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Linkage analysis and mutation screening of the
rhodopsin gene in a Chinese Bai family with
autosomal dominant retinitis pigmentosa

Haike Guo1, Yongjie Qin1,2, Qianli Meng1, Hongyang Zhang1, Haiying Jin1 and Yanlei Chen1

Autosomal dominant retinitis pigmentosa (adRP) is a common form of RP worldwide. Although rhodopsin (RHO) is the most

frequently reported adRP gene in many populations, it has not been detected in patients from the Bai nationality, one of the

minority ethnic groups of southwest China. In this study, we used linkage analysis and mutation screening to identify the RHO

gene in a Chinese Bai family with adRP. We found that in all affected members of the Bai family, the maximum two-point

logarithm of odds score obtained was 3.61 and 4.52 at a recombination fraction (h) of zero, with markers D3S3606 and

D3S1292, respectively. Haplotype analysis showed cosegregation at the 1-cM region harboring the RHO gene between the

two markers with the disease. Direct sequencing of RHO revealed a c.1040C4T (p.Pro347leu) mutation in exon 5, which

was supported by the reaction of the restriction enzyme. Two nonpathogenic single-nucleotide polymorphisms, rs7984 and

rs2269736, were found in exon 1. To the best of our knowledge, this is the first genetic analysis of a Chinese Bai family with

adRP, and a known missense RHO mutation (p.Pro347leu) is responsible for it.
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INTRODUCTION

Retinitis pigmentosa (RP) is a genetically heterogeneous disorder
primarily affecting rod photoreceptors, and is characterized by pro-
gressive degeneration of the peripheral retina, night blindness, con-
striction of the visual field and eventual loss of visual acuity. It is the
most frequent form of inherited retinopathy, with an approximate
incidence of 1 in 1000 elderly Chinese people in Northern China1 and
in 1 in 4000 individuals worldwide.2 RP can be transmitted as an
autosomal dominant, autosomal recessive, X-linked, mitochondrial or
digenic form. So far, at least 44 gene loci have been identified as being
responsible for these inheritance patterns of RP (RetNet: last updated
1 October 2009).
As Dryja et al.3 first described C-to-T transition in codon 347 of

rhodopsin (RHO) in patients with RP in 1990, RHO has been found
to be the most common candidate gene for autosomal dominant RP
(adRP).4 From the latest summary reported in RetNet page, 66
mutational sites of RHO (Figure 1), including more than 120 muta-
tions, have been described in RP.5,6 Variation in distribution and
frequency has been observed for different mutations in RHO. Pro23-
His was identified as the most frequent mutation affecting North
America,7 whereas it was not reported to be present in Europe and
Japan.7,8 Conversely, Pro347Leu is the mutational hot spot all over the

world,9 whereas the Val345Met mutation has been reported in some
populations with very low frequencies.10–13 Although mutation pro-
files and frequencies of RHO have been reported to be variable in
different populations, few studies on the genetics of RP have been
reported in the Bai (Pai) nationality, one of the minority ethnic groups
of China. In this study, to analyze the potential association of RHO
with RP in the Chinese Bai population, and to discover more RP-
causative mutations that are unlike those of other ethnic groups, we
performed a linkage analysis with short tandem repeat genetic markers
and mutation screening in a large Chinese Bai family with multiple
members affected by adRP.

MATERIALS AND METHODS

Family ascertainment
A five-generation consanguineous Bai family with RP, comprising 13 affected

and 9 unaffected individuals, was identified and clinically followed up at the

Department of Ophthalmology of the Guangdong General Hospital, Guangz-

hou, China (Figure 2). The family is from the Yunnan province of southwest

China. A medical history was obtained by interviewing the family members,

and routine ophthalmic evaluations were performed, including best-corrected

visual acuity, slit-lamp biomicroscopy, direct funduscopy, fundus photography,

visual field evaluation and electroretinography. The study protocol conformed
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to the tenets of the Declaration of Helsinki, and informed written consent for

sample collection and analysis was obtained from each member of the family.

Genotyping and linkage analysis
Genomic DNA was extracted from peripheral blood leukocytes using an

extraction kit (Purelink Genomic DNA Mini Kit, Invitrogen, Paisley, UK).

