuals performance on the 
AO-HRR pseudoisochromatic plates. Color matches 
were obtained for each subject as described previously 
(Neitz & Jacobs, 1986, 1990) to confirm color normalcy. 
Genomic DNA was extracted from blood or semen 
samples obtained from each subject. 

Selective amplification of long- and middle-wave cone 
pigment gene fragments 

The polymerase chain reaction (PCR) was used to 
amplify segments of long- and middle-wave pigment 
genes separately. The amplification strategies are 
illustrated in Figs 1 and 2. Primer sequences are shown in 
Table 1, the nucleotide numbering system is that of 
Nathans et al. (1986b). Hot-start PCR was performed 
using Ampliwax PCR Gem-100s (Perkin-Elmer), in 
GeneAmp thin-wall tubes (Perkin-Elmer). PCR reac- 
tions contained: 50 mM Tris-HC1, pH 8.3, 50 mM KC1, 
1.5 mM MgCL, 200 #M each of dGTP, dATP, dCTP and 
dTTP, 20 pmol of each primer, 1.5 units Taq DNA 
polymerase and 100 ng total human genomic DNA in a 
final reaction volume of 40 /A. Thermal cycling 
parameters were: 1 cycle at 95°C for 5 min; followed by 
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Restriction endonuclease assay 

Selectively amplified fragments of long- or middle- 
wave cone pigment genes containing exons 3 and 4 (Fig. 
2) were used in a second round of the PCR to amplify exon 
3 from long- or middle-wave genes. Amplified exon 3 
DNA was purified, digested either with BstYI or BsoFI 
and end-labeled with P32. Digestion products were 
electrophoretically separated on 5% polyacrylamide, the 
gels were dried onto Whatman 3MM paper and the DNA 
imaged using a Phospholmager (Molecular Dynamics). 

..T..GCT..A.. ~ .<~ Middle-wave 
Specific Primer (10) Primer (5) 

Long-wave 
..C..AGC..G.. ~::~>, " ~  Primer (9) Primer (6) Specific 

Long-wave 
..T..GCT..A.. ~ I~  ~ Primer 19) Primer (5) Specific 

PCR Product? 

FIGURE 1. PCR strategy to initially characterize the long- and 
middle-wave genes in color normal subjects. The primers and 
their specificities are described in Table 1 and the numbering is from 
Table 1. PCR reactions were carried out with the four primer pairs 
indicated. Amplification products were visualized by agarose gel 

electrophoresis. 

35 cycles of 95°C for 1 min, 61°C for 1 min and 72°C 
for 10 min. PCR products were gel purified, and an 
aliquot of the amplified DNA was used for asymmetric 
PCR. Prior to gel purification, electrophoresis appara- 
tuses were treated with a fresh solution of 10% bleach 
for 30 min to render any residual DNA unamplifiable 
(Prince & Andrus, 1992). Reaction conditions for 
asymmetric PCR were as described above, except that the 
amount of one o f  the primers was reduced to 0.4 pmol, 
and the concentration of each of the deoxynucleotide 
triphosphates was reduced to 20 #M. DNA sequence 
analysis of the purified asymmetric PCR products was 
carried out using Sequenase Version 2.0 (United States 
Biochemical). 

RE SU L T S 

PCR analysis of X-linked visual pigment genes 

The first step in the characterization of the long- and 
middle-wave genes in genomic DNA of 27 color normal 
males was carried out using the PCR and amplification 
strategy illustrated in Fig. 1. For all subjects, PCR 
products were obtained with the middle-wave selective 
exon 5 primer only when it was paired with the 
middle-wave exon 4 primer (primer..C..AGC..G, Fig. 1). 
This suggests that middle-wave exon 5 is associated only 
with middle-wave exon 4 in these subjects. 

Findings for long-wave genes were relatively more 
complex. For 18 subjects, PCR products were obtained 
with the long-wave exon 5 primer only when it was paired 
with the long-wave exon 4 primer (..T..GCT..A.. primer, 
Fig. 1). For three subjects, the long-wave selective exon 
5 primer yielded PCR products only when paired with the 
middle-wave exon 4 primer and not when paired with the 
long-wave exon 4 primer. Genomic DNA from six 
subjects yielded PCR products with the long-wave 
selective exon 5 primer when it was paired with a 
long-wave exon 4 primer and when it was paired with a 
middle-wave exon 4 primer. This suggests that some color 
normal males have both normal and hybrid long-wave 
genes. To further investigate this possibility, we examined 
exon 4 of the long-wave genes from the 27 subjects by 
direct DNA sequence analysis. 

Nucleotide sequence determination of exon 4 of long-wave 
genes 

Using the strategy illustrated in Fig. 2, long-wave gene 
fragments were amplified from genomic DNA of each 
subject and used in direct DNA sequence analysis. The 

TABLE 1. Primers used in the polymerase chain reaction 

Primer Nucleotide positions Specificity Exon Sequence 

1 904-924 Long- and middle-wave 3 
2 1072-1054 Long- and middle-wave 3 
3 1083-1103 Long- and middle-wave 4 
4 1238-1221 Long- and middle-wave 4 
5 1 l 81-1202 Long-wave 5 
6 1182-1202 Middle-wave 5 
7 1202-1180 Long-wave 4 
8 1202-1181 Middle-wave 4 
9 1328-1307 Long-wave 5 
10 1336-- 1310 Middle-wave 5 

5'GGATCACAGGTCTCTGGTCTC 
5'CTGCTCCAACCAAAGATGG 
5'CACGGCCTGAAGACTTCATGC 
5'CGCTCGGATGGCCAGCCA 
5'CATCCCACTCGCTATCATCATG 
5'ACC CCA CTC AGC ATC ATC GTG 
5'CATGATGATAGCGAGTGGGATG 
5"CACGATGATGCTGAGTGGGGT 
5'GCAGTACGCAAAGATCATCACC 
5'CAGCAGAATGCCAGGACCATC 
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Sequence  Long- 
wave Speci f ic  Exon  4 

Exon 3 Strategy 

(1)~" 

-O" 
Sequence ..C..AGC..G.. 

