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1. ER &R

FMRIEEE Nagel 7/ vOXA—-F 18K WIE
HEEEHELAEAREOBFABMENREL .
Quantitative polymerase chain reaction-single st-
rand conformation polymorphism (PCR-SSCP)%(C
K BEFEEITL, RBBEOBEFRICOVTHREL L.
TORREFREFIECHT 2ZEEFHE 1~41E
TFTHHLAE®E D 27 £%(38%), 2 18 4 29 £ (40
%),3 fEAH 134 (18%),4 EH 3£ (4%)TH > 7.7 *
BEETICETAZEMIIDVLWTEIFL AR, FRY
BO7I/BEE180FBIF Y > (Ser'™) DHIRED
56 £ (78%), 7 7 = > (Ala™) #* 16 4 (22%) T& - 7.
BEHEIIEWNTIE,Ala™O#HIRE D 65 £(90%),
Ser'™ 77 £ (10%) TH - I=.

Rayleigh FBICH T2 FERODEBKXICHT 2FE
FDEIE |F/ (&) 3, FHETFEERZED 0.564%
0.026 THY, TDOHMmII2EBMZEL . ChoDFRE
BEEFRWPED Ser™ /Al BHOERMEDOHICI
FERIRA®RS & - 7= (p<0.001)., BEZ B (T 2 F/RSEF LT
DEAZLCODVWTHRFT 5728, TREICEY HRRE
EREL, PARBRESFH#ERRIE L(L) & R#EERRUG
M) DOF{k LOV+MQ) | TEREDEREL TKIiEE
KD, TOHR, FIEWYEICHT 5 Ser™ B TI31.89
+1.44,Ala™ B TI131.85+1.02 TH > . E B IS, T
BEMTEEOEAZCOVWTRHT A0, BTN
A1 E BTRER%E 200msec & L, SREAEEST
LB D ABELREL, FREMILEEF FH#ESR

RICEREFERREOELO) —K' ML) TEREB &
REL,KEEZ RO KBERFRDEICH (TS Ser™ #
T 1.3810.06, Ala™ 3T 1.49%0.07 TH > .

Bl ED#ER, Rayleigh FBEDEAZEO—BRE & L TH
CBREMEOEVWHIEEL TWAZEFEESINL F
o, SEARRREE 0 & & /RS L, FIRE X LIEE DL
FThiCHBEAEIEE SN,

2. EXRFRERRE

F/ROXA-TILELWEXRFBEFE EZH S I L
21 I 2 T, quantitative PCR-SSCP (2 & V& 1{E
FEBINL, RPBEBGTFEEOBRICOVWTHREL
EITORRB1RE10HTE, 261LHCHFEME
BEFE2EL, ChilBEGRFIEHE 21478, BBETF
PREL-24ATHBREh L B2RETE, 201
HILFBEFEEL, ChilhE{BEEFIrRELES
17 ¢, BARBEBEFIHR 21 THHESE S h . E1
BEE105hsH, £22F 1 FF10HTE, BEFER
HPORBEOBAI AT H - /-, BEFRTEREAES
SHEAEBTH - -1 B, D ARFMORE 2 2ERORK
BBEGFEET A CE o ,286HEREZHS
hi-. @ 2L, 1 BREROFBETFOACELPHHS
T, EEsaiauLBHahl,

PE,EXFBREZORGETFRICLEL2OZ 1 THHE
Sah, BEREHEBRL AR, SEFE D, S BHER
#HEPHPEALE. —ERELT, 7/7O0R3—JIC&
Z2B6ELEEIBROZHICIEBRAI &5 Lo H#
Eah, (BIR$SEE 102:837—849, 1998)
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Individual Variations in Color Vision and its Molecular Biology

Kenji Kitahara

Department of Ophthalmology, Jikei University School of Medicine

Abstract

Individual variations in normal color vision and
congenital red- green color vision defects in Japa-
nese males were investigated using both psychophys-
ics and molecular biology techniques.

1. Normal color vision

We studied 72 Japanese males who were diag-
nosed as having normal color vision using the Ishi-
hara plates test and Nagel model 1 anomaloscope.
The structure of the gene arrays of the X-linked L-
and M-pigment genes was determined using quanti-
tative PCR-SSCP (polymerase chain reaction- single
strand conformation polymorphism). We found the
following variations of the number of M - pigment
genes : 27 (38%) of these men had only one M - pig-
ment gene, 29(40%) had two, 13(18%) had three and 3
(4%) had four. Two common polymorphisms were
found at amino acid residue 180 of both L.- and M-
opsin, of the total 56 (78%) were Ser and the other 16
(23%) were Ala in the L-pigment and of the total 65
(90%)were Ala and the other 7(10%) were Ser in the
M- pigment.

The Rayleigh match midpoints fell within the nor-
mal range, however there were two fairly distinct
groups with consistent differences in each group.
The mean values of the proportion of red in a mix-
ture of red and green were 0,564 £0.026 (mean+
standard deviation). Correlation was found only be-
tween the Rayleigh match midpoint and the poly-
morphism at residue 180 of L-pigment.

