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Common variation in colour vision exists among both colour normal and colour defi- 
cient subjects. Differences at a few amino acid positions that influence the spectra of 
the L and M cone pigments account for most of this variation. The genes encoding the 
L and M photopigments are arranged in head-to-tail arrays on the X-chromosome, 
beginning with the L and followed by one or more M pigment genes. The L and M 
pigment genes are highly homologous, which predisposed them to unequal crossing 
over (recombination) resulting in gene deletions and in formation of L/M hybrid genes 
that encode a variety of pigments with either Llike or M-like spectra that account for 
the majority of colour vision defects. Only the first two pigment genes of the L/M array 
are expressed in the retina and, therefore, need to be considered in predicting colour 
vision. A common single amino acid polymorphism (serine or alanine) at position 180 
of the Lpigment plays an important role both in variation in normal colour vision and 
in the severity of colour vision defects. Blue cone monochromacy is a rare form of 
colour vision deficiency that results from mutations that abolish function of both the L 
and M pigment genes. All the above defects are inherited as X-linked recessive traits. 
Tritanopia is also a rare autosomal dominant colour vision defect caused by mutations 
in the S pigment gene located on chromosome 7. Total colour blindness (achromatop 
sia or rod monochromacy) is a rare autosomal recessive trait caused by mutations in 
genes encoding the proteins of the photoreceptor cation channel or cone transducin 
that are essential for function of all classes of cone. 
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Humans normally have trichromatic col- 
our vision and possess three distinct classes 
of retinal cone photoreceptors. These 
cones contain either short-wave sensitive 
(S), middle-wave sensitive (M) or long- 
wave-sensitive (L) photopigments. Colour 
perception results from comparison of the 
outputs of all three classes of cone. The 
L, M and S photopigments have overlap 
ping spectra with peaks of maximal absorp 
tion (Ama) at 560,530 and 420 nm, respec- 

tively. The 30 nm difference between the 
L and M pigments is accounted for by dif- 
ferences in amino acids at three positions: 
Ala 180 Ser (-4 nm), Phe 277 Tyr (-10 nm) 
and Ala 285 Thr (-16 nm), with the amino 
to the left of the number being in the M 
pigment and that to the right being in the 
L pigment. Trichromatic colour percep 
tion relies on comparison between outputs 
from these three cone photoreceptor 
classes. Therefore, the correct overlap 

between the spectra of cones is critical for 
colour discrimination. 

All Old World primates and some New 
World primates have trichromatic colour 
vision. In the New World primates, 
trichromacy is limited to a subset of 
females because of polymorphisms in the 
single X-chromosome linked pigment 
gene. Due to X-chromosome inactivation, 
females who are heterozygous for a 
polymorphism that influences pigment 
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spectral tuning would have three classes 
of cone in their retinae and trichromatic 
colour vision. The majority of the other 
mammals have dichromatic colour visi0n.l 
The introduction of trichromacy into the 
Old World lineage occurred about 40 mil- 
lion years ago as a result of duplication of 
the ancestral middle-long photopigment 
gene on the x-chromosome, followed by 
their divergence into the L and M pigment 
genes. There is evidence to suggest that 
the evolution and maintenance of trichro- 
matic colour vision among primates is as- 
sociated with the advantage of being more 
efficient than dichromats in detecting par- 
ticular ripe fruits against a background of 
leaves in dappled light.2-5 Soon after clon- 
ing of the cone photopigment genes and 
deduction of the sequence of the encoded 
pigments,"' the molecular basis of red- 
green and blue colour vision defects was 
elucidatedaQ and genotype-tocolour vision 
phenotype emerged.I0ls 

The L and M photopigments exist in 
several forms that are generated by forma- 
tion of L/M hybrid genes and by a com- 
mon polymorphism at position 180 of the 
L pigment.I4 There is the group of pig- 
ments that is L-like and another that is 
M-like, however, each cone photoreceptor 
contains one of these pigments. Individu- 
als who have different combinations of 
these pigments largely explain variation in 
normal and defective colour vision in the 
population. 

