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Abstract Although monozygotic (MZ) twins have theoreti-
cally identical nuclear DNA sequences, there may be pheno-
typic differences between them caused by somatic mutations
and epigenetic changes affecting each genome. In this study,
we collected eight families of MZ twins discordant for schizo-
phrenia with the aim of investigating the potential role of
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mitochondrial DNA (mtDNA) heteroplasmy in causing the
phenotypic differences between the twin pairs. Next-
generation sequencing (NGS) technology was used to screen
the whole mitochondrial genome of the twin pairs and their
parents. The mtDNA heteroplasmy level was found to be
nearly identical between the twin pairs but was distinctly dif-
ferent between each mother and their offspring. These results
suggest that the discordance of schizophrenia between MZ
twins may not be attributable to the difference in mtDNA
heteroplasmy, and the high concordance of mtDNA
heteroplasmy between MZ twins may indicate the relatively
equal distribution of mtDNA during embryo separation of MZ
twins and/or the modulation effect from the same nuclear ge-
netic background. Furthermore, we observed an overrepresen-
tation of heteroplasmy in noncoding regions and an elevated
ratio of nonsynonymous heteroplasmy, suggesting the possi-
ble effects of a purifying selection in shaping the pattern of
mtDNA heteroplasmy.

Keywords Monozygotic twins - mtDNA - Heteroplasmy -
Schizophrenia

Introduction

Schizophrenia (MIM 181500) is a common psychiatric disor-
der affected by both genetic and environmental factors [1].
Although the heritability of schizophrenia is as high as 80 %
[2], the genetic etiology of schizophrenia is very complex and
remains largely unknown.

Due to the important role of mitochondria in energy me-
tabolism, neurological diseases that are linked to tissues with
high energy demands, such as brain, have been reported to be
associated with mitochondrial defects [3]. Accumulating evi-
dence suggests that mitochondrial dysfunction, either caused
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by mitochondrial DNA (mtDNA) mutations or nuclear
encoded mitochondrial genes, is involved in the pathogenesis
of schizophrenia [4-10]. There are hundred to thousand cop-
ies of mtDNA in a single cell, and the coexistence of different
mtDNA haplotypes within an individual or within a cell is
called mtDNA heteroplasmy [11, 12]. Heteroplasmy of path-
ogenic mtDNA mutations has been considered to be one of the
reasons for the incomplete penetrance of several mitochondri-
al diseases [12, 13]. The presence of disease symptoms is
(partially) dependent on whether the allele frequency of a
mtDNA pathogenic mutation exceeds a certain threshold
[14]. However, to quantify the mtDNA heteroplasmy in a cell
is not easy [11]. Recent studies have made great efforts to
improve the sensitivity of heteroplasmy detection, and next-
generation sequencing (NGS) has been established as being an
effective method for the identification of low levels of mtDNA
heteroplasmy [15-21].

In this study, we collected eight sets of monozygotic (MZ)
twins and their parents. Each MZ twin pair showed a discor-
dant phenotype in that only one individual of the pair had
developed schizophrenia, while the other one was mentally
healthy. As the nuclear genomes of MZ twins are theoretically
identical, we hypothesized that different levels of mtDNA
heteroplasmy might account for the phenotypic discordance
between the twins. NGS technology was used to screen for
mtDNA variants and heteroplasmy in these eight pairs of MZ
twins and their parents. Our study has provided a straightfor-
ward way of testing this hypothesis in respect of schizophrenia
and revealed several important insights concerning mtDNA
heteroplasmy.

Materials and Methods
Sample Collection

Eight families with MZ twins discordant for schizophrenia
were recruited in this study. Demographical information of
each family member is shown in supplementary Table S1.
The schizophrenia patients were diagnosed independently by
two psychiatrists following the criterion of Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition
(DSM-IV). Informed consents conforming to the tenets of
the Declaration of Helsinki were obtained from each partici-
pant or guardian prior to this study. This study was approved
by the ethics committees of the Second Xiangya Hospital of
Central South University and Kunming Institute of Zoology.

Whole mtDNA Genome Sequencing, Alignment,
and Variant Calling

Genomic DNA from the eight MZ twin pairs and their parents
was obtained from the peripheral blood by using AxyPrep™

@ Springer

Blood Genomic DNA Miniprep Kit (Axygen, USA) accord-
ing to the manufacturer’s instruction. Whole genome sequenc-
ing was performed at the Beijing Genomics Institute (BGI)-
Shenzhen using the Illumina HiSeq Platform (500-bp library,
90-bp reads). Each set of paired end read files was run through
Trimmomatic [22] to remove low-quality base pairs with the
parameters as “LEADING:3; TRAILING:3;
SLIDINGWINDOW:4:15; MINLEN:36.” Quality-filtered
reads were mapped against the human genome (UCSC
[http://genome.ucsc.edu], assembly hgl19) by BWA version
0.79a [23]. The mapped read sets were sorted by genomic
position by SortSam and then merged by MergeSam Files in
picard-tools-1.107 (https://github.com/broadinstitute/picard).
Possible PCR duplicates in [llumina mate-pair reads were re-
moved by MarkDuplicates in picard-tools-1.107. The reads
uniquely mapped the mitochondrial genome sequences of
hg19 were extracted and were further realigned relative to the
Revised Cambridge Reference Sequence (rCRS) (GenBank
Accession No. NC_012920) [24] to avoid the contamination
of nuclear sequences homologous to mtDNA genome (NUMT)
[25]. We used the unified genotyper (UG) in GATK 2.8 for
SNV discovery and calculation of genotype likelihoods on each
family by the parameters as recommended [26]. We considered
all SNVs called by the GATK UG with a Phred-quality score
>Q10 as a starting point before filtering in order to maximize
sensitivity. To avoid potential errors caused by the flaw in the
algorithm of UG, we also programmed the same pipeline indi-
vidually for each sample and excluded the inconsistent sites.