In order to estimate the variations of L/M cone
ratio in the retinae the spectral sensitivities using
heterochromatic flicker method were measured. Us-
ing the hypothesis that the luminosity function is
proportional to the sum of L- and M-cone spectral
sensitivity (k L(A)+M (L)), the constant k values
were obtained. The k values for the subjects with

Ser™ and Ala™ L-pigment were 1.89+1.44 and 1.85
11.02 respectively. Furthermore, in order to study
the variation of information processing system, the
spectral sensitivities for 1 degree, 200- ms test flash
on a white background were measured. Using the
hypothesis that the spectral sensitivity is propor-
tional to the difference of L- and M- cone spectral
sensitivity (L (L) —k" M (L)), the k' values were ob-
tained. The k' values for the subjects with Ser™ and
Ala™ L-pigment were 1.3830.06 and 1.497%0, 07 re-
spectively. As a result, it was suggested that there
are individual variations in both the L/M cone ratio
and the color opponent system.

2. Congenital red-green color vision deficiencies

We studied the structure of the gene arrays of the
X-linked L- and M-pigment genes and investigated
the relationship between genotype and phenotype in
21 Japanese males comprising 4 protanopia, 6 pro-
tanomaly, 7 deuteranopia and 4 deuteranomaly. All
of the protan subjects had 5' L-M fusion gene with/
without the M gene. All of the deutan subjects had a
normal L gene with/without 5° M-L fusion gene.
Genotype agreed with phenotype in 8 of 10 protan
subjects and 10 of 11 deutan subjects. Two of them
were diagnosed as abnormal trichromatism in spite
of having only one gene. One of them was diagnosed
as dichromatism in spite of having two genes that
encoded spectrally different pigments. As a result, it
was felt that the diagnosis of dichromacy and abnor-
mal trichromacy with an anomaloscope has limita-
tions. (J Jpn Ophthalmol Soc 102 : 837—849, 1998)

Key words: Color vision, Rayleigh match, Congeni-
tal red- green color vision deficiency,
Visual pigment gene, Spectral sensitiv-
ity
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mentary DNA) % & b J& 2 BRI 0 GA £ &, 3 Fli K
O AR B AR S, FhEho 5 WUk A3
LM ENS. CHETHITE 2d o 2 3HEOHEK
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EWEHICHNENE I E LTS, ZZTHERET
&, ER s X R R RRBERE BT 2 GO M
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2) BT

WHREOFEWEIRI 10ml ZFIL, ) ¥ 213K o5
J A DNA Zi L 7-. @B FRTIC I SEEo N

A3 J& L 72 quantitative PCR-SSCP (polymerase
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Fltfsf — —

1 7OE—424—ERICsTHF/BEBEFHOLED
2N



840

leigh @l & OBFHO W THEKE L 7.
3) LB LA B s
(1) Rayleigh®'¥%% (%:n >
Rayleigh S ta Ol (213, Nagel 7 /v~ A a3 — 71

HL7: AR IHA 2O Lo 2585 b, I
FAZ I W 671 nm DR & 546 nm DREOEE, PRI
139 3% 589 nm D WO HAKATE R I N DR EFROR
BT, R ERORE LD 0 ~73(#H) £ TOHR
B H BRI L D ERNICEILT 5. MO TIX, 20
M2 EH0~87T £ TOHMAKICX D ERMNIZEDS.
HEFHE T T, 9, MRE S ICHBEEERE
DELSHLILICE), BXEo%ifit zofimE
ROz RIS N F BTN TR %% 4 5
D1HET2T > ¥ AL S &, M S L ok
PRZJE L, Poeflia & - TEm & L7z,

(2) HALEEE

B BT 2 R, AR RO R HET B 720, A8
(heterochromatic flicker method) (2 & 0 M #5118 B % il
E L7 R, ERAREBY 280454 TH 5.0
I 3RO~y 7 A7 2 VHNFZE /M L, 355
%712, 60 photopic troland (td) THFEEAH A 10 BE, N EF
DR 2EED ) Y 7RE L, Fodu e 2 B o kA
AR Z 7R L7z MR IF 1214 60 td @ JEHE o | £ 23 IR
& #7110 nm [ f& T 400~700 nm £ TOMAE K % 15 cy-
cle DEMTREHIRRL, B 52 X REI /D, 5
WIRTHE T B s R 7, BRI ASR#EA R BUS L
ERRHEERLIE MM Of k LY +MQW)| TR B &
fisE L, il SRR BOG O & i & A b — 303 B kil
T/ EFELICZE D RD LR, R RO IR & L
T Smith & V7@ HA 556 & BE (fundamental spectral
sensitivities) D % w7z,

(3) HEaERTIIBT 5 bmRE

AR VIS EOBMAEIZOWTHETL 0,27
IO~y 7 A% 2 VBREFEFRE H W, M F it
TFIZBIT 50 0RE 2 N E L7z o Sk, 54 58
AT HATHL ERTFOKNE S 28410 1, W 5
% 1,000td & L7z AT 244 1 EOMBHEE L,
PE7R IR ] & 200 msec (2 E L 72, £ &1 2 5 6K il
ML R 450 nm, 525 nm, B L F600nm 2 ¥ — 7 & 45
5 3MEtEE B L, rh~ R R SR o) BUG Ak o 3
&L 215 *, Thornton & ' E F IV IZHEV, Al
R LIS E A 29 B 5 R IE DS AR Bl AT I & Ak Bl 1k
RBUEDZEILA) —k' MWV THRES EGE L, LK
BEIZBIT 5 kil & BRI k'l (2R ED 2 ko 72,