Specific Exon 3 
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(1)~ 

(1) ~ . . . . . . . . . . . .  • - ~ "  • (2) 
42- 

Sequence.. T.. G C 7"..A.. 
Specific F.xon 3 

..T..GCT..A.. Pr imer  

FIGURE 2. Strategy for selective amplification of long-wave and middle-wave gene fragments containing exons 4 and 5, and 
exons 3 and 4. The number labels of the primers correspond to those in Table 1, where the primer sequences and their specificities 
are described. To obtain the sequence of exon 4 from long-wave genes, DNA fragments containing exons 4 and 5 were amplified 
with primers 3 and 9. An aliquot of the amplified DNA was used in asymmetric PCR with primers 3 and 4, and the single-stranded 
DNA derived from long-wave gene exon 4 was sequenced. To obtain the sequence of exon 3 from long- or middle-wave genes, 
DNA fragments containing exons 3 and 4 were amplified using either primers 1 and 8 (middle-wave-specific) or primers 1 and 
7 (long-wave-specific). Amplified DNA was used in asymmetric PCR with primers 1 and 2 to amplify exon 3, and the nucleotide 
sequence was determined. We note that primers 5 and 6 amplify the long-wave exon 4 sequence variant in which G replaces A 
at position 1200 (see the text). The variant position occurs at the 3' end of the primer and leads to a breakdown in specificity. 
Primer 7 amplifies both the usual and variant forms of long-wave exon 4, but does not amplify middle-wave exon 4. Primer 8 

amplifies only middle-wave exon 4, but does not amplify either the usual or the variant long-wave exon 4. 

sequence results for exon 4 of the long-wave genes are 
shown in Table 2. Twenty-four subjects have a unique 
exon 4 sequence associated with long-wave exon 5. 
Long-wave genes in 18 of those subjects (subjects 10, 
16, 22, 15, 04, 02, 24, 05, 11, 07, 12, 17, 01, 18, 25, 20, 
19 and 09) have the typical long-wave exon 4 sequence 
[the one reported by Nathans et al. (1986b)]. In three 
other subjects (21, 27, 031, long-wave exon 5 is associated 
only with an exon 4 sequence typical of middle-wave 
genes. 

In subjects 06, 08 and 13, long-wave exon 5 is associated 
with a variant of the typical long-wave exon 4 in which 
guanosine (G) replaces the usual adenosine (A) at 
nucleotide position 1200. We note that this allele of 
long-wave exon 4 amplified with both primers 5 and 6 
(Table 1, Fig. 1). 

Subject 14 has two distinct exon 4 sequences associated 
with long-wave exon 5. Both A and G are present at 
nucleotide position 1200, indicating the presence of at 
least two different long-wave genes. One of the long-wave 
genes has the typical long-wave exon 4 sequence, the other 
one has the exon 4 variant found in subjects 06, 08 and 13. 

Subjects 23 and 26 also each have two distinct exon 4 
sequences associated with long-wave exon 5. In the 
autoradiogram of the sequencing gel [Fig. 3(C), left panel] 
bands are present in two lanes at each of the five 
nucleotide positions in exon 4 that distinguish Nathans' 
long-wave genes from middle-wave genes. At each 
position, the nucleotide usually found in middle-wave 
exon 4 and the one usually found in long-wave exon 4 are 
both present. These results indicate that subjects 23 and 
26 each have at least two long-wave genes, one with the 
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usual long-wave exon 4 sequence, and the other with the 
exon 4 sequence more often associated with middle-wave 
genes. 

Nucleotide sequence determination for exon 3 of long-wave 
genes 

The next step was to examine nucleotide sequences of 
exon 3. DNA fragments containing exon 3 from 
long-wave genes were amplified and used in direct DNA 
sequence analysis according to the strategy illustrated in 
Fig. 2. 

A summary of the DNA sequence analysis of exon 3 
from long-wave genes is shown in Table 2. Eight 
polymorphic positions were observed. In the sequencing 
autoradiograms for 11 subjects, bands were present in two 
lanes at one or more of the polymorphic positions. 
Examples of this are shown in Figs 3(A) and 3(B), left 
panels. 

Taken together, the sequence data for exons 3 and 4 of 
long-wave genes suggests that at least 12 of the 27 color 
normal males examined have two or more different 
long-wave genes. The frequency of color normal males 
having more than one long-wave gene is likely to be 
underestimated here because direct sequencing can only 
detect multiple long-wave genes if they differ from each 
other. Additional individuals may have multiple 
long-wave genes that do not differ at the nucleotide 
positions we examined. 

