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Mitochondrial DNA Haplogroups M7b1’2 and M8a Affect
Clinical Expression of Leber Hereditary Optic Neuropathy
in Chinese Families with the m.11778G — A Mutation

Yanli Ji,1.6 A-Mei Zhang,24¢ Xiaoyun Jia,! Ya-Ping Zhang,3 Xueshan Xiao,! Shigiang Li,!
Xiangming Guo,! Hans-Jiirgen Bandelt,5 Qingjiong Zhang,1.6 and Yong-Gang Yao26*

Leber hereditary optic neuropathy (LHON) is the most extensively studied mitochondrial disease, with the majority of the cases being
caused by one of three primary mitochondrial DNA (mtDNA) mutations. Incomplete disease penetrance and gender bias are two features
of LHON and indicate involvement of additional genetic or environmental factors in the pathogenesis of the disorder. Haplogroups J, K,
and H have been shown to influence the clinical expression of LHON in subjects harboring primary mutations in European families.
However, whether mtDNA haplogroups would affect the penetrance of LHON in East Asian families has not been evaluated yet. By
studying the penetrance of LHON in 1859 individuals from 182 Chinese families (including one from Cambodia) with the
m.11778G— A mutation, we found that haplogroup M7b1’2 significantly increases the risk of visual loss, whereas M8a has a protective
effect. Analyses of the complete mtDNA sequences from LHON families with m.11778G — A narrow the association of disease expression
tom.12811T— C (Y159H) in the NADH dehydrogenase 5 gene (MT-NDS5) in haplogroup M7b1’'2 and suggest that the specific combination
of amino acid changes (A20T-T53]) in the ATP synthase 6 protein (MT-ATP6) caused by m.8584G — A and m.8684C — T might account
for the beneficial background effect of M8a. Protein secondary-structure prediction for the MT-ATP6 with the two M8a-specific amino
acid changes further supported our inferences. These findings will assist in further understanding the pathogenesis of LHON and guide

future genetic counseling in East Asian patients with m.11778G— A.

Leber hereditary optic neuropathy (LHON, MIM 535000)
is a common cause of acute or subacute visual loss in
young adults, predominately affecting males.'™ The
prevalence of LHON in western Europe is about one in
25,000-50,000 individuals.'>°® Genetic defects in the mito-
chondrial DNA (mtDNA) genome play a key role in the
development of LHON, in which the three primary mtDNA
mutations (m.11778G — A [R340H] in NADH dehydrogenase
4 gene [MT-ND4, MIM 516003], m.14484T — C [M64V] in
MT-ND6 [MIM 516006], and m.3460G—A [A52T] in
MT-ND1 [MIM 516000]) contribute to about 95% of LHON
cases."*® However, the phenotypic expression of these
primary mutations is very complex. Only about one-third
of individuals harboring one of these three mutations even-
tually develop LHON, and the penetrance varies among
different families."””’® Therefore, identification of other
factors affecting LHON penetrance would be of value in
elucidating the pathophysiology of retinal neuron loss, as
well as in searching for clues that might relieve visual loss
or prevent the onset of LHON. Many factors, such as
mtDNA background, heteroplasmy of mtDNA mutation,
nuclear gene(s), and environmental factors, have been
shown to play active roles in the phenotypic expression of
LHON.1'4'9_20

Most recently, Hudson et al.” provided clear evidence that
the expression of LHON primary mutations was influenced
by the mtDNA haplogroup background in European fami-

lies. The risk of visual failure is higher when m.11778G —
A or m.14484T — C mutations are present in haplogroup J
and when m.3460G—A is present in haplogroup K,
whereas haplogroup H reduces the disease manifestation
in families with m.11778G — A.” The cause of the associa-
tion of mtDNA background effect (subclades J1 and ]J2b)
with LHON expression in families with m.11778G— A or
m.14484T — C has been narrowed to two specific combina-
tions of amino acid changes (L236I-F19L and L236I-
D171N-V356M) in the cytochrome b gene (MT-CYB; MIM
516020).?! Because the distribution patterns of the three
primary mutations”® and the matrilineal genetic struc-
tures®>?3 differ remarkably in populations from Europe
and East Asia, it is indispensable to disclose the potential
haplogroup effects on LHON expression in Fast Asians.
One hundred and seventy-five families with LHON and
the m.11778G — A mutation were identified across China
from our routine clinical diagnosis of 1369 unrelated sub-
jects suspected of having LHON (including those families
that were described in our previous studies®>*2°). The pres-
ence of the primary mutation m.11778G— A was verified
by direct sequencing or allele-specific PCR in all families
in the present study. In all cases, we detected no hetero-
plasmy for the m.11778G — A mutation. The clinical diag-
noses were determined at the Zhongshan Ophthalmic Cen-
ter or by local ophthalmologists. Unaffected individuals
were defined as having no vision impairment. Informed
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Table 1. Haplogroup Frequency for the 1859 Subjects,
from 182 Pedigrees, with the Primary LHON Mutation
m.11778G—A

Table 2. Haplogroup Distribution of Affected and Unaffected
Individuals in 182 Families with the Primary Mutation
m.11778G6—A

No. of No. of Pooled Han
Haplogroup  Subjects (%)® Families (%)* Chinese (%)° p Value®
D4 432 (23.24) 43 (23.63) 56 (13.73) 0.004
D5 161 (8.66) 5 (8.24) 27 (6.62) 0.491
B4 197 (10.60) 19 (10.44) 55 (13.48)  0.347
B5 115 (6.19) 0 (5.49) 17 (4.17) 0.523
M7b1'2 136 (7.32) 15 (8.24) 24 (5.88) 0.370
M7c 122 (6.56) (6 59) 11 (2.70) 0.036
G 139 (7.48) 2 (6.59) 14 (3.43) 0.126
M8a 112 (6.02) 0 (5.49) 18 (4.41) 0.675
M10 113 (6.08) 8 (4.40) 8 (1.96) 0.104
A 75 (4.03) 10 (5.49) 25 (6.13) 0.852
Y 60 (3.23) 6 (3.30) 6 (1.47) 0.203
C 46 (2.47) 7 (3.85) 11 (2.70) 0.605
F 27 (1.45) 4 (2.20) 68 (16.67)  1x10°°
N9a 34 (1.83) 3 (1.65) 15 (3.68) 0.209
M12 35 (1.88) 2 (1.10) 2 (0.49) 0.591
R11 9 (0.48) 2 (1.10) 4 (0.98) 1.000
M9a 8 (0.43) 1 (0.55) 10 (2.45) 0.186
z 9 (0.48) 1 (0.55) 8 (1.96) 0.287
Other 29 (1.56) 2 (1.10) 29 (7.11) 0.001
Total 1859 182 408 -
24-26,28-32

? The reported families were also included.

b pooled Han Chinese individuals from Yunnan, Hubei, Xinjiang, Liaoning,
Shandong, and Guangdong Provinces reported by Yao et al.?*3° and Kivisild
etal.”’