To determine whether this Bai family was linked to the known adRP gene—

RHO—two microsatellite markers, D3S3606 (UniSTS:726) and D3S1292

(UniSTS:73546), with an approximate by 1-cM distance on chromosome

3 were selected from the candidate region and used to genotype the

family. Touchdown PCR was carried out in a 10-ml reaction mixture containing

0.5ml genomic DNA, 1ml 10�PCR buffer, 0.8ml dNTP, 0.6ml MgSO4, 0.2ml of

Figure 1 Secondary structure model of RHO. RHO consists of the apoprotein opsin �348 amino-acid residues. The protein belongs to the G-protein-coupled

receptor superfamily, and the members of this family share a basic seven-transmembrane helical design. Transmembrane helices are shown as boxed

sections and the location of 66 mutated residues, summarized by Mendes,5 is highlighted in red. Pro347, one of the most common RHO mutations

including L328, T342, Q344, V345 and A346, belongs to class I mutation. The sequence references to GenBank NP_000530.

Figure 2 Family pedigree and haplotype diagram of the Chinese Bai family. Circles represent females and squares represent males, and a diagonal line

through a symbol indicates a deceased family member. Affected members are presented as filled symbols, and unaffected members as open symbols. Black

bars represent the disease allele inherited from a common ancestor. All affected individuals are heterozygous for a haploptype consisting of microsatellite

markers D3S3606 and D3S1292 and the c.1040C4T mutation. The proband is labeled by an arrow.
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each primer and 0.2ml TAKARA Taq polymerase. Samples were incubated in

My cycler PCR (BIO-Rad, Richmond, CA, USA) for 10min at 94 1C, and for

30 s at 94 1C; the annealing temperature was programmed to start at 65 1C for

30 s and decrease by 0.5 1C every cycle; at 72 1C for 30 s, for 15 cycles; followed

by 94 1C for 30 s, 58 1C for 30 s and 72 1C for 30 s, for 30 cycles; a final extension

at 72 1C for 10min was carried out. PCR products were treated with Hi-Di

formamide (Applied Biosystems, Foster City, CA, USA, P/N 4311320) sepa-

rately and run onto capillary electrophoresis in an ABI PRISM3100 Genetic

Analyzer (Applied Biosystems). The size of the allele was determined on the

basis of an internal size standard (GeneScan–500 LIZ Size Standard) in each

lane, and genotyping data were analyzed using the Gene Mapper version 3.5

software package (Applied Biosystems).

Two-point logarithm of odds scores were calculated at different recombina-

tion frequencies (y¼0.00, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5) using the MLINK

routine of the LINKAGE software package (version 2.1.3; Cherwell Scientific

Publishing Reading, Oxford, UK). The RP patient was analyzed as an auto-

somal dominant trait with a disease allele frequency of 0.0001. The allele

frequencies for each marker were assumed to be equal, as were the recombina-

tion frequencies in males and females. Genetic penetrance was assigned at 80%.

Pedigree chart and haplotypes were generated using pedigree mapping software

(version 2.1.3; Cherwell Scientific Publishing, The Magdalen Centre, Oxford

Science Park, Oxford, UK).

Mutation screening and reaction of restriction enzyme
Primers were designed with Primer Premier version 5.0 (Premier Biosoft

International, Palo Alto, CA, USA) to amplify all coding regions and intron

splice sites of RHO (GenBank NM_000539) (Table 1). Amplifications were

carried out with a standard cycle in a 25-ml mixture, containing 2.5ml 10�PCR

buffer, 2.5ml dNTPs, 2ml MgSO4, 0.75ml of each primer, 0.5ml KOD-plus-DNA
polymerase (Toyobo, Osaka, Japan) and 1ml genomic DNA, in My cycler PCR.

PCR products were sequenced directly by the ABI PRISM3100 Genetic

Analyzer and results were aligned with the sequence from GenBank database

to perform mutation analysis.

