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Visual Pigment Gene Structure and the 
Severity of Color Vision Defects 

Jay Neitz," Maureen Neitz, Pamela M. Kainz 

Rearrangements of the visual pigment genes are associated with defective color vision 
and with differences between types of red-green color blindness. Among individuals 
within the most common category of defective color vision. deuteranomaly. there is a 
large variation in the severity of color vision loss. An examination of specific photopig- 
ment gene sites responsible for tuning photopigment absorption spectra revealed dif- 
ferences that predict these variations in the color defect. The results indicate that the 
severity of the defect in deuteranomalous color vision depends on the degree of similarity 
among the residual photopigments that serve vision in the color-anomalous eye. 

Precllcting the severity of a deficit f -om 
e ram~na t lon  of a person's genetic malteup 
may prove to be particularl\- challenying for 
iiisoriiers that involve the nervous system 
,111il iuanifest them~elves  pr~m,~ril\-  as ditfer- 
ences in hehav~or .  Konetheless. here 1s an  
esample: a class of hum,~n color vision de- 
fect in \ ~ l i ~ c l i  differelices allioiig tlie penes 
preiilct tlie se\.erity of color vision loss. 
Dei~teranomaly is the most corninan inlier- 
lteii color vision ilefect, afkctlng niore than 

Depsltment cf C e  LI ar B cog) and Anatcriy and Depsrt- 
men: of Oplitlialt-lcloqv, rbtedca Coleae of Wscotis n. 
8701 Watertov~n plank Road, ~ ~ l v ~ a u k e e ,  Wl 53226 
USA 

.To iv1:on ccrresuonclence sIiou3 oe addressed 

1 in e\.er\- 22 men In the Lillteii States. T h e  
condition arises fi-om the  al~sence of one of 
the cone photoplgments, the normal pig- 

illelit that is sensit~ve to middle n.ave- 
lengths ( A T ) .  Even tho i~gh  deuteranomalous 
lndlviiiualz are nlisslng normal L1 phi~topig- 
ment  iunction, the). retain varying iietrrees 
of tricl~romatlc color \.ision, n.hic1i is l3aseil 
o n  a pigment that 1s senaltive to short wave- 
lengths plus t \ ~ - o  narrowly separate;l pho- 
topigllients that ahsorb in the long-\yare- 
leilgth (L)  region of the spectrum. 

In  this sti~iiy, 16 voilng men were ~dei i -  
t ~ f ~ e i l  as iiei~teranomalous on the Iyasii of a 
rtaniiarii color matching test fi>r red-green 
color visloil ilefects-the Ra\-leigh matcli. 

19 Changes n ntracellulsr calc~um concetitrstlons 
([Ca' ] I  as a consequence cf BCR CI-oss-inkng v21tti 
varlcus concentra;'otis cf C!ao !- ccst ant)-IL (Jack 
sen1 or goat antserum to 1iicus6 8 ctiati (Nor3c 11-1- 
munc~ogcal~ !::ere measure3 on indo-I-treated 
splenc Iyniplicc.Les that liad oeen p ~ ~ r ~ f i e d  by band- 
n y  on h~stcpaque (Sigma1 T eels and act1~ate3 y~-I- 
pticc:tes v2ere exc~lded tiy co-stanng 1::th bo tny -  
sted sntCC43 2nd PE-streptab~d n. The [Ca2 +] ivss 
tiiotiitcred 1::th s f~~crescence-actvated eel scrtng 
(FACSl flcl:: c)l(o~-ieter an3 LYSS I sofivxtre (Beckton 
D~ck~nson) by I-leasurng chsnges n the rstc cf ndo-1 
eimissons s; 395 and 350 nl-i n lea  t~me 