¢ Fisher's exact test (two-tailed) was performed on the basis of the number

of lineages in the pooled Han Chinese and LHON samples.

consent, conforming to the tenets of the Declaration of
Helsinki and following the guidance of sample collection
of Human Genetic Disease (863 program) by the ministry
of Public Health of China, was obtained from participants
prior to this study, which was approved by the institutional
review boards of the Zhongshan Ophthalmic Center and
the Kunming Institute of Zoology. We followed the avail-
able approach to assign each mtDNA to its respective
haplogroup, as previously described.?***?” In brief, each
sample was analyzed for a 1.4 kb fragment (region 16024-
850) that covers the entire mtDNA control-region sequence
and was classified on the basis of the recognition of the
haplogroup motif and its matching or near-matching
with reported Chinese mtDNAs.?*?” Coding-region muta-
tion motifs (e.g., m.5178C—A [MT-ND2: L237M; MIM
516001] for haplogroup D, recognized by —5176Alul)
were screened to further solidify the inferred haplogroup
status for some lineages. In addition, LHON penetrance
information of ten reported Chinese families with
m.11778G — A*>2%28-32 was also included for analysis in
this study. Note that there were some errors in seven of
those reported complete mtDNA sequences®* % and that
we classified those samples following a well-described strat-
egy.*** The complete mtDNA sequence was determined in
probands from seven M7b families, three F families, three
MS8a families, and two G families via the same strategy
and amplification and sequencing conditions as described

No. of Individuals with G11778A

Sex and Haplogroup Affected Unaffected
Male

M7b1'2 41 27
M7¢ 25 42
M8a 15 39
C 20 9
M10 30 33
D4 91 129
D5 37 34
A 24 16
B4 44 57
B5 21 32
G 41 26
Y 14 20
F 7 5
Other 26 35
Total 436 504
Female

M7b1'2 15 53
M7¢ 9 46
M8a 7 51
C 3 14
M10 10 40
D4 43 169
D5 23 67
A 7 28
B4 20 76
B5 10 52
G 21 51
Y 1 25
F 3 12
Other 11 52
Total 183 736

The previously reported Chinese families with LHON and m.11778G—
A?5-26:28-32 yaraincluded. For detailed information, referto Tables S1and S2.

in our recent study.?® Sequence variations were scored rela-
tive to the revised Cambridge reference sequence (rCRS).**
The classification tree of the complete mtDNA sequences
was drawn via the same procedure as described in our
previous studies and others.3336-38

We did not consider the age of subjects as a risk factor for
the disease penetrance and included all subjects, irrespec-
tive of age, in order to avoid an ascertainment bias in
elevating the penetrance value in the pedigree.” The fol-
lowing family members were excluded from the analysis:
(1) the first generation, (2) spouses of the matrilineal mem-
bers, and (3) children of the male member in each family.
In total, we evaluated the penetrance of LHON in 1859
individuals carrying the m.11778G—A mutation, from
182 Chinese families that were located in South and North
China (including one family from Cambodia). Among
these subjects, 50.6% were male and 49.4% were female.
Binary logistic regression was used for determining the
effects of the variables (sex and haplogroup) on the
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Table 3.

Effect of Gender and mtDNA Haplogroups on Phenotypic Manifestation of the Primary Mutation m.11778G6—A

All 182 Families

140 Families®

Variable p Value 0dds Ratio 95% (I p Value 0dds Ratio 95% (I

Sex 2.613 x 1032 3.479 2.830-4.277 5.576 X 1027 3.324 2.671-4.138
M7b1'2 0.032 1.503 1.035-2.183 0.015 1.631 1.100-2.416
M7¢ 0.101 0.702 0.460-1.071 0.123 0.706 0.454-1.099
M8a 0.002 0.460 0.282-0.751 0.001 0.391 0.224-0.682
C 0.050 1.845 1.000-3.404 0.154 1.655 0.828-3.308
M10 0.861 1.038 0.685-1.571 0.451 1.173 0.775-1.778
D4 0.213 0.858 0.675-1.092 0.151 0.827 0.638-1.071
D5 0.092 1.353 0.952-1.923 0.076 1.394 0.965-2.013
A 0.157 1.426 0.872-2.331 0.154 1.467 0.867-2.481
B4 0.744 0.947 0.682-1.314 0.911 0.981 0.697-1.381
B5 0.204 0.752 0.484-1.167 0.165 0.714 0.443-1.149
G 0.001 1.827 1.266-2.637 0.003 1.825 1.230-2.709
Y 0.091 0.590 0.320-1.088 0.097 0.580 0.305-1.104
2 0.530 1.302 0.571-2.966 - - -

Other 0.429 0.847 0.560-1.280 0.705 0.928 0.629-1.368

Statistical testing was performed on the basis of the original data in Table S2. The visual failure was regarded as the dependent variable in the binary
logistic-regression model. The haplogroups (present in at least four families) were separately introduced into the regression equation with the independent

variable sex and the dependent variable visual failure.
@ 42 small pedigrees were excluded.

b When the small pedigrees were not considered, haplogroup F was excluded because of the small number of families.

phenotypic expression of LHON with the use of SPSS 13.0
(SPSS, Chicago, IL). In regard to sample size and statistical
power, we only considered the haplogroups shared by at
least four families as variables in the statistical analysis.
The remaining haplogroups were aggregated together
into one variable. In total, 14 variables, including hap-
logroups M7b1'2, M7¢c, M8a, C, M10, D4, D5, A, B4, BS,
G, Y, E and others (lumping together Z, M9, M12, N9a,
R11, and U), were separately introduced into the regression
equation, with the independent variable sex and the
dependent variable visual failure. Other potential variables,
such as heteroplasmy of the primary mutation and
pedigree generation, were neglected in our study. A p value
less than 0.05 was regarded as statistically significant.
Table 1 and Table S1 (available online) list the distribution
frequencies of mtDNA haplogroups in our cohort of fami-
lies. The overall pattern was similar to the general profile
that was observed in 41 families in our recent study,**
with haplogroups D, B, and M7 being the prevalent
haplogroups. Only four of the 182 families (2.2%) with
m.11778G—A belonged to haplogroup F (including
family WZ4 reported by Qian et al.?%); this frequency was
significantly lower than the expected frequency, which
ranges from 6%-27% in the regional Chinese populations
across China.?*373° However, the overall LHON pene-
trance in these four families ranged from 25%-75% and
was not at a lower rate of penetrance compared to that in
those families with other haplogroup status (Table 2 and
Table S2). We also failed to observe a significant haplogroup
effect of F on the penetrance of LHON (p = 0.530; odds ratio
[OR] = 1.302; 95% confidence interval [CI] = 0.571-2.966)
in these F families (Table 3). The exact reason for such a low
frequency of F in LHON lineages** with no effect on pene-
trance remains unclear. Population stratification might

account for this pattern. When we pooled the published
regional Han Chinese**3”° as one population, to mimic
the heterogeneous nature of the LHON population,
haplogroup F was still significantly lower in the LHON pop-
ulation compared to the aggregated sample (Fisher’s exact
test, two tailed p = 1 x 10~°). Conversely, the frequencies
of haplogroups D4 and M7c were significantly higher (p <
0.05) in the LHON patients compared to the pooled Han
Chinese, but none of them affected the LHON penetrance
(Tables 1 and 3). Analysis of the complete mtDNA
genomes of the four haplogroup F families with LHON
andm.11778G — A failed to provide any useful information
(Figure 1 and Table 4), because these mtDNA samples
belonged to different subbranches (two Fla, one F1b, and
one F2a).