2, EXFRERRE

1) x5
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BT 2oV T, T2l 2 T RERS S h ¥,
BIUHBAARNT 2R RED OMEOFEEDH - 1-%
TdHb.
JIS A S T o

WEH & RS, KRS IR L 5~10 ml Z$RHLL, &
2 DNA i L, 3 & 472 DNA % 88 L L T quanti-
tative PCR-SSCP 12 X b /gt f= 1 e % 47 L, fil
BHEETOAEELRE L EM 14~181281F % 7o
BV —HRB LU F V50 A FRERK 2 D
FE B KOS, ShoOHTIc X ) doE S h 7z i)
18 DBIEFRZHM2 DO FEIZR LA ABOFEIZLY
EIEFI OB T RUZ DO WTHIT L, 8 Sl 75 L
T/XRVAI—=T|C L AFREM L &2 B L7,

3) LE AR A AR AR

EFBEELFEMRIC, 7 /va0 A3 -T2k ) Ray-
leigh % % il %€ L, Rayleigh S fafiids £ O0°F D #ipH 12
XD, B B1aE,$200 BXUE2RFICK
7l

mo# %

1. EE &%

1) 5ot

IEEOEOHARANBYICBTAREET 1 WICHT 5
B fm 1 BUZ, 118 o Bk E A7 27 % (38%),2 2 %% 29 %
(40%),3 24513 % (18%),4 2 A3 % (4%) Tah » 7-. %
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x1 BEGCTFHROZEER

HARA EPN HR¥XA T7704%
" n=72 n=13 97 81
(AHIF2E) Jorgensen 5 (1990)
1 38 22 48 42
2 40 5l 31 42
3 18 19 15 10
48 E 4(%) 8 5 6(%)

HAATIL, Jorgensen 5% OHRKANEHPOKETHD,
Hol{E T 1RO L OA AN E L T WE AR 2.

#F 2 Ser™/Ala™ O&EIM
HAN BN 7T7UHA% HEKA

(AHF2E) (Deeb £ 1990, 1995)

M Ser™ 78 62 80 84
Ala™  22(%) 38 20 16 (%)

ko Ala™ 0 90 92 — 84

8 — 16(%)

Deeb 5™ D54 & & IR L.
Ser™ 1] 2 AP TS =0

Ser'™ 10 (%)

L2, 2 bDf %% Jorgensen S5¥OWMEOEL L b
L7

AR - FEEIE TS BT A SRS OV TRIT L 2R R,
AALYE T 13 2T, RS TR 7T AR ICFE LS. C
NEDERRIZONTOFMEPICHRETLTETH S
A%, 2 TR EERDUFESHH L Tw5 180 FHD 7
IOV THRE L R E O 7 3/ Bk 180
% H A% Ser Db HHT 56 7 (78%) , Ala A% 16 4 (22%) T
holBBEWEIZBWTIR, 7 3 /BRI 180 FH A
Ala O #HE DY 65 4 (90%), Ser 257 % (10%) TH - 7z.
F21,TNbD8F% Deeb 5 DFERE L HIZR
L7z,

2) LER AR A

mEOMEAE - LR 841

(1) Rayleigh %1

EHEEHANT2HICBITSH Nagel 7 /v 0 AT —
712 & % Rayleigh SOl g #h R % M 3 (2R L7z, #tfb
OB R, MR EEETH L. REHED
S I fif B 5 0E 41,181,925 T B, e KAk 45.0
A 5 /Ml 35,75 F T4 LT u Aol Bt H R Pl
R AL 14.7520.79 TH D, 13.0~17.0 T TD4
fiTdh o7, £7, Rayleigh Iz B LKL BRORA
Kl it 3 B EAEOFIG AR/ Gk+77) 13, FEFEdE
M7= 0.564+0.026 Td - 7=.

FBET 12 sRBIETFHRET /v a—7F
12317 % Rayleigh %t & O BFGRE M 4 (2R L7 fiilig
Rayleigh %t (28 L 7ok L RO REBIEICH T 2R EE
DEEG R/ G+ TH Y, M IZRERTDH 5. %%
WA T8 & Rayleigh i & OMERE ¥ a2 X b #
Br L7z #55, p>0.05% THIEEMRIEA LR o 72,

AR E D Ser™ #/Ala™ B D % B4 L Rayleigh ¥
ol OBEEZHSIZR L7 M4 & AR, i Ray-
leigh S 2B L2 f k0B & 0/ G+ TH D,
HEM ISR E B TH 5. Ser'™ B2 BT L h oM E&D
S #4) 4l B HE R 22 1% 0. 55620, 002, Ala™ # T 1 0. 591
+0.020 Tholz  Ala® Bid Ser™ B L L Tkhk& %
fli, 2 ¥ Y Rayleigh Il ke k2 E < ELTHY,
Ser'™ #:/Ala™ B & Rayleigh SFfafli & [Z IRt E
(Welch #) 12 & b HIBIB#RAYED & 7z (p<0.001).

