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Children born after assisted reproduction
more commonly carry a mitochondrial
genotype associating with low birthweight

Joke Mertens1, Florence Belva2, Aafke P. A. van Montfoort3, Marius Regin1,
Filippo Zambelli4, Sara Seneca1,2, Edouard Couvreu de Deckersberg1,
Maryse Bonduelle2, Herman Tournaye5,6, Katrien Stouffs1,2, Kurt Barbé7,
Hubert J. M. Smeets 8,9, Hilde Van de Velde5,10, Karen Sermon1,
Christophe Blockeel5,11 & Claudia Spits 1

Children conceived through assisted reproductive technologies (ART) have an
elevated risk of lower birthweight, yet the underlying cause remains unclear.
Our study explores mitochondrial DNA (mtDNA) variants as contributors to
birthweight differences by impacting mitochondrial function during prenatal
development. We deep-sequenced the mtDNA of 451 ART and spontaneously
conceived (SC) individuals, 157 mother-child pairs and 113 individual oocytes
from either natural menstrual cycles or after ovarian stimulation (OS) and find
that ART individuals carried a different mtDNA genotype than SC individuals,
withmore de novo non-synonymous variants. These variants, along with rRNA
variants, correlate with lower birthweight percentiles, independent of con-
ceptionmode. Their higher occurrence in ART individuals stems fromde novo
mutagenesis associated with maternal aging and OS-induced oocyte cohort
size. Future researchwill establish the long-term health consequences of these
changes and how these findings will impact the clinical practice and patient
counselling in the future.

The birth of Louise Brown in 1978 heralded the start of a revolution in
reproductivemedicine that hasmade parenthood possible for couples
previously considered untreatably infertile. Since then, assisted
reproductive technologies (ART) have gone through considerable
developments and their use has increased exponentially, with over 8
million children born worldwide. Over the past decades, virtually all
steps of the process have undergone continuous improvement.

Nevertheless, concerns about the safety of theseprocedures regarding
the health of the children born after ART have always been present,
and the systematic studies of large cohorts of childrenovermany years
have revealed that these individuals have indeed an adverse health
outcome as compared to those born after spontaneous conception
(SC). There is bynowmuch evidence thatARTchildren are at increased
risk of being born with a congenital abnormality and small for
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gestational age1,2, with ART singletons having an overall 2- to 3-fold
increased risk of adverse perinatal outcomes2–4. In contrast, children
from a frozen embryo transfer have a higher risk of being born large
for gestational age5, which associates with difficulties at delivery,
childhood malignancies and cardio-metabolic disorders6,7. Long-term
follow-up studies show increasing evidence that these children are at
risk for abnormal hormonal and cardio-metabolic profiles later in
life8–14.

Over the years a large body of research has been devoted to the
identification of the causes and molecular basis of these adverse
effects in ART children, based on the knowledge that suboptimal early
development conditions have a significant impact on the future health
of the individual15. Three factors have mainly been studied in associa-
tion with the health of the ART children, namely maternal subfertility,
ovarian stimulation (OS) and embryo culture systems. However, the
sometimes-contradicting results of different studiesmake itdifficult to
parse out the exact roleof each factor in thephenotypeof the children.
First, the adverse health outcomes seen in ART children have been
associated with the subfertility of their mothers4,16–18. In line with this,
SC children born to subfertile mothers also have an increased risk of
adverse perinatal outcomes18–20, suggesting a major role for the
maternal (genetic) background. Second, the procedure of OS, used in
ART to increase the cohort of oocytes available in onemenstrual cycle
has been shown to impact birthweight4. It has been suggested that the
maternal uterine environment under the influence of OS acts as an
independent contributor to the risk for lower birthweight in children
born following fresh embryo transfer, in contrast to frozen embryo
transfer21. However, comparative studies of children born afterOSwith
SC children from subfertile parents found no significant
differences22,23. Third, the in vitro manipulation of embryos, including
freezing and thawing, and particularly the use of different culture
media has been shown to have a significant impact on birthweight24–26.
Because ART centres throughout the world use different media, and
these have been evolving over time, establishing the exact impact and
the involved underlying factors in the media on the health of the ART
child remains challenging27,28.

From a molecular point of view, the vast majority of studies have
focused on the search for ART-induced epigenetic changes, both in
individuals and in placental samples. Although a significant number of
animal studies have demonstrated a link between epigenetic altera-
tions and different aspects of ART, studies in human did not provide
conclusive results29. While some studies have found differences in the
epigenetic landscape of ART and SC children30,31, these were usually
within normal range of variation. Many other researchers have not
identified consistent methylation abnormalities in the genome of ART
children32–36, leading to results that are globally difficult to harmonize
andwith no association to the health outcomes of ART children. Lastly,
a recent study showed that in vitro fertilization does not increase the
incidence of chromosomal abnormalities in human fetal and placental
lineages, and did not find a link between the presence of these
abnormalities and birthweight37.