The red-green colour vision deficiencies, 
which are inherited as X-chromosome re- 
cessive traits, are by far the most common, 
reaching an incidence as high as eight per 
cent among males of northern European 
extraction and, for unknown reasons, are 
lower (ranges between one and five per 
cent) among other ethnic groups.15 The 
other forms are rare. This review focuses 
on describing recent advances in our un- 
derstanding of the molecular mechanisms 
underlying the inherited colour vision 
deficiencies. For further detailed informa- 
tion the reader is referred to recent reviews 
on this topic. 

CLASSES OF RED-GREEN COLOUR 
VISION DEFECTS 

Red-green colour vision defects are a 
group of abnormalities that can be divided 
into four subclasses based on severity and 
on the type of cone photoreceptor pig- 
ment that is missing or is anomalous 
(Table 1). When either the L or M pho- 
toreceptor is completely absent, colour 
vision is dichromatic rather than trichro- 
matic. Dichromatic colour vision is de- 
pendent on the Sand either L or M cones. 
Dichromats have severely deficient colour 
vision in that they perceive the visible spec- 
trum as lacking red, orange, green, blue 
and cyan.15 Those who lack the Lsensitive 
cones are referred to as protanopes and 
those who lack the M-sensitive cones are 
called deuteranopes. The frequency of 
each of these traits in the Caucasian popu- 
lation is approximately one per cent. The 
other two classes of red-green colour vision 
defects are due to the presence of either 
an anomalous L (L') or anomalous M (M') 
pigments. These defects are milder than 
dichromatic defects and individuals who 
have them are referred to as anomalous 
trichromats. Green and red colours are not 
absent from the spectrum but appear weak- 
ened in intensity. Deuteranomaly is consid- 
ered to be the mildest anomaly. Anomalous 
trichromats who possess normal M- and 
Y-sensitive cones (in addition to normal S) 
are referred to as protanomalous trichrom- 
ats, and those who possess normal L and 
M'sensitive cones are referred to as deuter- 
anomalous trichromats (Table 1). The fre- 
quency of deuteranomaly in Europeans 
ranges between four and five per cent, while 
the frequency of protanomaly is about one 
per cent. 

In protanomals, the h,=of the L' pig- 
ments is very close to that of the normal 
M (difference of two to seven nanometres 
instead of the 28 nm difference between 
M and L). Similarly, the h,= of the M' pig- 
ments is very close to that of the normal 
L. The significant reduction in the over- 
lap between the L and M spectra is the 
basis for loss of colour discrimination ca- 
pacity in anomalous trichromats. Consid- 
erable variation in the severity of the tri- 
chromatic abnormalities (protanomaly 

and deuteranomaly) has been observed. 
The severity of deuteranomaly is roughly 
correlated with the spectral separation 
between the normal and anomalous pig- 
ments expressed in the retina. As would 
be expected, the greater the separation, 
the milder is the d e f e ~ t . ~ ~ ~ ' ~ ~ ' ~  

INHERITANCE OF RED-GREEN 
COLOUR VISION DEFECTS 

Red-green colour vision defects are inher- 
ited as X-chromosome linked recessive 
traits. This pattern of inheritance is illus- 
trated in Figure 1. The general pattern 
observed is that of a colour-defective male 
transmitting the defect through his carrier 
daughter (normal colour vision) to half 
of his grandsons. Because of the high fre- 
quency of X-linked colour vision defects 
among males, it is estimated that about 16 
per cent of women are carriers of red- 
green colour vision defects (most ofwhom 
have normal colour vision) and if they 
marry a colour defective male, they may 
produce colourdefective female offspring 
(Figure 1 ) . 

