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The contributions of mitochondrial and
nuclear mitochondrial genetic variation to
neuroticism

Charley Xia1,2, Sarah J. Pickett3, David C. M. Liewald1,2, Alexander Weiss 2,
Gavin Hudson4 & W. David Hill 1,2

Neuroticism is a heritable trait composed of separate facets, each conferring
different levels of protection or risk, to health. By examining mitochondrial
DNA in 269,506 individuals, we showmitochondrial haplogroups explain 0.07-
0.01% of variance in neuroticism and identify five haplogroup and 15
mitochondria-marker associations across a general factor of neuroticism, and
two special factors of anxiety/tension, andworry/vulnerabilitywith effect sizes
of the same magnitude as autosomal variants. Within-haplogroup genome-
wide association studies identified H-haplogroup-specific autosomal effects
explaining 1.4% variance of worry/vulnerability. These H-haplogroup-specific
autosomal effects show a pleiotropic relationship with cognitive, physical and
mental health that differs from that found when assessing autosomal effects
across haplogroups. We identify interactions between chromosome 9 regions
and mitochondrial haplogroups at P < 5 × 10−8, revealing associations between
general neuroticism and anxiety/tension with brain-specific gene co-
expression networks. These results indicate that the mitochondrial genome
contributes toward neuroticism and the autosomal links between neuroticism
and health.

Neuroticism is one of the five higher-order factors of personality and is
measured using items that refer to irritability, anger, sadness, anxiety,
worry, hostility, self-consciousness, and vulnerability1,2. Individual dif-
ferences in neuroticism are relatively stable across the adult life
course3,4.

Individuals with a higher level of neuroticism are more likely to
experience stress, and to be less happy and satisfied with their lives
than those with a lower level5,6. Neuroticism has also been linked to
socioeconomic position, with higher levels of neuroticism associated
with lower levels of education and income7. Furthermore, individuals
with higher levels of neuroticism are more likely to be diagnosed with
psychiatric disorders, suffer from neurodegenerative conditions, such
as Alzheimer’s disease and Parkinson’s disease8–10, have poorer

physical health11, and die at a younger age12. In addition to the burden it
canplaceon the individual, neuroticismhasbeen estimated toplace an
economic burden on society that is greater than substance abuse,
mood disorders, or anxiety disorders13 making the identification of its
causes a matter of public health.

Several studies have however, reported that higher neuroticism
canbe beneficial to health14 andmortality15. These paradoxical findings
were explained by the observation that, using a bi-factor model, three
factors can be extracted from the Short-scale Eysenck Personality
Questionnaire-Revised16 neuroticism scale, and that these factors had
different effects on health. The first factor, a general factor, reflected a
common source of variance across all 12 items. The second and third
factors reflected two common sources of variance left over following
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the extraction of the general factor (the residual variance). These
factors—worry/vulnerability and anxiety/tension—are independent of
the general factor of neuroticism, and each explained the common
remaining varianceof a subset of the 12 items. General neuroticismwas
associated with poorer physical health whereas worry/vulnerability
and anxiety/tension are linked to better physical health17–19. Impor-
tantly, all three are associated with worse mental health19.

As with other quantitative traits such as height and intelligence,
genetic variation is associated with phenotypic variation in the general
factor of neuroticism h2

snp = 10.7%, se =0.49%) and the special factors
of worry/vulnerability (h2

snp = 6.4%, se = 0.28%), and anxiety/tension
(h2

snp = 5.7%, se =0.32%)19. Large scale genetic analyses performed on
these three neuroticism phenotypes has indicated a different under-
lying genetic architecture. For example, whilst each of the three
showed associations with genes whose proteins are expressed in the
brain, the general factor of neuroticism was associated with genetic
variation in genes linked to neurogenesis and the formation of den-
drites, whereas the worry/vulnerability factor was associated with
genetic variation in genes linked to high-voltage-gated calcium ion
channels and the voltage-gated calcium channel complex. Consistent
with the reported phenotypic observations17,18, genetic correlations
between the three factors of neuroticism and health variables also
showed differing directions of effect with physical health and mortal-
ity. For the general factor of neuroticism negative genetic correlations
with self-rated health, and longevity were observed alongwith positive
genetic correlationswith coronary artery disease.Whereas, for the two
special factors, the direction of these genetic correlations was
reversed, consistent with them having a protective effect on health.

Large scalegenetic analysis havebeenperformed for these factors
of neuroticism19, but so far no investigation has examined the con-
tributions of mitochondrial DNA. However, three lines of evidence
suggest that mitochondrial variation may be associated with variation
in neuroticism. First, GWAS performed on the general factor of neu-
roticism and the anxiety/tension and worry vulnerability special fac-
tors identified genome-wide significant loci linked with autosomal
mitochondrial genes. Second, genome-wide significant loci identified
in GWAS of neuroticism contain genes and loci that are involved in the
expression of the tissues of the brain. As mitochondria are primarily
responsible for the production of the chemical energy required for
metabolism, and, due to the high energy requirements of the brain20,
this link betweenneuroticismand the brainmay extend to its sourceof
energy. Third, neuroticism is predictive of Alzheimer’s disease21, and
mtDNA variation has been shown to be associated with neurodegen-
erative disorders, including Alzheimer’s disease22,23 and Parkinson’s
disease24,25. This link between neuroticism and both Parkinson’s dis-
ease and Alzheimer’s disease may be in part due to pleiotropic varia-
tion in the mitochondrial genome.

In the current study, we used molecular genetic data in 269,506
participants of UK Biobank to examine the contributions made to the
general factor of neuroticism and the two special factors of anxiety/
tension and worry/vulnerability by mitochondrial DNA. To do so, we
first performed an association analysis of mitochondrial haplogroup
and single variant analysis on each of the three factors of neuroticism.
Second, we examine nuclear encoded mitochondrial genes as well as
assessing the role that ‘mitonuclear’ combinations play in the pheno-
typic variance observed in the neuroticism factors using a test of
enrichment. Third, we examine if the association between the neuro-
ticism factors with nuclear DNA varies by mitochondrial haplogroup.

Results
MT-DNA association analysis
Following quality control (QC) (Supplementary Fig. 1) we explored the
associations between haplogroup and mtDNA variation with the three
neuroticism factors using an alpha level of 0.005 for haplogroup
analysis and 0.001 for MT-GWAS analysis.

The total effect of haplogroup on the general factor of neuroti-
cism was small but significant (R2 = 0.0001, P = 0.001). This effect was
consistent with the size of the mitochondrial genome when compared
to the effects associated with common autosomal SNP variation
(Supplementary Fig. 2 and Supplementary Data 1).

Haplogroup K was associated with a lower level of general
neuroticism (Model 2: N = 263,883, β = � 0:021, se=0:006,
P =8:19 × 10�4) whereas haplogroup T was associated with greater
levels (Model 1: N = 263,883, β= 0:021, se=0:006, P = 7:29× 10�4;
Model 2: N = 263,883, β= 0:019, se=0:006, P = 1:17 × 10�3) (Fig. 1 and
Supplementary Data 2, 3). This is supported by our analysis at the
variant level, which identified 10 mtSNPs that reached the significance
threshold: seven were associated with haplogroup K and three were
associated with haplogroup T (Fig. 2, Supplementary Fig. 3 and Sup-
plementary Data 4). The lead haplogroup K marker was m.497 C >T
(rs28660704; N = 269,506, β= � 0:034, se=0:008, P =3:82× 10�5),
which is in the control region (MT-CR) where theMTD-loop is located).
Markerm.497C >T defines the K1a haplogroup and has a frequency of
55.72% in K haplogroup samples and 4.81% in the QCed UK Biobank
dataset (correlation with K haplogroup, r2 =0:53). Simulation indi-
cated that the observed haplogroup K associations (i.e., both hap-
logroup and marker associations) are likely driven by m.497 C >T or
other variants in linkage disequilibrium (LD) with m.497 C >T that
were not present in the data (Supplementary Fig. 4).

The lead haplogroup Tmarker wasm.10463 T >C (rs28358279) in
MT-TR (N = 269,446, β= 0:020, se=0:006,P =4:72 × 10�4), which is a
haplogroup T defining marker with a frequency of 10.63% in the QCed
UK Biobank dataset.

Regarding the special factor anxiety/tension, therewas a small but
significant total effect of haplogroup as estimated using regression
(R2 = 7.27 × 10−5, P = 0.038). The magnitude of these effects were as
predicted by the size of the mitochondrial genome compared to the
autosomes (Supplementary Fig. 2 and Supplementary Data 1). We
found associations between super haplogroupUKwith higher anxiety/
tension (Model 1: N = 263,883, β=0:017, se=0:004, P =0:003) (Fig. 1),
but no marker was associated with anxiety/tension at P<0:001 (Fig. 2,
Supplementary Data 2 and Supplementary Data 5).

For worry/vulnerability, the total effect of haplogroup was esti-
mated to be proportional to its size where a small but significant
(R2 = 0.0001, P =0.002) effect was found (Supplementary Fig. 2 and
Supplementary Data 1). Super haplogroupHV showed associationwith
lower levels (Model 2: N = 263,883, β= � 0:010, se=0:003,
P =2:03× 10�4) whereas super haplogroup UK was associated with
higherworry/vulnerability (Model 1:N = 263,883,β= 0:015, se=0:004,
P =3:32 × 10�5; Model 2: β= 0:012, se=0:003, P = 2:77 × 10�4) (Fig. 1
and Supplementary Data 2, 3). MT-GWAS identified five significant
associations, including three markers from super haplogroup UK,
m.73 A >G, and m.15833 C >T (Fig. 2 and Supplementary Data 6). The
lead UK marker was m.12372G >A (rs2853499) in MT-ND5
(N = 269,478, β= 0:012, se=0:003, P =2:14 × 10�4) which has a fre-
quency of 22.58% in the QCed UK Biobank dataset. m.73 A >G
(rs869183622), which was associated with lower levels of worry/vul-
nerability (N = 269,499, β = � 0:009, se=0:003, P = 7:15 × 10�4), is a
homoplastic marker in the MT-CR that is spread widely across a few
haplogroups including super haplogroup HV (Supplementary Fig. 3)
(frequency 45.01% in the QCed UK Biobank dataset). In our data, the
majority of samples (95.5%) carrying m.73 A >G belonged to super
haplogroup HV, creating a high correlation between m.73 A >G and
super haplogroup HV (r2 =0:84). Simulation shows the association of
m.73 A >G and super haplogroupHVwithworry/vulnerability is driven
by the same underlying signal (Supplementary Fig. 4). The HV asso-
ciation was stronger than that for m.73 A >G, suggesting that the
association is likely driven by super haplogroupHV or other variants in
LD that were absent these data. Note, data for the super haplogroup
HV defining marker m.14766C> T is only available in the UKBL subset
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(N = 29,690, β = �0:002, se=0:008, P =0:82), and thus remained
undetected likely due to statistical power. Finally, marker m.15833
C > T (rs41504845 in MT-CYB, N = 269,488, β= �0:033, se=0:010,
P =9:23 × 10�4) defines H5a1, (present at 1.97% in our QCed UK Bio-
bank dataset) and only appears in haplogroupH (frequency 4.71%) and
haplogroup J (frequency 0.003%). Simulation suggests that m.15833
C > T and super haplogroup HV contribute two independent associa-
tion signals (Supplementary Fig. 4).