Phylogenetic Analysis of the Mitochondrial Genome

A phylogenetic tree for the 32 mtDNA sequences from the 8
MZ twin families was constructed following the same ap-
proach as described in our recent studies [27, 28]. The
haplogroup status of each mtDNA was determined according
to the updated East Asian mtDNA tree and Phylotree
(http://phylotree.org/tree/main.htm; mtDNA tree Build 17,
18 Feb 2016) [29] and was validated by MitoTool (www.
mitotool.org) [30]. mtDNA variants relative to the rCRS
were displayed in an mtDNA phylogenetic tree. Potentially
functional private variants (variants that are nonsynonymous
or in the tRNA/rRNA genes) located in the terminal branches
of the tree were further analyzed for their uniqueness,
conservation, and pathogenicity as described in our previous
studies [27, 28].

Assessing the Pattern of the Observed mtDNA Differences

The average coverage for each mtDNA genome was around
250x. We set the detection threshold for mtDNA
heteroplasmy at 4 % so that only heteroplasmy with minor
allele frequency more than 4 %, or with at least 10 high quality
reads were considered. As heteroplasmy observed in long C
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stretch regions may be caused by sequencing errors, the
mtDNA poly-C regions (regions 302-316, 566-573, and
16181-16194 in the rCRS) were excluded from the analysis.

mtDNA variants across the mitochondrial genome were
scored relative to the rCRS [24]. The distribution pattern of
the mtDNA mutations were counted in respect of the gene-
coding and noncoding regions. The variants (heteroplasmic or
homoplasmic) shared by the mothers and their offspring in the
same family were only counted once. In order to exclude the
sampling bias in our study, 118 complete mtDNA sequences
(GenBank Accession No. AY255133-AY255180,
DQ272107-DQ272126, HM030499-HMO030548) from
across China were assessed to obtain an overall distribution
pattern of the variants [31-33]. As the reported 118 individ-
uals were unrelated, the count of each variant in these mtDNA
sequences was equal to the number of individuals sharing this
variant. The differences in the variant distribution between

two groups were compared by using the Fisher’s exact test
with MitoTool [30]. The correlation of mtDNA heteroplasmy
with age was estimated by GraphPad Prism software
(GraphPad Software, La Jolla, CA, USA).

The absolute value of the heteroplasmy difference was
analyzed among four groups: group “M vs. T1,” the
heteroplasmy difference between mother (M) and off-
spring 1 (T1: healthy offspring of each family; supple-
mentary Table S1); group “M vs. T2,” the heteroplasmy
difference between mother and offspring 2 (T2: proband
of each family); group “M vs. T,” the average
heteroplasmy difference between the mothers and the twin
pairs (T); group “T1 vs. T2,” the heteroplasmy difference
between the MZ twin pairs. The statistical difference be-
tween pairs of these four groups was estimated with
Student’s ¢ test by using GraphPad Prism software
(GraphPad Software, La Jolla, CA, USA).
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Fig. 1 Haplogroup tree of 32 complete mtDNA sequences from the eight
families with monozygotic (MZ) twins. The revised Cambridge
Reference Sequence (rCRS) [24] was included in the tree to show the
phylogenetic position of each lineage. Fathers, mothers, and twins are
indicated by F, M, and T, respectively. Synonymous and
nonsynonymous variants were marked as s and ns, respectively.
Variants in the rRNA or tRNA genes are indicated by r or ¢,

respectively. Variants in the noncoding region are labeled by nc.
Suffixes A and C mean transversions. Recurrent mutations are
underlined. Back mutations are underlined and marked @. Variants
which had a heteroplasmic level over 10 % or with at least 20 high
quality reads are marked by /. Variants 309+C(C) and 315+C were not
considered
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Results

Absence of Potentially Pathogenic mtDNA Germline
Mutations

The monozygosity of the twins was confirmed by the high
concordance of their nuclear genome (authors’ unpublished
data). The entire mtDNA genome sequences of the 32 indi-
viduals from the eight families have been deposited in
GenBank under accession numbers KX228162-KX228193.
mtDNA variants (either homoplasmic or with over 10 %
heteroplasmy) relative to rCRS were listed in supplementary
Table S2 and were displayed in the tree (Fig. 1). All the
mtDNAs could be classified as belonging to recognized East
Asian haplogroups (Fig. 1 and supplementary Table S2).
Considering that potentially pathogenic mutations are most
likely to be private mutations that are located in the terminal
branches of the tree [8, 27], we analyzed the private variants
which were nonsynonymous or located in the tRNA/rRNA
genes in the mtDNA of the mothers and the twins. Except
for m.3150T>C and m.8986A>G, the other private variants
are haplogroup-defining variants and are common in the gen-
eral population (Table 1), and are unlikely to be pathogenic

albeit they may be functional [34]. The potential for variants
m.3150T>C and m.8986A>G to cause deleterious effects was
considered and excluded, because these variants are not con-
served and have also been identified in mtDNA sequences in
the general populations according to the web-based search
[35]. In conclusion, there were no potentially pathogenic
mtDNA mutations at the germline level identified in any of
the MZ twin pair families.