SRR HE D Ala™ B /Ser'™ B o % K% & Rayleigh 5
> OMEF 6 1275 L7z, Bl 2% Rayleigh S & L
R OEE, M EEE R TH S ALY I T4
E A BEETIE % A%, Rayleigh S50 1238 L 72k
B DE G GEAUR Sz, Lo L, #EHFRIC
MR EED S ho o,

(2) HBL&REE

AP Dl S h - e KEOE 2 HZ 712

34 36 38

40 42 44 46

E3 Rayleigh H&hREDDH.
et 1 oo M R, M R e R (R B o T - A HE (R 2213 41, 18+ 1. 925, Hifh H B o Pl

+iEHEF 1L 14.7520.79 Th - 72,
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10 o =
g 8 = =1
# |l
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4 A=lm
2 ] - H
y T 1 T 1 H ll—I
0.49 0.55 0.58 0.61 0.65

AR/ (R k)

4 Rayleigh & E & B FE E OEE.
HET0 |3 b7 KL, Bl i, Rayleigh B 2B L 724 & o
DRI T 2RO A H/ Gr+5)| ThbH. &
AR F & Rayleigh SSfafli L I3 BEFRIEZALS L
Aoz (p>0.05%) . FHEETFHR . C]1 M2 W3 W4

= -]

'S

[
L SN R O Y

0.49 0.52 0.55 0.58 0.61 0.65
A/ (R + k)

5 FEBVEDOE > (Ser) B/ 7 5=
Bt & Rayleigh Z 8 & OBE.
[ 4 & [, Hidh (X Rayleigh S 238 L 72k f b o)
&Thbh, m'ﬁhiifﬁ'm A TH DH.Ser B/Ala B &
Rayleigh S i ff & (2 (X MBI B HR 2520 5 7z (p<
0.001). M : Ser™ [j L Ala™

(Al BEDO%

L7z A @ s, e BUEEE A3l (AT & Rkl AR
JEOH KR G HL, RV, GOV IZFhEhua
& Ok SR D 470 EE ) & WSS E dh AR & At b — 3
LHkflir/ATEHRIZL VRO L OTHL, Mhid ik
RO O wavenumber (50 T % 4%, FEIZE E %
A L7z, e A U EE (log photon ™' sec deg’) ’C*a*?)%:
2D DD ) TV E G ICEEIC LTI
BEHSETRLTHA. Thi Ser '““»JT‘HH@; Ala'™®
BB OB ETH LD kAR LTS D
0,k OE T D5 ful!&ll:{hr’-fomw i =
< MBICBU SRR L REERD LA R > T BT
BEMEAS RSN T WD

HBHIZBIT S kD5 %, Ser™ HRMW A L Ala™
B E OB E NN 8 (2R L 2. Ml k1l R/
MR I) TH B, Ser™ F B B @ ki 12 0.59~8. 67
TTOHM 2R L, Tl FE R 213 1.80+1. 44,

Hl£RE 1024 12 %

A) x
124 ——
¥l 180
HH ¢ Ala
10 —H M O
= ] ] — 180
g il 10 O W Ser
3 L
£ ] 10 O
% ° 0@ A
4 L -
2— - 5 H
iH o
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AR/ (R + )

6 FRIVHED Ala™ BE/Ser'™ B LR M & Raylei-
gh F & & D/EF.
[ 4 & FEE, Rl Rayleigh 2568 128 L - b0
WA, W BB BT H S, Ala™ B T4, Rayleigh
FEICE LR EEOR G 2w lahoR & #L'Cl.\
L% At FMICHM B R ERS 5Nl d o .
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IDRDELDTHLH. TN Ser™ il EH o pk
MEATHLDY, HEKRELSH S ki FERIC,
M\ EEELTVTHKEARZ 5. @ Case
YN Q: Case AK

Ala™ B ERETIE 1.06~4. 13 £ THAi L, FIlE £
PR 1.85+1.02 Tho/z A—BWEEHELTw
TH kR —-TIZ% WREICB T 2R LRI
R B REEAVR X .

(3) FHEEE BT 5 T O atkRE

i O ANE -

A 843
1.6 = o
1.55 =
’ - S
1.5 4
8 8
1.45 4 o
1.4 4
g
22 1.35 9 ©
1.3 4 [
1.25 4
1.2 T T 1
180 180
Ser Ala (FREHE)

10 KEOH%.
Ser'™ I & Ala™ FEITOMME IR L 7. Bt
3 K (R0 T Y, R A LTV T h
KA D, AR TIE T b A DD B S & ¢
RS @ 0 1.38120.06(n=36) O :1.49%0.07(n=10)

ft# 2 FlOEHERE (1,000 td) TR FIZB T 500k
T oW ER R T KOIZR L2 Ko i,
Thornton 5% E F I IZHE WV, R EEMM & | R
W—k G | 2 md BT 2 KEEEERKEL
TH/NHERIZIDRDZEDLOTH L. TR bR
BBV T Ser™, W ETIE Al O¥RATH S
DL HHIRIE LS SNkl & R, W — R E %
ALTOWTHkkHEP R Lo TWAE. LA oT, 20Dk
8 T E O R O 72 b TR 2 <, i
ftf VIGEOMHEZ R LT A,

k't 534 %, Ser™ AR & Ala™ #8180 H O Wbk
RSB0 2R L7z, #Edh i kKl (5 2R B TH 5.
Ser™ #r ¥ B o k't 1% 1.28~1.53  TH4i L, Tl
+ B ik {13 1. 3810. 06, Ala™ Sk B BETId 1. 35~
1.60 FTOHMTaH D, THHE AR AL 1.4920.07
THholz M—MWEEHLTWTD KEIXH—TidZk
RO IR FIC L BAEN D L Z AR s,