20. Cells (2 h 10' cells n 0 2 m11 //ere ncuoated n 
tripcate ssnipes 1::th the ndcate3 concentration cf 
tiiAb b-7-6 to 11, cl ia~n or 11popolysacchsri3e for 48 
hours oefore a i6-t icur nc~roaton v,tti 0 5 ILCI of 
[.'Hjthvmldne a3er v ~ h c l i  !tie ra3 oact5 t v  nccrpc- 
r axd  Into mael-o~molec~~les !::as measure3 Simar 
r e s ~ t s  !::ere ootatie3 iv~th  three sets of CD22-defl- 
cent and normal imice. The imAb b-7-6 'rbt h J u ~ t s .  
C h .  Heusser, K . ~ U .  Hartimsnn, ELI: J / ~ ~ ~ i ~ i : ' ; o /  14 
733 il 981)] //as a g ~ ?  from M. Hcmsn and S Kaus. 
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rbtedcal lnst tute to M S N. 
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In thls test, the person 12 askecl to ii~rs 

togetller a reii and a green l ~ g h t  in a prcl- 
por t~oi i  that eractl\- niatches the appear- 
ance of a moni~chromatic x-ellony 11fil1t. as 
has heen pre\.lousl\. descr~heil (1  ). 'A 
teranomaliii~s pzrs~7n chooses a niuch hlfiher 
p ~ ~ ~ p o r t i o n  of green light in tlie llilxture 
tlian does a person n ~ t h  normal cc~lor v1- 
sion. This color-matching test also dlstin- 
euislies deu te ran~~malo i~s  tr~chromats from 
d~chromats  [as n.as ili)nc 111 (Z)], ~ v h o  have 
only twio cone photopigments anii thus silf- 

fer the most revere of the common r e d  
green color iletects. Once we iiifterentiated 
deirteranomalo~ls liieil fr~>iil Inell with nor- 
mal color vls~iin ,~nd  fro111 dichro1l1ats by 
means of the Rayleigh match, we assayed 
the se\.erity of the color vision ~ m p ~ ~ i r m e n t  
~lsing the Aiuericail Optical, Hardy, Rand 
anti Rlttler (AO-HRR)  ~~sru~ioisochromat ic  
plates for color v~s ion  testing. Fn)m the 
coniplete set ~ > f  plates ~ n c l u ~ i e ~ i  111 the  test, 
we ~ ~ s e d  a series of sir  test flnilres desieneil 
for grading Lieutan color cleficts (Fig. ' 1 ~ ) .  
Each design in this seilLiznce 1s composecl of 
.r redtl~sh-colored synil~ol con LI hackgroi~nd 
of gra7- dots. Eacli s \ - ~ u h ~ ) l  In tlie progression 
l a  more ~ntenselv coloreii than the last. 

T h e  ileutei-anomalous participants var- 
ied enormousl\- in thelr perfi~~.mance on this 
test. Although all 16 men had been classi- 
fied as iieuteranomaloi~s in the color- 
matching test, a auhhet of these participants 



nonetheless behaved normally in the every- 
day tasks of recognizing, naming, and sort- 
ing colors. This subgroup reported that they 
had no indication of a color vision abnor- 
mality before being identified as "color de- 
ficient" by formal color vision testing. 
When given the plate test, individuals in 
this group were challenged only by the most 

Fig. 1. (A) Reproductions of five symbols from the 
AO-HRR pseudoisochromatic plates used to as- 
sess the degree of color vision defect. In order of 
decreasing difficulty from left to right, they are read 
as V, 0 ,  0, A, X by a person with normal color 
vision. The numbers below each plate are the D 
values (3) used to quantitatively express the color 
difference between the symbol and its gray back- 
ground. One plate (no. 5 in the progression) is not 
shown. Plates are shown as examples of points 
discussed in the text and not for color vision test- 
ing. The AO-HRR plates are printed with permis- 
sion from Richmond International Incorporated 
(copyright 1954). (B) Spectral tuning of L pigments 
in deuteranomalous .men. The majority of the 
spectral difference between L and M pigments is 
specified by exon 5. The red arrowhead indicates 
exon 5 of an L pigment gene. Exons 2 through 4 
encode amino acid substitutions that produce rel- 
atively smaller spectral shifts among the L pig- 
ments. In the diagrams of the genes (arrows) 
shown here and in (C), except where specifically 
noted, red and green denote codons specifying 
the amino acids indicated in the diagrams below 
the arrow at left in (B). Red: T, threonine; S, serine; 
I, isoleucine, and A, alanine. Green: I, isoleucine; 
V, valine, Y, tyrosine, A, alanine; T, threonine; and 
S, serine. To predict the spectral separation of the 
pigments in deuteranomalous men, the table 
shown at right was used. The absorption maxima 
(A,,) of the L pigments encoded by the dia- 
grammed genes were measured in vitro (75, 16). 
(C) Analysis of the X-linked visual pigment genes in 
deuteranomalous men. The second column from 
the left shows the gene arrangements as deduced 
from Southern analysis [following (6)]. The number 
of M-L hybrid genes and the number of M pigment 
genes are each indicated by a subscript number 
or by n if the number was not determined. South- 
em analysis does not give information about the 
fine structure of the aenes. In the Dresent ex~eri- 