The Distribution Pattern of mtDNA Heteroplasmy

Our cutoff criteria were the presence of a mutation in more
than 10 reads or having an allele frequency higher than 4 % in
all reads (approximately 250%). A total of 16 heteroplasmic
mutations were identified (Table 2). The distribution pattern of
the mutations across the mitochondrial genome was similar
among the heteroplasmic mutations, homoplasmic variants,
and the germline variants in 118 previously reported Chinese
mtDNA sequences [31-33] (Fig. 2a—c and supplementary
Table S3). Eight of the 16 heteroplasmic mutations (50 %)
were in the noncoding control region. As the noncoding re-
gion only covers ~1180 bp (~7 %) of the mtDNA genome, the
frequency of heteroplasmic mutations in this region is

Table 1  The nonsynonymous and tRNA/rRNA private germline variants in monozygotic twins and their mothers

Family® Private variant Gene Reported Haplogroup- Conservation Index Pathogenic score®
(amino acid change) (population context)” specific variant® (cn?

B5 m.11061C>T MT-ND4 yes yes 0.54 0.479

(p.SI01F)

B6 m.2581A>G MT-RNR2 yes yes 0.25 -
m.3150T>C MT-RNR2 yes no 0.25 —

B8 m.4491G>A MT-ND2 yes yes 0.17 0.439

(p- V8D
m.8986A>G MT-ATP6 yes no 0.50 0.497
(p-M154V)

B9 m.990T>C MT-RNRI yes yes 0.71 —
m.2351T>C MT-RNR2 yes yes 0.33 -
m.3140A>G MT-RNR2 yes yes 1.00 -
m.3316G>A MT-ND1 yes yes 0.38 0.463

(p.A4T)
m.9116T>C MT-ATP6 yes yes 0.63 0.671
(p1197T)

B10 m.3203A>G MT-RNR2 yes yes 0.69 -

B12 m.10007T>C MT-TG yes yes 0.44 -
m.13708G>A MT-ND5 yes yes 0.37 0.409

(p.A458T)

*The complete mtDNA genomes of mothers and twins in family B11 and family LI contained no private nonsynonymous and mt-tRNA/rRNA variants

and were not included in the table

°The uniqueness of each variant was assessed following the described strategy [35] on 3 December 2015 (e.g., both “C11061T mtDNA” and

“11061C>T mtDNA” were queried)

¢ The haplogroup-specific variant was determined according to the available global mtDNA phylogenetic tree (Phylotree, http:/phylotree.org/tree/main.

htm; mtDNA tree Build 17, 18 Feb 2016)

9 The conservation index (CI) [57] was calculated by using MitoTool (http://www.mitotool.org/) based on 43 primate species. A CI value of 0.54 means
that 54 % of 43 primate species share the same wide-type allele with human sequence (GenBank Accession number NC 012920)

¢ The pathogenicity score was consulted from Pereira et al.’s study [58]. The score ranges from 0 to 1. Higher pathogenicity score is associated with

greater possibility that the variant is pathogenic
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Table 2 Heteroplasmic variants

identified in the monozygotic Family ~ Variant® Location  F° M® TI® T2° Mvs. T°  Tlvs. T2¢

twin families
BS m.4722A>G (ns)  ND2 0548 — - - - -
BS m.5178C>A (ns) ND2 - 0.992 0.936 0.936 0.056 0.000
BS m.8414C>T (ns) ATPS8 - 0.976 0.931 0.956 0.032 0.025
BS m.14668C>T (s) ND6 - 0.988 0.972 0.956 0.024 0.016
BS5 m.16174C>T D-Loop - 0.952 0.952 0.947  0.002 0.005
BS m.16362T>C D-Loop - 0.964 0.964 0.912 0.026 0.052
B6 m.16164A>G D-Loop - 0.864 0.896 0.872 0.020 0.024
B6 m.16223C>T D-Loop 0.996 0.96 0.968 0.96 0.004 0.008
B9 m.3316G>A (ns)  NDI1 - 0.225 0.032 0.016 0.201 0.016
Bl1l m.10400C>T (s) ND3 - 0.956 1.000 0.996 0.042 0.004
Bl1 m.16093T>C D-Loop - 0.968 0.948 0.928 0.030 0.020
Bl11 m.16294C>T D-Loop 0944 - - - - -
B12 m.16086T>C D-Loop 0908 — - - - -
LI m.5147G>A (s) ND2 - 0.772 1.000  0.996  0.226 0.004
LI m.6392T>C (s) COl1 - 0.908 0.984 0992  0.080 0.008
LI m.16427C>T D-Loop - 0.104  0.088  0.072  0.024 0.016
Average difference® 0.059 0.015

#Nonsynonymous and synonymous variants are marked by “ns” and “s” in brackets, respectively

® Variant frequency in father (F), mother (M), offspring 1 (T1), and offspring 2 (T2). Variants with minor allele
frequency higher than 4 % are marked in bold

¢ The absolute value of the heteroplasmy difference between mother and the average value of twins

4 The absolute value of the heteroplasmy difference between the twin pairs

© The average value of the difference in “M vs. T” group and “T1 vs. T2” group

significantly higher than expected (P =0.02, Fig. 2d). A sim-
ilar pattern of overrepresentation of variants in the noncoding
region was also observed for the homoplasmic variants in
these eight families (P < 0.001, Fig. 2d), as well as in the
118 Chinese complete mtDNA sequences (P <0.001,
Fig. 2d). Interestingly, the nonrandom distribution of variants
in the noncoding region was more evident for heteroplasmic
mutations when compared with homoplasmic variants and
variants in the general Chinese populations (supplementary
Table S3; Fig. 2d). Further analysis of variants in the coding
region revealed a higher ratio of heteroplasmic
nonsynonymous (ns) variants among the total heteroplasmic
variants (ns/all = 4/8; 50 %) than the homoplasmic ns ratio in
the homoplasmic variants (ns/all = 116/324; 35.8 %), and the
ns ratio of 118 Chinese mtDNA sequences (ns/all = 885/2676;
33.1 %) (supplementary Table S3). All of these findings fit
with the suggestion of a purifying acting on the selection of
mtDNA mutations [15, 36, 37].