2. EXTREERE

WR2HDT )R AI—FIZLLHBHONTIL,
154 4. F 1068 20574, £20WM44T
5’) 7z,

HIME LA E2af, f2hmolzTro
HEZ2ZALZFNRMII~14CF L 22 " o B,
Asenjo 5, BX UFMerbs 5PN Lo THEENH
BE TR LE SN2 E O 5T E R E TS
% FEIMA O EA#EA Merbs HSOETH 5. £ 72, {5 TR
7 6 AUE S5 B E O 5 U A E B o i R
ELTHRLE LM T, IEEN0DEEIE, #HEIC
T B F 72T E O IR K IR 13 [ — T
HBZELERLTVAS.0LUANOBEE, BBIHK - k1
WEE LTt R4 823 2 2 filU Lo
WEPEBRLTWEILE2RLTWS. 2T ), EEEN
ODEEi2 M i (BE),0 LIS A 5 E 3 Rl o4
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HRE
Asenjo (Merbs)
532 (529. 529.
52 32 (529.7) 532 (529.7) 0 (0) nm
23 J .
Ala Ala
532 (529.5) 0 (0)
5,18
Ala
532 (529.5) 532 (529.7) 0 (0.2)
8
Ala Ala

11 1 BE0#EGFE.

[ o > ¥4t 1X, Asenjo 52 & Merbs & /(2 & - TH
Bl fn A S P B LA I E O 5 WK
W TH D (FIMNOEAEA Merbs 5 D). F 72, ilifz
TR 5 4052 X 2 B O 5 W URE K % e o0 7% % ik
Rl LTRL EEED 0 0BEE, MR 5
A E 7z Ak B o 2 S WORUSUR i B [ —, 0 BLAt o
WL, M A - R L LT e K R A
WIZ 5 2B Lo Er BT A REREERLT
Wb,

BRE
Asenjo (Merbs)
SEH 534 (—) 532(529.7) 2 (—) nm
29 :
Ser Ala 3
538 (536.0) 0 (0)
16
St;!’
538 (536.0) 534 (—) 4 (—)
26
Ser Ser
— (531.6) 532 (529.7) — (19)
21 RN — (T
Ala —  Ala -2
— (531.6) 532 (529.7) — (19)

o —NREC)—{(TTITT,)-
Ala Ala 3

12 1 EHOEGFE.
11 & FBk, EB s TR0t 2 2 EHO 5t
Wt K e & DA L7z,

(fu59) TH LI LHHE TR L OHEE SIS,

B 11, 5 1 G OBE TR TH L. IER 8 DAL, »
ThLERELERROTH Y, T/ ¥R a—FICLbrE 1
0 OB, i T A OB HETH - 7o EF 8 12
BWTIE, Merbs bDFERICL D E 2DDBEIETRING
HE SN D HWE DGR K K D12 0.20m T

HES&E 10248 125
W RE
Asenjo (Merbs)

3iE 563 (556.7) 0 (0) nm

s A

Ser(4, 10)

556 (552.4) 0 (0) nm
9,15
Ala(9, 15)
563 (556.7) 563 (556.7) 0 (0) nm
224 —ii
Ser Ser
563 (556.7) 563 (536.7) 0 (0) nm

s S aaant
Ser Ser L Ala 2

13 E2BaHO#EETFE.
411 & g, FRETRASRESHAHBE DG
MRk K e 2 Foied R LT,

WEE
i Asenjo (Merbs)
563 (556.7) 0 (0) nm
17 —llllll)—
Ser
556 (552.4) 555 (549.2) 1 (3.2) nm
14
—ENRmEY- T REE)TIIT )
Ala Ala Ala
563 (556.7) 559 (553.0) 4 (3.7) nm
30 N E—
Ser Ser
563 (556.7) 554 (—) 9 (—)nm
¢ -SEpRNE)— T WE)-TIIIT)>
1 1
Ser Ala Ala

14 FH285H0BETEL
B 11 &[RRI, SRR S g Sha i EH o558
Wi K e & T DE R L.

HHEEZEZInm LT TH LD RHEIZIZH 1By T
HOLIEHPHESNSL M I21E, B 1 BEOHRETH L
5, HER] 16 DIAME, I R2AAT0 Tl {, MBI R E 721
BRI & LTt UK e e SR I24 % 2 B o
WMEPREMT ARSI REIN, 7T /7oA =712k
BEWIEE AT SHHTEETH - 72 fEF 16 TiX 1
ODBIETFORTHN, T/SOAI—FITEBRE3
o R B R OBM (L8 S R S HPNETH - 7.
M I3 EE 2 FORRETHLA, Wi biikE