difficult plate (plate 1, Fig. l A ) ,  a plate that 
some people wi th normal color vision also 
fail to interpret correctly. In contrast to the 
least affected men. the most extreme case 
(participant 189) was unable to detect any 
of the svmbols. even the one wi th the lare- 
est color difference from its backgrouLd 
(plate 6, Fig. 1A). The symbol, an "X" in 

that design, appears to be red to those wi th 
normal color vision, but it was invisible 
among the gray dots to participant 189. 

The extent of the defect can be ex- 
pressed numerically as the distance (D) in 
color space that must differentiate the sym- 
bol on  the plate from its background before 
the person can interpret it correctly (3, 4). 

C Codon 180 
(A Ala: S, Ser) 

Gene Oownsbeem 
armwwml 1st H Y W  

Cilferencc#l? 
Yes: N. no) 

Exons 
Gene 

anangement 
4 3 2  --- (this study) 
N *  

N *  

N N Y  - 
N N Y  - 

191 A A Y N Y' - dto7.6' 0.- 

p 1 & -  A A Y N Y ' -  &lo 7.6' 0.032 

'on- A A Y N Y ~  stlo7.d 0.032 

ments, the gene furthest upstream'(first genej and 028 - S A, S  N Y Y* 7.e*tost 0 . w  
the downstream hvbrid M-L ~iament aenes were 
analyzed separate& (1 7, 18).'~jhe dediced struc- 0 0 s - s  A Y Y Y' 11.9~to12~ 0 . m  
tures of the first gene and the downstream hybrid 

les * S A Y Y Y -  11.9'to 12' 0.022 M-L pigment genes are shown. Except for the first 
gene, shown placed at the left end of each array, 1 m7 - E S A , S  Y  Y  Y' - 11.9'to12' 0.022 

which was always observed to have an L gene > rso s A,S  Y Y Y- 
' 

' ~ 1 1 . 9 ' l o 1 2 '  0.022 

exon 5, the relative order of the genes is- not 182 ..,,, s s Y N Ye 
known. Exons 2, 3, and 4 were examined to de- 
termine whether the first gene and the downstream hyor~d M-L pigment genes knowing which gene is expressed coula limit predictive power. In the absence 
differed at sequences in exons 2,3, and 4 that encode spectrally active amino of information about which genes are expressed, the spectral separation 
acid loci (1 7-19). We have included for comparison the results from two values given are the largest possible for the Land M-L pigment combinations 
dichromats (deuteranopes; top two rows) from a previous study (2). The each man could have, based on the deduced gene structures. Participants 
asterisk indicates individuals who had sequences representing multiple hybrid 01 7 and 190 would be predicted to have a spectral separation of 9 nm if they 
M-L pigment genes with subtle differences in exon 2; sequences that speci- expressed only the fusion gene that is least different from the first gene in the 
fied Val1 l l ,  and Tyrl l6 were present but so were exon 2 sequences that array. This would not substantially change their predicted behavior. The worst 
specified one or more of the amino acids ThP5, Ilel l l ,  and Serl 16. An issue for case for participant 028 would predict a 3.7- to 4.0-nm spectral separation 
the three participants (028, 190,017) who have multiple fusion genes that are and poorer color vision than he exhibits. Spectral separations were,calculated 
substantially different is that there is evidence to suggest that not all the distal with the A,, values measured in vitro [values from (15) are indicated by t; 
genes in the array are expressed (25). For these men, it is possible that not values from (76) are indicated by $1 shown in Fig. 1 B. 
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Lomer D values ind~ca re  better color  on; 

the lrlell categorireii as h a \ - I I I ~  "\.er\- 11111~1" 

Jefecth ivere able to read [lie plate \\.it11 D = 

2.922. Hieller D value< ~ ~ l ~ i i c ; l t e  ~30orer cL11- 
or \ .~sion; pa r t~c ipa~ i t  1% \\a< a....~gneii D > 
L1.281 because lie n.as ~lnall le to interr~ret  
eve11 tlie most \.ivicl plate. 