MOLECULAR GENETICS OF RED- 
GREEN COLOUR VISION DEFECTS 

Nathans, Thomas and Hogness6 deter- 
mined the sequence of the genes that en- 
code the three cone photopigments. The 
L and M pigment genes constitute an ar- 
ray of one L and one or more M pigment 
genes arranged head-to-tail.20 They and 
other groups established that the majority 
of males with red-green colour vision de- 
fects have arrays that suffered either dele- 
tion of the M pigment gene or contained 
full-length hybrid genes consisting of 
portions of both L and M pigment gene 
segments that result from unequal (illegiti- 
mate) recombination between the highly 
homologous L and M pigment genes (98 
per cent identity in DNA sequence of 
exons, introns and intergenic regions). 

With few exceptions, the deletion of L 
pigment genes was associated with deuter- 
anopia (Figure 2A), 5' M-L hybrid genes 
with either deuteranomaly or deuterano- 
pia and 5' L M  hybrids with either protane 
pia or protanornal~l0~" (Figure 2B). Hybrid 

Clinical and Experimental Optometry 87.4-5 July 2004 

225 



Molecular genetics of colour vision deficiencies Deeb 

Class 
Normal 

Protanopia (severe) 
Protanomaly (mild 

Deuteranopia (severe) 

Deuteranomaly (mild) 

Tritanopia (mild-severe) 

Blue cone monochromacy 
(very severe) 

Achromatopsia (very severe) 

Frequency Retinal cones 

@ @ @  
1 Yo @ @  - 
1 Yo O @ O  

1/1000 - @ @  
<1/100,000 @ - - 

- - -  1/30,000 

Inheritance 

X-linked recessive 

X-linked recessive 

X-linked recessive 
X-linked recessive 

Autosomal dominant 

X-linked recessive 

Autosomal recessive 

Table 1. Classes of colour vision defects. L cones (circles) contain anomalous L pigments 
that have absorption maxima close to that of normal M and are encoded by GM pigment 
gene hybrids. M’ cones contain anomalous M pigments that resemble normal L and are 
encoded by M-L pigment gene hybrids. (+absence of cone class. 

Figure 1. A typical pattern of inheritance of a red-green colour vision defect. Xn and Xd 
denote X-chromosomes with normal and colourdefective (deutan) colour vision genes, 
respectively. Y denotes the Y-chmmosome. Cicles and squares represent females and males, 
respectively. Shaded circles and squares indicate colour defective (deutan) colour vision. All 
other individuals, including carrier females, have normal colour vision. 

genes are associated with dichromatic col- 
our vision, when the pigment they encode 
is identical or near identical in spectrum 
to the normal pigment. For example, in a 
male with deutan colour vision deficiency, 
if his L and M’ pigments have absorption 
maxima (XmJ that are separated by three 
to seven nanometres, he would have deu- 
teranomalous colour vision. On the other 
hand if the two pigments have absorption 
maxima that are identical or differ by one 
nanometre, deuteranopic colour vision 
would be predicted (Figure 3). 

The order of the L and M pigment genes 
in the array influences their expression in 
the retina and their contribution to col- 
our vision. The idea that not all the genes 
of the X-linked array are expressed in the 
retina and contribute to colour vision 
stemmed from the observation that males, 
whose arrays comprise one L, one M-L 
hybrid and one or more M pigment genes, 
may have either normal or deuteranoma- 
lous colour vision. Studies of gene expres- 
sion in the retina and of correlation be- 
tween gene order and the colour vision 
phenotype established that only the first 
two genes of the array (Land the adjacent 
gene) are expressed in the retina suffi- 
ciently to influence colour v i s i ~ n . ~ ~ - ~ ~  
Therefore, the pigments encoded by only 
the first two genes of the array need to be 
considered in predicting the colour vision 
phenotype. Deutan colour vision results 
if the M-L hybrid gene occupies the 
second position of the array, and normal 
colour vision results if the hybrid occupies 
the third or more distal positions 
(Figure 4). So far, the technology for 
determining gene order is applicable only 
to arrays containing two or three genes. 
Therefore, if an M-L hybrid gene exists 
together with more than one normal M 
pigment genes (more than a total of three 
genes in the array), presently, it is not 
possible to determine if the hybrid gene 
occupies the second position in the array 
to predict the colour vision phenotype. 