Full results for haplogroup analysis andMT-GWAS can be found in
Supplementary Data 2–6. No evidence was found that indicated the
associations between haplogroup and MT-DNA marker presented
above were due to a correlation between nuclear and mitochondrial
DNA (see co-segregation analysis in Supplementary Notes).

Pleiotropic mtDNA associations
A comparison of the associations identified with the three neuroticism
variableswith the 896 traits examined by Yonova-Doing et al.26 showed
for worry/vulnerability the lead mtSNP association markers of
m.12372G >A and m.73 A >G were also associated with nine and ele-
ven blood traits respectively (Supplementary Data 7). Of note is the
finding that the direction of association was often in the opposite
direction when comparing between worry/vulnerability and the blood
traits identified. For example, at m.12372 A >G a positive association
was detected for worry/vulnerability, but a negative association was
found for red cell distribution width (RDW), white blood cell count
(WBC), creatinine, and lymphocyte count (SupplementaryData 7). This
finding is suggestive of a negative phenotypic correlation between
worry/vulnerability and these blood traits. Similar effects were also
identified considering the associated haplogroups and their defining
markers, butwith the additional association of haplogroupKwith both
the general factor of neuroticism and lymphocyte count (Supple-
mentary Data 8). No mtSNPs that were associated with the general
factor of neuroticism were associated with other traits.

The presence of a negative correlation between worry/vulner-
ability and WBC, RDW, and lymphocyte count was confirmed by
examining their phenotypic and genetic correlations (Phenotypic

correlations, WBC; r = −0.04, se =0.002, P = 9.97 × 10−105, rg = −0.11,
se =0.03, P = 3.42 × 10−5, RDW; r = −0.01, se = 0.002, P = 1.81 × 10−11,
rg = −0.07, se =0.03, P =0.01, LYMPH; r = −0.001, se =0.002,
P = 3.65 × 10−6, rg = −0.10, se = 0.03, P = 9.83 × 10−6). This directional
consistency confirmed that the effect of m.73 A >G and m.12372G >A
on worry/vulnerability and blood traits was consistent with the
broader relationship between these traits. A positive phenotypic and
genetic correlation was identified between the general factor of neu-
roticism and lymphocyte count (r =0.01, se =0.002, P = 2.21 × 10−8,
rg =0.05, se =0.02, P = 4.80 × 10−3) consistent with their relationship as
predicted by the effect of the K haplogroup (Supplementary Data 9).
These differences in the direction of association of RDW, WBC, and
lymphocyte count with general neuroticism and worry/vulnerability
highlight the different links to biology and health the factors of neu-
roticism have19,27 and show that these links are, in part, likely due to
their links with genetic variation of the mitochondrial genome.

MT-nDNA gene analysis
Using published data on the three factors of neuroticism19 a gene-based
analysis conductedon2,099MT-nDNAgenes, also knownasN-mtgenes
(Methods) yielded 54 associations from 48 unique genes at P<0.05/
2,099 =2.38 × 10−5. Forty-four were associated with only one neuroti-
cism trait: 25 with the general factor of neuroticism, 13 with anxiety/
tension, and 6 with worry/vulnerability (Supplementary Data 10).

We annotated the genes that were associated with each of the
three neuroticism traits using FUMA28 by fitting all 2,220 MT-nDNA
candidate genes as background genes (Supplementary Data 11). For
the general factor of neuroticism, two terms (apart from neuroticism
itself and items that contributed to it) were significantly associated
after correcting for multiple test. These were GWAScatalog: regular
attendance at a religious group (q =0.005) and GWAScatalog: (short)
sleep duration (q =0.006). Regarding anxiety/tension, three enriched
terms were found - GWAScatalog: hypertension (q = 0.04), GWASca-
talog: autism spectrum disorder or schizophrenia (q = 0.04) and
position: chr6p21 (q =0.01) (HLA region).No enrichmentwas found for
worry/vulnerability.

Fig. 1 | Phenotype-haplogroup association results in 263,883 unrelated white
British samples in UK Biobank. Counts pertains to the number of individuals that
belong to each haplogroup (HG).Model 1, compares themean of each group to the
meanof the referencegroup.HaplogroupHand super haplogroupHVwereused as
the reference groups in haplogroup association analysis and super haplogroup
association analysis, respectively. Model 2, compares the mean of each hap-
logroup/super haplogroup to the mean of those from outside that grouping. The
rows labelled combined illustrates the association with the three neuroticism

phenotypes following the combining of relevant haplogroups and the testing of the
super haplogroup. Group ‘Other’ was not tested in model 2 as it was a mixture of
haplogroups and was not of interest. Error bars show the 95% confidence interval.
The significance threshold (red dotted line) for the ten common haplogroups was
0.05/10. For the super haplogroups, we considered them to be associated with the
neuroticism phenotypes if the P value (two-sided t test) of super haplogroup ana-
lysis was lower than the threshold of 0.05/10 and lower than any of their con-
tributing haplogroups.
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Finally, a gene-set analysis using a competitive test of enrichment
was performed to examine whether the whole set of 2,099 MT-nDNA
candidate genes or its annotated subsets (e.g., gene subsets based on
different mitochondrial pathways) were enriched for each of the three
neuroticismphenotypes. No enrichmentwas found in either thewhole
set or its annotated subsets at q <0.05 (Supplementary Data 12).

MT-haplogroup-stratified nGWAS and MT-nDNA interaction
Cells harbouring different MT haplogroups are known to have func-
tional differences in mtDNA copy number, gene expression, bioener-
getics, etc., and are related to immunity and diseases like type 2
diabetes29–34 and that specific combinations of mtDNA/nDNA alleles
can modulate disease risk35,36. We hypothesised that nuclear DNA

associations with neuroticism may differ by MT haplogroup and
examined genome-wide, gene-based, and SNP-based MT-nDNA inter-
actions acting on our three neuroticism phenotypes. The significance
threshold for eachanalysiswas set to0.05/10, 0.05/18,337, and 5 × 10−8,
respectively.

MT-haplogroup-stratified GWAS was performed on nuclear SNPs
for the ten commonMT-haplogroups. Next, using LDSC, we estimated
the genetic correlation between each of the ten haplogroups with the
remaining nine haplogroups that were meta-analysed (Methods). The
genetic correlation between worry/vulnerability in H-haplogroup-
stratified GWAS (h2 =0.074, se = 0.005, P = 2.41 × 10−53) and non-H-
haplogroup-stratified GWAS (h2 =0.065, se = 0.004, P = 4.24 × 10−56)
was significantly lower than 1 (rg =0.865, se = 0.046, P = 3.65 × 10−3),
suggesting that nuclear DNA contributions to worry/vulnerability dif-
fer by MT-haplogroup (Supplementary Data 13). To identify H-
haplogroup-specific nuclear SNP-association and remove the com-
mon genetic factors shared between H and non-H haplogroup-strati-
fied GWAS of worry/vulnerability, mtCOJO was used (Methods). The
heritability ofworry/vulnerability thatwas unique to the H haplogroup
was h2 = 0.014, se =0.004, P = 4.43 × 10−4. No SNPs (P < 5 × 10−8) or
gene-based tests of H-haplogroup specific association (P < 0.05/
18,337) attained statistical significance.

Performing genetic correlation analysis in LDSC, significantly
different genetic correlations were found for nine traits (Fig. 3 and
Supplementary Data 14) comparing between H and non-H-haplogroup
GWAS. For example, bipolar disorder showed a significant positive
genetic correlation with worry/vulnerability in the non-H-haplogroup
(rg = 0.104, se = 0.037, P =0.005) and a significantly smaller genetic
correlation of around zero in the H-haplogroup (rg = −0.001, se =
0.033, P =0.974, Pdiff = 0.035). However, following adjustment using
mtCOJO to control for the overlap with the non-H-haplogroup,
the genetic correlation became negative and attained nominal statis-
tical significance (adjusted-H-haplogroup, rg = −0.134, se = 0.065,
P =0.040). This effect did not withstand correction for multiple
comparisons, but the difference was statistically significant (non-H-
haplogroup vs adjusted H-haplogroup Pdiff = 0.002).

Next, we performed a gene-based association analysis using MT-
haplogroup-stratifiedGWASusingMAGMAfor each trait. These results
were compared with previously published work19, which was con-
ducted in all samples without stratification by mitochondrial hap-
logroup (Methods). We found one gene showing no association when
all haplogroups were included, but that was significantly associated
with the general factor of neuroticism when the haplogroup V was
analysed separately (electron transfer flavoprotein subunit alpha,
ETFA, with general neuroticism, P =0.21 in the full set withN = 270,059
vs. P = 4.48 × 10−7 in haplogroup-V-stratified GWAS with N = 8,818), and
three genes that were less significant in the full set compared to the
haplogroup-stratified results (glutamate ionotropic receptor kainate
type subunit 3, GRIK3, with general neuroticism, P = 5.50 × 10−5 in the
full set vs. P = 2.36 × 10−6 in H-haplogroup-stratified GWAS with
N = 112,792; defensin beta 132, DEFB132, with anxiety/tension,
P = 7.14 × 10−4 in the full set vs. P = 6.50 × 10−7 in T-haplogroup-stratified
GWASwithN = 26,893; propionyl-CoA carboxylase subunit beta, PCCB,
with worry/vulnerability, P = 2.40× 10−5 in the full set vs. P = 1.46 × 10−6

in K-haplogroup-stratified GWAS with N = 23,131) (Supplementary
Data 15). PCCB and ETFA are both MT-nDNA candidate genes (Meth-
ods) involved in amino acid and fatty acid metabolism.GRIK3 encodes
a glutamate receptor that plays a role in synaptic transmission and has
been linked to mental health including neuroticism37.