The correlation between the number of heteroplasmic
mutations and age was further analyzed using the data
obtained from the fathers and mothers of the families.
We did not include the twin individuals in the analysis
because mtDNA heteroplasmy could pass from the
mothers to their offspring and be modulated by nuclear
genetic background [11, 38, 39]. The number of

heteroplasmic mutations showed no apparent trend to-
ward increasing with age (Fig. 2e). This result should
be received with caution, as the pattern may have been
caused by our relatively small sample size and the
oversampling of individuals with an age of 40-50 years
old.

Difference of mtDNA Heteroplasmy Among the MZ Twins
and Their Mother

Using the homoplasmic or heteroplasmic mtDNA vari-
ants identified in our study, we investigated whether
there were any differences relating to these mtDNA var-
iants between the MZ twin pairs. We compared the dif-
ferences between the MZ twin pairs according to the
spectrum of mtDNA variants and the observed
heteroplasmic levels. The average heteroplasmy differ-
ence between each twin pair was around 1.5 %
(Table 2), indicating a high concordance of mtDNA
heteroplasmy between the MZ twin pairs. Furthermore,
we observed a substantially elevated heteroplasmy differ-
ence between the mothers and one of her twin pair (av-
erage difference 5.6-6.1 %; Fig. 3a) or between the
mothers and the average of her twin pair (average differ-
ence 5.9 %; Fig. 3b). This pattern indicated that less
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variability exists between twin individuals relative to that
of between a mother and her offspring.

The role of aging in shaping heteroplasmy difference
between the twins and their mothers or between the
twin pairs was not evident, as demonstrated by the lack
of correlation of age with the heteroplasmy difference,
both for the heteroplasmy difference between the
mothers and twins (Fig. 3c) or between the twin pairs
(Fig. 3d). Again, this result was based on the limited
number of samples for consideration. Taken together,
we found that the mtDNA heteroplasmic level was sim-
ilar between MZ twin pairs but was different between
twins and their mothers.
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Discussion

The pathogenesis of schizophrenia is complex and the clinical
phenotype may differ between MZ twins [40, 41]. As MZ
twins have theoretically identical nuclear genomic DNA se-
quences, it is possible that some other genetics factors
inherited in a non-Mendelian fashion could potentially modify
the phenotype of schizophrenia. Moreover, a study of identical
twins and their mothers offers us a good opportunity to trace
the occurrence of mutations, either in an inherited or somatic
way.

In this study, we used NGS to investigate the differ-
ences of the mtDNA variants and levels of heteroplasmy
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Fig. 3 The difference of mtDNA
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in MZ twin pairs who were discordant for schizophrenia.
However, we found no clear evidence for an mtDNA con-
tribution to the phenotypic difference in these MZ twins,
indicating that heteroplasmy of common mtDNA variants
might have very limited effects on the risk of schizophre-
nia. Indeed, most of the positive results in the literature
concerning common mtDNA variants/haplogroups and
schizophrenia are probably false positives [42]. Our result
is in agreement with previous studies concerning the role
of mtDNA heteroplasmy in discordant MZ twins with
other human diseases [36, 43], indicating that factors,
such as epigenetic changes and environmental factors,
may play a more important role in shaping the discor-
dance between MZ twins with disease [1, 41, 44].
However, we could not exclude a possible combinational
effect of multiplex natures of mtDNA heteroplasmy in
schizophrenia, especially considering the fact that
mtDNA somatic mutations and deletions in neurons, albe-
it at a minimum level of heteroplasmy, might have a del-
eterious effect [45].

The direct quantification of the difference of mtDNA
mutations and heteroplasmic levels between each twin
pair and their parents revealed several important insights
concerning mtDNA heteroplasmy. There is an overrepre-
sentation of the noncoding variants, and this tendency was
more evident for mtDNA heteroplasmic mutations than

for homoplasmic germline variants. In the coding region,
an elevated ratio of nonsynonymous heteroplasmic varia-
tions was identified. All these findings were consistent
with previous studies [15, 36, 37], suggesting potentially
negative selection acting on the mitochondrial genome,
especially on the generation of low levels of mtDNA
heteroplasmy [37]. Furthermore, we identified no signifi-
cant correlation between age and the number of
heteroplasmic mutations, which was different from the
previous reports that mtDNA heterogeneity accumulates
during aging [20, 39, 46-48]. The exact reason for this
discrepancy may be due to insufficient number of samples
analyzed in this study.

Unlike the nuclear genome, mtDNA is located in mi-
tochondria and is maternally inherited through the cyto-
plasm [49]. Previous studies have suggested an uneven
distribution of mitochondria at the time of embryo sep-
aration, which starts from the two-cell stage and leads
to the differential pattern of mtDNA heterogeneity be-
tween daughter cells [50-52]. These findings indicated
that the variability of mtDNA heterogeneity may exist
between identical twins. However, inconsistent with this
notion, the NGS of the mitochondrial genomes of the
MZ twins in this study unexpectedly revealed similar
levels of mtDNA heterogeneity in the MZ twin pairs.
The average heteroplasmy difference in the MZ twin
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pairs was around 1.5 %, which was significantly lower
than the difference between the mothers and their twin
offspring (5.9 %), suggesting that the approximately
equal mutation rate and mitochondria distribution oc-
curred during early embryo separation and the subse-
quent lifetime of the MZ twins. The identification of
mtDNA mutations at a lower level of heteroplasmy bet-
ween mother and offspring further confirmed previous
observations for a pedigree-specific occurrence of cer-
tain mtDNA variants and potential modulation effect
from the family genetic background [38, 39]. However,
how these mutations are generated and inherited in
these families remains unknown.