Consistent with a previous report for European LHON pa-
tients,” sex is also the strongest predictor for visual loss in
Chinese families (p = 2.613 x 1073% OR = 3.479; 95%
CI = 2.830-4.277), with a 3.5-fold increased risk of visual
failure for males compared with females. Haplogroups
M7b1’2 and G increased the risk of visual failure 1.5-fold
(p = 0.032; OR = 1.503; 95% CI = 1.035-2.183) and 1.8-
fold (p=0.001, OR=1.827,95% CI = 1.266-2.637), respec-
tively. Haplogroup M8a was found to be associated with a re-
duced risk (p = 0.002; OR = 0.460; 95% CI = 0.282-0.751).
Because some of the pedigrees studied here were relatively
small, we then excluded 42 pedigrees (each having five ma-
ternally related individuals at most) in order to eliminate
the potential bias in scoring the affected and unaffected in-
dividuals in these small pedigrees. Analysis for the residual
1710 subjects from 140 families then yielded similar results,
with an increased risk for haplogroups M7b1'2 (p = 0.015,
OR=1.631,95% CI=1.100-2.416) and G (p =0.003, OR =
1.825, 95% CI = 1.230-2.709) and a reduced risk for
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Classification Tree of 20 Complete mtDNAs with m.11778G — A and the Revised Cambridge Reference Sequence

Figure 1.

Haplogroup names are inserted along the branches that determine the locations of the corresponding ancestral haplotypes, following the

"

u

most recent update of the East Asian mtDNA phylogeny.® Suffixes “C” and “A” refer to transversions, and “+5C” signifies an insertion of

five cytosines. Deletion and heteroplasmy of a mutation are indicated by suffixes “d” and “h,” respectively. Back mutations are highlighted
by the prefix “@,” and recurrent mutations are underlined. The synonymous and nonsynonymous coding-region variants in the samples

are further denoted by “/s” and “/ns,” respectively. Nucleotide variations that are located in the tRNA genes and the rRNA genes are

marked with “/t” and “/r,” respectively. Length mutations of the C-tract in region 303-309 and the m.11778G— A mutation in the

20 mtDNAs were omitted from the tree. Sequence WZ4 is taken from Qian et al.? but obscured by several errors (*?). Families Le1244,

Le1269, and Le696 are taken from our recent studies.?>2® The Japanese LHON patient with intracranial arteriovenous malformation

(AVM) is taken from Fujitake et al.“°
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Table 4. Private Nonsynonymous mtDNA Sequence Variations in Chinese Families with LHON and m.11778G6 —A
Nucleotide Variant Reported Reported
Family Haplogroup (Amino Acid Change)? Gene (Population Context)b (Disease Context)b Conservation®
Le699 Fla1l G8839A (A105T) MT-ATP6 yes yes yes
G8545A (ATT) MT-ATP6 yes no no
A8507G (N48D) MT-ATP8 yes no no
T4216C (Y304H) MT-ND1 yes yes no
Le1048 F1b1 G15119A (A125T) MT-CYB yes no yes
G15734A (A330T) MT-CYB ves yes yes
Le924 M7b1'2 (6228T (L109F) MT-C01 no no no
Le1127 M7b1'2 A7158G (1419V) MT-C01 yes yes no
Le217 M7b1 A13105G (I257V) MT-ND5 yes ves no
Le1174 M7b1 G7444C (X514T) MT-C01 no no -
€10159T (S34F) MT-ND3 no no no
Le265 M7b1 T10084C (I9T) MT-ND3 yes no no
€10159T (S34F) MT-ND3 no no no
Le266 M8a G3776A (S157N) MT-ND1 no no no
Le1031 M8a2 G15734A (A330T) MT-CYB yes yes yes
Le258 M8a2b T10747A (L93Q)" MT-ND4L no no yes
G14259A (P139S) MT-ND6 yes no no
Le953 Glc G9966A (V2541) MT-C03 yes yes yes
Le1269 G2a G13708A (A458T) MT-ND5 yes ves no
Le1244 G2al G7604A (V7M) MT-C02 yes no no

@ The nucleotide variants were listed in a format for web-based searches, e.g. mutation G8839A should be presented as 8839G— A and m.8839G—A
according to the “traditional” and “approved” formats for mtDNA-mutation nomenclature®®, respectively.
® The search was performed on Aug 18, 2008, with the strategy described in Bandelt et al.** followed (e.g. both “G8839A mtDNA” and “8839G — A mtDNA”

were queried).

¢ The conservation analysis was performed by a comparison of human mtDNA (GenBank accession no. J01415) to eight different vertebrate species,
including zebrafish (NC_002333), frog (AB043889), blue whale (NC_001601), mouse (AY466499), cattle (AY526085), horse (EF597513), dog

(DQ480502), and gorilla (NC_001645).
4 This site is heterogeneous for T and A.

haplogroup M8a (p = 0.001, OR = 0.391, 95% CI = 0.224-
0.682) (Table 3). To minimize the probability of type II
errors in the above test, we performed logistic regression
by introducing all 14 variables in the regression equation,
with the independent variable sex and the dependent vari-
able visual failure. The increased risk for haplogroups
M7b1’2 and G and the decreased risk for haplogroup
MS8a in phenotypic manifestation of m.11778G— A was
further confirmed (considering all 182 families: M7b1’2,
p = 0.012, OR = 1.630, 95% CI = 1.116-2.382; G, p =
4.59 x 107%, OR = 1.949, 95% CI = 1.342-2.832; M8a,
p = 0.013, OR = 0.535, 95% CI = 0.326-0.878; excluding
42 small pedigrees: M7b1'2, p = 0.008, OR = 1.714, 95%
CI = 1.150-2.554; G, p = 0.002, OR = 1.903, 95% CI =
1.275-2.840; M8a, p = 0.005, OR = 0.445, 95% CI =
0.254-0.779).

The association between an increased risk of visual loss
and haplogroup G is unexpected, because different fami-
lies belonging to this haplogroup presented strikingly dif-
ferent penetrance patterns.?>° In particular, one reported
family (Le696)%® had a very high penetrance (78.6%) and
harbored two pathogenic mutations, m.1555A—G
(MT-RNR1; MIM 561000) and m.11778G — A, which might
have enhanced the phenotypic expression and caused
a bias in estimation of the haplogroup background effect.
Indeed, when we excluded this family, together with four
small pedigrees from the analysis, haplogroup G did not

significantly increase the penetrance of LHON (p =
0.051, OR = 1.526, 95% CI = 0.998-2.335). Therefore,
the effect of haplogroup G on the clinical expression of
LHON should be treated with caution and further verified
in a future study with more pedigrees. Analysis of the five
LHON families with G status shows that these mtDNA
samples can be grouped into subhaplogroups Glc, G2a,
and G2b and thus share only one nonsynonymous
haplogroup-specific variant, viz. m.4833A—G (T122A)
in the MT-ND2 gene (Figure 1), which might account for
the predisposing effect of haplogroup G in LHON pene-
trance.