A SNP-based MT-nDNA interaction analysis was then performed.
First, nuclear loci were identified that showed a differentmagnitude of
associationwith each of the three neuroticism traits depending onMT-
haplogroup by comparing each SNP effect from H-haplogroup-
stratified GWAS with any other-haplogroup-stratified GWAS (Meth-
ods). After clumping (r2 > 0.4 within 250kb of lead SNP), five

Fig. 2 | MT-GWAS of neuroticism factors in 269,506 unrelated white British
samples in UK Biobank. Maximum sample sizes were 269,506. a–c present MT-
GWAS Manhattan plot of general neuroticism, anxiety/tension, and worry/vulner-
ability, respectively, Y axis: −log10 P values of the meta-analysis (two-sided t test).
Markers are coloured based on their location in the MT genome (X axis). Dotted
line: −log10 (0.001), significance level. For significant associations, markers were
shaped if they were haplogroup-associated markers, e.g., haplogroup-defining
markers.
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independent nuclear loci (two for the general factor of neuroticism
and three for anxiety/tension) showed a significantly different effect
between haplogroups at P < 1 × 10−5 (Supplementary Data 16). Follow-
ing a formal interaction analysis (Methods) in the entire population
conducted on the five loci attaining statistical significance, two
retained genome-wide statistical significance at P < 5 × 10−8 (Supple-
mentary Data 17). Neither of these markers was found to co-segregate
with mitochondrial haplogroup (Supplementary Methods).

rs72771986 was associated with the general factor of neuroticism
in the X haplogroup-stratified nGWAS (β = −0.198, se = 0.033,
P = 2.28 × 10−9, MAF= 0.11, N = 3,851). rs181210427, was associated with
anxiety/tension in T-haplogroup-stratified nGWAS (β = −0.152, se =
0.026, P = 3.31 × 10−9, MAF =0.02, N = 26,893). Neither of these SNPs
was associated with their respective neuroticism trait in either the H
haplogroup-stratified GWASs, or when all haplogroups were com-
bined. Furthermore, there was a significantly greater effect of
rs72771986 for general neuroticism, and rs181210427 for anxiety/ten-
sion compared to the H haplogroup effect (rs72771986
Pdif f = 6.60 × 10−9, rs181210427 Pdif f =9.11 × 10−8) and for all hap-
logroups combined (rs72771986 Pdif f = 1.58 × 10−9, rs181210427
Pdif f = 1.97 × 10−9). Finally, the formal interactionmodel, for the general
neuroticism factor, rs72771986 showed significant evidence of

interaction with X haplogroup (βinteraction =0.196, se = 0.033,
P = 3.30 × 10−9), and rs181210427demonstrated a comparable effect for
its interaction with the T-haplogroup (βinteraction =0.154, se =0.027,
P = 9.04 × 10−9) for anxiety/tension (Supplementary Data 17).

rs72771986 is an intergenic marker and using FUMA28 it was
annotated to a 17.4 kb region (138,886,227—138,903,635 bp) on chro-
mosome 9 alongside another 14 candidate markers and 11 mapped
genes (Supplementary Data 18, 19). Evidence fromRNA-seq38–49 andHi-
C46,50–52 indicate that this locus presents cis-eQTLs for two genes and
has chromatin interactions with ten genes nearby, including a MT-
nDNA candidate gene quiescin sulfhydryl oxidase 2, QSOX2,
(q = 2.18 × 10−40 and q = 4.56 × 10−26 in fetal and adult cortex respec-
tively) (Fig. 4a and Supplementary Data 20, 21). To explore the
potential biological cause of observed MT-nDNA interaction, we
investigated protein-protein interactions using STRING53 and gene co-
expression in GTEx v838. We found that the expression of genes from
this locus are positively correlated with the expression of most MT
genes in blood (P <0.05/56,200 where 56,200 is the number of genes
in GTEx) (Fig. 4b). For MT-ATP8, MT-CO1, MT-CO2, MT-ND4, MT-ND4L,
and MT-ND5, the correlation of gene expression between them and
QSOX2 and TNF receptor associated factor 2 (TRAF2) from this locus
reached 0.8, suggesting that these genes may be under the same co-
expression network (Supplementary Fig. 5). In other tissues, such as
brain, the expression of genes mapped to this locus is negatively
correlated with most MT genes (P <0.05/56,200), although not
reaching co-expression threshold of 0.8 (Fig. 4b and all main tissues in
Supplementary Figs. 5–31). We examined different brain regions
(Supplementary Figs. 32–41) and found that the expression pattern
between genes from this locus and MT genes were similar. There is
evidence of negative co-expression between QSOX2 and several MT
protein-coding genes in the cerebellar hemisphere, frontal cortex,
putamen and hypothalamus (Fig. 4c). Transmembrane protein 250
(TMEM250, that used to be known as C9orf69), NACC family member 2
(NACC2), and TRAF2 were also negatively correlated with MT gene
expression in different brain regions (Fig. 4c). Regarding protein-
protein interaction, no evidencewas observed between any of these 11
mapped genes and 13 MT protein-coding genes in the STRING data-
base (Supplementary Fig. 42).

We mapped 33 genes to the rs181210427 locus using FUMA
(Supplementary Fig. 43). Although none of these genes was an MT-
nDNA candidate gene, 1 (astrotactin 2; ASTN2) showed the same co-
expression pattern as the general neuroticism locus with MT genes in
blood and brain. ASTN2 reached co-expression threshold of 0.8 with
MT-ATP8, MT-CO1, MT-CO2, MT-CO3, MT-ND4L, and MT-ND5 in a posi-
tive direction in blood but did not reach the threshold in brain tissue
(Supplementary Figs. 5, 6 and 32, 41). Furthermore, no evidence of a
protein-protein interaction was found using STRING (Supplemen-
tary Fig. 42).

Discussion
General neuroticism, anxiety/tension, and worry/vulnerability are
genetically and phenotypically associated with physical and mental
health outcomes, including longevity. GWAS have shown little overlap
in autosomal variation associatedwith eachof these three phenotypes,
indicating they each possess a different genetic aetiology which, sub-
sequently, confers different level of risk for disease outcomes. These
large scale genetic analyses have omitted variation in the mitochon-
drial genome as a sourceof trait variance. The current study addressed
this gap in our understanding of the genetic architecture of neuroti-
cism and illustrated the importance of the bi-factor model, and of
examining nuclear DNA associations with complex trait variation
within mitochondrial haplogroup.

First, we found that, as with nuclear DNA, associations between
mtDNAdiffered for eachof the three neuroticismphenotypes and that
these different genetic associations may provide a partial explanation

Fig. 3 | Comparinggenetic correlationsderivedusingH (N = 112,793) andnon-H-
haplogroup (N = 151,090) stratified worry/vulnerability with 21 traits.All refers
to previous publications on worry/vulnerability19 where all haplogroups were
combined into a single GWAS (N = 270,059).NonHHG indicates that the GWASwas
conducted only in those individuals (N = 151,090) who were not carriers of the H
haplogroup, whereas H HG indicates that the GWAS was conducted on those
(N = 112,793) who were carriers of the H-haplogroup. H HG Uni indicates that the
GWAS on worry/vulnerability conducted on H haplogroup individuals was condi-
tioned on the Non-H HG group in order to examine the contributions of the H
haplogroup without the shared effects found between H and Non H haplogroups.
Error bars show one standard error. Asterisks indicate the number of significantly
different genetic correlations at P <0.05 (two-sided Z test derived using
(2*pnorm(−abs(abs(rgi–rgj)/sqrt(SEi 2 + SEj 2))))) per trait. Full results can be found
in Supplementary Data 14.
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as to the risk and protective effects that these neuroticism traits have
on health. Neuroticism is a risk factor for Parkinson’s disease10. Hap-
logroup T was associated with general neuroticism and has previously
been linked to risk of Parkinson’s disease25.

Furthermore, the haplogroups we identified as being associated
with general neuroticism (K) and with worry/vulnerability (U and the
UK super haplogroup) have, along with two super UK haplogroup-
defining markers m.12372G >A and m.11467A >G in MT-ND454, been
linked to Alzheimer’s disease,54,55 which is associated with higher
neuroticism.9 MT-ND4 shows lower level of transcription in the tem-
poral cortex of Alzheimer’s disease patients compared with controls56.
In the current study, two mtDNA SNPs in the MT-ND4 gene---
m.11299 T >C (haplogroup K defining marker) and m.11467A >G
(superUK definingmarker), although not the leadmtDNA SNPs---were
significantly associated with general neuroticism and with worry/vul-
nerability, respectively, and so may provide a partial explanation for
the link between neuroticism and Alzheimer’s disease.

Second, the direction of effect for markers inMT-ND4 is reversed
for the general factor of neuroticism compared to worry/vulnerability.
Previous work examining the links between the three neuroticism
traits and health outcomes has consistently identified that whilst
greater levels of general neuroticism are associatedwith poorer health
outcomes and a reduction in longevity, higher worry/vulnerability and
anxiety/tension27 levels are associated with better health and longer
life. This relationship has been identified at the phenotypic17,18 and
genetic19 level between the three factors of neuroticism with physical

health. Our finding that genetic variation in MT-ND4 is negatively
associated with the general factor of neuroticism, but positively
associated with worry/vulnerability, may indicate a specific gene in
which variation is linked to differential susceptibility to Alzheimer’s
disease in addition to its role in neuroticism.

Third, to provide a comprehensive understanding of how mito-
chondria may influence neuroticism, we examined MT-nDNA genes.
These results also indicate differences in the genetic architecture of
these three factors of neuroticism.Whilst 48 genes are associated with
at least one of the three neuroticism traits, there was little overlap: 44
of the 48 associated MT-nDNA genes are associated with only a single
neuroticism trait. Gene set analysis found no evidence that the MT-
nDNAgene set, nor any of the subunits assessed, were enriched for any
of the three neuroticism traits. This indicates that the MT-nDNA gene
associations are unlikely to be related to their role in mitochondria
function specifically. Instead, theymay be associated with neuroticism
due to pleiotropy with the MT-nDNA genes being a part of other bio-
logical systems or through their association with other traits. Our
finding that the MT-nDNA genes associated with the general factor of
neuroticism and anxiety/tension contained an overrepresentation of
genes associated with sleep patterns and hypertension respec-
tively would support this.

Fourth, using genome-wide, gene-based, and single variant ana-
lysis, we found nuclear DNA associations that are dependent on
mitochondrial haplogroup. H-haplogroup-specific genome-wide
associations were identified for worry/vulnerability by performing

Fig. 4 | Genes mapped to the general neuroticism locus identified by
rs72771986 using FUMA and their co-expression pattern with MT genes in
bloodand brain tissues in GTEx. a shows 11 genesmapped to general neuroticism
locus due to chromatin interactions (orange), or eQTLs (green), or both (red). The
outer layer shows–log10 P values (two-sided t test) of stratifiednGWAS results for X
haplogroup. SNPs in LD with labelled lead SNP with r2 > 0.8, >0.6, >0.4 > 0.2 and
≤0.2 are coloured in red, orange, green, blue and grey respectively. Themiddle and

inner layers are chromosome rings with and without coordinate, whereas the blue
bar indicates the trait-associated genomic locus. b shows the correlation of gene
expression between mapped genes and MT genes in blood (N = 929) and brain
(N = 2642) tissues inGTEx. c shows the pairs of nDNA-MTgenes showing negatively
correlated gene expression (r < −0.8) in different brain regions (each region is
coloured differently), suggesting negative co-expression. Figure plotted using
cerebroViz106 package in R.
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autosomal GWAS on the three factors of neuroticism stratified by
mitochondrial haplogroup. Genetic correlations of less than 1 indi-
cated genome-wide differences in the underlying genetic architecture
of worry/vulnerability between haplogroups. An examination of the
genetic correlations by haplogroup indicated a possible protective
effect of the H-haplogroup where, as the contributions to the genetic
correlationmadeby theH-haplogroup increased, themagnitudeof the
genetic correlations with bipolar disorder decreased frompositive in a
group composed of all non-H-haplogroup carriers, to zero when
examining only individuals with the H-haplogroup, and negative fol-
lowing adjustment to control for the shared genetic factors between H
carriers and non-H carriers.