Results fro111 Sc-i~~thern (DN.4) analysis 
have re\,ealeil that  the pigment gene ar- 
rangelnents of i l e u t e r a ~ i o m a l o ~ ~ ~  lnen are 
tliftere~it from tlioke of ~ n ~ > s t  men \ v ~ t h  IIOI-- 
~ n a l  color vi..ion (5-7). IHo~vever, <\-en 
tlioilqli ~Ieuteranomalt,us people T-;rr\- 111 the 
x i~~mhers  anil ratlos of t l i e~ r  ;L1 and L cone 
p~gment  genes, a h    lo ~iormal.. (5, 6. 8),  the 
genetic ilifferencei h i led  to ci>rrel,lte i\ it11 
tlie extent ot color vislnn clefect. S o ~ ~ t h e r ~ i  
,111aly51s c>f the p ~ g m e ~ i t  genes of our 16 
~ l a r t i c ~ p a ~ n t ~  a l w  showeii n o  c o r r e l , ~ t ~ i > ~ i  
n i t h  iilffer~ng ilegrces of color \ -~s ion detect 
iF1g. LC). It 1s notevlrorthy that most of the  
J e ~ ~ t e r a n o m ~ l o ~ s  lnen hail apparentlv corn- 
plete h l  y ~ g m e n t  qe~ies.  These are indicatecl 
by the green arron-s 111 Fig. LC. Tllc reason 
hl 11lir11ients clc lint c o ~ i t ~ - ~ i ~ ~ ~ t e  to ileutera- 

L < -  

nomalous color \-I>IC>II ik not i ~ ~ i ; i e r ~ t ~ ~ o c l .  
111 people n-it11 normal color vlulon, the 

c, a& 1, a c ~ t y  - to ~ l ~ ~ t ~ n : , r ~ ~ ~ s l i  colors in the reil-to- 
green reelon of tlie s y e c t r ~ ~ m  is liased o n  tllc 
differe~ice het'iveen the hl and L cone pig- 
ment... 111 contrast, tlie color visli-in of the  
de~~tera~iomalou.is is haseii on t\vo mi)re nar- 
ron.lr- separatecl plglnellts (9-1 1 ) .  O n e  Ily- 
pothesis that has been l?roy)oseii to explain 
the difference.. in color \ - i i ~ o ~ i  amone iieil- 
tera~iomalous people 1s that i ~ i ~ i ~ r - ~ d ~ ~ , l l s  ilif- 
fer in tlie sryectral i e ~ a r a t ~ o ~ i  ,)f their re- 
nlallllng X-e~icoileil p ~ g m e ~ i t s .  A ~leuter-  
~ I I O I ~ ; ~ ~ O L I ~  perion \vho llaq M-ell-separateil 
p~g~nent . .  1voi11d ha\-e Ihetter color v ~ r i o n ,  
~x-hereak one alno<e pigmenti are nlore slm- 
11ar n.oulLi have LToorer color v~r ion .  T h ~ s  
~clea has been calle~l the "apestral proximity 
l~ r -~~o thes l s "  (4). .4 molecular genetic test of 
the hpectral yroxlmlty I ly l )o the~~s  requires 

~ ~ i h r m a t i o n  al?oi~t the a~l i ino aclils tliat 
co~i t ro l  the sr~ectral ..ensltlv~ties of the X- 
encoded x-ik~~al p ~ g m e n t ~ ;  ~nfc>rmatlon that 
is ~ l o n .  a\-ailable ( 2 ,  12-16). All spectral 
dlfierence.. are encodeii h ~ .  e s o ~ i s  2 to 5.  
Tlie largeit hpectral sl i~fts are encn~lec-i hr- 
clianqes 111 euon 5 tllat ilivliie the X-encod- 
ed pigme~ntj lnto t\\-o mc~qor clasies. M and 
L (9. 13). Exn~is  7 .  3 ,  , ~ n d  4 e , ~ c h  e ~ l c o ~ l e  
clianges that r roci~~ce relat~vely smaller 
qpectral slilfts, m,1king the111 canelldates tilr 
c i~n t ro l l~ng  spectral cllfference. amony thi. 
plqments in ileuteranomalous people (Flg. 
1B). 