In this study, we hypothesized that the differences in birthweight
between ART and SC children are caused by mitochondrial DNA
(mtDNA) variants. In the general population, low birthweight is asso-
ciated with metabolic abnormalities38, which in adulthood have been
linked to mitochondrial dysfunction39. Furthermore, inherited mtDNA
defects can predispose to obesity and insulin resistance40, low birth-
weight is common in individuals bornwithmtDNAdisease41,42 and non-
disease-associated mtDNA variation has been previously found to be
associated with body composition and weight43–50. As mentioned
above, female subfertility and OS strongly associate with the risk for
low birthweight in ART children4,51, and both may be linked to mito-
chondrial function as oxidative phosphorylation plays a crucial role
during gametogenesis, embryonic development as well as in female
subfertility52–58. We hypothesized that subfertile women more

frequently carry mtDNA variants that negatively affect mitochondrial
function and contribute to their subfertility. Furthermore, work in
animal models suggests that OS increases the frequency of mtDNA
deletions in the oocytes59,60 and affects mitochondrial function61.
Therefore, we postulated that maternal transmission of mtDNA gen-
otypes, that might be related to subfertility, and de novo mutagenesis
during OS could result in adverse perinatal outcomes in children car-
rying these mtDNA genotypes.

To test if the mtDNA genotypes of ART and SC children differ, if
these differences are associated with birthweight percentile and to
determine the origin of these potential differences, we studied the
mitochondrial genomeof 270ART and 181 SC children, 157ART and SC
mother-child pairs and 113 oocytes donated in both natural menstrual
cycles and after OS from the same donors by massively parallel
sequencing.

Results
Individuals born after ART display a different mitochondrial
DNA variant genotype than their spontaneously
conceived peers
First, we sequenced the full mitochondrial genome of 270 ART and 181
SC children (details on the participants and the source of DNA can be
found in Table 1). During data processing, we 1037 bp that comprised
regions that were prone to PCR and sequencing errors (Fig. 1a).

First, the data was controlled for differences in haplogroup dis-
tribution. No significant differences were found in haplogroup and
subhaplogroup distribution across ART and SC individuals (Fig. 1b, c,
and Supplementary Tables 1 and 2). Next to the haplogroup variants,
most individuals carried additional homoplasmic variants, which were
categorized according to their location in the mitochondrial genome
and their impact on the amino acid sequence: hypervariable region
(HV), non-coding, origin of replication on the heavy strand (OHR),
termination-associated sequence (TAS), rRNA, tRNA, synonymous
(Syn) and non-synonymous (Non-syn) protein-coding variants. The
proportion of individuals carrying homoplasmic variants was similar in
both groups, as well as the location of the variants and their potential
pathogenicity (Fig. 1d and Supplementary Table 3). One SC individual
carried aprovenpathogenic tRNA-coding variant athomoplasmic level
(mt.14674 T >C, associatedwith Reversible Infantile Respiratory Chain
Deficiency62).

In total, 430 heteroplasmic variants were identified, 66.0% of
which were unique to one individual (an overview is shown in Fig. 1e).
Since heteroplasmic variants may differ across different tissues and
increase with age63–66, we first controlled the dataset for the use of
different tissues as source of DNA and different ages at sampling. We
found no significant differences in the totals of the different hetero-
plasmic loads per individual in regard to their sample’s source DNA or
age at sampling (Fig. 1f, g). Next, we categorized the heteroplasmic
variants per location, as done for the homoplasmic variants. 60.4% of
ART and 61.9% of SC individuals carried up to 5 heteroplasmic variants
per person, with no significant differences in their distribution (Fig. 1h,
Supplementary Table 4). There were also no statistically significant
differences in the distributions of variants in non-coding regions,
tRNA, rRNA and synonymous and non-synonymous variants, although
ART individuals slightly more often carried non-synonymous protein-
coding variants (Fig. 1h, Supplementary Table 4).

There were no differences in the distribution of the variants
according to their location, type of nucleotide substitution and
potential pathogenicity (Fig. 1i, Supplementary Tables 5 and 6). Four
individuals (3 ART and 1 SC individuals) carried a proven pathogenic
heteroplasmic tRNA-coding variant, including the variants m.3243
A >G and m.5521G > A (both associated with the MELAS/MERRF
syndrome67,68), and m.5703G >A (associated with mitochondrial
myopathy and MERRF69). To factor in the heteroplasmic load and to
reduce the data complexity due to the diverse location of the variants,
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we added up the loads of the heteroplasmic variants per individual,
categorized per location (HV, tRNA, etc). This resulted in a matrix of
“sums of heteroplasmic loads” per individual, per region. ART and SC
individuals did not differ in the mean sum of heteroplasmic loads per
location in theirmtDNA (Fig. 1j, Supplementary Table 7). Next, we used
an orthogonally rotated exploratory factor analysis on the sum of the
heteroplasmic loads of each location in themtDNA per individual. This
further reduced the complexity of the data to four factors; the com-
ponent matrix can be found in Fig. 1k. These factors reflect covariance
between types of mtDNA variants, as represented by the hypercube in