10



T 10 45 12 J1 10 H

THY), 7/ vaAT—FI2 & 5BHH ST, EE TR
LU FETH 72 M 14 ZE 2RO BETH 2.4
FI7TICBVTIX 1 2OBIEZTE2ATHLOARTHY, 7
JROAI—=TIZEHS M EE TR SR NET
ol FEF 17 DAMI RO TR AL, 7 /va R
=72 BB SHNTEETH - /2.

v % f

L. ERBER

I 3B EEIC BT AREA R4 5 2 L2 L
PHHIONTEY, Saik(BagbeE L EIckoTh
BPAZEPREN TV, 7T ovnia—TxHwi:
Rayleigh FfiZBW T, SAMEIILEE LR R RL LY
4 7% minor color abnormalities & IT-F5 S 41, ffi 4+ o #
£ THRIBENTHE®, 2N 65T, St s B 5 12K
L7z weak color normal observer (farbenschwache
Trichromaten) &, P YA 25 1E % ¥ D +2 standard
deviation L _FfR{% L 7z deviant color normal observer
(bedingt normale Trichromate % 7z |& noch normale
Trichromate) [Z K5 2 2 * 1, KHIZ B v T, Hein-
sius DT NZGE-TT /=0 R T — 7 DB W3 A5
%11, bedingt normale Trichromate (noch normale Tri-
chromate) A%, #EEH = RIHE L ST X 722%,

Rayleigh FHfliic B2 EHEEOSMICHE L T, &
IR L 1R D IERGHIEM L 224 @
Thof""" Zhizat LT, Neitz 5924452111
B, NIRDS 3 EED ) ¥ 7 BLEE % TV, o HLAR G & kiR
R AAHIZIART S Z 212 L Y Rayleigh %0 % Jll &
L, RE CITHMTIE 20, LT3 31 TH 575,
SHIIBEN L AL LERLE.FOBL, EWE
DO VIENEE T 5L 0%, 2 %2 B3 54587
EPRESIN TS, 2, R LOMUEETH S 24
R 2 v 72 i %5 5 (method of adjustment) i 1 I
HTH LA » 7 HEEE H W 7258 ) 02 3R 3 (forced -
choice method) TIXZIEHIZAZ ZEHHEMI TV
=l

Lo, wilbAAZHRELEZLDOTH A,
LT, AMEIZBVTIEIHARADIEF OB 2 R
{2,Nagel 7 /v A a— 718 % L T Rayleigh %
BaillE L7zbDThsb. FORE, fEkd S0 HikEC
L A B3, Winderickx &9 &5 B & 6 £ 12, Ray-
leigh ¥4 13 2 % 29 5 2 LSRR S iz,

IO DOEMMEOMAZEIZE LT, 5Ekh 5%
FAED I & B, W EHDECPENR L L THETS
NTWwz®, £ 72, Lutze 5 & Rayleigh H OB A =D
BHE LT, HWEHO G, SU B O F i, &5
RO 3 & OB 0 4 DO HEYE % 2817 T
B, Lo L, 70 W URRE A3 5 7 2 B0 B A3 J2 B L2 MR L
FHL TV EPEPIZOWTIEAETH- 7.

oM A - JEit 845

DL BIFROW, Ser™ REW Y £ Ala™ FRELDH
D2MBOLERPEIZ BT, RIS R R 2B 2 b
DA FEWENICHER S, & 512, Ala™/Ser™ &t
W E D% RIVE % & B E O 57 WP 0 J v A3
Rayleigh F# O ALZOEHFE LTHS L TwWAsZ &
PRI STV B R WEIZ B W T, Rayleigh Hfa
DM EINEOEMY L IZHMAHZZ RSN,
FRECHRMEHOLAML S L TWwb 2 LR XA
pacaltl el o

o nEOBMALOERE LT, SWIIZEHT 558
WEHERHMEORPERE LTETLN L. - ik
RO A O 2 X 0 HEE S, Z O A 2053540
ENTELY. Lo L, R £ 7213k 8l B o % B¢
DGIZOWTIEAHTDH » 7. AL TIZ, IR A
O on/ Rk R L & HEE L, Ser 8% & Ala™ BEIZ0 T T
W L72bOTH 5. O, S8 H 05 W0 3
HEBRALTH, WifhoBICmMAELH L 2 L
DL EN L DO TH S,

E oI, Rkt VIS OB AEIZ OV, EEE G
HERTICBT D7 MEENEIC L DRETL 2. 20 E,
B E O 53 JCWIURRE 0 528 % BRAE LT, Akt k) 7
IR B 2 E DR S .