\X'e ..tudleLi tlie erne.. oi the 16 deutera- 
n o ~ ~ i a l o i ~ ~  partlclpailt.. bv performillq long 
p o l \ - ~ ~ l e r a ~ e  cllaln reaction (PCR) ancl tlien 
examin~ng the p r o d ~ ~ c t s  by ~neanfioi restrlc- 
tion analyi~s and d ~ r e c t  seiluenc~ng ( 17-19) 
to anal\-:e tlie X-llnked p~gment  gene aura\- 

a nlodel of tlic. pigment gene ,~rrangc.~nent fix 
e ~ c h  persi>n that \v,~s ~i,se,l to ~1.e~Iicr the 
largest spectral ~eparat ion a ~ n i ~ n g  lii, L p ~ g -  
merit... O n  the hahis ot color v i s i i~~ i  I~ell,~\.ii>r. 
r t c i p t  .;egreq,1teJ 11ito i ~ v e  il~fferent 
levels of ileutan cc)lor v ~ i i o ~ i  ilekcr, r a ~ i q ~ n q  
fronl II~chron1;1t1c to nearly ~iorm,ll. 

S1~ectral tuning stiliiies ,uppest t h ~ t  ,lmi- 
110 a c d  ~ l i f f e rence  encoile,l 11)- esoll.; 2 ,  3 ,  
and 4 of the  p l ~ o t o p ~ y ~ n e n t  gene.; are 1llo5t 
llkelr to he responsii~le Llr the spectral icy- 
aratlon l ~ t ~ v e e n  the X-encoLle~l pigmenti 
~11iiierl\-111 deuteranomaly. T h e  spectral 
yr~-ixllnltv h\-potl~esls, supl~orteil hi our re- 
hults, preil~cts tliat tlie pre..ence of the ac- 
t ~ \ - e  tlltterence.; 111 all tliree exon.; \vc-i~lii he 
r e q ~ ~ i r e d  to  p ro i l~~ce  tlie largest spectral sep- 
aration anil t1lereL)re thi. heht i lei~rera~ionl- 
alk~i~s color \,ision. T h e  preqc.nce of rcl,it~\.e- 
ly fewer active iilfferences n~oulil yreilict 
p o s e r  coli>r \.isi<>n. i\lost of the  p , ~ r t ~ c l y a ~ i t s  
~v l io  \Yere least affectccl (\.fry 1111111) 11,rci 
J~fferences in all three exon. a~uonir thelr 
g e n e  ~ v ~ t l l  a11 L pignlent exon 5. T1lo.e n.110 
\\.ere the seconil l e ~ s t  afkcteil (mi1,i) 11,l~i 
diftere~ices in exon ! plus iiliicrc~iics 111 

e~ t l l e r  e x o ~ i  3 o r  4 ,  l1~1t not hoth. T h e  
sex-erely atfecteii men h a ~ l  d ~ f k r e n c e  111 
exon 7 hilt in ~ielt l ier e x ~ ) n  3 nor 4. TliL>se 
people \\-ere i l i a t ~ n ~ ~ ~ i s h e i i  ~ I - ~ I I I I  the ,ilchrc>- 
m , ~ t <  \vlii> \!-ere iiientlfie~l as l l a \ ~ n g  a \ingle 
gene seil i~e~ice.  .4 fe\v men 111~1 not L>llc>\v 
th15 tre~iil  but were nonetl~eless llreei~cted 
from tlie D N A  seclLlences. For esamllle, par- 
t ~ c l p a ~ i t  132 has quite gc~oil color vlslon hilt 
lie ha.. dlfferenses 111 the s,lnie qet i>f exon.: 
a. ilo partic~pa~it . .  191, 135, and 277. i\-llo 
l i ,~ve poorer color  hion. on. Thih i<  explalne;l 
Iiv the ol3servat1on i 10) that illfferences 
encoileil hy exii~lk 7 anii 4 have a larger 
effect ivlien the\- <>ccilr in ylgments \ \ -~t l i  
Ser"' (as 111 p , ~ r t ~ c ~ p ~ ~ n t  157) t l l a~ i  \vhen 
tlie p~girluents ihare Ala'". T h e  general ci)r- 
re<po~i i le~ice  l?etn.een the sl~ectral  ieydra- 
ti,)n pred~cteil f r ~ ) m  the genes c ~ ~ i L 1  the se- 
verlt\- c>t v~si011 defect iupports the  spectral 
p r o u ~ ~ n ~ t y  l ~ ~ ~ ? u t l i e s i s .  