Fig. 1l. We extracted the scores for each factor for all samples and used
these to further explore diversity in heteroplasmic variant composi-
tion across the two groups. ART individuals were found to have sig-
nificantly higher scores in factor 2, driven by the presence of protein-
coding and rRNA variants and lack of HV, OHR, TAS and non-coding
variants, as compared to SC children. Factors 1, 3 and 4 were not
different between the two groups (Fig. 1m). This suggests that indivi-
duals born after ART tend to more frequently carry heteroplasmic
variants in the protein-coding and/or rRNA regions, in combination
with fewer heteroplasmic variants in the other regions compared to
their SC peers. This is in line with the (non-statistically significant)
trend of ART individuals having a higher number of non-synonymous
variants (Fig. 1h) and a lowermeanheteroplasmic load in theHV region
(ART: 4.55%, SC: 7.02%, Fig. 1j), and illustrates how the factor analysis
extracts a significant interaction between variables that a univariate
analysis would not detect.

Differences in the mtDNA variant profile correlate with birth-
weight percentiles
We investigated the association between the birthweight of 388 indi-
viduals and their mtDNA profile (164 SC and 224 ART individuals). The
birthweight was adjusted for gestational age and sex and categorized
as under or above the 10th percentile (<P10), where <P10 is considered
small for gestational age, and under or above the 25th percen-
tile (<P25).

First, we queried our dataset for variants that have been reported
to associate with birthweight43–50. Our dataset did not contain indivi-
duals carrying the variants reported in refs. 46–48. In regard to the
variant m.16189T, which has been associated with thinness at
birth43,44,47, 57 individuals in our study cohort carry this variant as a
homoplasmy (often as part of their haplogroup) or as a heteroplasmy.
However, it was not associated with a birthweight under the 10th or
25th percentile in our study cohort (Data not shown, Chi-square test,
p = 1 and p =0.851). These results did not change in terms of sig-
nificance if considering the variant only when it is present outside of
the haplogroup or as a heteroplasmy. Furthermore, haplogroup T,
which has been associated with obesity45,50, showed a trend to being
under-represented in individuals under the 10th and 25th birthweight
percentile (p = 0.094 and p =0.04, respectively, however, these values
are not significant after Bonferroni correction for multiple testing,
Fig. 2a, b and Supplementary Tables 8 and S9). There was no associa-
tion between other haplogroups and birthweight percentile nor with
the presence of homoplasmic variants (Fig. 2c, Supplementary
Tables 10 and 11), regardless of mode of conception.

Conversely, SC individuals who were <P10 or <P25 had sig-
nificantly higher scores in factor 2 of the heteroplasmic variants ana-
lysis than children born at >P10 or >P25 (Fig. 2d). In line with this, as
factor 2 is driven by rRNA and non-synonymous variants, SC indivi-
duals with a lower birthweight more frequently carried non-
synonymous and rRNA variants, while no differences were observed
for the other variants (<P10: 66.6% and >P10: 25.2%, Fisher’s exact test,
p =0.014, <P25: 53.8% and >P25: 22.5%, Fisher’s exact test, p =0.003,
Supplementary Tables 12 and 13). SC children <P10 and <P25 also
carried higher heteroplasmic loads of rRNA variants (Fig. 2e), of non-
synonymous variants (Fig. 2e) and of non-synonymous and rRNA var-
iants combined (<P10 p =0.011, <P25 p =0.001, Fig. 2e). Strikingly,
these differences were not observed in the ART individuals (Supple-
mentary Tables 14 and 15). To establish which other variables were
potentially affecting the results, we first stratified the samples by sex
(Fig. 2f, g). This stratification resulted in the <P25 SC females having a
significantly higher incidence of non-synonymous and rRNA variants
(p = 0.012), while SC males <P25 and SC females and males <P10
showed higher incidences with p-values of 0.098, 0.087 and 0.093,
respectively. In the ART group, only <P25 ART females had modestly
but not significantly higher incidences of non-synonymous and rRNA

Table 1 | Characteristics of the ART and SC individuals inclu-
ded in this study

ART SC P-value
(N = 270) (N = 181)
% (N)

Source material

Blood1 38.1% (103) 35.9% (65)

Newborns 17.0% (46) 0.0% (0)

Young adults 21.1% (57) 35.9% (65)

Placenta2 24.4% (66) 28.2% (51)