The genetics of colour vision in 
females and the potential for 
tetrachromacy 
Female heterozygotes for the X-linked 
colour vision defects are common among 
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fi *. I Normal .. .. . .  > Normal 

1 
Deuteranopia 

> Normal 

2a. Shown are gene arrays in a female with the L pigment gene 
(filled m w s )  followed by an M pigment gene (open arrows). 
Pairing between the two Xchromosomes during gamete formation 
is sometimes out of register, allowing crossing over to occur within 
the intergenic regions (thin lines) of the L and M pigment genes. 
This results in deletion of the M pigment genes from one 
chromosome and an increase in the number of M genes in the 
other. This explains the observed polymorphism in the number 
of M-pigment genes in the array. 

L M 
=.. *I > Normal 
.e. > Normal 

--> Deuteranomaly 
M-L hybrid 

Protanopia 
L-M hybrid 

2b. Unequal crossing over within the L and M pigment genes 
results in the formation of L M  and M-L hybrid genes that encode 
a variety of anomalous pigments, depending on where along the 
genes the crom-over occurred. Fiied and open segments of the 
arrows represent L and M pigment gene segments, respectively. 

Fiigure 2. Deletions and hybrid gene formation resulting from unequal crossing between the L and M pigment genes 

L and M gene array &nau 

S A 
5-7 nm 

4 nm 

S S L 0-1 nm 

Colour vision 

Deuteranomaly 

Deuteranopia 

Deuteranopia 

Figure 3. Spectral separation between pigments encoded by the 
f i t  two genes of the array is correlated with severity of colour 
vision defect. S and A represent the amino acids serine and alanine 
at position 180 of the L pigment gene. The L pigment gene is 
highly polymorphic at this site (60 per cent S and 40 per cent A). 
Alanine is the amino acid most often found in the M pigment 
gene. This polymorphism contributes to spectral tuning of the 
pigment. The X- of the pigment with S is about four nanometres 
longer than that with A. Shown are the differences (AX-) between 
the pigments encoded by the fmt two genes of each array in a 
male. 

L M-L hybrid M 
-=*1> Deuteranomaly 

-=-=* Normal 
M-L hybrid 

Figure 4. The role of gene order in red-green colour vision. Shown 
are two Xchromosome arrays, each comprisiig L, M and M-L 
hybrid genes. As only the first two genes of the array are expressed 
in the retina, a male with the top array is colour vision deficient 
since he cannot express the normal M. A male with the bottom 
array expresses both normal M and L pigment genes but not the 
hybrid. 
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Gene arrays in females Colour vision 

Normal > .......................................................................................................................... 
Normal (potentially 
tetrachromatic) 

M-L hybrid - tetrachromatic) 
L-M hybrid 

.......................................................................................................................... 
Normal (potentially 

.......................................................................................................................... 
Deuteranomaly I - 

M-L hvbrid 

Protanomaty - 
L-M hybrid 

UM=> tetrachromatic) 

......................................................................................................................... 
Normal (potentially 

Figure 5. The genetics of red-green colour vision defects in 
females. Shown are diagrams of Xchromosome pairs of L and M 
gene arrays carried by females. Heterozygote carriers of M-L 
(deutan) and L-M (protan) arrays usually have normal and 
potentially tetrachromatic colour vision. Homozygotes for these 
hybrid genes have colour vision deficiency. Double heterozygotes 
for protan and deutan arrays (bottom pair) have normal and 
potentially tetrachromatic colour vision. 