FREETFROERICHL TR, RlE T L REET L
DEEBTAELADEL, ~HOYbaEIZ 3 RBET
(M A CRGBIAFASEB L, M O Bt fh Tld Az
CHE S RRBIEFARKTELDEHRE SR THE Y, —
17, B TFIEEE T O LR ICHFET A 2 225, il
BT EROREPEFIIE SO LERE ST,
AW BT Bkl 7 3o 5 4 (3 1) 12, Jorgensen
LIDHRRADMEELIZIE—H L T AATIZARM
EFHE 228 D2HEDNE VD, HARANTIARB(ET ]
~22% LN E L, NFHESEE SND, £ 72, Aif
RAERTEIRBIEZT 252D Eb2HEALNLEH o
2. N6 DR RL, RBET A1 2 EELTE SN
b DT AHH, Neitz b “IRYO KRG AT BT
BEMEZ W L Tw b, SHISH LT, Neitz 5O H Tl
MIEFD% RSN D EMRME D RS Ty 2%, Abf
RICBWT Y, - BETFROEIEETH 122 &,
PCR-SSCP #: Tl Bfa T ICM ST 2B/ v Fiddk
ONLholZ i & BEOREETOWREM IR S
Ndofz. LPL, 5B 2 ET 288 TH A
b
IOH/RHDT I /HEDERICH L T, K@iz B &
Ufkifn T &£ 12 Deeb 5D HZ KA E L (31T
FkDOBETH-72(K2).AANDER L ET 2 L
Ser™ M EOEEHI NI EAHEE SN, S5 S
SITHFEER R L TG L 72w,

2. EXFRER

SE RIS EEEIC L ) B 3kl (fh5y)
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ofmmlfn g (faE) Ic kKl S b, B 3 EANIZ 3 FiK
OMAHEDEE L > T L5 1 HEFIER LR LD Y
17 THN, FBLURIBHEOREY, ThEthB 11t
Wby b 2w, 1 R O AR
WHARM L7274 7 TH D, kB X OB EH O KA
PEREREILE, F2REL3hTE&L LAL, %
KREORKIZM LT, 2 B#AESImEO KK, $72
FHREEERORE P T FA T,

AARIZ 330F B BU B WO & e T & S ML
MEL" 28 £ O, LA S HARR O 5 LR
24 L ClllE T A BIRPIEISE TR, 2 e Blic B 5
RIBHZ LT 2R EPREN TV LA L, fi#Eid s
W3 MO REHWERL THDEOWENATETH -
el EoBECBCTL 2B ERFIAROER
PRI TE WS Ehs, FOMRAFFEHINL TV S
Iz, RIBH TR LIEE 2 L O R EFHYITE
2w & LT, Hurvich™ 13 3 fl oo $E (R 418 8 oo i 12 2.
T, iR fRoM G- TR L, (8RO RSO &
W 3l RIEF 2B EFHFHERBL TV,

SHIZH LT, Alpern & *®NZ B B ek T, 2
{5 0 S H W OB L, 2512 Mollon ™13
WX 2 I EHOIRERE H T, 17 M o Sl %
BT ETERE RIS & D M L 2o As 0, Bk o & CRESEE
MHhbhlhofzZl iR LTV 512, Alpern™
MR B O EICIEMAERD D, ~EDR
(cluster) # 2 L, 1 #1055 2 tn 5 & OB B L %
HOWHO G2 2008 20 FEVETH2EhELO
HEWEIC B L2 L 6™, BRFRREE T, KRB
FURRHEIR & IS, [/ cluster 25 H%ET B & L7
Thbb, KL OREMEA L LIRS E O cluster
Mk THILTE 1 BFEOE Ll f 1 g), FwE
HMETHIUETHE2RFE 208, H20H) THH, M
ZONAEEA—Fs i 2 ), BAa Ry 3 ARl
ETBHRED DR EIE L T,

0L BN EROR, EXBERN OMESD
oz sh, M EERADOREICES I EIR
xh. oF ), —o0Hk 22 IdREE T AR RIE T
o3 kRS AE T80 & B B LA B E AR S,
HBETFORBUL, Kb X ORlETICBUT B RS
DOHFITEDS S 728, 28 N2 & - THIFE A9 A3 2 (ho-
mologous recombination) 2" Uiz o LS S /.
HMAWMZIZA P B THELEA, AR AR
B4 ¥ oo & ) BEEROME B {EFPFET
&

A BETICBOTIEMAREREL, VoD
AL & o THOWIEF AR 42 % 2 £ 274 % 2%, i
ODEHICHEGHYETIZADT I/ BROH B 15
VRLLZORTHA. XL, ZOIHEOI L THEOT
3 S, WAL E O 5 e oIS L Tw