In contrast with our results, a recent study by Wang et
al. [53] identified several sites with distinct mtDNA
heteroplasmic level between the MZ twins by using
NGS technology. However, an audit of the mtDNA data
reported by Wang et al. [53] using a phylogenetic ap-
proach [54] showed that this data contained many poten-
tial errors. For instance, heteroplasmy at site 15301 (an
ancient variant which distinguishes macrohaplogroups M
and N) was identified in 8 of 10 twin pairs in their study,
such a high frequency had never been observed in the
available reported mtDNA data in the general populations
(>24,275 mtDNA complete sequences, Phylotree:
http://phylotree.org/tree/main.htm; MitoTool: http://www.
mitotool.org/) and was most likely caused by
contamination or sequencing errors; there were also a lot
of haplogroup-defining variants missed in their study
(Supplementary Table S4), which significantly weakened
the overall conclusion in the original study [53]. As the
NGS approach is very sensitive at identifying low levels
of mutations, there is correspondingly a high chance of
showing erroneous results from any traces of contamina-
tion in the sample. Therefore, the mtDNA data obtained
from NGS should also be checked for data quality by
using a phylogenetic method [35, 54-56] to ensure reli-
able conclusions can be made.

In conclusion, based on our cutoff standard to score
mtDNA mutations using NGS technology, we found that there
was no significant difference in mtDNA heterogeneity be-
tween MZ twin pairs discordant for schizophrenia. We also
observed shared mutations between the mothers and their off-
spring at a lower level of heteroplasmy, with a similar level of
heteroplasmy between MZ twin pairs, but a different pattern
between the twins and their mothers. The pattern of mtDNA
heteroplasmy bears the signature of purifying selection.
Future studies investigating mtDNA heteroplasmy in a large
set of MZ twin families will be promising to reveal more clues
about how mtDNA heteroplasmy is passed from mothers to
their offspring and how mtDNA heteroplasmy changes during
the embryo separation and the subsequent lifetime of the MZ
twin pair.
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Supplementary materials

Supplementary Table S1. Demographical information for members of 8 families with

monozygotic twins

Sample @ Sex P Age Kinship Onset age Duration of
(year old) psychosis
(years)

B5-F M 45 father - -
B5-M F 47 mother - -
B5-T1 M 24 son - -
B5-T2 M 24 son 23 1
B6-F M 52 father - -
B6-M F 50 mother - -
B6-T1 F 25 daughter - -
B6-T2 F 25 daughter 21 4
B8-F M 44 father - -
B8-M F 42 mother - -
B8-T1 M 22 son - -
B8-T2 M 22 son 12 10
B9-F M 62 father - -
B9-M F 60 mother - -
B9-T1 F 26 daughter - -
B9-T2 F 26 daughter 25 1
B10-F M 50 father - -
B10-M F 50 mother - -
B10-T1 F 24 daughter - -
B10-T2 F 24 daughter 21 3
B11-F M 76 father - -
B11-M F 68 mother - -
B11-T1 M 40 son - -
B11-T2 M 40 son 32 8
B12-F M 46 father - -
B12-M F 46 mother - -
B12-T1 M 19 son - -
B12-T2 M 19 son 17.5 15
LI-F M 49 father - -
LI-M F 46 mother - -
LI-T1 M 26 son - -
LI-T2 M 26 son 24 2

& F: father; M: mother; T1: offspring 1; T2: offspring 2, and this individual has schizophrenia.

b M-male; F-female.



Supplementary Table S2. Sequence variants in mtDNA complete sequences of 32 individuals
from 8 families

Sample 2

Haplogroup

mtDNA variation P

B5-F

B5-M

B5-T1

B5-T2

B6-F

B6-M

B6-T1

B6-T2

B8-F

Flald

D4j8

D4j8

D4j8

Al7

D5a

D5a

D5a

73, 249d, 263, 315+C, 523-524d, 750, 1438, 2706, 3970, 4086,
4722R, 4769, 6392, 6962, 7028, 8860, 8994, 9053, 9548, 9844,
10310, 10609, 11380, 11719, 12406, 12882, 13759, 13928C,
14766, 14797C, 15013, 15326, 16051, 16129, 16162, 16172,
16304, 16399, 16519

73, 263, 315+C, 489, 750, 1438, 2706, 3010, 4769, 4883, 5178A,
7028, 8414, 8701, 8860, 9540, 10398, 10400, 10873, 11061, 11696,
11719, 12705, 14668, 14766, 14783, 15043, 15301, 15326, 16174,
16223, 16362

73, 263, 315+C, 489, 750, 1438, 2706, 3010, 4769, 4883, 5178A,
7028, 8414, 8701, 8860, 9540, 10398, 10400, 10873, 11061, 11696,
11719, 12705, 14668, 14766, 14783, 15043, 15301, 15326, 16174,
16223, 16362

73, 263, 315+C, 489, 750, 1438, 2706, 3010, 4769, 4883, 5178A,
7028, 8414, 8701, 8860, 9540, 10398, 10400, 10873, 11061, 11696,
11719, 12705, 14668, 14766, 14783, 15043, 15301, 15326, 16174,
16223, 16362

73, 152, 235, 263, 315+C, 523-524d, 663, 750, 1438, 1736, 2706,
4113, 4248, 4769, 4824, 5186C, 5514, 7028, 8794, 8860, 9126,
11719, 11935, 12705, 14766, 15217, 15326, 16223, 16290, 16319,
16362