Gene-based analysis stratified by haplogroup identified 14 genes
associated with the factors of neuroticism (Supplementary Data 15).
Three gene-level associations showed a greater level of association
with their respective neuroticism phenotypes than the unstratified
GWAS (General factor of neuroticism H-haplogroup, GRIK3,
P = 2.36 × 10−6, anxiety/tension T-haplogroup, DEFB132, P = 6.50× 10−7,
worry/vulnerability K-haplogroup, PCCB, P = 1.46 × 10−6). Furthermore,
one association, ETFA in the V-haplogroup, was only associated with
general neuroticism following stratification by haplogroup. Three of
the genes identified by stratifying the GWASs based on haplogroup
have evidence as to their biological relevance, both to mitochondria
and brain function. Both PCCB and EFTA are related to mitochondrial
activity. Where PCCB encodes a protein that is a subunit of the mito-
chondrial enzyme PCC, EFTA plays a role in the first stages of beta-
oxidation of the mitochondrial fatty acids. GRIK3 is linked to the glu-
tamate receptors (the primary excitatory neurotransmitter in the
mammalian brain). Specifically, the product of GRIK3 belongs to the
kainite family of glutamate receptors.

Two loci interacted with haplogroup X and T, for general neuro-
ticism and anxiety/tension, respectively. Whilst both loci are on
chromosome 9 and show clear evidence of functionality, being eQTLs
and showing chromatin interactions with 11 (general factor of neuro-
ticism) and 33 (anxiety/tension) genes, respectively, there was little
overlap in the identity of the genes implicated through functional
annotation across these two loci, again highlighting heterogeneity
between these two factors of neuroticism. Importantly, the nuclear
genes identified through functional annotation of the general factor of
neuroticism and anxiety/tension interaction loci were found to form
brain tissue-specific co-expression networks with protein-coding
mitochondrial genes, with negative correlations observed for the
brain, and positive correlations for the blood. When examining the
general factor of neuroticism, some evidence was found linking
negative co-expression between rRNA and tRNA mitochondrial genes
with thenDNAgenes, themagnitude of these correlations is greater for
the protein-coding mitochondrial genes.

Our study highlights the importance of a careful interpretation of
MT-GWASdiscoveries. In the current study, simulation using genotype
and haplogroup allowed us to reduce the number of independent
signals, identify the single associated unit (either haplogroup or single
variant) most likely responsible for driving the associations with the
neuroticism traits, and provided information on the cohort-specific
correlation structure in addition to knowledge of phylogenetics. As an
example, the homoplasmic (not linked to any haplogroup) marker
m.73 A >G is associated with worry/vulnerability but, in our data, this
marker is commonly expressed in super haplogroup HV, as well as
haplogroup B, F, P, and R. However, the majority of our samples car-
ryingm.73 A >Gbelong to super haplogroupHV, and so there is a high
correlation (r2 = 0.84) between m.73 A >G and super haplogroup HV.
By taking into consideration this relationship specific to our data set,
we were able to avoid allocating the association of m.73 A >G with
worry/vulnerability.

The mtDNA associations with worry/vulnerability and with gen-
eral neuroticism indicate that mtSNPs and haplogroups have

pleiotropic effects where they also associate with blood traits such as
RDW, lymphocyte count, and WBC in UK Biobank. Consistent with
previous studies, the special factors of neuroticism had a different
direction of phenotypic and genetic correlation with blood traits, such
as with RDW and WBC, compared to those derived using general
neuroticism. Higher levels of RBW and WBC have been linked to a
greater severity of depression symptoms57. Depression is strongly
phenotypically and genetically associated with general neuroticism,
indicating the mtDNA variation may provide a, partial, explanation for
the link between depression and blood cell traits.

A limitation of this study is that it was not possible to examine the
degree towhich the relationships betweenneuroticismandpsychiatric
traits58,59, or specific/rare diseases60,61 that are underrepresented in UK
Biobank, was due to pleiotropic mitochondrial DNA. This limitation
arose due to the current practice of GWAS omitting the mitochondrial
genome from large meta-analytic consortia. The current paper illus-
trates that the mitochondrial genome is associated with neuroticism,
an important risk factor for psychiatric traits62,63, at the level of single
variant, haplogroup, and through interactions with autosomal regions.
The importance of including the mitochondrial genome in future
GWASmeta-analyses of psychiatric and health traits is underscored by
ourfinding that the effect sizes for associatedmitochondrial variants is
of a similar magnitude as autosomal SNPs for the same traits (m.497
C > T, general neuroticism, β = −0.03, se =0.008, P = 3.82 × 10−5,
rs113434679, General factor of neuroticism, β =0.02, se =0.002,
P = 2.55 × 10−21 19).

In our MT-nDNA co-segregation GWAS, we found multiple nDNA
loci co-segregating with different MT haplogroups. Considering that
the associations found in MT haplogroup and marker association
studies are weak at the magnitude of Ps = 10−4 to 10−5, we explored
whether our haplogroup and MT-GWAS association findings were
confounded by these co-segregating loci. We found no evidence that
these co-segregating nDNA loci were strongly associated with our
neuroticism traits and thus ruled out the possibility of confounding.
Guarding against co-segregation of nuclear andmitochondrial variants
can be implemented as a quality control step while conducting future
MT studies on other traits and diseases. Whether the association
between complex traits or diseases and MT-nDNA co-segregation loci
has resulted in false discoveries in previous MT studies needs further
exploration. In the current study, only common variants were exam-
ined for their associationwith the three neuroticism traits. Futurework
should also examine the contributions made by rare and heterplasmic
variants in the mitochondrial genome. Additionally, the inclusion of
samples composed of a broader array of haplogroups---or sequence
data---would allow additional sources of genetic variation to be
examined for association with neuroticism.

Large scale GWAS have begun to identify reliably the molecular
genetic aetiology of neuroticism phenotypes: traits that are phenoty-
pically and genetically associatedwith health, financial, andpsychiatric
differences17,19. However, critics of GWAS note that the effect sizes
identified for individual variants are low and the heritability captured
by array data consists of a subset of the total genetic effect, and that
this limits the degree towhichGWAS resultsmaybenefit human health
and wellbeing64. Critics also contend that, GWAS does not necessarily
identify causal variants due to factors such as linkage disequilibrium64.
However, GWAS have contributed insights into disease biology that
have been supportedby clinical translation,65 have begun to show their
potential in risk stratification at the population level,66 and in identi-
fying targets for pharmacological intervention67. Furthermore GWAS
data can be used to examine potentially causal relationships between
traits, for example, by Mendelian randomisation68. These contribu-
tions have been made using GWAS conducted on autosomes and in
some instances the X chromosome69 with mitochondrial DNA being
absent from such interrogation. In the current study we perform that
initial interrogation to show the general factor of neuroticism and the
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special factors of anxiety/tension and worry/vulnerability are geneti-
cally distinct with different single marker, haplogroup, and nDNA by
MT-DNA interactions contributing to trait variation and their links to
health outcomes.

Methods
Ethical compliance
This UK Biobank project (10279) was approved by the National
Research Ethics Service Committee North West-Haydock (REC refer-
ence: 11/NW/0382). An electronic signed consentwasobtained fromall
participants.

Samples
Individuals in this study were drawn from the UK Biobank70. UK Bio-
bank is composed of 502,655 individuals recruited between 2006 and
2010 and who are 39-73 years of age (mean = 56.9, SD = 8.0). These
participants were asked to provide detailed information regarding
their background, health and lifestyle, as well as being asked to
undergo cognitive and physical testing with blood, urine, and saliva
samples being stored upon consent. Participants were genotyped for
more than 800,000 genome-wide genetic markers using stored blood
samples and either the UK BiLEVE Axiom™ or the UK Biobank Axiom™
array. A comprehensive description of the full range of phenotype
measurements, the array design, blood sample collection, DNA
extraction and the initial data quality control have been published70,71.

Phenotype derivation and quality control (QC)
A general factor, and two special factors, of neuroticism were studied
here. They were derived in the same manner as Gale et al.17 and
described as follows. Neuroticism was assessed in UK Biobank using a
12 item scale from the Short-scale Eysenck Personality Questionnaire-
Revised16. UK Biobank participants were presented with each of the 12
items (e.g., Do you ever feel ‘just miserable’ for no reason?) on a
touchscreen. Participants were instructed to “Work quickly and do not
think about the exact meaning of the question.” and were given the
option to respond in one of four ways: “Yes” (coded ‘1’), “No” (coded
‘2’), “Donot know” (coded ‘−1’), and “Prefer not to answer” (coded ‘−3’).
A total of 100,981 did not answer “Yes” or “No” to all 12 questions, and
so were excluded from further analyses, leaving 401,674 participants.

To investigate the associations between factors of personality
with health and other outcomes it is often best to use a bi-factor
model72. A bi-factormodel distributes variance from a set of items into
a smaller number of independent factors. Specifically, the variance for
items is separated into that which is related to a general factor and that
which is related to one ormore special factors that are independent of
the general factor.

The general and special factors were derived by applying
exploratory structural equation modelling analysis to the 12 items and
applying an oblique bi-factor Geomin rotation73,74. A Geomin rotation
of a p × k factor loading matrix Λ, where p is the number of items
(rows), k refers to the number of factors (columns), and ε is a constant
equal to 0.0175, is one in which correlated axes are rotated tominimise
the criterion:

geominð^Þ=
Xp

i = 1

Yk

r = 1

ðλ2ir + εÞ
 !ð1=kÞ

ð1Þ

The criterion is therefore at its minimum when every item loads
on a single factor. In the case of a bi-factor Geomin rotation, this cri-
terion is only applied to the last k−1 factors (the special factors), so the
criterion is minimised when each item loads on only one of these
factors.

Threemeasures of neuroticism were derived using this method: a
general factor of neuroticism that is composed of variancedrawn from

across each of the 12 items and two special factors of neuroticism that
are composed of the variance that remained once the general factor
was removed. These special factors are aspects of neuroticism (anxi-
ety/tension and worry/vulnerability), that whilst captured by The
Short-scale Eysenck Personality Questionnaire-Revised16 are uncorre-
lated with the general factor. The anxiety/tension special factor pri-
marily explains variance from the items of “Would you call yourself a
nervous person?” (λ = 0.60), “Do you suffer from ‘nerves’?” (λ =0.49),
and “Would you call yourself tense or ‘highly strung’?” (λ =0.35).
Worry/vulnerability explains variance from the items of “Do youworry
too long after an embarrassing experience?” (λ = 0.57), “Are your
feelings easily hurt?” (λ =0.40), “Are youaworrier?” (λ =0.31), and “Are
you often troubled by feelings of guilt?” (λ = 0.31) (see Fig. 5 and
Supplementary Data 22). The correlations between the general factor
and the two special factors were defined as zero in the model whereas
the correlation between the two special factors was r =0.311
(P < 0.0001). Each participant’s score on each of the three factors was
then estimated using the regression scoring method. The correlation
between the estimates of the latent score of the general factor of
neuroticism with anxiety/tension and worry/vulnerability were
r =0.07, and r =0.12 (P < 2.220 × 10−16) respectively. The correlation
between the estimated scores on the two special factors was r = 0.427
(P < 2.220 × 10−16). Small differences between the correlations derived
using the factors within the model and those derived using the parti-
cipants’ estimates are expected76.