To further define the effect of haplogroup M7b1’2 on
LHON penetrance, we narrowed the potential association
to specific mtDNA mutations by analyzing the entire
mtDNA genomes of eight M7b1’2 families (including one
previously reported Japanese LHON proband with intracra-
nial arteriovenous malformation*®) (Figure 1). All probands
shared a string of nonsynonymous mutations (m.4048G —
A [D248N] in MT-ND1, m.5460G — A [A331T] in MT-ND2,
and m.7853G— A [V90I] in MT-CO2 [cytochrome c oxidase
II; MIM 516040]) and synonymous variants (m.4164A— G
in MT-ND1, m.5351A—G in MT-ND2, m.6680T—C in
MT-CO1 [MIM 516030], m.7684T — C in MT-COZ2) that are
characteristic of haplogroup M7b, as well as m.12811T—
C (Y159H) in MT-ND5 (MIM 516005), which defines
haplogroup M7b1’2. At the twig level, we identified five
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nonsynonymous mutations in families Le924 (m.6228C —
T [MT-CO1: L109F]), Lel127 (m.7158A—G [MT-CO1:
1419V]), Lell74 (m.7444G—C [MT-CO1l: XS514F];
m.10159C—T [MT-ND3: S34F; MIM 516002]), and Le217
(m.13105A— G [MT-NDS: 1257V]). With the exception of
m.6228C—T, m.7444G —C, and m.10159C —T, all vari-
ants can be found in reported mtDNA samples via standard
database and web-based searches.*! Some of the variants are
evolutionarily conserved and have been reported in disease
context (Table 4). None of these mtDNA variants has
been reported to be associated with LHON, except for
m.12811T—C, which was considered to be a secondary
mutation for LHON expression*” and was present in
two out of 35 Finnish LHON probands.’ In addition,
m.12811T—C could be found in three out of 63 Dutch
LHON patients,** one case individual with cancer,** and
one patient with cerebral autosomal-dominant arteriopa-
thy with subcortical infarcts and leukoencephalopathy
(MIM 125310),*® according to extensive database searches.
In the non-European context, m.12811T — C was regarded
as a haplogroup-specific polymorphism in East Asians
(M7b1'2)3¢ and Native Americans (A2h).* The potentially
synergistic effect of m.11778G—A and m.12811T—C
might be the reason for an increased penetrance on the
haplogroup M7b1’2 background.

Intriguingly, three of the five M7b1’2 lineages that har-
bored nonsynonymous mutations at the twig level also
had private amino acid changes in the MT-CO1 gene (Fig-
ure 1 and Table 4); this suggests that the decreased activity
of cytochrome c oxidase and the partial dysfunction of
complex IV might be related to the onset of LHON.”#7~%°
For instance, m.7444G— A in the MT-CO1 gene causes
a change of the termination codon of MT-CO1 to lysine
and was claimed to be associated with LHON,*” although
this variant was prevalent in haplogroup V and should be
categorized as a polymorphism.** Note that a recent study
showed that pathogenic mutations are also common in
the general population.’® The previously unpublished
variant m.7444G— C in Lel174 causes a similar problem
as that of m.7444G— A and results in a change of the
termination codon to threonine. Whether the change of
the mitochondrial respiratory-chain complexes I and IV
activities caused by the above mutations in MT-CO1,
MT-CO2, MT-ND1, MT-ND2, MT-ND3, and MT-NDS in
M7b1’'2 lineages would account for an increased risk for
LHON awaits further experimental study. It is worth
noting that in a recent study by Kazuno et al.,*' the four
cybrid lines containing mtDNA with haplogroup status
Glal (two), M7b2, and M7ala generally had a lower cyto-
solic calcium response to histamine and a higher-level
mitochondrial matrix pH compared to those cybrids con-
taining mtDNA belonging to haplogroups N9a, A, B4,
etc. This result suggests that potential alterations in mito-
chondrial pH and calcium concentration caused by the
haplogroup background effects of M7b1’'2 and G might
be one of the mechanisms for the increased risk of LHON
penetrance.

A protective effect of mtDNA haplogroup background
has been reported for several diseases; e.g., haplogroup
N9a confers resistance to type 2 diabetes in Asians*? and
to metabolic syndrome in Japanese women,>® and hap-
logroup H reduces the risk of visual failure in European
families with m.11778G—A.” In this study, we found
that M8a enacted a protective effect on the disease expres-
sion in Chinese LHON families, and this protective effect
became even more pronounced when we discarded small
pedigrees. Analysis of three complete M8a mtDNA se-
quences from these families showed that each mtDNA
had at least one private nonsynonymous nucleotide
change at the twig level (Figure 1 and Table 4). Family
Le258 had a previously unpublished heterogeneous
mutation at site 10747, and this site was conserved in ver-
tebrates. Intriguingly, the haplogroup-specific nonsynony-
mous-variant pair m.8584G — A and m.8684C — T, causing
a combination of amino acid changes A20T and T53], is
located in the ATP synthase 6 gene (MT-ATP6; MIM
516060). We performed protein secondary-structure
modeling for the MT-ATP6 protein harboring the two
MS8a-specific amino acid changes in comparison to mu-
tants containing a well-known pathogenic mutation at
site 8993 (m.8993T — G or m.8993T — C), a rare LHON mu-
tation m.9101T— C,>**° as well as the wild-type (rCRS) by
using the TMpred program. As shown in Figure 2, MT-ATP6
is a largely hydrophobic protein and contains two hydro-
philic loops. Both m.8993T — C and m.8993T — G mutants
alter the hydrophobicity, but m.8993T — G has a stronger
effect, whereas m.9101T — C decreases the hydrophobicity
close to the C-terminal end. The amino acid change A20T
of M8a decreases the hydrophobicity, but this change is
balanced by a reduction of hydrophilicity in the adjacent
region, caused by TS3I. It thus seems that the two specific
amino acid changes are the cause of the protective effect of
M8a and that they enhance the activity of the mitochon-
drial ATP synthase complex. Experimental data will be
essential for confirming this speculation.