73, 146, 150, 263, 315+C, 489, 523-524d, 750, 752, 1107, 1438,
2581, 2706, 3150, 3903, 4769, 4883, 5178A, 5301, 7028, 8701,
8860, 9180, 9540, 10397, 10398, 10400, 10873, 11719, 11944,
12026, 12414, 12705, 14007, 14766, 14783, 15043, 15301, 15326,
16164R, 16182C, 16183C, 16189, 16223, 16243, 16266, 16362

73, 146, 150, 263, 315+C, 489, 523-524d, 750, 752, 1107, 1438,
2581, 2706, 3150, 3903, 4769, 4883, 5178A, 5301, 7028, 8701,
8860, 9180, 9540, 10397, 10398, 10400, 10873, 11719, 11944,
12026, 12414, 12705, 14007, 14766, 14783, 15043, 15301, 15326,
16164R, 16182C, 16183C, 16189, 16223, 16243, 16266, 16362

73, 146, 150, 263, 315+C, 489, 523-524d, 750, 752, 1107, 1438,
2581, 2706, 3150, 3903, 4769, 4883, 5178A, 5301, 7028, 8701,
8860, 9180, 9540, 10397, 10398, 10400, 10873, 11719, 11944,
12026, 12414, 12705, 14007, 14766, 14783, 15043, 15301, 15326,
16164R, 16182C, 16183C, 16189, 16223, 16243, 16266, 16362

73, 151, 152, 235, 263, 315+C, 523-524d, 663, 735, 750, 1438,
1736, 2706, 4248, 4769, 4824, 7028, 8794, 8860, 11719, 11821C,
12705, 14766, 15326, 16223, 16290, 16319, 16362



Sample 2

Haplogroup

mtDNA variation P

B8-M

B8-T1

B8-T2

B9-F

B9-M

B9-T1

B9-T2

B10-F

B10-M

B10-T1

M7c1b2b

M7c1b2b

M7c1b2b

Fid

R1lla

R1lla

R1la

D4q

M74a

M74a

73, 146, 152, 199, 263, 315+C, 489, 523-524d, 750, 1438, 2706,
4071, 4491, 4769, 4850, 5442, 6455, 7028, 7337, 8701, 8860, 8886,
8986, 9540, 9824, 9957, 10398, 10400, 10861, 10873, 11665,
11719, 12091, 12561, 12705, 13590, 14766, 14783, 15043, 15301,
15326, 16223, 16519

73, 146, 152, 199, 263, 315+C, 489, 523-524d, 750, 1438, 2706,
4071, 4491, 4769, 4850, 5442, 6455, 7028, 7337, 8701, 8860, 8886,
8986, 9540, 9824, 9957, 10398, 10400, 10861, 10873, 11665,
11719, 12091, 12561, 12705, 13590, 14766, 14783, 15043, 15301,
15326, 16223, 16519

73, 146, 152, 199, 263, 315+C, 489, 523-524d, 750, 1438, 2706,
4071, 4491, 4769, 4850, 5442, 6455, 7028, 7337, 8701, 8860, 8886,
8986, 9540, 9824, 9957, 10398, 10400, 10861, 10873, 11665,
11719, 12091, 12561, 12705, 13590, 14766, 14783, 15043, 15301,
15326, 16223, 16519

73, 146, 249d, 263, 315+C, 523-524d, 750, 1438, 1734, 2706, 3970,
4769, 5628, 6392, 6962, 7028, 7738, 8860, 10310, 10609, 11719,
12406, 12882, 13928C, 14766, 15326, 15402, 16189, 16304,
16309, 16519

73, 185, 189, 263, 315+C, 709, 750, 990, 1438, 2351, 2706, 3140,
3316R, 4769, 7028, 8277, 8278+C, 8860, 9116, 10031, 10398,
10768, 10978, 11061, 11719, 12950, 13681, 14766, 15326, 15511,
16182C, 16183C, 16189, 16311, 16519

73, 185, 189, 263, 315+C, 709, 750, 990, 1438, 2351, 2706, 3140,
4769, 7028, 8277, 8278+C, 8860, 9116, 10031, 10398, 10768,
10978, 11061, 11719, 12950, 13681, 14766, 15326, 15511,
16182C, 16183C, 16189, 16311, 16519

73, 185, 189, 263, 315+C, 709, 750, 990, 1438, 2351, 2706, 3140,
4769, 7028, 8277, 8278+C, 8860, 9116, 10031, 10398, 10768,
10978, 11061, 11719, 12950, 13681, 14766, 15326, 15511,
16182C, 16183C, 16189, 16311, 16519

73, 200, 263, 315+C, 489, 750, 1438, 2706, 3010, 3505, 4769,
4883, 5033, 5178A, 6297, 7028, 8414, 8701, 8860, 9540, 10398,
10400, 10873, 11719, 12705, 13956, 14668, 14766, 14783, 15043,
15301, 15326, 16223, 16256, 16311, 16362, 16519

63, 64, 66, 73, 215, 263, 315+C, 489, 523-524d, 750, 1438, 2706,
3203, 4769, 5054, 6185, 6575, 7028, 8251, 8701, 8860, 9540,
10268, 10398, 10400, 10873, 11719, 12705, 12850, 14311, 14766,
14783, 15043, 15301, 15326, 16093, 16223, 16311, 16362, 16381

63, 64, 66, 73, 215, 263, 315+C, 489, 523-524d, 750, 1438, 2706,
3203, 4769, 5054, 6185, 6575, 7028, 8251, 8701, 8860, 9540,
10268, 10398, 10400, 10873, 11719, 12705, 12850, 14311, 14766,
14783, 15043, 15301, 15326, 16093, 16223, 16311, 16362, 16381