Following the extraction of the three factors of neuroticism, the
effects of sex, age, genotyping array, batch, assessment centres, and
population stratification (estimated using the first 40 autosomal
genetic principal components) were removed from each phenotype at
cohort level using linear regression in R v3.6.177. The residuals derived
from the linear regressionof eachof the three neuroticismphenotypes
were used as the phenotype in subsequent analyses.

Mitochondrial DNA (mtDNA) processing and analysis
An overview of the sample size at QC and used for association analysis
can be found in the flowchart in Supplementary Fig. 1.

MT genotype data QC
This study was restricted to 332,047 unrelated White British UK
Biobank samples that were previously used in an autosomal GWAS
project on neuroticism78. Detailed sample-quality control informa-
tion is available elsewhere78. In brief, samples whowithdrew consent,
harbour extreme heterozygosity or missingness on autosomes, have
sex chromosome aneuploidies, have mismatched self-reported and
genetically inferred sex, or have more than ten putative third degree
relatives were removed. Samples with non-British ancestry based on
self-report and a principal components analysis and related indivi-
duals based on genomic relationship cut-off of 0.025 were also
removed.

Based on the genotyping array, the UK Biobank dataset was
separated into two groups, named UKBL (36,292 samples) for UK
BiLEVE Axiom™ and UKBB (295,755 samples) for UK Biobank Axiom™.
Quality control of the mtDNA genotypes was conducted in
PLINKv1.90b6.2079 and was performed for each subset separately as
two genotyping arrays share less than 90% mtDNA content (180 mar-
kers on UK BiLEVE Axiom™ and 243 markers on UK Biobank Axiom™
with an overlap of 158).Markers that failedQC in any of the batches (95
batches for UKBB and 11 batches for UKBL), monomorphic markers,
extremely rare markers (MAF <0.0001) and markers with a call rate
<0.98 were removed. Samples with missingness > 0.05 were also
removed. After QC, 295,120 samples and 205 markers and
36,237 samples and 151 markers were retained in UKBB subset and
UKBL subset, respectively. No putative heteroplasmies (i.e., variants
called as heterozygous) were removed, leaving only homoplasmic calls
for mtDNA markers71.
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MT imputation and imputed data QC
Imputation and quality control were performed separately by gen-
otyping array (UKBB and UKBL). Following quality control, genotype
data were first transformed from PLINK format into OXFORD format
using SHAPEIT280. Second, imputation of mtDNA variants was per-
formedusing IMPUTE281 with awindow size of 16.6 kb (i.e., full length
of mtDNA) using 2,504 samples from MT-1000G Phase 382 as a
reference panel. Third, hard calls were made from genotype prob-
abilities in PLINKv1.90b6.2079 using default certainty threshold of
0.9. Very few heterozygous calls (less than 0.001%) were produced
by imputation due to putative heteroplasmies and these markers
were set to missing. Fourth, quality control was applied to the
imputed data. Markers with missing rate >0.05 (including those set
to missing due to putative heteroplasmies), MAF < 0.01 (including
monomorphic markers), MAF difference >0.02 between UKBB and
UKBL subsets, MAF difference >0.1 between UKBB + UKBL and
1000G GBR (91 British samples), call rate <0.95 and imputation info
<0.3 were removed. Samples with missingness >0.05 were also
removed.

Following QC, 295,120 samples and 162 mtDNA markers (106
genotyped + 56 imputed) passed QC in the UKBB subset. In UKBL,
36,237 samples and 134 mtDNAmarkers (92 genotyped + 42 imputed)
passed final QC. There were 121 markers shared between UKBB and
UKBL and 175 different markers in total.

MT haplogroup and super haplogroup derivation
Post-QCMTgenotype data was transformed fromPLINK format to hsd
format using R v3.6.177. Afterwards, MT haplogroup was derived using
haplogrep283,84 based on Phylotree build 1785. Haplogroup was set to
missing for individuals with a quality score lower than 0.9, resulting in
final sample size of 324,488.

To increase group size for statistical power, haplogroups were
clustered into haplogroups A-Z and HV according to the first/two
uppercase English letter (e.g., J1ab1 = J, H5a =H). Using Phylotree85, and

similar to previous work86, V is a subgroup of HV0a, H is a subgroup of
HV, K is a subgroup of U8b, J and T is subgroup of JT. We further
clustered phylogenetically linked haplogroups into ‘super’ hap-
logroups (e.g, H, HV, andV intoHV, J and T into JT, finally U andKwere
clustered into UK). Super haplogroup is presented in bold to distin-
guish it from haplogroups.

MT-GWAS and MT-haplogroup association analysis
MT-GWAS was performed separately in UKBL and UKBB and subse-
quently meta-analysed using the default fixed-effect inverse-variance
weighted method in PLINK v1.90b6.2079. Based on prior work using
permutation, an alpha level of 0.001 within each of the three neuro-
ticism traits was used to determine the statistical significance of any
associations identified86. A total of 175 MT-markers were examined in
269,506 samples with phenotype information (UKBB: 239,816 +UKBL:
29,690). Haplogroup association analysis was performed in R v3.6.177

at cohort level (i.e., UKBB and UKBL combined) using the phenotypic
residuals and the haplogroups derived from previous steps in
263,883 samples with neuroticism phenotype and having a hap-
logroup quality score over 0.9. Ten common haplogroups with fre-
quency over 0.01 were examined (H, HV, V, U, K, J, T, I, W, and X) using
two models.

The first model examines the effect that deviation from the most
common haplogroup, haplogroup H, has on the three neuroticism
phenotypes. Haplogroups with frequencies lower than 0.01 (A-G, L-N,
P-R, and Y-Z) were combined into one group termed ‘Other’, resulting
in 11 categories. Next, linear regression was performed on the pheno-
typic residuals fitting the haplogroups as a categorical variable using
the most common haplogroup, haplogroup H, as the reference. The
significance thresholdwas set to 0.05/10 as therewere 10 comparisons
in total.

The second model examined the effect of belonging to a specific
haplogroup when compared to the rest of the population (e.g., H v
Non H). Each haplogroup was tested sequentially against the sum of

Nervous Tense/highly     
strung

Worry too 
long

Lonely GuiltFed up Irritable
Just 

miserable
Mood up/ 

down Worrier Hurt feelingsNerves

Anxiety/Tension

General Neuroticism

Worry/Vulnerability

Fig. 5 | Bi-factor model explaining the relationship between neuroticism fac-
tors and 12 personality measurements. Schematic showing the exploratory bi-
factor analysis of the 12 items in the Short-scale Eysenck Personality Questionnaire-
Revised16 with factors shown using circles and items shown in squares. As illu-
strated, a general factor, labelled general neuroticism, can be extracted from the
variance shared by each 12 items. Two special factors, anxiety/tension and worry/

vulnerability, could also beextracted from the variance that remained following the
extraction of the general factor of neuroticism. These special factors do not share
variance with the general factor, and so allows for the identification of genetic
variants that are distinct from the general factor. The figure illustrates only the
items that each of the special factors draw most heavily from, with the path coef-
ficients presented in full in Supplementary Data 22.
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the remaining, where the tested haplogroupwas re-coded as 1, and the
non-tested haplogroups were pooled into one group and re-coded as
0. The phenotypic residuals were then regressed on the re-coded
haplogroups by fitting non-tested haplogroups as the reference. The
significance threshold was set to 0.05/10 as there were 10 common
haplogroups tested.

Super haplogroup association analysis was conducted as above,
using HV as the reference group in the first model. We considered a
super haplogroup, rather than its contributing haplogroups, asso-
ciated with the phenotype if the P value of super haplogroup analysis
was lower than the threshold of 0.005 and lower than any of its con-
tributing haplogroups.

In instances where the associated haplogroup and the associated
mtDNA SNP are incompletely correlated with each other (i.e., not
haplogroup-defining markers) simulations were performed to inves-
tigate the number of independent associations and the associated unit
(mtDNA SNP or haplogroup) that most likely drove the signal (Sup-
plementaryMethods). To ensure that any associatedMT-GWAS variant
or any haplogroup associations with the three factors of neuroticism
were not capturing nuclear DNA variation, co-segregation analyses
were conducted (Supplementary Methods).

Variance explained by haplogroup
Variance in each of the three neuroticism factors explained by MT-
haplogroups was estimated using ANOVA by comparing the fullmodel
(i.e., with the ten common haplogroups fitted as covariates) and the
reducedmodel (i.e., without fitting haplogroups). This is likely to be an
underestimation of the total effect of the mitochondrial genome as
subgroups and homoplasmic SNPs can provide additional genetic
information and coverage of the mitochondrial genome, even with
imputation is sparse, however, it does provide a lower level estimate.
To provide a comparison with the heritability captured by autosomal
SNPs, per-chromosome heritability was estimated in SLDSC87,88 using
1000G European reference panel. A partitioned heritability model
with 23 binary annotations was created to capture the total heritability
and to estimate the proportion of total heritability captured by each
chromosome. The per-chromosome heritability was calculated as the
proportion of total heritability explained by each chromosome times
the total heritability estimated in a non-partitioned model imple-
mented in Hill et al. (2020)19.

PheWAS scan
A PheWAS scan was performed using the data generated by Yonova-
Doing et al.26 to examine the pleiotropic effects of neuroticism-
associatedmtDNAwith 896 traits inUKBiobank. These traits including
594 non-cancer illness from hospital records in ICD10, 166 self-
reported illness, 11 binary traits, and 125 quantitative traits, classified
into nine categories, which are anthropometric, cardiovascular,
endocrine/diabetes, fitness/longevity, gastrointestinal, haematology/
dermatology/immune, infection, musculoskeletal/trauma, neurology/
eye/psychiatry, renal/urology, reproductive, respiratory/ear-nose-
throat, and others.

For the leadmtDNA SNPs thatwere associatedwith neuroticism, a
look-up was performed where, for mtDNA haplogroup associations,
look-ups were performed for all haplogroup-defining markers on the
phylogenetic tree89 that were available in Yonova-Doing, et al.26

Haplogroup-trait associations were defined as the strongest SNP-trait
association for that haplogroup. Multiple testing was conducted
across number of markers and traits and the significant threshold was
set to FDR <0.05.

Where mtDNA pleiotropic associations were found for the neu-
roticism traits, phenotypic and genetic correlation were estimated.
The phenotypic correlation was estimated in R using Pearson corre-
lation, whereas the genetic correlation was estimated in LDSC90 using
pre-calculated LD scores in 1000G EUR samples.

Nuclear DNA (nDNA) processing and analysis
nDNA imputed data QC. Imputation of nuclear DNA markers was
performed by UK Biobank71. We extracted the imputed data for our
initial 332,047 unrelated white British samples and performed
chromosome-wise quality control in PLINK279 by removing markers
with INFO<0.3, MAF < 0.0005, call rate <0.95, Hardy-Weinberg equi-
librium P value < 10−50 and removing samples with genotyping miss-
ingness >0.1. Multi-allelic markers in the remaining data were also
removed. A total of 19,651,021 markers and 332,042 samples
passed QC.