Sequence analysis of exon 3 in middle-wave genes 

The nucleotide sequence of exon 3 from middle-wave 
genes was investigated for all of the color normal males, 
except subjects 21, 23, 26, 27 and 03. The five subjects 
excluded from this analysis each have hybrid long-wave 

genes that have the middle-wave exon 4 sequence. Thus, 
for these individuals, fragments containing exons 3 and 4 
from middle-wave genes and from hybrid long-wave 
genes can not be amplified separately. The sequence data 
is shown in Table 3, Eight polymorphic positions were 
observed in exon 3 of middle-wave genes. In the 
autoradiogram of the sequencing gels, bands were present 
in two lanes at one or more of these eight positions in 12 
of the subjects. Thus, each of these has two or more 
different middle-wave genes. 

Exon 3 of both long- and middle-wave genes appears 
to be highly polymorphic. Of the 27 subjects we examined, 
13 have a single exon 3 sequence in their long-wave genes. 
Among these there are seven exon 3 sequence variants. 
Ten of the subjects have a single exon 3 sequence 
associated with their middle-wave genes. Four of the five 
middle-wave variants of exon 3 were also found in 
long-wave genes. 

Confirmation of multiple long- and middle-wave genes by 
restriction endonuclease cleavage assays 

We have confirmed the presence of two different 
long-wave and middle-wave genes in individuals by 
taking advantage of the fact that some of the nucleotide 
sequence polymorphisms create restriction endonuclease 
cleavage site polymorphisms. 

The nucleotide at position 1032 is either a guanosine 
(G 1°32) or thymidine (T1°32). In genes with G ~°32, there is a 
BsoFI recognition site that is absent in genes with T 1°32. 

Sequence analysis of exon 3 from the long-wave genes 
suggests that six subjects (17, 14, 23, 06, 08 and 25) each 
have two or more long-wave genes that differ at position 
1032. Thus, a mixture of cut and uncut DNA fragments 
should be obtained from BsoFI digestion of exon-3-con- 
taining DNA fragments amplified from long-wave genes. 

TABLE 2. Polymorphic exon 4 positions linked to long-wave exon 5, and polymorphic exon 3 positions linked to long-wave exon 4 

Nucleotide pos i t ions in  exon 3 Nucleotide pos i t ions in  exon 4 
S u ~ e c t N o .  947 951 959 1005 1007 1015 1026 1032 1183 1191 1192 1193 1200 

17 G C G G G C A GT T G C T A 
1 G C G G G C GA T T G C T A 
18 G C GC A T C A T T G C T A 
25 A A C G G C A GT T G C T A 
8 A A C G G T GA G T G C T G 
20 A A C G G TC A GT T . G C T A 
19 A A C G G TC GA G T G C T A 
9 G A  AC GC G G C A G T G C T A 
6 GA A C G G TC GA GT T G C T G 
14 GA AC GC G G C A GT T G C T AG 

26 G C G G G C A G TC AG GC TC AG 
23 G C G G G C GA GT TC AG GC TC AG 

27 C A G C G 
21 C A G C G 
3 C A G C G 

10, 16, 22 G C G G G C A G T G C T A 
15, 4, 2, 24 G C G G G C A T T G C T A 
5 G C G A G C A T T G C T A 
11 A A C G G T G G T G C T A 
7 A A C G G C A T T G C T A 
13 A A C G G T A T T G C T G 
12 A C G G G C A T T G C T A 
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A Two long-wave One long-wave 
Ex on  3 sequences sequence 

961-943 G A T C G A T C 

B 
Two long-wave One long-wave 

E x o n  3 sequences sequence 

1038-1010 G A T C 

959 G/C 

951A/C 

947 G/A 

1026 G/A 

1015 T/C 

G A T C 

C 

Exon  4 
Two long-wave One long-wave 

sequences sequence 

1179-1203 G A T  C G A T C 

1183 

1191 

1192 

1193 

1200 

FIGURE 3. Sequencing autoradiograms showing two long-wave gene sequences in individual color normal males. Example 
sequences for three different regions of the long-wave genes are shown, two in exon 3 and one in exon 4. In each example, the 
sequence ladder on the left shows two bands at single nucleotide positions indicating the presence of two different long-wave 
sequences. For comparison, on the right is the corresponding ladder from an observer with one long-wave sequence in that region, 
i.e. there are no polymorphisms in the region shown. (A) Left panel--long-wave gene exon 3 sequence from a subject who has 
two long-wave genes that differ at nucleotide positions 947, 951 and 959. Right panel--result from an observer with a single 
long-wave sequence for comparison. (B) Left panel-~exon 3 sequence from a subject who has two long-wave genes that differ 
at nucleotide positions 1015 and 1026. Right panel--a single exon 3 sequence from a different observer. (C) Left panel---exon 
4 sequence from a subject who has a long-wave gene with the more typical exon 4 sequence and a second long-wave gene with 
middle-wave exon 4; both the nucleotides found in long- and in middle-wave exon 4 are present at each of the five positions (1183, 
1191, 1192, 1193 and 1200) that distinguish the two. Right panel--ladder from a subject whose long-wave gene has only the 

long-wave exon 4 sequence. 

Alternatively, if each subject has a single long-wave gene 
then BsoFI digestion of  amplified long-wave gene exon 3 
DNA will yield either completely cut (G 1°32) or completely 
u n c u t  (T 1°32) DNA fragments. 

The results of  the BsoFI restriction enzyme assay are 
shown in Fig. 4. As a control, the assay was done using 
exon 3 from the long-wave and middle-wave genes of  the 
subjects that have only T 1°32 in their long-wave genes and 
only G 1°32 in their middle-wave genes. The results for one 
control subject, 13, are shown (Fig. 4). As expected from 
the sequence data, the exon 3 fragments from the control 
subject's (13) long-wave gene are not cleaved by BsoFI, 
and the exon 3 fragments from his middle-wave genes are 
cut to completion. Such control results demonstrate that: 
(i) the BsoFI enzyme preparation does not have 

contaminating nuclease activity that might give a 
misleading result; and (ii) the primers and procedures for 
selective amplification are highly specific so that no 
detectable amplification of  middle-wave exon 3 occurs in 
the PCRs designed to amplify only long-wave genes, and 
vice versa. 