Caucasians and usually do not manifest 
colour vision defects. Due to X-chromo- 
some inactivation during early develop- 
ment, heterozygotes are mosaics for two 
populations of cones, one expressing 
visual pigment genes encoded by a n  
X-chromosome that would cause colour 
vision defects in males, and the other ex- 
pressing genes that would confer normal 
colour vision on a male. In support of 
this, patches of defective colour percep- 
tion were detected by shining a very nar- 
row beam of red or green light into the 
retinas of female heterozygotes for  
X-linked colour vision  defect^.'^ The ma- 
jority of heterozygote women (carriers of 
colour vision defects) have normal col- 
our vision (Figure 5). However, some 
heterozygotes may have colour vision 
defects due  to an extremely skewed 
X-inactivation that by chance has inacti- 
vated most of their normal X chromo- 

some and thus express the mutant X 
c h r o m o ~ o m e . ~ ~  

Interestingly, some of the  female 
heterozygotes may have four instead of 
three classes of cone photoreceptors (for 
example, L, M, M' and S) in their retinae 
that may allow some to have tetrachrom- 
atic colour vision.26 Females who are 
homozygous for genes associated with 
protan or deutan colour vision would ex- 
hibit the respective colour vision defects. 
However, females who carry one array as- 
sociated with protan and another array 
associated with deutan colour vision would 
have normal colour vision, as their retinae 
would contain normal L and  M cone 
photoreceptors. 

Blue cone monochromacy (BCM) , also 
known as X-chromosome linked incom- 
plete achromatopsia is a rare X-linked 
ocular disorder, characterised by severely 
reduced colour discrimination capacity, 

poor visual acuity, infantile nystagmus and 
photophobia. Sometimes, it is associated 
with progressive macular atrophy. Subjects 
with BCM have no functional L and M 
cones but preserve S cone and rod func- 
tion. Under photopic conditions, BCM 
individuals experience total colour blind- 
ness, while at intermediate light levels, 
interactions between rod and blue cone 
signals allows for crude hue discrimina- 
tion. 

The causes of BCM are mutations in the 
L and M pigment genes or in a region 
located near the L pigment gene that acts 
as a major regulatory region (called the 
locus control region, LCR) for expression 
of both the L and M pigment  gene^.^,^' 
Deletions encompassing the LCR are a 
common cause of BCM. 

Tritan or blue-yellow colour 
vision defects 
Tritan colour vision deficiency is due to 
defective S cones and is characterised by 
blue-yellow colour confusion. It is a rare 
(less than 1/1000) autosomal dominant 
trait with severe (tritanopia) and mild 
(tritanomaly) forms. Mutations in the S 
pigment gene, located on chromosome 7, 
have been implicated in causing tritano- 
pia.2s.29 The diagnosis of tritan defects is 
not simple. The most frequently used test 
is based on the Moreland equation, in 
which an observer is asked to match a mix- 
ture of lights at 436 nm (indigo) and 490 
nm (green) to a cyan standard (fixed ratio 
of 480 and 580 nm) light. 

Achromatopsia 
Achromatopsia, also referred to as total 
colourblindness or rod monochromacy is 
a rare (prevalence of 1 in 30,000) auto- 
soma1 recessive trait characterised by loss 
of function of all cone classes, severe pho- 
tophobia under daylight conditions and 
nystagmus. Visual acuity is strongly re- 
duced to less than 0.2 and colour discrimi- 
nation is impossible. This trait is caused 
by mutations in CNCA3 and CNCB3 genes 
that encode the channel-forming a- and 
Psubunits of the heterotetrameric cone 
photoreceptor cGMP-gated (CNG) chan- 
nel, respec t i~e ly ,~@~~ (see review by Deeb 
and KohlI7). 
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Mutations in the GNAT2 gene o n  chro- 
mosome lp13  have been shown to account 
for a small percentage (approximately two 
per cent) of this rare disorder.3g GNAT2 
encodes the cone-specific &subunit of 
transducin, a protein that couples to the 
cone visual pigments and  is essential for 
transducing the  signal resulting f rom 
activation of the cone pigments by light. 
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