In summary, by studying 1859 individuals in 182
Chinese families with LHON and m.11778G — A, we found
that haplogroup M7b1’2, as well as, possibly, haplogroup
G, significantly increased the risk of visual failure in Chi-
nese individuals with m.11778G — A, whereas M8a might
have a protective effect on the penetrance of LHON. Sex
is the most significant factor for influencing the clinical
expression of LHON (3.48-fold) in Chinese families but
this influence is lower than that in European LHON fam-
ilies (5.41-fold). Haplogroup F is present at a much lower
frequency in these affected families than in the general
Han Chinese when we only counted the matrilines,
whereas haplogroups D4 and M7c are present at a signifi-
cantly higher frequency in the affected families. However,
none of these haplogroups showed any effect on the pen-
etrance of LHON. Similarly, frequencies of haplogroups
M7b1’2, G, and M8a are not significantly increased in
LHON pedigrees despite their apparent background effect
on the penetrance. The exact reason for this apparent
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Figure 2. A Hydrophobicity Chart for
the MT-ATP6 Protein Predicted by the

TMpred Program
The hydrophobicity of the MT-ATP6 protein

harboring the two haplogroup M8a specific
amino acid changes (A20T-T53I) is com-

pared to the wild-type MT-ATP6 (rCRS)
and the known pathogenic mutants caused
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supported by grants from the Chinese
Academy of Sciences (Y.-G.Y. and Y.-P.Z.)

inconsistency remains unclear and this pattern is in con-
trast to the European study,” in which an internal consis-
tency of the haplogroup association was observed,
namely, haplogroup J is present at an increased frequency
in LHON families with m.11778G — A and m.14484T—C,
and subdivisions of this haplogroup have increased pene-
trance. Analysis of the complete mtDNA sequences of
LHON probands with M7b1'2 and G status did not iden-
tify the two specific combinations of cytochrome b amino
acid changes that are responsible for the background ef-
fect of haplogroups J1c and ]J2b in the penetrance of
LHON in western European patients,?' suggesting differ-
ent mtDNA mutation spectra and mechanisms in the
penetrance of LHON in the East and the West. The in-
creased risk of LHON penetrance of haplogroup M7b1'2
may be due to the coexistence of m.11778G—A and
m.12811T—C, whereas the effect of haplogroup G as
a risk factor in the disease expression may be related to
the nonsynonymous mutation m.4833A— G in the MT-
ND2 gene. The haplogroup-specific combination of two
amino acid changes A20T and T53I in the MT-ATP6
protein may be the cause for a beneficial background ef-
fect of M8a. The identification of haplogroup background
in LHON expression in Chinese families will undoubtedly
help to understand the pathogenesis of LHON and guide
future genetic counseling.

Supplemental Data

Supplemental Data include two tables and can be found with this
paper online at http://www.ajhg.org/.
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Table S1. mtDNA Sequence Variation and Haplogroup Classification of 175 Families with m.11778G—A and LHON

Sample Haplogroup Region 16024-16569 Region 1-850 Coding Region Mutation ?
(16000+) (all with 73 and 315+C)

Lel053 A 223290 293C 319 519 152 263 309+C 523-524d 663 750

Lel096 A4 223 290 319 362 152 200 235 263 309+C 523-524d 663 750 +663Haelll; +5176Alul;
—9820Hinfl

Lel351 A4 209 223 274 290 319 362 152 207 235 309+C 523-524d 663 750

Le216 A4 223290 319 362 152 207 235 309+C 329 523-524d 663 750 +663Haelll

Le243 Ad 223290 319 362 519 195 200 235 263 309+C 523-524d 663 750

Le296 A4 124 223 290 319 362 152 235 263 309+C 523-524d 663 750 +663Haelll

Le615 A4 223 290 319 325 362 41 152 235 263 523-524d 663 750 +663Haelll

Le67 A4 223 290 319 362 152 200 235 263 309+C 523-524d 663 750 +663Haelll

Le917 A4 124 223 290 319 362 151 152 200 235 263 309+C 523-524d 663 750 +663Haelll

Le977 A4 129 223 290 319 362 152 179 235 263 663 750

Le458 B4 182C 183C 189 217 261 263 309+CC 523-524d 750 9bpd



Le856
Le1007
Le546
Le942
Le991
Lel064
Lel321
Lel003
Le353
Le269
Le780
Le931
Le804
Le406
Lel188

Le782
Lell14

Lel344
Lel121

Lel1365
Lel366
Lel8
Le416
Le74
Le555
Le246
Le487

B4
B4a
B4a
B4a
B4a
Bda'g
Bda'g
B4bl
B4bl
B4bla
B4bla
B4bla
B4blb'c
B4b'd
B4cl

B4clb
B4g

B4g
B5a

B5a
B5a
B5a
B5a
B5a
B5a2
B5b
B5b
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182C 183C 189 217 223 519

129 182C 183C 189 217 261 311
150 182C 183C 189 217 240 261
182C 183C 189 217 261 519

129 182C 183C 189 217 261 519
129 182C 183C 189 217 261 356
168 182C 183C 189 217 261 311 519
136 183C 187A 189 217 519

136 154 183C 189 217 218 519
136 183C 189 217 519

93 136 183C 189 217 519

136 183C 189 217 519

86 136 183C 189 217 218 519
183C 189 217 519

168 182C 183C 189 217 311 519

129 140 166 179 182C 183C 189 217 274 335 465 519
181C 182C 183C 189 213 217 261 278 292 519

90 181C 182C 183C 189 213 217 261 292 519
93 140 183C 189 260 266G 311 519

140 183C 189 266A 519

140 183C 189 218 266A 519

93 140 183C 189 260 266G 519

93 140 182C 183C 189 266A 519

140 183C 189 266A 362 519

140 187 189 256 266G 519

140 145 182C 183C 189 243 257 362 519
140 182C 183C 189 243 519

263 309+C 573+6C 709 750 827

263 309+CC 523-524d 750

143 263 309d 523-524d 750

263 309+C 523-524d 573+5C 750

263 309+C 523-524d 750

93 263 309+CC 513 523-524d 750

182 185 263 309+C 523-524d 750

263 309+C 499 750 827

150 249d 263 309+CC 499 709 750 827
152 207 263 499 750 827

207 263 499 750 827

207 263 309+CC 499 523-524d 750 827
263 309+C 499 750 827

263 309+CC 316 750 827

263 309+CC 523-524d 750 794

150 195 263 309d 709 750
263 302C 309+CC 455+T 523-524d 750

61A 62 263 309+CC 523-524d 750
210 263 294 309+C 709 750

210 263 309+CC 523-524d 709 750

210 263 523-524d 709 750

210 263 294 309+C 709 750

210 263 309+CC 523-524d 709 750

150 210 263 309+CC 455+T 523-524d 709 750

93 210 263 523-524d 709 750

103 146 204 263 709 750

103 195 198 204 207 263 309+CC 523-524d 709 750

+5176Alul; 9bpd

9bpd

9bpd

—-663Haelll; +5176Alul;
—9820Hinfl; 9bpd

9bpd

—663Haelll; +5176Alul;
—9820Hinfl; 9bpd

—663Haelll; +5176Alul;
—9820Hinfl; 9bpd

—663Haelll; 9bpd
9bpd
+5176Alul; —9820Hinfl; 9bpd

—9820Hinfl; 9bpd



Le204
Le51
Le534
Le767
Le867
Le889
Le912
Lel278
Lell120

Lel168

Lel191
Lel211
Le1367
Le385
Le394
Le442
Le519
Le565
Le604
Le631
Le638
Le698
Le954
Le812
Le854
Le894
Le930