MT-haplogroup-stratified nDNA GWAS and MT-nDNA interaction
analysis. To examine if the effect of autosomal variation on the three
neuroticism phenotypes differed by mitochondrial haplogroup, an
interaction analysis was conducted. To reduce the statistical burden,
we first ran haplogroup-stratified GWAS of nuclear DNA markers
within each of the ten commonMT-haplogroups (H, HV, V, J, T, U, K, I,
W, and X). Haplogroup-stratified GWASs (i.e., restricting the samples
according to their haplogroups before performing an autosomal
GWAS) were conducted on the three neuroticism traits using phe-
notypic residuals and 8,912,253 post-QC nDNA imputedmarkers with
MAF > 0.01 in 270,055 samples with neuroticism phenotype in
PLINK279. This is to ensure the expected minimum frequency of
interaction to be over 0.0001 (nDNA MAF 0.01 × MT MAF 0.01). We
then tested whether the effect of the same nuclear allele varies
between haplogroups as an indication of MT-nDNA interaction by
comparing the beta estimates of the same nuclear marker between
two stratified GWASs. We used haplogroup H as a reference for all
comparisons. Z-statistics for testing the difference in SNP beta esti-
mates was R v3.6.177 as follows,

Z =
b1 � b2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
se21 + se

2
2

q ð2Þ

where b1 and b2 are the effect sizes of the same SNP in two GWASs and
se1 and se2 are the corresponding standard errors of the estimates. We
considered markers to be statistically significant if the interaction
P value was lower than 1 × 10−5, and the association P value was lower
than 5 × 10−8 in any one of the two GWASs under comparison.

For those nuclear loci showing evidence of differing association
with the neuroticism traits between haplogroups, formal MT-nDNA
interactionmodel (where the effects of nDNAmarker, MT-haplogroup
and nDNA-by-MT interaction were evaluated jointly in the model) was
conducted using PLINK279 in the whole UK Biobank data set (Supple-
mentaryMethods). To ensure that any interactions identified were not
better explained as a main effect of nuclear DNA captured by hap-
logroup, co-segregation analysis was performed (Supplementary
Methods).

Follow-up analysis
MT-nDNA candidate genes. MT-nDNA candidate genes were down-
loaded from IMPI 2020Q391 and Mito Carta 3.092. Both datasets were
mapped to GRCh37 using ENSEMBL (version 102)93 to link the two
databases and take account of the difference in gene IDs and symbols
due to different genome build. In instances where no match was
obtained, mapping of IMPI data was based on its reported ENSEMBL
gene ID or gene symbol, whereas mapping of MitoCarta data was
based on its reported gene symbol or WikiGene ID. This resulted in
2,220MT-nDNA candidate genes, 1085 of whichwere reported in both
data base, 1,084were reported in IMPI exclusively and the remaining 51
were reported in Mito Carta exclusively (Supplementary Data 23).

Gene-based and gene-set analysis. Three data sources were exam-
ined using MAGMA (version v1.09)94 to perform gene-based/gene-set
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analysis. These were the GWAS summary statistics of the three neu-
roticism traits from Hill et al.19 of the haplogroup-stratified nGWAS,
and of the co-segregation GWAS.

Regarding gene-based analysis for MT-nDNA candidate genes,
2,099 autosomalMT-nDNA candidate geneswere extracted and tested
using the full GWAS19 where traditional GWAS method was applied
without stratifying on haplogroups. MT-nDNA candidate genes asso-
ciated with any neuroticism traits at P <0.05/2,099 = 2.38 × 10−5 were
reported. As for haplogroup-stratified nGWAS and co-segregation
GWAS, 18,337 autosomal protein-coding genes available in the GWAS
summary data were examined, resulting in a significance threshold of
0.05/18,337 = 2.73 × 10−6. Note, while comparing gene-based results
from haplogroup-stratified nGWAS with that from the full GWAS, we
restricted the input SNPs to those shared between two GWASs, keep-
ing the same number of SNPs for each gene to maintain the same
statistical power.Afterwards, we looked at the gene-based associations
from the full GWAS for significant associations identified in the
haplogroup-stratified for comparison.

For gene-set analysis, we first tested whether there was enrich-
ment of neuroticism-associated genes in the whole set of 2,099 MT-
nDNA candidates. The IMPI dataset was further categorised into three
non-overlapping categories: genes known to encode mitochondrial
proteins, protein-coding genes predicted to physically interact with
mitochondria (IMPI mitochondrial localisation score ≥ 0.7), and
protein-coding genes associated with or having an ancillary effect on
mitochondria91. The MitoCarta gene set was divided into 14 over-
lapping categories according to mouse tissue-specific mitochondrial
protein localisation (cerebrum, cerebellum, brainstem, spinal cord,
liver, kidney, heart, skeletal muscle, adipose, stomach, small intestine,
large intestine, testis, and placenta)92. For neuroticism traits, we also
tested 149 gene-sets of mitochondrial pathways from MitoCarta. In
gene-set analysis, all protein-coding genes were fitted as background
genes, in addition we examined the enrichment of the MitoCarta gene
set following the removal of all potentialmt-nDNAgenes in the control
gene set in order to guard against confounding by including nuclear
mitochondrial genes in the control set. As translocations of mtDNA to
the nuclear genome are relatively common82, we additionally blasted95

the entire MT-genome to the nuclear genome and extracted all nDNA
genes which overlapped with those MT-nDNA aligned regions. This
gene-set was tested for MT-nDNA co-segregation. We appliedmultiple
testing correction within trait and reported gene-sets with an
FDR <0.05.

Genome-wide haplogroup specific neuroticism associations. To
examine if the nuclear DNA polygenic signal associated with the neu-
roticism factors varied by MT haplogroup, genetic correlations were
derived using LDSC (version v1.01)90 using pre-calculated LD scores in
1000G EUR samples. Genetic correlations were derived between each
GWAS stratified by haplogroup (for example, a GWAS on the general
factor of neuroticism only in those individuals who belonged to the H
haplogroup) with themeta-analysed GWASs conducted on each of the
other haplogroups (For example, a meta-analysis of the GWASs on the
general factor of neuroticism conducted in the nine remaining hap-
logroups). Evidence of a different nuclear polygenic signal by MT
haplogroup was indicated by a genetic correlation that was sig-
nificantly lower than 1. In these instances mtCOJO analysis96, per-
formed in GCTA (version v1.92.1)97, was used to remove overlapping
genetic factors, leaving the nuclear polygenic signal associated with
the neuroticism phenotypes that is specific to any one mitochondrial
haplogroup.mtCOJOwas run using pre-calculated LD scores in 1000G
EUR samples, assuming the shared genetic components were mainly
due to horizontal pleiotropy (Supplementary Method). In addition,
genetic correlations were performed on the haplogroup-stratified
GWAS examining traits previously found to be associated with worry/
vulnerability19 (Supplementary Data 24).

Functional annotation. For MT-haplogroup-stratified nDNA GWAS,
determination of genomic risk locus, gene-mapping and annotation
were performed in FUMA (version v1.3.6a)28 using the SNP2GENE
function. Briefly, we uploaded summary statistics and pre-defined lead
SNPs (haplogroup-X-stratified nGWAS and rs72771986 for general
neuroticism, and haplogroup-T-stratified nGWAS and rs181210427 for
anxiety/tension) into the FUMA web interface. FUMA searched for
other SNPs in 1000GPhase3 EUR82 databasewithin a 250 kbwindowof
and in LD (r2 >0.6) with our lead SNPs. Genes were mapped to the
genomic risk locus by three methods: positional mapping (genes
within 10 kb window of the locus based on ANNOVAR98); cis-eQTL
mapping (genes within 1mb window of the locus of which the
expression level is mediated by any of the candidate SNPs at FDR <
0.05 in any tissue or cell type in the following database38–49); and 3D
chromatin interaction mapping (genes with promoters located in
regions that interactwith the genomic risk locus at FDR < 1 × 10−6 in any
tissue or cell type in the following databases46,50–52).

In addition to ANNOVAR, eQTL, and chromatin status, SNPs were
annotated for combined annotation dependent depletion (CADD)
scores99, regulome database (RDB) scores100, and genes were anno-
tated for the probability of being loss-of-function intolerant (pLI)101

and non-coding residual variation intolerance scores (ncRVIS)102.
For MT-nDNA candidate genes associated with our neuroticism

traits, we performed functional annotation enrichment analysis in
FUMA28 using theGENE2FUNC function, by comparingour gene lists to
all functional-annotated gene-sets in the following database103–105. All
2,220 MT-nDNA candidate genes were set as background genes to
remove enrichment due to MT-related functions and pathways. Gene
sets with an FDR<0.05 were reported.

Protein-protein interactions between44mappednDNAgenes and
13 MT protein-coding genes were examined in STRING53.

Gene co-expression analysis was performed in R v3.6.177 using
GTEx v8 TPM data38. Within each tissue with sample size over 50, we
calculated the Pearson correlation of gene TPM between each pair of
44 mapped nDNA genes and 37 MT-genes. The significance threshold
was set to 0.05/56,200 as there are 56,200 genes in total. We addi-
tionally applied the same analysis for all brain sub-regions.

Co-segregation GWAS. To explore if co-segregation between MT-
haplogroup and nuclear DNA was driving the association between
haplogroup identity and the three neuroticism phenotypes, we per-
formednDNAGWASofMThaplogroups.Wedid not find evidence that
our MT associations were driven by nuclear DNA. Details of co-
segregation GWAS are in Supplementary Note, Supplementary
Figs. 44–56, and Supplementary Data 25–27.

Power calculation. Power of co-segregation GWAS and MT-nDNA
interaction GWAS was derived and validated using simulation. Details
of power calculation are in Supplementary Method, Supplementary
Figs. 57–63, and Supplementary Table 1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
UKBiobank data used in this study are available via theUKBiobank data
access process (see http://www.ukbiobank.ac.uk/register-apply/). The
Summary statistics for MT associations are available in Supplementary
Data 4-6, Summary statistics for the autosomal associations are avail-
able through GWAS catalog at https://www.ebi.ac.uk/gwas/ under
accession codes GCST90264121, GCST90264122, GCST90264123,
GCST90264124, GCST90264125, GCST90264126, GCST90264127,
GCST90264128, GCST90264129, GCST90264130, GCST90264131,
GCST90264132, GCST90264133, GCST90264134, GCST90264135,
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GCST90264136, GCST90264137, GCST90264138, GCST90264139,
GCST90264140, GCST90264141, GCST90264142, GCST90264143,
GCST90264144, GCST90264145, GCST90264146, GCST90264147,
GCST90264148, GCST90264149, and GCST90264150.

Code availability
Codes see Supplementary Method.

References
1. Costa, P. T. & McCrae, R. R. Four ways five factors are basic. Pers.

Individ. Differ. 13, 653–665 (1992).
2. Goldberg, L. R. The structure of phenotypic personality traits. Am.

Psychol. 48, 26 (1993).
3. Wray, N. R., Birley, A. J., Sullivan, P. F., Visscher, P. M. & Martin, N.