PCR products (391 bp) of exon 5 in RHO were amplified and digested with

1U of NlaIV (New England BioLabs, Beverly, MA, USA) restriction enzyme in

a 10ml reaction volume at 37 1C for 6 h. The resultant products were separated

on an 8.0% native-PAGE gel.

RESULTS

The inheritance pattern of RP in this five-generation Chinese Bai
family with 22 living members is autosomal dominant (Figure 2).
Thirteen affected members from this family (range 6–78 years) were
phenotyped. The average age of onset was about 6–7 years. A total of 9
of 13 affected individuals had typically clinical manifestations of RP,
including juvenile-onset night blindness, visual fields contraction
accompanied by visual deterioration with growths, waxy pallor of
the optic disc, attenuation of retinal blood vessels, bone spicule
pigmentation in the midperiphery of the retina (Figure 3), and loss

of the rod and cone responses in electroretinography. However, four
younger affected members, individuals IV4 (13 years old), IV5 (19
years old), IV6 (9 years old) and V1 (6 years old), only complained of
nyctalopia and blurred vision, and did not show any funduscopic signs
of RP or changes on electroretinography. None of the unaffected
individuals in this family showed typical changes in RP.
The result of two-point linkage analysis between the disease-gene

locus and the two genetic markers on chromosome 3 is shown in
Table 2. At recombination frequencies of 0.000, maximum two-point
logarithm of odds scores of 3.61 and 4.52 with markers D3S3606 and
D3S1292, respectively, were obtained. These recombination events
indicate that the disease-causing gene lies within the 1 cM interval
between the two markers. Haplotype analysis for the markers in the
region revealed cosegregation of alleles at markers between D3S3606
and D3S1292 with the disease in this Bai family (Figure 2).
RHO has been known to lie in the linked region and is an obvious

candidate gene in this Bai family, with adRP according to the result of
the linkage analysis. Therefore, mutation screening of the coding
region and of the adjacent intronic regions of RHO was performed.
The sequencing result showed a single base transversion in exon 5
(c.1040C4T) in the 13 affected members of the family, which was
predicted to result in the protein amino-acid sequence change,
p.Pro347leu. This sequence change was not observed in the nine
unaffected members, who have a homozygous nucleotide at the same
site (Figures 2 and 4). Restriction enzyme NlaIV digestion of RHO
exon 5 PCR products from the family further supported the sequen-
cing results and revealed the mutation to cosegregate with the disease
in this Bai family (Figure 4b). In addition, two reported single-
nucleotide polymorphisms (SNPs) rs7984 and rs2269736 were
found to locate in the untranslated region of exon 1. The frequencies
of genotype and allele of each SNP in this Bai family are shown in
Table 3. Eight of 13 affected members (61.5%) were found to
coexpress the homozygous genotypes AA and GG, whereas only one
of nine unaffected members (11.1%) combined them.

DISCUSSION

Mutations associated with adRP are most commonly detected in RHO,
retinal degeneration slow, inosine monophosphate dehydrogenases 1
and pre-mRNA processing factor 31 of 17 known adRP genes, which
account for approximately 25, 10, 10 and 8% of adRP, respectively. We
have detected retinal degeneration slow, pre-mRNA processing factor
31 and inosine monophosphate dehydrogenases 1 using direct sequen-
cing in this Chinese Bai family with adRP. Except for a nonpathogenic
four-base deletion at intron 6 of pre-mRNA processing factor 31
(IVS6-78_IVS6-75del4CACA, rs57960425), no other variations were

Table 1 Primer sequences designed for the completely coding exon region and intron splice sites of RHO gene

Position Primer sequences (5¢-3¢) Product length (bp) Annealing temp (1C)