AtEEE 102% 12 %

LZHDLHEHRINTBY, FHIC 180,277 B L U285 FH
DT I/BOECHPREREINTVE®. Z0DH) 5,277 B
FUDT I/ BIIIFVISICEoTaI—-FERT
Wah. LA T, =5V ¥ 5hkiltfz FHERTH L,
1E 5 AR O 53 N DU PR L B, i (S Rk gl ok T
AL, IEFRR H O 5 BRI ERN T 5 2 &I
b, LIS, ChITHTHh-REIAMEEICET
LIEH E R DBMEAD AR ENIZDTH L.
PFRERAT I, 45 1 B9 T, M SRR (R T, R AR
BETFPOEDLA - MBEREFEETS. L2 T,
- fkpl Ol R T O A TR R FAVR R L Tweduid, &
I EE P ORDE O AP ERT LI L2
1t HE%b. i, BARETF L I hIThE< EFREZE
FHEAEL, WHIC L > TRHAS W EO 5 LI
etk —CThTE 1B, RSB I IR Y
BB LR E O 2 HEI BT 221220 1 @
§Enbh. —H, E2REIIBVTIR, HlE FOAR TR
BIETHRELTWIUEE 20ETH L. /-, RBIEETF
Zhk - RBAEE TS, MFIC Lo THRAZNLH
B OISR - ThITE 2 AE, Raehid
Wwomygk s, LI, AR Alpern®'® cluster 3 %
BARTHLOTH Y, LEYIFEA R R S E 7]
BTSN b WA A L L, R E
i LM AEE TP IS ThENIZE
Lo & 2 KRR L Twa, Lizdi-
ToLDBP R AR A Tk 2 0 & B 3 R OB W
B LR FIDAFAET LI EDEZ HILD.
AFRIZBWTH, B 1 RE 0BT, 2F & b Ik
RS RET AL, ShISREE TV 44 7L &
BETFIRELEZZA THEHRSN.B2RETIE, £
FlEblohBmTeaL, ST RBEFHAREL
7o ATE R RRESBIET IR ¥4 TR S

I 1R 108 8 Hl, 8 2 BE 11l 104 T
W BETH»ALT /20 A3 — T2 X 5 EBE OB
M HETH - 7o, Wlin TR CRIUBATIHREETH - 72
1 g, stk W B 2 MR OFREE T2 HT 5
ZhArbod, 2 @il LB S, o 2 i, 1 A%
DOHAFBIZF ORI b DL, BF 3 aR LB
> i

ZhETIZY, Rayleigh St Tld 2 Rl L 2H 3 @Al
DOBW EORRITEINTV S, BzF LT/
20 A 2= & s AY B 2 R ) 2SR AE L 7o
WH—ok LT7/~vuRIa—7OMRAEFIEHINS.
COMOERE LT, 81 B oOREEETOARIZS
hhboT BEIAMNEBHSNAHFTIE REDOR
o2 MWEAEI L TS RETEARIE X 559,
X 512, Rayleigh % i (ZHF K% BUE A3 5 L 72 T REYE &
BETE R,

I RMARIETAATAEVRREEOREL VS



THE104E 12 H 10 1

W E A EET AR L TWwWTH Rayleigh 10 A50F 4
’5:11\'9“% HHAET D 2 &, MIZIEEAR - Rl a

CHRORMEBIETE2A LTI ERE DS 25 T
a‘no T2l Eh s, TTORBE RIS 25
HyEB3RLLWIEAFEHEIN TV ES ) Jops
{2, Winderickx 5*13 4"/ & DNA |2 2 Fi$f ol {z 1

FAHLTWTS, MBI 1 HEO mRNA LAHME L
Twhnz %?rEtHﬂJlik }’ﬁmeLt. ZhiZonT
W EOENE 3 v =) L Tw 5 locus control
region (LCR) A% fo)J iz HE S, LCR Iz vy
BIEFIEERBLRLTVWLOLERE IR TWES, T4
HH, EFEREET - IEFREE - GRS ORI
THIUE, RBET & RO IEFREE AR L, #£8
BIIIEF IR DEHEHEIN TV, SHOBETH
&

Pl oW EoBifizd>Te FRWME GRS
N, TOFREEDPH S SR Z EI2E D, b MK
B E ORI LT TR LTWwWaE. $/-. 18
HHEDH 1 BFETH L HkL XL o5 i tidvr 2 h
P2IAT, SHROLHEYIFINEICS 2 BT X v,
HRFARBEFEORKIZH LT, 5 FEWFr 8w E
DR THEIEPHESN, T2, Zh S5 OREHw T
@ﬁfﬁ’l&ﬂlﬁﬂiﬁﬁé‘ NAzZEICED, 1004 EIZh

SimF A TIhE LTS

i 7o, B REITB L TR AT ?’rﬁ Tk 3% S 7
ElZBWTHEL SN TWAS. ST, Bl 2135 1 @5
BT, A ?H??JTTTU)ER)U&HK{&E#LF R A B oAl
EBET BIE L, A REAT AR L SV 2 B RIS
i3, MBS REBT 2 E o R EEERROMYS b
ZZHNEN, Tho OGEMEHIEIE FRFTIC X ik
ENDLWHENELH Y, 5HROMRIZHTFL 22w,

WM HIIH0 HEREOREE5 2 TFRwEL
LHARB ERFRA SO, EL B O - % BEE
KO oBHELEST. £, WE2TTH512%7:0, ]
i 2 PR A fR it 22 72 72 ] Nathans #03% (Johns Hopkins
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B X U VC Smith # #Z (University of Chicago), AG Motul-
sky (4%, SS Deeb # #% (University of Washington), [ £
WS QLIRS ) | Fe BRI BA e A (BT R ) 12300 & ) Il
DEEELET. I, 2R TXT TBBE VRS L
7BIR 2 ORI E AL L g 3, sk, ShmaFse
HELTHIMICH D W2 WS -FICERO# i+
#=hET.

AR TE D — 13, AR R 0F 284 A B 4 H 10 4551 048, B
£ UFCERE B b 7 8 AL A RE 2 (B) (2) 08457469 R % %
FTiro 7.
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