T h e  spectral pr,>s~luit\- li\-pc~tliesii 11,1,i 
o t t e ~ i  hcen challeneeil anii alternate 111- 
putlieses pri>pi)seil. For example, it has l ~ e e ~ i  
..i~gge<te;i that Ll~fferences 111 tlie seIrerlt\ ot 
co101- v ~ s ~ o ~ i  iletects ileri\-e frt~rn \ .ariat~on 111 
the anloilnt o fp~ ,gn le~ i t  p1-0~111ceil (1 1 ,  LC') or 
111 the stahilitr-, ~ l u a ~ i t u m  eftic~ency, i)r sig- 
nal l~ig  of tlie ~ ~ ~ L I I C I I ~  ~ ~ l o l e s i ~ l r  (i), or 111 

some neur,~l factor tliat controls the chro- 
mntlc ..~vnal at  a lex-el he\-c)nci that o t  the 
l ~ l h o t o ~ e c e l ~ t u r ~  (21 ). T h e  or~girial \-cr<lon of 
the hpectl-;" y ~ r u x ~ ~ n ~ t y  liypotlie51.; falleLi to 
rellal)ly p red~c t  beha\.ii)r, liot I?ecau~e the 
concept n-ah ~vrony but l x c a ~ ~ s e  it n.rongly 
assumed that there \vas a f~xei l  L p ~ y r n e ~ i t  
C O I I ~ L I I O L ~  r o  all n i ~ r m , ~ l  ancl Lleuteranoma- 
lous people a l ~ k e  ( 2 1 ) .  I11 trutli, relative 

. ; l l ~ f r k  , ~ m o n ~  tlie p~gments  are n h a r  account 
for t l~fkrences  in Ixh;i\ .~or.  For esanlple, 
participant 1S9 ha,l the po~jre.st color v i s i ~ > ~ i  
of all tlie i i e ~ ~ r e r a ~ i o r n ~ ~ l i ~ ~ ~ <  men,  vet lie 11~1s 

Ji ikrences in hot11 eui>ns 2 a ~ i J  3 as does 
yarticipant 978, a person wit11 i>nlY a ~nili i  
defect (Fig. 1C) .  In par t~cipant  978, tlie 
t ~ ~ ~ i c t ~ i > n ~ i l  illin~lges l>et\veen t\vo gene\ are 
\egregatecl, ,so that  the sellilences that spec- 
if\- ,\13ectral slilft< ton.,iril the reil are :iqsem- 
l~ led  in k>nc qene anii tllc)\e t h , ~ t  slliii. it 
toiv;irii the "reen are in anotlier eene. Tliesc. 
yielii l ~ i S ~ n e n t ~ \ - i t l i  ,I spectral separa t~on of 
a l ~ o i ~ t  S nm.  In c,)ntra\t, r lar t~c~rwnt  189 h , ~  
the  long-\vCive re i ln-~irLl-~l i i f t i~ i~  e s o ~ i  2 111 

hii  f ~ r s t  gelie hut it 1s pc~iri.il \~ . i t l i  the grec.11- 
qhiftinu e s o ~ i  3. T h e  lonv-\va\-c e x o ~ i  3 is in 
h ~ s  ~lon.nqtre,~m gc11t.h. Tlie pigments pro- 
iluceil hy t l i~.;  gene c~>lnhinatlon are c1o.e in 
jpectral he~l,q~ti\.it\-, l le~icc  hi5 \.cry poor col- 
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