Exon 1 F: ATTATGAACACCCCCAATCTCC 679 60

R: GGGCTTTGGATAACATTGACAG

Exon 2 F: CTCCTCAAATCCCTCTCCCACTCCT 422 62

R: TCTTCTGCCCTACACCCCTACCCTG

Exon 3 F: GGGAATGTGAAGCCCCAGAAAGG 411 62

R: GTGGTGGCTGACTCCTGCTGCTG

Exon 4 F: CCTGGAGGAGCCATGGTCTG 293 62

R: CAGTAGGCACCTGCTTGTTCATC

Exon 5 F: CGAACCTCACTAACGTGCCAG 391 63

R: GGTCTTGGTGGATGTCCCTTC

Abbreviation: RHO, rhodopsin.
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observed in these genes (data not shown). In this study, we evaluated
the linkage likelihood of RHO as a candidate gene in the Chinese Bai
family with adRP using linkage analysis with microsatellite markers.
Without recombination, an approximate by 1 cM region containing
RHO between D3S3606 and D3S1292 was initially found to have a
close linkage with the disease locus and to cosegregate with adRP. A
heterozygosis single base-pair change (c.1040C4T) at exon 5 of RHO,
resulting in a Pro347Leu amino-acid change in the protein, was
subsequently identified by direct sequencing and confirmed by a
reaction of restriction enzyme. All these results indicate that in this
RP family of Bai nationality, the RHO gene is associated with adRP,
and c.1040C4T (p.Pro347leu) in RHO is the causative mutation.
Of the genes known to cause adRP, mutations in RHO were most

frequently detected in different ethnic groups. In Caucasian, Japanese
and Chinese populations, the frequencies of RHO mutations for adRP
account for approximately 25, 5.9 and 7.7%, respectively.4,14,15 How-
ever, it has not been reported in RP patients of Bai nationality. This
minority nationality of southwest China (Yunnan province) has an
ethnic background that is different from that of the Chinese Han
nationality. Therefore, in this study we investigated the relationship
between RHO and a Chinese Bai family with adRP, using linkage

analysis for the first time. Genetic linkage analysis has a substantial
role in identifying genes responsible for genetic disease. Using only the
markers located in close vicinity or within the gene may improve the
detection of causative genes.16 Two-point linkage analysis in our study
gave evidence of close linkage between the disease-gene locus and
markers D3S3606 and D3S1292. This result suggests that RHO is a
major candidate gene for adRP in this Bai family because, to date, the
linked region detected in this study only harbors it in known
RP-causing genes.
On the basis of the result of the linkage analysis for RHO, direct

sequencing as a sensitive procedure was subsequently used to reveal
that there was a c.1040C4T (p.Pro347Leu) mutation in exon 5 of
RHO in all affected members of the Chinese Bai family. Pro347Leu
mutation is the most frequent missense change reported in six
different missense mutations in Proline-347. This has been widely
reported in South African, Spanish, Lithuanian, Indian, Japanese and
Chinese Han populations,8,13,17–19 and also in the present study in a
Chinese Bai population with adRP. Proline-347 has been found to be
conserved in all visual pigments,3 and the Pro347Leu mutation has
been shown to be involved in the pathogenic mechanism of adRP,20,21

which indicates that it mediates some vital function of RHO. In future,

Figure 3 Representative fundus photographs of affected individuals. There are typical changes of adRP, including attenuated arterioles, a waxy optic and

diffuse midperipheral bone spicules. (a) Proband (female, 31 years old, VOD 0.12, VOS 0.4), (b) individual III 12 (male, 45 years old, VOU 0.02).

Abbreviations: VOD, visual acuity of right eye; VOS, visual acuity of left eye; VOU, visual acuity of both eyes; OD, right eye; OS, left eye.

Table 2 Two-point LOD scores of two markers on chromosome 3, used in the Chinese Bai family, with adRP

LOD score at y value

STR markers Location 0.0 0.01 0.05 0.1 0.2 0.3 0.4

D3S3606 128 582 896–128 783 158 3.61 3.55 3.28 2.93 2.17 1.36 0.53

D3S1292 133 012 999–133 213 315 4.52 4.44 4.14 3.74 2.87 1.92 0.87

Abbreviations: adRP, autosomal dominant retinitis pigmentosa; LOD, logarithm of odds; STR, short tandem repeat.
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therefore, the functional investigation on the role of the Pro347leu
mutation in different cohorts will greatly help us understand the
genetic mechanism of RP and may substantially contribute to the
study on treatment.
Ando et al. revealed that no association was found between