Figure 4 shows the results of  the BsoFI restriction 
endonuclease assay for long-wave genes from four of  the 
six subjects found from sequence analysis (Table 2) to 
have multiple long-wave genes differing at position 1032. 
The results from the BsoFI restriction digest assay 
confirm the sequence data for all six subjects. That  is, for 
each subject, BsoFI digestion of long-wave gene exon 3 
fragments yields three bands representing a mixture of  cut 
( G  1°32) and uncut (T ~°32) exon 3 fragments. Also shown in 
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TABLE 3. Sequence at polymorphic positions in exon 3 of middle-wave genes 
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Nucleotide positions 
Subject No. 947 951 959 1005 1007 1015 1026 1032 

10, 22 G C G G G C A G 
5 A A C G G C A T 
7 ,2 ,16  A A C G G C A G 
13, 18, 11 A A C G G T G G 
12 A C G G G C A T 

17 G AC G G G C A GT 
1 GA AC G G G C G T 
4 GA A C G G C GA G 
25 GA A C G G TC GA G 
8 A A GC G G TC GA GT 
20 GA AC GC GA GT C A GT 
19 A A C G G TC GA GT 
15 GA A GC G G C A GT 
6 A A C G G TC GA GT 
15 GA AC GC G G C A G 
24 A A C G G TC G G 
9 A A C G G C GA G 

Fig. 4 is the result ofBso FI digestion ofexon 3 fragments 
amplified from the middle-wave genes in subject 17. 
Sequence analysis suggests that he has middle-wave genes 
with both T and G at position 1032. This is confirmed by 
the BsoFI assay, and serves as a positive control since it 
is generally agreed that color normal observers can have 
multiple middle-wave genes. 

Another of the polymorphic exon 3 positions, 
nucleotide 1026, produces a restriction site polymor- 
phism. When A is present at 1026, a BstYI  restriction site 
is created that is absent when G is the nucleotide at 
position 1026. If an individual has two long-wave genes 
that differ at position 1026, then digestion of long-wave 
exon 3 with Bs tY I  will yield both the cut and uncut forms 
of exon 3. For subjects having long-wave genes with only 

T w o  L 

s e q u e n c e s  

L M M L L L 

_ P i g m e n t  

L e n c o d e d  

- Uncut 

Cut  

13 13 17 17 23 25 20 -- S u b j e c t  

FIGURE 4. BsoFl restriction cleavage assay results. Amplified exon 3 
fragments from long-wave genes are labeled with letter L above the lane. 
The letter M designates lanes containing exon 3 fragments amplified 
from middle-wave genes. The subject from which DNA was amplified 

is indicated by the number at the bottom of each lane. 

G 1°26, a single band the size of full length exon 3 is 
expected. Two bands are expected for subjects whose 
long-wave genes have only A 1°26. This experiment was 
carried out for control subjects, who have only A 1026 in 
their long-wave genes and only G1°26 in their middle-wave 
genes. Two of these, 18 and 13, are shown in Fig. 5. As 
predicted from the sequence, the long-wave gene exon 3 
fragments from subjects 18 and 13 are both cut to 
completion by endonuclease BstYI ,  whereas their 
middle-wave exon 3 fragments are not cleaved. This 
confirms that the amplification strategy is highly selective, 
the enzyme preparation does not have extraneous 
nuclease activity that would give a misleading result, and 
contaminating DNA was not introduced into PCRs. 
Results from DNA sequence analysis suggest that five 
subjects (01,08, 19, 06 and 23; Table 3) have long-wave 
genes with G 1°26 and with A 1°26. If so, BstYI  digestion of 
exon 3 containing fragments from their long-wave genes 
will yield a mixture of cut and uncut DNA. This is exactly 
what is observed (Fig. 5). This experiment was also 
carried out using middle-wave exon 3 fragments as a 
positive control. Results from subjects 06 and 08 are 
shown in Fig. 5. The DNA sequence analysis suggests that 
both of these subjects have multiple middle-wave genes, 
with both G 1°26 and A 1°26 (Table 4). In all cases, the 
endonuclease cleavage assay results confirmed the results 
from direct sequencing. 

D I S C U S S I O N  

Early molecular studies revealed that, among males 
with normal color vision, there is variability in the number 
of X-linked pigment genes. It was proposed that there is 
typically a single long-wave gene and one, two, three or 
occasionally more middle-wave genes (Nathans et al., 
1986b; Drummond-Borg, Deeb & Motulsky, 1989). The 
results presented here indicate that there is also 
considerable variability in the number of long-wave genes 
in males with normal color vision. In this sample of 27 
males with normal color vision, direct DNA sequencing 
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FIGURE 5. BstYI restriction cleavage assay results. L and M designate lanes containing exon 3 fragments amplified from 
long-wave genes, and middle-wave genes, respectively. The subject from which DNA was amplified is indicated by the number 

at the bottom of each lane. 

of their long-wave genes revealed that twelve individuals 
have at least two different long-wave genes. 