OO0O0O0O0O000

O O
I

W)
=

D4
D4
D4
D4
D4
D4
D4
D4
D4
D4
D4
D4
D4
D4
D4
D4
D4

223 298 327 519

183C 189 223 298 327 519
223298 327 519

213 223 298 327 519
223298 327 519

129 150 189 223 298 327 519
93 184 223 298 327 519

174 362

223 271 362 519

192 223 362

223 362

192 223 362

223 362

174 223 352 362

192 223 362 519

129 223 274h 311h 362
174 223 343 362

86 188 223 362

223 249 250 309 362
172 362 519

174 362

223 362 519

42 214 223 362

174 177 223 362

92 223 270 362

184 311 362 519

223 362
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249d 263 489 750

249d 263 309+CC 489 593 750
146 249d 263 309+C 489 750
249d 263 309+C 489 750

146 249d 263 489 750

195 249d 263 309+CC 489 750
152 249d 263 309+C 489 750
263 309+C 489 750

263 298 489 593 750

263 489 750 869

263 309+C 489 750

263 489 750 869

263 309+C 489 750

263 309+C 489 523-524d 750
263 309+C 489 593 709 750
263 298h 309+CC 489 750
263 489 750

263 489 750

263 309+C 489 750

194 263 489 523-524d 722 750
263 309+C 489 750

152 195 263 309+C 489 750
263 309+C 489 709 750

263 309+C 489 573+5C 750
263 309+C 489 750

194 263 489 523-524d 750
263 489 750

+5176Alul

—-663Haelll; 3010; -5176Alul;
—9820Hinfl
—663Haelll; 3010; -5176Alul;
—9820Hinfl
-5176Alul

-5176Alul

—5176Alul

3010; —5176Alul; 10400
—5176Alul

—5176Alul

—5176Alul

—5176Alul

-5176Alul

—5176Alul

—5176Alul

—5176Alul

—663Haelll; 3010; -5176Alul
3010; -5176Alul
-5176Alul

-5176Alul

—5176Alul



Le952
Le976
Le343
Le392
Le457
Le655
Le811
Le998
Le539
Le78

Le285
Le422
Lel017
Lel013
Lell139

Lel1140

Le1215
Le423

Le884

Le877°"
Lel012
Le1057
Le1108

Le563
Lel104
Lel231

D4
D4
D4a
D4a
D4a
D4a
D4a3
D4b1
D4blb
D4blc

D4b2b
D4b2b
D4elal
D4g2a
D4h

D4h

D4k
D4k
D4k
D5
D5a
D5a2
D5a2a

D5a2a
D5b
D5b
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223 362

93 188 214 223 362

129 223 362 519

129 223 256 299 362 519

129 223 263 362

129 223 362 519

93 129 223 249 362

185 189 193d 223 232A 319 362
93 223 287 319 362 380

158 223 284 287 319

223 362 519

223 283T 362 519
93 176 223 362
93 223 274 362
174 177 223 362

174 223 352 362

192 223

192 223

131 192 222 223 316 362

93 129 189 362 519

164 172 182C 183C 189 209 223 266 362
164 182C 183C 189 223 266 362 519

92 164 167 172 182C 183C 189 223 266 362

92 167 172 182C 183C 189 223 266 274 293 362
91 167 189 223 362
189 223 362 519

263 309+C 489 523-524d 750 789

146 263 309+C 489 750

152 263 309+CC 489 750

152 263 489 750

151 152 263 309+C 489 750

152 199 263 309+CC 489 750

143 146 152 196 263 309+C 489 750

263 309+CC 489 523-524d 750

263 309+C 431 489 523-524d 750

152 204 207 263 309+C 489 523-524d 750

150 194 263 489 523-524d 750

152 194 263 489 523-524d 573+3C 750
94 194 263 309+C 489 750

263 298 309+C 489 499 750

263 309+C 489 573+5C 750

263 309+C 489 523-524d 750

195 263 309+C 489 750

195 263 309+C 489 750

184 195 263 309+C 489 750

63 152 263 309+C 489 750

150 263 489 523-524d 750 752 870

150 263 489 523-524d 750 752

150 235 263 309+C 489 523-524d 750 752

150 263 489 523-524d 750 752
150 189 263 456 489 681 750
150 263 309+C 456 489 681 750

-5176Alul
—5176Alul
—5176Alul
—5176Alul

—5176Alul; 9bpd

—663Haelll; —9820Hinfl;
10398, 10400

3010; -5176Alul

—-663Haelll; 3010; -5176Alul;
—9820Hinfl
—663Haelll; 3010; -5176Alul;
—9820Hinfl

—663Haelll; -5176Alul;
—9820Hinfl
-5176Alul

—-663Haelll; -5176Alul;



Lel4l
Le465
Le779
Le835
Le853
Le873
Le90
Le1357
Le699
Le1048

Le886
Le554
Le953
Lel355
Lel269

Lel244
Le553
Lel336
Le696
Lel45
Le237
Le647
Lel081
Lel1295
Le245

D5b
D5b
D5b
D5b
D5b
D5b
D5b
D5b2b
Flal
Fib

F2a3

Glc
Glal
G2a

G2al
G2al
G2a2
G2b
G3
G3
G3
G3a
M10
M10

129 148 183C 189 362 519

148 183C 189 223 362 519

183C 189 223 249 357 362 519
148 183C 189 223 362 519

148 179 183C 189 223 362 519
91 167 189 223 362

183C 189 223 362 519

223 362 519

129 148 162 172 244 304 335 519
182C 183C 189 232A 304 519

93 203 291 304 519

93 223 362 519

223 362 519

189 221 223 325 362 519
129 223 278 362

223 227 278 362

117 223 227 278 362
51 86 150 223 278 362
223 362 463

93 223 274 362

223 274 362

223 274 362 390 519
223 274 362

223 248 271 311 519
129223311
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150 152 185 263 309+C 456 489 523-524d 681 750
150 152 185 188 263 309+CC 456 489 681 750

150 263 309+CC 456 489 681 750

150 152 185 263 309+CC 456 489 523-524d 681 750
150 152 185h 195 263 309+C 456 489 681 750

150 189 263 456 489 681 750

150 263 456 489 511 681 750

41 194 263 489 523-524d 750

249d 263 309+C 523-524d 750

152 249d 263 309d 523-524d 750

246 249d 263 296 309+C 750
263 489 593 709 750

263 309+C 489 593 709 750
150 263 489 709 750

173 263 489 709 750

152 263 489 573+5C 709 750

263 489 709 750

263 489 709 750

263 309+C 489 709 750

263 309+C 489 709 750

143 152 263 489 709 750

263 489 574 709 750

143 146 152 263 489 709 750

263 309+CC 489 573+5C 709 750
263 309+C 489 573+5C 709 750

—-9820Hinfl; 10343, 10397,
10398, 10400

—5176Alul

—5176Alul
—5176Alul

-5176Alul; —9820Hinfl

—663Haelll; +5176Alul;
—9820Hinfl; 10223, 10235,
10310, 10609

+5176Alul

—663Haelll; +5176Alul;
—9820Hinfl; 10398, 10400

+5176Alul

+5176Alul

—-663Haelll; -9820Hinfl;