G. Genetic and phenotypic stability of measures of neuroticism
over 22 years. Twin Res. Hum. Genet. 10, 695–702 (2007).

4. Roberts, B. W. & DelVecchio, W. F. The rank-order consistency of
personality traits from childhood to old age: a quantitative review
of longitudinal studies. Psychol. Bull. 126, 3–25 (2000).

5. Lahey, B. B. Public health significanceof neuroticism.Am. Psychol.
64, 241–256 (2009).

6. Strickhouser, J. E., Zell, E. & Krizan, Z. Does personality predict
health and well-being? A metasynthesis. Health Psychol. 36,
797–810 (2017).

7. Roberts, B. W., Kuncel, N. R., Shiner, R., Caspi, A. & Goldberg, L.
R. The power of personality: the comparative validity of per-
sonality traits, socioeconomic status, and cognitive ability for
predicting important life outcomes. Perspect. Psychol. Sci. 2,
313–345 (2007).

8. Terracciano, A. et al. Personality and risk of Alzheimer’s disease:
new data and meta-analysis. Alzheimer’s Dement. 10, 179–186
(2014).

9. Terracciano, A. et al. Is neuroticism differentially associated with
risk of Alzheimer’s disease, vascular dementia, and fronto-
temporal dementia? J. Psychiatr. Res. 138, 34–40 (2021).

10. Terracciano, A. et al. Neuroticism and risk of Parkinson’s disease: a
meta-analysis. Mov. Disord. 36, 1863–1870 (2021).

11. Goodwin, R. D., Cox, B. J. & Clara, I. Neuroticism and physical
disorders among adults in the community: results from the
National Comorbidity Survey. J. Behav. Med. 29, 229–238 (2006).

12. Weiss, A., Gale, C. R., Batty, G. D. & Deary, I. J. Emotionally stable,
intelligent men live longer: the Vietnam Experience Study cohort.
Psychosom. Med. 71, 385–394 (2009).

13. Cuijpers, P. et al. Economic costs of neuroticism: a population-
based study. Arch. Gen. Psychiatry 67, 1086–1093 (2010).

14. Cukić, I. &Weiss, A. Personality and diabetesmellitus incidence in
a national sample. J. Psychosom. Res. 77, 163–168 (2014).

15. Korten, A. E. et al. Health, cognitive, and psychosocial factors as
predictors of mortality in an elderly community sample. J. Epide-
miol. Community Health 53, 83–88 (1999).

16. Eysenck, S. B., Eysenck, H. J. & Barrett, P. A revised version of the
psychoticism scale. Personal. Individ. Differ. 6, 21–29 (1985).

17. Gale, C. R. et al. When is higher neuroticism protective against
death? Findings from UK Biobank. Psychol. Sci. 28,
1345–1357 (2017).

18. Weiss, A. et al. Conditioning on a collider may or may not explain
the relationship between lower neuroticism and premature mor-
tality in the study byGale et al. (2017): a reply to Richardson, Davey
Smith, and Munafó (2019). Psychol. Sci. 30, 633–638 (2019).

19. Hill, W. D. et al. Genetic contributions to two special factors of
neuroticism are associated with affluence, higher intelligence,
better health, and longer life. Mol. Psychiatry 25, 3034–3052
(2020).

20. Zhu, X.-H. et al. Quantitative imaging of energy expenditure in
human brain. NeuroImage 60, 2107–2117 (2012).

21. Wang, H.-X. et al. Personality and lifestyle in relation to dementia
incidence. Neurology 72, 253–259 (2009).

22. Keogh, M. J. & Chinnery, P. F. Mitochondrial DNA mutations in
neurodegeneration. Biochim. Biophys. Acta–Bioenerg. 1847,
1401–1411 (2015).

23. Cha, M.-Y., Kim, D. K. & Mook-Jung, I. The role of mitochondrial
DNAmutation on neurodegenerative diseases. Exp. Mol. Med. 47,
e150–e150 (2015).

24. Hudson, G., Gomez-Duran, A., Wilson, I. J. & Chinnery, P. F. Recent
mitochondrial DNA mutations increase the risk of developing com-
mon late-onset human diseases. PLoS Genet. 10, e1004369 (2014).

25. Hudson,G. et al. Two-stage association study andmeta-analysis of
mitochondrial DNA variants in Parkinson disease. Neurology 80,
2042–2048 (2013).

26. Yonova-Doing, E. et al. An atlas of mitochondrial DNA
genotype–phenotype associations in the UK Biobank. Nat. Genet.
53, 982–993 (2021).

27. Weiss, A. & Deary, I. J. A new look at neuroticism: should weworry
so much about worrying? Curr. Direct. Psychol. Sci. 29,
92–101 (2020).

28. Watanabe, K., Taskesen, E., van Bochoven, A. & Posthuma, D.
Functional mapping and annotation of genetic associations with
FUMA. Nat. Commun. 8, 1826 (2017).

29. Mueller, E. E. et al. Functional differences between mitochondrial
haplogroup T and haplogroupH in HEK293 cybrid cells. PLoSOne
7, e52367 (2012).

30. Kenney, M. C. et al. Molecular and bioenergetic differences
between cells with African versus European inherited mitochon-
drial DNA haplogroups: Implications for population susceptibility
to diseases. Biochim. Biophys. Acta 1842, 208–219 (2014).

31. Gómez-Durán, A. et al. Unmasking the causes of multifactorial
disorders: OXPHOS differences between mitochondrial hap-
logroups. Hum. Mol. Genet. 19, 3343–3353 (2010).

32. Hwang, S. et al. Gene expression pattern in transmitochondrial
cytoplasmic hybrid cells harboring type 2 diabetes-associated
mitochondrial DNA haplogroups. PLoS One 6, e22116 (2011).

33. Wallace, DouglasC. Mitochondrial DNA variation in human radia-
tion and disease. Cell 163, 33–38 (2015).

34. Hägg, S., Jylhävä, J., Wang, Y., Czene, K. & Grassmann, F. Deci-
phering the genetic and epidemiological landscape of mito-
chondrial DNA abundance. Hum. Genet. 140, 849–861 (2021).

35. Pickett, S. J., Deen, D., Pyle, A., Santibanez-Koref, M. & Hudson, G.
Interactions between nuclear and mitochondrial SNPs and Par-
kinson’s disease risk. Mitochondrion 63, 85–88 (2022).

36. Andrews, S. J. et al.Mitonuclear interactions influenceAlzheimer’s
disease risk. Neurobiol. Aging 87, 138.e7–138.e14 (2020).

37. Smith, D. J. et al. Genome-wide analysis of over 106000 indivi-
duals identifies 9 neuroticism-associated loci. Mol. Psychiatry 21,
749 (2016).

38. The GTEx Consortium. The Genotype-Tissue Expression (GTEx)
project. Nat. Genet. 45, 580–585 (2013).

39. Westra, H. J. et al. Systematic identification of trans eQTLs as
putative drivers of known disease associations. Nat. Genet. 45,
1238–1243 (2013).

40. Zhernakova, D. V. et al. Identification of context-dependent
expression quantitative trait loci in whole blood. Nat. Genet. 49,
139–145 (2017).

41. Ramasamy, A. et al. Genetic variability in the regulation of gene
expression in ten regions of the human brain. Nat. Neurosci. 17,
1418–1428 (2014).

42. Grundberg, E. et al. Mapping cis- and trans-regulatory effects
acrossmultiple tissues in twins.Nat. Genet. 44, 1084–1089 (2012).

43. Ng, B. et al. An xQTLmap integrates thegenetic architectureof the
human brain’s transcriptome and epigenome. Nat. Neurosci. 20,
1418–1426 (2017).

Article https://doi.org/10.1038/s41467-023-38480-y

Nature Communications |         (2023) 14:3146 12



44. Fromer, M. et al. Gene expression elucidates functional impact of
polygenic risk for schizophrenia. Nat. Neurosci. 19, 1442–1453
(2016).

45. Võsa, U. et al. Unraveling the polygenic architecture of complex
traits using blood eQTL meta-analysis. bioRxiv https://www.
biorxiv.org/content/10.1101/447367v1 (2018).

46. Wang, D. et al. Comprehensive functional genomic resource and
integrative model for the human brain. Science 362,
eaat8464 (2018).

47. Schmiedel, B. J. et al. Impact of genetic polymorphisms on human
immune cell gene expression. Cell 175, 1701–1715 e16 (2018).

48. van der Wijst, M. G. P. et al. Single-cell RNA sequencing identifies
celltype-specific cis-eQTLs and co-expression QTLs. Nat. Genet
50, 493–497 (2018).

49. Kerimov, N. et al. eQTL Catalogue: a compendium of uniformly
processed human gene expression and splicing QTLs. bioRxiv
https://www.biorxiv.org/content/10.1101/2020.01.29.
924266v2 (2021).

50. Schmitt, A. D. et al. A compendium of chromatin contact maps
reveals spatially active regions in the humangenome.Cell Rep. 17,
2042–2059 (2016).

51. Giusti-Rodriguez, P.M.D. & Sullivan, P.F. Using three-dimensional
regulatory chromatin interactions from adult and fetal cortex to
interpret genetic results for psychiatric disorders and cognitive
traits. bioRxiv https://www.biorxiv.org/content/10.1101/
406330v2 (2019).

52. Andersson, R. et al. Anatlas of activeenhancers across humancell
types and tissues. Nature 507, 455–461 (2014).

53. vonMering, C. et al. STRING: known andpredictedprotein-protein
associations, integrated and transferred across organisms.
Nucleic Acids Res 33, D433–D437 (2005).

54. Lakatos, A. et al. Association between mitochondrial DNA varia-
tions andAlzheimer’s disease in the ADNI cohort.Neurobiol. Aging
31, 1355–1363 (2010).

55. Ridge, P. G. & Kauwe, J. S. K. Mitochondria and Alzheimer’s dis-
ease: the role ofmitochondrial genetic variation.Curr.Genet.Med.
Rep. 6, 1–10 (2018).

56. Fukuyama, R., Hatanpää, K., Rapoport, S. I. & Chandrasekaran, K.
Gene expression of ND4, a subunit of complex I of oxidative
phosphorylation in mitochondria, is decreased in temporal cortex
of brains of Alzheimer’s disease patients. Brain Res. 713,
290–293 (1996).

57. Shafiee,M. et al. Depression and anxiety symptoms are associated
with white blood cell count and red cell distribution width: A sex-
stratified analysis in a population-based study. Psychoneur-
oendocrinology 84, 101–108 (2017).

58. Howard, D. M. et al. Genome-wide meta-analysis of depression
identifies 102 independent variants and highlights the importance
of the prefrontal brain regions. Nat. Neurosci. 22, 343–352 (2019).

59. Trubetskoy, V. et al. Mapping genomic loci implicates genes and
synaptic biology in schizophrenia. Nature 604, 502–508 (2022).

60. Iwaki, H. et al. Genomewide association study of Parkinson’s dis-
ease clinical biomarkers in 12 longitudinal patients’ cohorts. Mov.
Disord. 34, 1839–1850 (2019).