susceptibility to RP and the RHO promoter haplotype in Japanese
RP patients through an assessment of their frequencies of four
haplotypes constructed by five SNPs, including rs7984 and
rs2269736 in the promoter region of RHO.15 In this study, two
sequence alterations, c.45G4A (rs7984) and c.70A4G (rs2269736),
were also found to be located in the untranslated regions of exon 1 in
RHO in all members of this Bai family, and no disease-associated
segregation of these changes was observed, which suggests that the

changes were polymorphisms instead of disease-causing mutations.
However, higher frequencies of genotypes AA of rs7984 and GG of
rs2269736 were found in affected members of this family. Previous
studies on thrombotic thrombocytopenic purpura have shown that, in
addition to ADAMTS13 mutations, SNPs located in the ADAMTS13
coding region can influence plasmatic ADAMTS13 activity levels,22

and a combination of SNPs and a missense mutation can also
modulate ADAMTS13 secretion.23 Therefore, in view of the implica-
tion of SNPs as genetic risk factors contributing to disease develop-
ment and disease susceptibility, detailed investigations of a potential
association between the two SNPs and adRP in the Chinese Bai
population, and of the effect of combinations of the Pro347leu
mutation with either or both SNPs, are needed.
The severity of RP seems to be correlated with the localization of

RHO mutations. Clinically, nearly every mutation in Proline-347 has
been shown to be associated with the early-onset and severe form of
the disease. Similar effects have been reported for the same mutation
in different ethnic populations.13 Thus, the disease feature in patients
carrying the Pro347Leu mutation has been characterized by early
onset, rapid progression and relative severity.24 The disease pheno-
types observed in this Bai family with adRP are similar to that of other
reported cohorts resulting from the Pro347Leu mutation.3,19,24 How-
ever, Lim et al.25 observed a co-occurrence of a novel truncating pre-
mRNA processing factor 31 mutation (p.Phe262SerfsX59) and a
known missense RHO mutation (p.Pro347Leu) in an affected
woman of a Chinese family with adRP, which may modify the
phenotype severity. Therefore, other mutations co-occurring with
Pro347Leu and probably leading to the difference in clinical manifes-
tations in the younger affected members in this Chinese Bai family will
be explored in future studies.
In summary, to the best of our knowledge, this is the first genetic

analysis of a Chinese Bai family with adRP. The results described in
this study provide genetic data and information about the Pro347leu
mutation of RHO in a Chinese Bai family, which enriches the

Figure 4 RHO sequencing changes in affected individuals. (a) Sequence chromatograms of PCR-amplified exon 5 of RHO from the proband (IV1, top) and

from a control individual (III6, bottom) from the Chinese Bai family. The arrow indicates the position of the heterozygous single base change in exon 5,
c.1040C4T. (b) NlaIV digestion of exon 5 PCR products (391 bp). All affected individuals examined in the Chinese Bai family are heterozygous carriers who

have all five bands at 307, 177, 130, 50 and 43bp. The unaffected individuals are homozygous and have only the four lower bands (177, 130, 50 and

43bp) without the upper band at 307bp. The last two bands (50 and 43bp) are not shown in this figure. Abbreviations: M, 20-bp DNA ladder marker

(Takara); N, unaffected individualsP, affected individuals with adRP.

Table 3 Genotype and allele frequencies of rs7984 and rs2269736

in the Chinese Bai family

SNPs 13 affected members (%) 9 unaffected members (%)

rs7984

AA 8 (61.5) 1 (11.1)

AG 5 (38.5) 6 (66.7)

GG 0 2 (22.2)

A 21 (80.8) 8 (44.4)

G 5 (19.2) 10 (55.6)

rs2269736

AA 0 0

AG 2 (15.4) 7 (77.8)

GG 11 (84.6) 2 (22.2)

A 2 (7.7) 7 (38.9)

G 24 (92.3) 11 (61.1)

Abbreviation: SNPs, single-nucleotide polymorphisms.
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mutation spectrum of the human RHO gene in different ethnic
groups. Investigation into the genes underlying RP is potentially
useful in designing genetic testing and counseling for patients. To
draw definite conclusions, further studies should be performed using
more sensitive methods of analysis with larger groups of RP patients
of Bai nationality.
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