Amino acid substitutions encoded by exon 5 of the 
pigment genes produce the spectral difference that 
distinguishes middle- from long-wave pigment classes 
(Asenjo et al., 1994; Chan et al., 1992; Merbs & Nathans, 
1992b; Neitz et al., 1991b). Other amino acid 
substitutions encoded by exons 2-4 of the pigment genes 
also produce spectral shifts, however, these are relatively 
small and are responsible for producing subtypes of 
pigments within each of the middle- and long-wave classes 
(Asenjo et al., 1994; Merbs & Nathans, 1992b). 

Extra middle-wave genes, evident in the earliest 
molecular studies, are proposed to have arisen from gene 
duplication by homologous recombination (Nathans 
et al., 1986b). From the present studies it is clear that extra 
long-wave genes are also a common feature of the 
pigment gene clusters of normal observers. We propose 
that they also arose by homologous recombination (see 
Fig. 6). Previously, long- and middle-wave genes were 
distinguished using restriction fragment length polymor- 
phisms (Fig. 7), originally described by Nathans et al. 
(1986b). The first position in the X-chromosome array is 
usually occupied by a long-wave gene (Vollrath et al., 
1988). The first gene in a tandem array is flanked on the 
5' side by unique sequences that are not part of the repeat 
unit of the array. These unique sequences cannot be 
duplicated or deleted by homologous recombination. All 
other genes in the array share a common 5' flanking 
sequence. Thus, extra long-wave genes added to the array 
by homologous recombination will always contain 
upstream sequences that are common to all genes in the 
array except the ,first gene (Fig. 6). The restriction 
fragment length polymorphisms originally used to 
distinguish long- from middle-wave genes include 5' 
flanking sequences (Fig. 7). The 5" flanking sequence 
common to all genes but the first one was previously 
defined as characteristic of middle-wave genes. Nonethe- 

less, added genes that contain upstream middle-wave 
sequences, will encode pigments with long-wave spectra 
provided they have the parent long-wave exon 5 (Fig. 6). 
This means that all long-wave genes, beyond the first one 
in the array are, by previous definition, 5'middle-3'long- 
wave hybrid genes. 

Comparisons with previous results 

Once it is appreciated that the additional long-wave 
genes contain variable amounts of upstream middle-wave 
sequence it is very easy to understand how the multiple 
long-wave genes that occur so frequently were not 
recognized by Southern analysis in the early molecular 
studies. Neither the exon 3 or exon 4 sequence variability 
that clearly reveals the presence of multiple long-wave 
genes in color normal males would have been detected by 
the Southern hybridization studies. Three of the four 
restriction fragment length polymorphisms that were 
examined in Southern analysis arise from genetic 
differences that occur upstream of the coding sequence or 

Long-wave ml~ 
gene 

Middle.wave 

FI G U R E 6. Proposed unequal intragenic crossover that would produce 
multiple long-wave genes in males with normal color vision. The wavy 
lines indicate upstream sequences flanking the first gene in the array that 
are not homologous to any within the array. Because of  this, long-wave 
genes, added in a crossover must contain upstream sequences that were 
believed earlier to be exclusive to middle-wave genes in observers with 
normal color vision. If the two parental chromosomes each have one 
long-wave gene and they are misaligned by one gene (as shown) the 
duplicated long-wave gene will always occupy the second position in the 
array. Larger misalignments that would place the duplicate in a more 

3' position might be expected to occur less frequently. 
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of a BamHI restriction site (B) that occurs upstream of the first gene, outside of the tandemly repeated sequences. Dr is shorter 
than Dg because of a RsaI site (R) that occurs in the long-wave genes but is absent in the middle-wave genes. Results from the 

quantitation of the ratio Ag/Ar was emphasized in earlier interpretations of the pigment gene array. 

within the upstream third of the gene (Fig. 7). The ratio 
of fragments Ag/Ar, was emphasized in the interpretation 
of  the structure of  the array (Nathans et al. ,  1986b). It was 
assumed that fragment Ar was always present in single 
copy. However, the insert that distinguishes A, from Ag 
occurs about one-third of  the way into the gene. A 
crossover in the first third of  the gene would duplicate the 
long-wave gene, including fragment Ar. In subjects with 
two long-wave genes that each contain fragment Ar, the 
Ag/Ar ratio may reflect the correct ratio of  middle- to 
long-wave genes. But, if only a single long-wave gene is 
assumed, the presence of the additional long-wave gene 
is overlooked and the total number of pigment genes is 
substantially underestimated. In other cases, if the 
crossover that produced the second long-wave gene 
occurred downstream of the Ar insert then the added 
long-wave gene would contain Ag. In these observers, 
interpretations based on the AJAr ratio reflect neither the 
correct ratio of  middle- to long-wave genes or the number 
of long-wave genes. 

In the original molecular studies, Nathans et al. (1986b) 
made the assumption that seemed most reasonable at the 
time: long-wave genes in color normals would be distinct 
from middle-wave genes along their entire length. Thus, 
differences in the gene sequences, other than those in exon 
5, were assumed to be usable in distinguishing long- from 
middle-wave genes. Quite sensibly, more recent studies 
have followed Nathans et al. (1986b) in assuming that 
gene sequence differences, outside ofexon 5, could be used 
to distinguish middle- from long-wave genes. For  