Sample 2

Haplogroup

mtDNA variation P

B10-T2

B11-F

B11-M

B11-T1

B11-T2

B12-F

B12-M

B12-T1

B12-T2

LI-F

M74a

Al3

D4b2b2c

D4b2b2c

D4b2b2c

Glal

M10al

M10al

M10al

B4bla

63, 64, 66, 73, 215, 263, 315+C, 489, 523-524d, 750, 1438, 2706,
3203, 4769, 5054, 6185, 6575, 7028, 8251, 8701, 8860, 9540,
10268, 10398, 10400, 10873, 11719, 12705, 12850, 14311, 14766,
14783, 15043, 15301, 15326, 16093, 16223, 16311, 16362, 16381

73, 152, 200, 235, 263, 315+C, 374, 523-524d, 663, 750, 1438,
1736, 2706, 4248, 4769, 4824, 7028, 8794, 8860, 11719, 12477,
12705, 13602, 14766, 15326, 16129, 16223, 16290, 16294, 16319,
16362

73, 194, 263, 315+C, 489, 523-524d, 750, 1382C, 1438, 2706,
3010, 3744, 4769, 4883, 5178A, 6566, 7028, 8020, 8414, 8701,
8860, 8964, 9296, 9540, 9824A, 10398, 10400, 10873, 11719,
12358, 12705, 13707, 14668, 14766, 14783, 15043, 15301, 15326,
16093, 16183C, 16189, 16223, 16325, 16356, 16362, 16519

73, 194, 263, 315+C, 489, 523-524d, 750, 1382C, 1438, 2706,
3010, 3744, 4769, 4883, 5178A, 6566, 7028, 8020, 8414, 8701,
8860, 8964, 9296, 9540, 9824A, 10398, 10400, 10873, 11719,
12358, 12705, 13707, 14668, 14766, 14783, 15043, 15301, 15326,
16093Y, 16183C, 16189, 16223, 16325, 16356, 16362, 16519

73, 194, 263, 315+C, 489, 523-524d, 750, 1382C, 1438, 2706,
3010, 3744, 4769, 4883, 5178A, 6566, 7028, 8020, 8414, 8701,
8860, 8964, 9296, 9540, 9824A, 10398, 10400, 10873, 11719,
12358, 12705, 13707, 14668, 14766, 14783, 15043, 15301, 15326,
16093Y, 16183C, 16189, 16223, 16325, 16356, 16362, 16519

73, 150, 263, 315+C, 489, 709, 750, 1438, 2706, 3579, 4769, 4833,
5108, 7028, 7867, 8200, 8701, 8860, 9540, 10398, 10400, 10873,
11719, 12705, 12867, 14569, 14766, 14783, 15043, 15301, 15323,
15326, 15497, 15860, 15968, 16086, 16223, 16325, 16519

73, 263, 315+C, 489, 573+C, 709, 750, 1438, 2706, 3172+C, 4140,
4769, 7028, 7250, 8701, 8793, 8856, 8860, 9540, 10007, 10398,
10400, 10646, 10873, 11719, 12549, 12705, 13152, 13708, 14311,
14502, 14766, 14783, 15040, 15043, 15071, 15218, 15301, 15326,
16140, 16223, 16271, 16311, 16519

73, 263, 315+C, 489, 573+C, 709, 750, 1438, 2706, 3172+C, 4140,
4769, 7028, 7250, 8701, 8793, 8856, 8860, 9540, 10007, 10398,
10400, 10646, 10873, 11719, 12549, 12705, 13152, 13708, 14311,
14502, 14766, 14783, 15040, 15043, 15071, 15218, 15301, 15326,
16140, 16223, 16271, 16311, 16519

73, 263, 315+C, 489, 573+C, 709, 750, 1438, 2706, 3172+C, 4140,
4769, 7028, 7250, 8701, 8793, 8856, 8860, 9540, 10007, 10398,
10400, 10646, 10873, 11719, 12549, 12705, 13152, 13708, 14311,
14502, 14766, 14783, 15040, 15043, 15071, 15218, 15301, 15326,
16140, 16223, 16271, 16311, 16519

73, 235, 263, 315+C, 499, 523-524d, 750, 827, 1438, 2706, 4655,
4769, 4820, 5063, 6023, 6413, 7028, 8281-8289d, 8860, 11254,
11719, 12397, 13590, 13779, 14766, 15326, 15535, 15688, 15758,
16136, 16189, 16217, 16260, 16287, 16325, 16399, 16519



Sample? Haplogroup mtDNA variation ©

LI-M Fibl 73, 249d, 263, 315+C, 523-524d, 750, 1438, 2706, 3970, 4732,
4769, 5147R, 6392, 6710, 6962, 7028, 8860, 10310, 10609, 10976,
11719, 12406, 12633, 12882, 13928C, 14476, 14766, 15326,
16189, 16232A, 16249, 16304, 16311, 16427Y, 16519

LI-T1 Flbl 73, 249d, 263, 315+C, 523-524d, 750, 1438, 2706, 3970, 4732,
4769, 5147, 6392, 6710, 6962, 7028, 8860, 10310, 10609, 10976,
11719, 12406, 12633, 12882, 13928C, 14476, 14766, 15326,
16189, 16232A, 16249, 16304, 16311, 16427Y, 16519

LI-T2 Flbl 73, 249d, 263, 315+C, 523-524d, 750, 1438, 2706, 3970, 4732,
4769, 5147, 6392, 6710, 6962, 7028, 8860, 10310, 10609, 10976,
11719, 12406, 12633, 12882, 13928C, 14476, 14766, 15326,
16189, 16232A, 16249, 16304, 16311, 16427Y, 16519

aF: father; M: mother; T1: offspring 1; T2: offspring 2, and this individual has schizophrenia.

b Suffixes A and C mean transversions. Suffixes Y (heteroplasmy for both “C” and “T™) and R
(heteroplasmy for both “A” and “G™) mean variants had a heteroplasmic level over 10% or with at
least 20 high-quality reads.