Lel136

Le255
Le515
Le580
Le549
Le869
Le918
Lel074
Lel142
Lell74

Le217
Le265
Le359
Le611
Le666
Le777
Le807
Lel127

Le924

Le978
Le35

Le485
Lel349
Led97

M10al

M10al
M10al
M10al
M10b
M12
M12
M7bl
M7b1
M7b1

M7b1
M7b1
M7b1
M7b1
M7b1
M7b1
M7b1

M7b1'2

M7b1'2

M7b12

M7b2

M7b2
M7c
M7cl

129 193 223 311 357 497

129 193 223 311 357 497

193 223 311 357 497

129 193 223 311 357 497

66 220 223 311 519

223 234 287 290 362

223 234 287 290 362

93 129 192 213 223 297 309 519
129 192 223 297

92 129 192 223 297 360

129 192 223 297

92 129 192 223 254 297
129 192 223 297

129 192 223 297

129 192 223 297

129 192 223 297

129 192 223 297

129 223 297

129 223 269 297 527

129 189 223 297
129 183C 189 223 297 298 311

129 189 223 297 298
172 223 291 295 311 519
183C 189 223 274 295 519
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146 152 263 309+C 489 523-524d 573+4C 709 750

146 263 489 523-524d 573+5C 709 750

146 263 489 523-524d 573+5C 709 750

146 152 263 309+C 489 523-524d 573+4C 709 750
263 489 573+4C 593 709 750

125 127 128 263 309+C 318 489 513 523

125 127 128 263 309+C 318 489 513 523

150 199 263 309+C 489 709 750

150 199 263 309+C 489 750

150 159 199 263 309+CC 489 750

150 199 263 309+C 489 750

150 159 182 199 263 489 750
150 199 263 489 750

150 199 263 309+CC 489 750
150 199 263 309+C 489 750

150 199 263 309+C 489 750

150 195 199 263 309+C 489 750
146 150 199 263 309+C 489 750

150 199 263 309+C 489 750

150 199 204 263 309+CC 456 489 750
150 199 263 309+CC 489 750

150 199 263 489 750
146 153 263 309+C 489 523-524d 750
146 152 199 263 309+CC 489 523-524d 750

10245, 10398, 10400, 10646

—663Haelll; +5176Alul;
—9820Hinfl; 10398, 10400

-663Haelll; +5176Alul;
+9820Hinfl
+9820Hinfl

+9820Hinfl

+9820Hinfl

+9820Hinfl

+9820Hinfl
—663Haelll; +5176Alul;
+9820Hinfl
—663Haelll; +5176Alul;
+9820Hinfl

+5176Alul; +9820Hinfl
+5176Alul; +9820Hinfl;
10345, 10398, 10400
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Le529 M7cl 223 295 519 527 146 152 199 263 309+C 489 523-524d 750

Le731 M7cl 172 223 295 519 146 199 263 309+CC 489 523-524d 750

Le980 M7cl 223293 295 519 146 199 263 309+C 489 523-524d 750

Le262 M7cl2 223 249 295 519 146 152 199 263 309+C 489 523-524d 750 +9820Hinfl

Le97 M7cl2 172 223 295 519 146 152 199 263 489 523-524d 750 +9820Hinfl

Lel24 M7c3 519 146A 199 263 309+CC 489 523-524d 750 +9820Hinfl

Lel346 M7c3 223 293T 295 362 519 72 146 199 263 309+C 489 523-524d 750

Le238" M7c3 183C 189 274 295 519 146 152 199 263 309+C 489 523-524d 750

Led7 M7c3 519 146A 183 199 204 263 489 523-524d 750 +9820Hinfl

Le586 M7c3 519 146A 199 204 263 489 523-524d 750

Lel329 M8a 134 184 189 223 298 319 195 263 309+CC 489 750

Le266 M8a 134 184 189 223 298 319 195 263 309+CC 489 750

Le719 M8a 42 223 298 319 185 203 263 489 750 +5176Alul; —9820Hinfl;
10398, 10400

Le251 M8al 185 223 260 298 311 519 152 249d 263 309+CC 489 593 709 750

Lel031 M8a2 184 223 298 319 263 309+C 489 750

Le288 M8a2 93 134 184 223 298 319 519 263 309+C 489 750

Le381 M8a2 134 184 223 298 319 263 309+C 489 750

Le548 M8a2 184 223 271 298 319 152 195 263 489 750

Le84 M8a2 134 184 189 223 298 319 195 263 309+CC 489 750 +5176Alul

Le258 M8a2b 184 223 298 319 152 263 309+C 489 750

Le393 M9a 223 234 294 316 153 263 309+C 489 750

Lel014 N9a 51 223 257A 261 150 185 263 309+C 750

Le54 N9a 183C 189 223 257A 261 150 263 309+CC 750

Le874 N9a 189 223 257A 150 263 309+C 750

Le675 R11 92 145 182C 183C 189 311 390 519 185 189 195 263 709 750 789

Le771 R11 182C 183C 189 290 311 390 151 152 185 189 234 263 309+C 709 750 +5176Alul

Le537 U2b 5193 209 239 263 311 352 353 146 152 234 263 292 309+CC 750

Le399 Uda 92 134 172 356 519 152 195 263 309+C 499 750



Le1200
Lel261

Lel328
Lel361
Le310
Lel159
Le584

Y1b

Y1b
Y1b
Y1b
Y2
4

86 126 176 231 399 519
172 231 357 519

126 231 249 266 319 399 519
126 231 266 519

126 231 384 519

126 231311

185 209 223 260 298 437
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146 152 263 750

146 263 309+C 750 —663Haelll; +5176Alul;
—-9820Hinfl; 10238, 10398
146 263 309+CC 709 750

146 263 309+C 750

146 207 263 309+C 750

151 263 309+C 482 523-524d 750
143 152 249d 263 309+CC 489 750

Note — Sequence variation was scored relative to the revised Cambridge reference sequence (rCRS) . Suffixes A, G, C, and T indicate transversions; suffixes “h”, “d”,
and “+” indicate heteroplasmy, deletions, and insertions, respectively. Indels (insertion and deletion) are recorded at the last possible site. “+” and “~” denote the
presence and absence of the restriction site, respectively. The deletion of the 9-bp (CCCCCTCTA) repeat in the COIItRNA" intergenic region is abbreviated as
“9bpd”. When sequence information was not available, slots have been left blank. The samples that were analyzed for the entire mtDNA sequences are marked with
grey shade, with the sample name in italic and bold font. Samples Le696, Le1269, and Le1244 were from our previous studies >3, The mtDNA sequences reported in Ji
et al. * were also included, with the exception of sample Le508, for we could not confirm the presence of m.11778G—A in this patient in this study.