example, in studies of  the pigment genes using single 
strand conformation polymorphism (SSCP) analysis 
(Winderickx et al. ,  1992b, Winderickx, Battisti, Hibibya, 
Motulsky, & Deeb, 1993), a PCR strategy was developed 
to amplify long-wave genes separately from middle-wave 
genes assuming that sequence differences in exon 2 could 
be used to distinguish long- from middle-wave genes. 
Now, however, spectral tuning studies have clearly 
demonstrated that the only gene sequences that have 
functional significance in determining the spectral 
difference between middle- and long-wave pigment 
classes are in exon 5 (Asenjo et al.,  1994; Merbs & 
Nathans, 1992b; Neitz, Neitz & Jacobs, 1989; Neitz et al.,  
1991 b). Since all long-wave genes that occur in positions 
downstream of  the first one must have or be preceded by 
upstream middle-wave sequences, the use of sequence 
differences other than those in exon 5 to distinguish the 
genes is expected to erroneously identify some long-wave 
genes as those encoding middle-wave pigments. This is 
likely for the two nucleotide differences in exon 2 that 
Winderickx et al. (1992b, 1993) assumed could be used 
select long- vs middle-wave genes. In exon 2, three 
nucleotide differences that produce amino acid changes 
were identified by Nathans et  al. (1986b) among long- 
and middle-wave genes. Two of those were used by 
Winderickx et al. (1992b, 1993) to design long- and 
middle-wave selective PCR primers. These two have never 
been investigated directly to determine whether they are 
polymorphic among the long-wave or among the 
middle-wave genes in color normals. Such an investi- 
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gation is not feasible using conventional PCR technology 
because the exon 5 differences that determine middle- vs 
long-wave differences cannot be directly linked to exon 2 
through the highly polymorphic exon 3. However, 
upstream of the two positions used in the selection, is the 
third variant exon 2 position. Winderickx et  al. (1992b) 
report that it sometimes varies inconsistently with the 
selection. Downstream of the two exon 2 positions are the 
numerous positions in exon 3 that are highly polymorphic 
among the long-wave genes, and among the middle-wave 
genes. Thus, since it has been shown that the exon 2 
differences that were assumed to identify long- from 
middle-wave genes cannot reliably identify nearby 
nucleotides on either side of them it is unlikely that they 
could provide a reliable selection for differences in the 
much more distant exon 5 that determine middle- vs 
long-wave gene identity. 

In one SSCP study, long- vs middle-wave gene 
fragments containing exon 3 were identified solely on the 
basis of differences in exon 2 (Winderickx et al.,  1992b). 
From the analysis of exon 3, the frequency of serine vs 
alanine at amino acid position 180 was determined. This 
polymorphism is important because substitution of Ser ~8° 
for Ala ~8° produces a red-shift in the spectra of both the 
middle- and long-wave pigments. Winderickx et  al. 
(1992b) report that genes identified as long-wave are 
highly polymorphic at position 180 (62% Ser, 38% Ala), 
while most genes (84%) identified as middle-wave encode 
Ala ~8°. This led to the conclusion that polymorphism in 
the long-wave pigments is important in accounting for 
normal variations in color vision. But, polymorphism in 
the middle-wave pigments has been ignored (e.g. Merbs 
& Nathans, 1992b). 

The present study differentiates middle- from long- 
wave genes using the genetic differences in exon 5 where 
the spectral difference is determined. We find quite a 
different distribution of Sef 8° and Ala ~8° among the 
pigment classes. Six of our subjects (22%) have both genes 
that encode Sef 8° and  genes that encode Ala ~8° among 
their multiple long-wave genes, and overall Ser 18° and 
Ala ~8° occur with about equal frequency among the 
deduced sequences of long-wave pigments. Also, Ser 18° 
occurs at a higher frequency among the middle-wave 
genes than was deduced under the assumption that exon 
2 sequences could be used to select long- vs middle-wave 
genes; nine (41%) of our subjects have sequences 
encoding Ser ~8° among their middle-wave genes. This high 
frequency of individual differences at position 180 in the 
middle-wave genes suggests that polymorphism at that 
position among the middle-wave pigments probably 
contributes to color vision polymorphism in the normal 
population. 

SSCP analysis of color normal observers did not detect 
multiple long-wave genes (Winderickx et al.,  1992b, 
1993). Particularly in the earlier of the two studies, this 
failure may be explained in part by the misidentification 
of middle- and long-wave genes through the use of exon 
2 sequences as a marker. This is not likely to be the 
complete explanation, though, since the later study 
reports the use of differences in exons 4 and 5 in addition 