61. Wightman, D. P. et al. A genome-wide association study with
1,126,563 individuals identifies new risk loci for Alzheimer’s dis-
ease. Nat. Genet. 53, 1276–1282 (2021).

62. Kendler, K. S. & Myers, J. The genetic and environmental rela-
tionship between major depression and the five-factor model of
personality. Psychol. Med. 40, 801–806 (2010).

63. Distel, M. A. et al. The five-factor model of personality and bor-
derline personality disorder: a genetic analysis of comorbidity.
Biol. Psychiatry 66, 1131–1138 (2009).

64. Tam, V. et al. Benefits and limitations of genome-wide association
studies. Nat. Rev. Genet. 20, 467–484 (2019).

65. Visscher, P. M. et al. 10 years of GWAS discovery: biology, func-
tion, and translation. Am. J. Hum. Genet. 101, 5–22 (2017).

66. Torkamani, A., Wineinger, N. E. & Topol, E. J. The personal and
clinical utility of polygenic risk scores. Nat. Rev. Genet. 19,
581–590 (2018).

67. Reay, W. R. & Cairns, M. J. Advancing the use of genome-wide
association studies for drug repurposing. Nat. Rev. Genet. 22,
658–671 (2021).

68. Gill, D., Efstathiadou, A., Cawood, K., Tzoulaki, I. & Dehghan, A.
Education protects against coronary heart disease and stroke
independently of cognitive function: evidence from Mendelian
randomization. Int. J. Epidemiol. 48, 1468–1477 (2019).

69. Luciano, M. et al. The influence of X chromosome variants on trait
neuroticism. Mol. Psychiatry 26, 483–491 (2021).

70. Sudlow, C. et al. UK biobank: an open access resource for iden-
tifying the causes of a wide range of complex diseases of middle
and old age. PLoS Med. 12, e1001779 (2015).

71. Bycroft, C. et al. The UK Biobank resource with deep phenotyping
and genomic data. Nature 562, 203–209 (2018).

72. Wiernik, B. M., Wilmot, M. P. & Kostal, J. W. How data analysis can
dominate interpretations of dominant general factors. Ind. Organ.
Psychol. 8, 438–445 (2015).

73. Jennrich, R. I. & Bentler, P. M. Exploratory bi-factor analysis. Psy-
chometrika 76, 537–549 (2011).

74. Jennrich, R. I. & Bentler, P. M. Exploratory bi-factor analysis: the
oblique case. Psychometrika 77, 442–454 (2012).

75. Browne, M. W. An overview of analytic rotation in exploratory
factor analysis. Multivar. Behav. Res. 36, 111–150 (2001).

76. Gorsuch, R.L. Factor analysis, 2nd edn. (Psychology Press, New
York, 2013).

77. R Core Team. R: A Language and Environment for Statistical
Computing. (https://www.R-project.org, 2020).

78. Luciano, M. et al. Association analysis in over 329,000 individuals
identifies 116 independent variants influencing neuroticism. Nat.
Genet. 50, 6–11 (2018).

79. Chang, C. C. et al. Second-generation PLINK: rising to the chal-
lenge of larger and richer datasets. GigaScience 4, 7–7 (2015).

80. Delaneau, O., Marchini, J. & Zagury, J. F. A linear complexity
phasing method for thousands of genomes. Nat. Methods 9,
179–181 (2011).

81. Menelaou, A. & Marchini, J. Genotype calling and phasing using
next-generation sequencing reads and a haplotype scaffold.
Bioinformatics 29, 84–91 (2013).

82. The 1000 Genomes Project Consortium. A global reference for
human genetic variation. Nature 526, 68 (2015).

83. Kloss-Brandstätter, A. et al. HaploGrep: a fast and reliable algo-
rithm for automatic classification of mitochondrial DNA hap-
logroups. Hum. Mutat. 32, 25–32 (2011).

84. Weissensteiner, H. et al. HaploGrep 2: mitochondrial haplogroup
classification in the era of high-throughput sequencing. Nucleic
Acids Res. 44, W58–W63 (2016).

85. vanOven,M. PhyloTree Build 17: growing the humanmitochondrial
DNA tree. Forensic Sci. Int.: Genet. Suppl. Ser. 5, e392–e394 (2015).

86. Kraja, A. T. et al. Associations of mitochondrial and nuclear mito-
chondrial variants and genes with seven metabolic traits. Am. J.
Hum. Genet. 104, 112–138 (2019).

87. Finucane, H. K. et al. Partitioning heritability by functional anno-
tation using genome-wide association summary statistics. Nat.
Genet. 47, 1228 (2015).

88. Bulik-Sullivan, B. K. et al. LD Score regression distinguishes con-
founding from polygenicity in genome-wide association studies.
Nat. Genet. 47, 291 (2015).

89. van Oven, M. & Kayser, M. Updated comprehensive phylogenetic
tree of global human mitochondrial DNA variation. Hum. Mutat.
30, E386–E394 (2009).

Article https://doi.org/10.1038/s41467-023-38480-y

Nature Communications |         (2023) 14:3146 13

https://www.biorxiv.org/content/10.1101/447367v1
https://www.biorxiv.org/content/10.1101/447367v1
https://www.biorxiv.org/content/10.1101/2020.01.29.924266v2
https://www.biorxiv.org/content/10.1101/2020.01.29.924266v2
https://www.biorxiv.org/content/10.1101/406330v2
https://www.biorxiv.org/content/10.1101/406330v2
https://www.R-project.org


90. Bulik-Sullivan, B. et al. An atlas of genetic correlations across
human diseases and traits. Nat. Genet. 47, 1236 (2015).

91. Smith, A. C. & Robinson, A. J. MitoMiner v4.0: an updated data-
base of mitochondrial localization evidence, phenotypes and
diseases. Nucleic Acids Res. 47, D1225–D1228 (2019).

92. Rath, S. et al. MitoCarta3.0: an updated mitochondrial proteome
now with sub-organelle localization and pathway annotations.
Nucleic Acids Res. 49, D1541–D1547 (2021).

93. Yates, A. D. et al. Ensembl 2020. Nucleic Acids Res. 48,
D682–D688 (2020).

94. de Leeuw, C. A., Mooij, J. M., Heskes, T. & Posthuma, D. MAGMA:
generalized gene-set analysis of GWAS data. PLoS Comput. Biol.
11, e1004219 (2015).

95. Altschul, S. F., Gish, W., Miller, W., Myers, E. W. & Lipman, D. J.
Basic local alignment search tool. J. Mol. Biol. 215,
403–410 (1990).

96. Zhu, Z. et al. Causal associations between risk factors and com-
mon diseases inferred from GWAS summary data. Nat. Commun.
9, 224 (2018).

97. Yang, J., Lee, S. H., Goddard, M. E. & Visscher, P. M. GCTA: a tool
for genome-wide complex trait analysis. Am. J. Hum. Genet. 88,
76–82 (2011).

98. Wang, K., Li, M. & Hakonarson, H. ANNOVAR: functional annota-
tion of genetic variants from high-throughput sequencing data.
Nucleic Acids Res. 38, e164 (2010).

99. Kircher, M. et al. A general framework for estimating the relative
pathogenicity of human genetic variants. Nat. Genet. 46,
310–315 (2014).

100. Boyle, A. P. et al. Annotation of functional variation in personal
genomes using RegulomeDB. Genome Res. 22, 1790–1797 (2012).

101. Lek,M. et al. Analysis of protein-codinggenetic variation in 60,706
humans. Nature 536, 285–291 (2016).

102. Petrovski, S. et al. The intolerance of regulatory sequence to
genetic variation predicts gene dosage sensitivity. PLoS Genet. 11,
e1005492 (2015).

103. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression pro-
files. PNAS 102, 15545–15550 (2005).

104. Martens,M. et al.WikiPathways: connecting communities.Nucleic
Acids Res. 49, D613–D621 (2021).

105. Buniello, A. et al. The NHGRI-EBI GWAS Catalog of published
genome-wide association studies, targeted arrays and summary
statistics 2019. Nucleic Acids Res. 47, D1005–D1012 (2019).

106. Bahl, E., Koomar, T. & Michaelson, J. J. cerebroViz: an R package
for anatomical visualization of spatiotemporal brain data. Bioin-
formatics 33, 762–763 (2017).

Acknowledgements
W.D.H., C.X., and D.C.M.L. are supported by a Career Development
Award from the Medical Research Council (MRC) [MR/T030852/1] for
the project titled “From genetic sequence to phenotypic consequence:
genetic and environmental links between cognitive ability, socio-
economic position, and health”. This work was undertaken in The Uni-
versity of Edinburgh Centre for Cognitive Ageing and Cognitive
Epidemiology (CCACE), supported by the cross-council Lifelong Health
and Wellbeing initiative (MR/K026992/1). Funding from the

Biotechnology and Biological Sciences Research Council (BBSRC), the
Medical Research Council (MRC), and the University of Edinburgh and
gratefully acknowledged. G.H. receives support from Parkinson’s UK (G-
2003), the Michael J Fox Foundation (MJFF-007574 and MJFF-007690)
and the Wellcome Centre for Mitochondrial Research (203105/Z/16/Z).
S.J.P. is supported by a Wellcome Trust Career Re-entry Fellowship
(204709/Z/16/Z), the Wellcome Centre for Mitochondrial Research
(203105/Z/16/Z) and also receives support from a L’Oreal UNESCOFWIS
Award. For the purpose of open access, the author has applied a CC BY
public copyright licence to any Author Accepted Manuscript version
arising from this submission.

Author contributions
C.X. and W.D.H. conceived the idea and designed the study; S.J.P. and
G.H. contributed valuable study design ideas andmanuscript edits; A.W.
provided data; D.C.M.L. read and reviewed the manuscript; C.X. and
A.W. analysed the data; W.D.H. provided funding; C.X. andW.D.H. wrote
the manuscript. All authors reviewed and provided comments to
the text.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-38480-y.

Correspondence and requests for materials should be addressed to
W. David Hill.

Peer review information : Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-38480-y

Nature Communications |         (2023) 14:3146 14

https://doi.org/10.1038/s41467-023-38480-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The contributions of mitochondrial and nuclear mitochondrial genetic variation to neuroticism
	Results
	MT-DNA association analysis
	Pleiotropic mtDNA associations
	MT-nDNA gene analysis
	MT-haplogroup-stratified nGWAS and MT-nDNA interaction

	Discussion
	Methods
	Ethical compliance
	Samples
	Phenotype derivation and quality control (QC)
	Mitochondrial DNA (mtDNA) processing and analysis
	MT genotype data QC
	MT imputation and imputed data QC
	MT haplogroup and super haplogroup derivation
	MT-GWAS and MT-haplogroup association analysis
	Variance explained by haplogroup
	PheWAS scan
	Nuclear DNA (nDNA) processing and analysis
	nDNA imputed data QC
	MT-haplogroup-stratified nDNA GWAS and MT-nDNA interaction analysis
	Follow-up analysis
	MT-nDNA candidate genes
	Gene-based and gene-set analysis
	Genome-wide haplogroup specific neuroticism associations
	Functional annotation
	Co-segregation GWAS
	Power calculation
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