2 The coding region mutations and the 9-bp deletion were screened using the same method as described in Yao et al.”.

® Samples Le238 and Le877 contained missing information in regions 16200-16253 and 16194-16291, respectively.
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Table S2. Penetrance of LHON in 182 Families with m.11778G—>A

Sample Haplo- Location No. of No. of affected No. of unaffected
group subjects subjects subjects
Males Females Males  Females
Lel053 A Shanxi 9 4 0 2 3
Lel096 Ad Hunan 2 1 2 3
Le296 Ad Hubei 7 2 1 3 1
Le67 A4 Hunan 11 2 1 3 5
Le917 A4 Hubei 19 4 2 3 10
Le977 A4 Hebei 6 3 1 1 1
Le216 A4 Fujian 4 2 0 1 1
Le615 A4 Hunan 6 3 0 1 2
Lel351 A4 Jiangxi 2 1 0 0 1
Le243 A4 Tianjin 3 1 1 0 1
Le458 B4 Fujian 13 3 1 7 2
Le856 B4 Jiangsu 7 3 0 1 3
Le546 B4a Hebei 1 1 2 5
Le942 B4a Guangdong 14 2 2 4 6
Le991 Bda Hebei 15 1 1 3 10
Lel007 Bda Hubei 6 1 1 3 1
Lel064 Bda'g Guangdong 22 5 0 11 6
Lel321 B4a'g Hunan 10 3 2 2 3
Le1003 B4bl Unknown 7 2 1 1 3
Le353 B4b1 Inner Mongo”a 3 0 0 1
Le780 B4bla  Shanxi 2 1 1 0 0
Le269 B4bla Shandong 16 2 0 4 10
Le931 B4bla  Jiangxi 8 2 0 3 3
Le804 B4blb'c Hebei 11 2 1 2 6
Le406 B4b'd Hebei 9 2 2 1 4
Lel1188 B4cl Guangdong 19 4 3 4 8
Le782 B4clb  Guangdong 13 3 3 3 4
Lell14 B4g Guangdong 4 2 0 2 0
Lel344 B4g Guangxi 8 2 1 4 1
wz1 Bb5a Fujian 38 6 0 16 16
Le74 B5a Hunan 9 2 3 1 3
Lell21 B5a Guangdong 8 1 1 3 3
Lel8 B5a Guangdong 9 3 1 2 3
Led16 B5a Hunan 3 0 0 2
Lel365 B5a Sichuan 10 1 1 2 6
Lel366 B5a Zhejiang 0 2 2 2
Leb55 B5a2 Jiangsu 2 1 1 0 0
Le487 B5b Shanxi 25 3 1 5 16
Le246 B5b Guangdong 3 1 0 1 1
Le51 C Guangdong 8 3 2 2 1



Le534
Le767
Le867
Le912
Le204
Le889
Lel278
Le854
Le394
Le519
Le565
Le638
Le954
Lell68
Le894
Le930
Le976
Lel120
Lel191
Lel211
Le385
Le442
Le604
Le698
Le812
Le952
Lel357
Lel367
Le631
Le655
Le457
Le343
Le392
Le811
Le998
Le539
WZ3
Le78
WZ5
Le285
Le422
Lel017
Lel013
Lell40

D4
D4a
D4a
D4a
D4a
D4a3
D4b1
D4b1lb
D4b1b2
D4blc
D4b2b
D4b2b
D4b2b
D4elal
D4g2a
D4h

Henan
Henan
Heilongjiang
Cambodia
Hebei
Hebei
Ningxia
Guangdong
Hebei
Guangxi
Hebei
Hebei
Hubei
Guangdong
Hebei
Hebei
Hebei
Jiangxi
Hunan
Guangdong
Hunan
Hebei
Hebei
Hebei
Hunan
Beijing
Shandong
Hubei
Henan
Hebei
Hebei
Jiangxi
Unknown
Shandong
Shandong
Hunan
Jiangsu
Guangdong
Unknown
Shanxi
Zhejiang
Anhui
Hebei
Hunan
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Lell39
Wz12
Le884
Lel215
Le423
Le877
wz2
Lel012
Lel057
Le563
Lel108
Lel231
Le873
Lell04
Leldl
Le465
Le835
Le853
Le90
Le779
Wz4
Le699
Lel048
Le886
Le554
Le953
Lel355
Lel269
Le553
Lel244
Lel336
Le696
Le647
Lel45
Le237
Lel081
Le245
Lel295
WZ6
Le255
Le515
Le580
Lell36
Le549

D4h
D4j
D4k
D4k
D4k
D5
D5a
D5a2
D5a2
D5a2a
D5a2a
D5b
D5b
D5b
D5b
D5b
D5b
D5b
D5b
D5b
F1
Flal
Flb
F2a3

Gl
Glal
G2a
G2al
G2al
G2a2
G2b
G3
G3
G3
G3a
M10
M10
M10a
M10al
M10al
M10al
M10al
M10b

Hunan
Zhejiang
Hebei
Hebei
Hebei
Shandong
Anhui
Hebei
Hebei
Guangdong
Sichuan
Hubei
Henan
Unknown
Hebei
Guangdong
Guangxi
Hubei
Guangdong
Unknown
Zhejiang
Hebei
Hunan
Hebei
Henan
Hebei
Jiangxi
Henan
Hebei
Jiangxi
Hebei
Hebei
Hebei
Unknown
Jilin
Hebei
Guangdong
Hebei
Unknown
Henan
Hebei
Jiangsu
Hubei
Anhui
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Le918
Le869
Le978
Lell42
Le265
Le611
Le777
Le217
Le359
Lel074
Lell74
Le666
Le807
Lell27
Le924
Le485
Le35
Lel349
Le529
Le731
Le497
Le980
Le97
Le262
Lel24
Le47
Le586
Lel346
Le238
Le719
Lel329
Le266
Le251
Le381
Le548
Le288
Lel031
Le84
Le258
Le393
Lel014
Le874
Le54
Le675

M12
M12
M7b
M7bl
M7bl
M7bl
M7bl
M7bl
M7b1
M7bl
M7bl
M7bl
M7bl
M7b1'2
M7b1'2
M7b2
M7b2
M7c
M7cl
M7cl
M7cl
M7cl
M7cl'2
M7cl1'2
M7c3
M7c3
M7c3
M7c3
M7c3
M8a
M8a
M8a
M8al
M8a2
M8a2
M8a2
M8a2
M8a2
M8a2b
M9a
N9a
N9a
N9a
R11

Hubei
Hubei
Guangdong
Guangxi
Hunan
Guangxi
Guangdong
Guangdong
Hebei

Jilin
Guangdong
Guangdong
Guangdong
Guangdong
Guangdong
Hebei
Guangdong
Hunan
Anhui
Hebei
Hebei
Guangdong
Guangdong
Guangdong
Guangxi
Guangdong
Hebei
Hunan
Beijing
Unknown
Guangdong
Guangdong
Henan
Hebei
Hebei
Henan
Henan
Guangdong
Shandong
Hebei
Hebei
Henan
Guangdong
Hebei
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Le771
Le537
Le399
Le1200
Lel261
Le310
Lel328
Lel361
Lel159
Le584
Total

R11
U2b
Uda

Y1b
Y1b
Y1b
Y1b
Y2
4

Shanxi
Xinjiang
Unknown
Guangdong
Sichuan
Tianjin
Beijing
Guangdong
Shandong
Henan

a

AJHG, Volume 83

2 2 0 0 0
15 2 0 4 9
14 1 0 4 9
13 2 0 6 5
10 2 0 1 7
16 4 0 5 7
2 2 0 0 0
11 2 1 5 3
8 2 0 3 3
9 1 1 3 4
1859 436 183 504 736

Note — Samples WZ1-Wz6 and WZ12 were taken from the published resources 610, Samples
Le696, Le1269, and Le1244 were from our previous studies 22,
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