to those in exon 2 to select middle- from long-wave 
sequences (Winderickx et  al.,  1993). However, another 
important difference is that in the present study the 
nucleotide sequences of the genes from each subject were 
determined directly, whereas previously the results of 
SSCP analysis were used to make inferences about the 
nucleotide sequences of DNA fragments without a direct 
determination. SSCP analysis takes advantage of the fact 
that each piece of single-stranded DNA assumes a specific 
folded conformation based on its nucleotide sequence, its 
temperature and chemical environment. In non-denatur- 
ing gel electrophoresis, used in SSCP, the migration of 
each single-stranded DNA fragment depends on its 
folded conformation. Under the right circumstances, two 
DNA fragments that differ by as little as 1 base can have 
different migration patterns. However, the effects of 
sequence differences on migration of the strands are 
unpredictable and it cannot be known a pr ior i  for a given 
set of chemical and temperature conditions whether or 
not sequence differences will produce detectable 
differences in the migration patterns of the strands. Thus, 
one cannot conclude that two DNA samples are identical 
when differences are not detected in SSCP analysis. Since 
the interpretation relies on judgments of sometimes small 
differences in the positions of two strands, the presence of 
two different sequences in one reaction can be particularly 
difficult to detect. The difficulties in interpretation are 
compounded when more than two bands are seen, e.g. at 
least three of the eight migration patterns that Winderickx 
et  al. (1993) illustrate as corresponding to unique 
long-wave sequences have more than the two bands 
expected for the two denatured strands of a single 
sequence. An indication of how effectively the SSCP 
screening detected genetic differences can be gleaned by 
examining the range of different patterns of polymor- 
phisms detected in exon 3 with SSCP compared with those 
detected here by conventional DNA sequencing. Among 
the genes from 74 color normal observers examined by 
SSCP analysis, 68% of the exon 3 fragments identified as 
long-wave fell into just one of two categories (Winderickx 
et  al.,  1993). The remaining subjects each had one of eight 
other patterns. In contrast, in a much smaller sample of 
27 subjects, we find 18 different patterns in the sequences 
ofexon 3 from long-wave genes. Many of these show two 
nucleotides present at single positions indicating the 
presence of more than one long-wave gene (e.g. Fig. 3). 
However, even among the smaller number of cases where 
the sequence of the individual genes can be deduced, we 
find five sequence patterns that were not detected in the 
much larger SSCP study. These differences are consistent 
with the conclusion that while the SSCP approach was 
very effective in detecting genetic differences, there are 
complexities among the X-linked pigment genes that are 
beyond its capacity. The gene arrays are much more 
complicated than was imagined previously--in their 
enormous variety of nucleotide differences and in the 
variety of numbers and ratios of genes. These features can 
be seen in the detail provided by direct DNA sequence 
analysis, but they are outside the capability of what can 
be detected in SSCP screening. 
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Numbers and ratios of pigment genes in the X-chromosome 
array 

The previous interpretations estimated gene number 
from fragment ratios assuming a single long-wave gene. 
One of the implications of finding multiple long-wave 
genes is that it means, for many subjects, the total number 
of X-linked pigment genes was substantially underesti- 
mated. We have recently reexamined the numbers and 
ratios of pigment genes using new methods that remedy 
limitations inherent in the quantitative Southern analysis 
used earlier (Neitz & Neitz, 1995). Briefly, we developed 
a PCR approach that allows amplification of a DNA 
fragment from all of the X-linked visual pigment genes. 
In one experiment, the amplified fragment contains a 
restriction site polymorphism that distinguishes the first 
gene from all others in the array. In a second experiment, 
the amplified fragment contains a restriction site 
polymorphism that distinguishes middle- from long-wave 
genes. PCR products were radioactively labeled, digested 
with the appropriate restriction enzyme, electrophoreti- 
cally separated, and the amount of radioactivity in each 
of the bands was quantitated. The first experiment yields 
estimates of the total number of X-linked pigment genes 
and the second experiment yields estimates of the ratio of 
middle- to long-wave genes. The quantitation was 
performed on 26 of the subjects whose genes are examined 
in the present study. The quantitation results demonstrate 
that individual differences in the pigment genes are much 
larger than appreciated earlier. These subjects are 
estimated to have as few as two and as many as nine 
X-linked pigment genes. Consistent with what is shown 
here, many subjects were estimated to have multiple 
long-wave genes. The quantitation data together with the 
present sequence data allow a model of the X-linked 
pigment gene arrangements in these subject to be 
constructed (Fig. 8). Multiple long-wave sequences were 
detected here in 9 of the 12 subjects who were estimated 
by quantitation to have multiple long-wave genes. In only 
three subjects, multiple long-wave genes were estimated in 
the quantitation but corresponding polymorphisms in the 
sequences (exons 3 and 4) of the long-wave genes were not 
detected. This indicates that among observers with 
multiple long-wave genes, while occasionally a person 
may get two long-wave genes with the same sequence, the 
long-wave genes are so highly polymorphic in their exon 
3 and 4 sequences that it is most common for a person to 
get two long-wave genes with different sequences. The two 
different methods also lead to similar conclusions in 
identifying observers who have just a single long-wave 
gene. In the present experiments, only a single long-wave 
sequence was detected in 11 of the subjects who were 
estimated by quantitation to have a single long-wave 
gene. The quantitation experiments and the sequencing 
experiments reported here provide independent confir- 
mation of the presence, in high frequency, of multiple 
long-wave genes in males with normal color vision. The 
two experiments closely agree in differentiating observers 
who have multiple long-wave genes from those who have 
only a single long-wave gene. The correspondence 

(multiple long-wave genes detected in both experiments-- 
9 subjects; a single long-wave gene detected in both 
experiments--ll subjects) is highly unlikely to have 
occurred by chance (Z 2 = 7.4, 1 df, P = 0.0066). 

Incomplete pigment genes? 

Conclusions from the sequencing experiments are 
consistent with those from the quantitation experiments 
for 23 of the 26 observers. However, for three of the 26 
observers (17, 18 and 01), two long-wave sequences were 
observed in exon 3, but the quantitation estimated only 
a single long-wave gene. The discrepancy in these three 
observers is unlikely to be from errors in sequencing 
because for two of the subjects (01 and 17) the presence 
of two long-wave exon 3 sequences was independently 
confirmed by restriction analysis (Figs 4 and 5). On the 
other hand, measures of the validity and reliability of the 
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FIGUR E 8. Proposed gene arrangements of  26 observers with normal 
color vision. The numbers of middle- and long-wave genes were 
estimated from a quantitation of  the total number of X-linked pigment 
genes and of  the ratio of middle- to long-wave genes. Long-wave genes 
that occupy positions downstream of  the first one are shown as fusion 
genes because they must contain 5' sequences that were earlier believed 
to be exclusive to middle-wave genes (see Fig. 6). Subjects 27, 26, 23, 21 
and 03 are shown as having fusion genes with larger amounts of  
middle-wave sequence because they were found to have long-wave genes 
with middle-wave exon 4. The sequencing results were consistent with 
the quantitation results for 23 of  these subjects (shown above the solid 
line). An apparent inconsistency in the sequencing results compared 
with those from the quantitation can be explained if three of  the subjects 
(shown below the line) have incomplete middle-wave genes as illustrated 