Supplementary Table S3. The distribution of mtDNA variants across the mitochondrial genome

Variants @ NC® rRNA tRNA ND1 ND2 ND3 ND4 ND4L ND5 ND6 COI COIl COlll ATP¢ CYB
Homoplasmy 154 73 4 14 39 21 39 4 41 7 31 5 14 39 70
ns 1 12 9 4 3 13 1 0 0 2 32 39
S 13 27 12 35 1 28 6 31 5 12 7 31
Heteroplasmy 8 0 0 1 3 1 0 0 0 1 1 0 0 1 0
ns 1 2 0 0 0 0 0 0 0 0 1 0
s 0 1 1 0 0 0 1 1 0 0 0 0
Chinese ¢ 1410 488 69 127 258 202 302 30 275 84 254 86 147 306 599
ns 30 48 92 18 5 80 21 19 24 11 256 281
s 97 210 110 284 25 195 63 235 62 136 56 318

2Non-synonymous and synonymous variants are marked by “ns” and “s”, respectively.
b NC: variants in non-coding region.

¢ Including variants in the MT-ATP6 and MT-ATP8 genes.

d Variants in 118 Chinese complete mtDNA sequences [1-3].



Supplementary Table S4.Variants and potential errors in the previously reported mtDNA
sequences of 10 pairs of identical twins [4].

Sample  Variants @ Haplogroup  Missing variants ®

Mz-1 73, 150, 152, 185,263, 456,489, 681,750, 1107,1438,2706, D5blcl 1048, 5153,
4769, 4883, 5178A, 5301, 6253, 7028,8860, 9180,9540, 5899+C, 8701,
10397, 10398, 10400, 10873, 11719, 12705, 14766, 14783, 12666C, 15326,
15043,15301, 15440, 15470, 16148,16183C, 16189, 16223, 15724
16362, 16519

Mz-2 73,150, 263, 489, 750, 752, 1107, 1812, 2706, 3918, 4769, D5a2 9180, 15326,
4883, 5178A,5301,7028,8701, 8860, 9540, 10397, 10398, 16189
10400, 10873, 11719,11944, 12026, 12705, 14766,14783,
15043,15301, 16129, 16172, 16223, 16362

Mz-3 73, 146,150, 240, 263, 709,750, 769, 1119, 1438,2706, B4clb2a 8281-8289d,
3497, 3571, 4769, 7028, 8603, 8772, 8860, 9545, 11719, 15326, 16189,
12882, 14766,15346, 16140, 16217, 16265, 16274, 16298, 16335,
16311, 16519

MZz-4 73,207, 263, 489, 750,1438, 1503, 2706, 3552A, 4062, C7a 249d, 15326
4715, 4769, 5821, 6338, 7028, 7196A, 7853, 8584, 8701,
8860, 9540, 9545, 10398, 10400, 10873, 11719, 11914,
12705, 13263, 14318, 14766, 14783, 15043,15301,
15487T, 16189, 16223, 16298, 16327, 16519

MZ-5 73,152, 204, 263, 489, 709, 750, 1438, 1888, 2706, 3732,  G3a2 143, 15326
4769, 4833, 5108, 7028, 7621, 8701, 8854, 8860, 9540,
10283, 10398, 10400, 10873, 11719, 12705, 14180, 14569,
14766, 14783, 15043,15301, 15746, 16223, 16274, 16362

MZ-6 73, 153,263, 489,750, 1438, 2706, 3394, 4491, 4769, 4944, M9ada 15326
6164, 6366, 7028, 7674, 8701, 8860, 9540, 10398,
10400,10873, 11719, 12705, 14308, 14766, 14783,
15043,15301, 16129, 16223, 16234,16271, 16344, 16362

Mz-7 70, 73, 263, 316C, 489, 709,750, 1438, 2302, 2706,4140, M10alb 573+C, 3172+C,
4769, 5426, 7028, 7250, 7888, 9540, 10398, 10400,10646, 8701, 8793, 8856,
10724, 10873, 11647, 11719, 11864, 12549,12705, 13152, 8860, 15301,
14502,14766, 14783, 15040, 15043, 15071, 15218, 15326,
16066,16223, 16289, 16311, 16519

MZ-8 73, 152,263, 456, 489, 750, 1438, 2706, 3010,3206, 4769,  D4a 15326
4883, 5178A, 5582, 6116, 7028, 8414, 8473, 8701, 8860,
9540, 10398, 10400, 10873, 11719, 12705, 14668,14766,
14783, 14979, 15043, 15301, 15596, 16129, 16290, 16223,
16362

MZ-9 73, 146, 150, 152, 263, 489, 750, 1438, 2706, 4371, 4769,  M23'75 15326

7028, 8701, 8860, 9182C, 9540, 10398, 10400,10873,
11719, 11984, 12279,12705, 14020, 14560, 14766, 14783,
15043, 15301, 16129, 16223, 16274, 16354, 16398




MZ-10 64, 65A, 73, 195, 237, 263, 489, 501, 750, 1187, 1438, D4i 15326
2706, 3010, 4769, 4883, 5178A, 7028, 8414, 8701, 8860,
9540, 10398, 10400, 10873,11719, 12705, 13962,
14668,14766, 14783, 15043,15301, 15469, 15884C, 16223,
16261, 16294, 16362

2 Haplogroup-defining variants were marked in blue. The reported heteroplasmic variants were
indicated in italic. Suffixes “A”, “C” and “T” referred to transversions.

bMissing variants were predicted by a phylogenetic approach as described in our previous studies
[5,6].
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