(see text). 
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quantitation method suggest that for subjects estimated 
to have three X-linked pigment genes (e.g. subjects 01 and 
18), the error is unlikely to be large enough to miss the 
presence of  multiple long-wave genes. I f  the discrepancy 
does not arise from errors in either method, the problem 
may be in the assumption, used in determining the 
number of  genes from the quantitation results, that all 
photopigment genes are complete. The discrepancy could 
be explained if some pigment genes in the three subjects 
are incomplete. For  example, the quantitation of  gene 
number counts a fragment derived from the 5' end of  the 
genes, while the ratio of  middle- to long-wave genes is 
determined from sequences in exon 5, near the 3' end of 
the gene. If  there are middle-wave genes that have 
deletions such that they are missing sequences at the 5' 
end, the total number of  3' ends would be underestimated. 
This underestimate, when compared to the relatively high 
ratio of  middle- to long-wave exon 5 fragments would fail 
to show the presence of  multiple long-wave genes (Fig. 8). 
Some blue cone monochromats have deletions that leave 
fragments of  pigment genes that are missing 5' sequences 
(Nathans et al., 1989; Nathans et al., 1993). In blue cone 
monochromats,  the deletions include a region upstream 
of  the first gene that is believed to be essential for turning 
on the expression of all pigment genes in the array (Wang 
et al., 1992). Similar deletions could occur in the upstream 
regions of  the middle-wave genes without serious 
consequences for vision as long as the individual has other 
intact middle-wave genes to provide function. We have 
recently identified a number of  Alu- l ike  sequences 
concentrated near the 5' ends of  the pigment genes (Kainz, 
Neitz, Neitz & Grishok, 1994). Such regions can be highly 
unstable. The homologous crossovers proposed earlier 
can add and delete genes and they can produce hybrid 
genes but they leave only intact pigment genes. In 
contrast, recombination events among the multiple Alu 

sequences within a gene or between genes on the same 
chromosome can delete part of a gene. Comparison of  the 
locations of Alu sequences with the locations of deletion 
end-points shows that A l u - A l u  recombinations can 
explain the deletions seen in blue cone monochromats 
(unpublished observation); they may also be responsible 
for the deletion of pieces of  genes at more downstream 
locations where the consequences are much less severe. 

Hybr id  genes 

As noted above, all long-wave genes except the first 
one, are genes that by previous definition are 
5'middle-3'long-wave hybrid genes. The prevalence of  
extra long-wave genes together with the finding of  
subjects with a hybrid as their only long-wave gene 
indicates that fusion (or hybrid) genes previously found 
associated with color vision defects are a common feature, 
occurring in the majority, of  the gene arrangements of  
color normal observers. As many as two-thirds of the 
males in our sample have hybrid genes (see Fig. 8). In 
some cases, the amount  of middle-wave sequence 
contained in the normal long-wave gene appears to be 
large. For  example, five of  the color normal males we 

examined have a hybrid long-wave gene with middle- 
wave sequences that include exon 4. Earlier, Winderickx 
et al. (1992b) detected long-wave genes with middle-wave 
exon 4 in color normals, but at a lower frequency (2 out 
of  50). In our sample, three of  the five males with the 
middle-wave exon 4, long-wave exon 5, hybrid gene 
(subjects 03, 21 and 27; Table 2) have no other gene that 
could potentially encode a long-wave pigment. These 
subjects have normal color vision, thus, the hybrid gene 
is expressed in normal color vision and produces a normal 
long-wave sensitive visual pigment. Since we can be 
confident that the hybrid gene is expressed in observers 
who have it as their only long-wave gene this implies that 
the introduction and the expression of  hybrid genes is not 
sufficient to cause color vision defects. Spectral tuning 
experiments predict that these particular hybrid genes will 
produce a long-wave pigment with a shorter than average 
spectral peak. This is manifest in the color vision of  these 
subjects. They are among those color normals that require 
the highest ratio of  red/green light in Rayleigh color 
matches. Nonetheless, their color matches fall well within 
the range considered normal, and one that is very different 
from any color anomalous observer. These findings 
indicate that the exon 4 middle- exon 5 long-wave hybrid 
genes, and all other 5'middle-3'long-wave hybrid genes 
are normal variants of  the long-wave gene. This suggests 
that color normal and deuteranomalous observers are 
both drawing from the same pool of  long-wave pigments. 
Color normal observers express at least one pigment from 
each of the three classes, short-, middle- and long-wave. 
We have argued earlier (Neitz et al., 1993; Neitz & Neitz, 
1994) that they may express more than one subtype from 
the long- and/or middle-wave classes. Further, if the 
subtypes are expressed in separate cones then more than 
three spectrally different cone types may occur in some 
males with normal color vision [see Neitz & Neitz (1994) 
for a discussion]. Deuteranomalous observers express at 
least two pigment subtypes from the long-wave class but, 
for reasons yet to be understood, they fail to express any 
representative from the middle-wave class. 
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