Buccal cells3 &
Saliva2

37.4% (101) 35.9% (65)

Children 37.4% (101) 2.8% (5)

Young adults 0.0% (0) 33.1% (60)

Mother-child pairs 67 90

Clinical parameters

Mean maternal
age4 ± SD*

32.5 ± 3.7 (211) 30.1 ± 4.4 (173) <0.0001a

Maternal BMI > 25* 40.2% (86/214) 25.6% (42/164) 0.0031b

Birthweight* (224) (164)

Mean (grams) ± SD 3377.9 ± 536.0 3394.3 ± 500.7 0.7596a

<10th percentile 7.0% (19) 5.0% (9) 0.2407b

<25th percentile 15.2% (41) 14.4% (26) 0.4992b

Preterm birth (<37
weeks)*

5.8% (13/224) 6.1% (10/164) 1.0000b

Sex* (224) (181)

(Male–Female) 41.5% (112) –
41.5% (112)

44.8% (81) –
55.2% (100)

0.3176b

Culture medium 224 NA

Vitrolife® G3 19.3% (52) NA

Vitrolife® G5 24.4% (66) NA

Cook® 18.1% (49) NA

UZB 21.1% (57) NA

Unknown 17.0% (46) NA

Pregnancy
hypertension*

4.1% (8/193) 1.9% (3/159) 0.3571b

Gestational
diabetes*

1.0% (2/193) 1.3% (2/158) 1.0000b

Primiparity* 75.2% (167/222) 47.2% (68/144) <0.0001b

Smoking during
pregnancy*

5.5% (12/220) 7.7% (13/169) 0.4086b

The donors were recruited in different centres: 1UZ Brussel, Belgium, 2Maastricht University
Medical Center, The Netherlands and 3Faculty of Medicine and Pharmacy, Vrije Universiteit
Brussel, Belgium. 4Age in years.
ART assisted reproductive technologies, SC spontaneously conceived, SD standard deviation,
BMI body mass index.
*Only a subset of samples was provided with clinical data such as maternal age, maternal BMI
(body mass index), birthweight (categorized in percentiles), gestational age, sex, culture med-
ium, complications during pregnancy andparity. UZBmediumwas an in-housemediummade in
the UZ Brussel. All individuals are singletons from fresh embryo transfers. Some characteristics
were not applicable (NA) for some samples. N indicates the number of samples for which this
data was available. Two-sided Statistical tests were performed using the student t test (a) or the
Fisher’s exact test (b).
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variants (p =0.2075, Fig. 2f, g). Another potential variable in our cohort
are the various embryo culture media to which the embryos were
exposed. Our study group partially overlaps with that of a study
showing that embryos that have been grown in Cook® medium have
lower birthweights, and that male embryos are more sensitive to this
effect70. We observe a similar trend in the present study, where for
individuals that were subjected to Cook® and UZB medium (i.e. an in-

house medium made in the UZ Brussel) males are more frequently
born with a birthweight <P25 than females (Fig. 2h, 25.5% in males vs
10.7% in females, p =0.0745). Furthermore, only one of these <P25
male ART individuals (5%) carried non-synonymous or rRNA variants,
as compared to 53.8% of the <P25 SC individuals (Fig. 2h, p =0.001). In
contrast, individuals that were exposed to Vitrolife® culture medium
carried non-synonymous and rRNA variants in 50% of cases, similarly
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to SC individuals <P25 (Fig. 2h). These results suggest that the effect of
Cook® or UZB medium exposure supersedes any effect of the mtDNA
landscape. Therefore, in further analysis, we excluded ART individuals
exposed to Cook® and UZB medium and we reanalysed all mtDNA-
related factors for SC and ART individuals exposed to Vitrolife® med-
ium only. There was no association between (sub)haplogroup and
birthweight percentile (Fig. 3a, b and Supplementary Tables 16 and 17)
nor with the presence of homoplasmic variants, with the exception of
tRNA homoplasmies, that were more common in individuals <P10
(29.4%vs 6.4%, Fig. 3c, Supplementary Tables 18 and 19).When looking
into the heteroplasmic variants, <P25 and <P10 individuals more fre-
quently carried non-synonymous protein-coding variants and rRNA
variants, but only reaching statistical significance for the non-
synonymous variants in the <P25 individuals (Fig. 3d, Supplementary
Tables 20 and 21). As inmost cases the non-synonymous variants were
not known to be associated with mitochondrial disease, we categor-
ized them on whether there was further supporting evidence for their
potential pathogenicity. Fifteen variants (18.75%) had aMutPred2 score
over 0.6171 and forty-six variants (57.7%) had a reported frequency
under 0.002 in MITOMAP (mitomap.org72), a threshold that has been
proposed as supporting evidence for pathogenicity73. This incidenceof
uncommon variants in our population is remarkably higher than that
found in the MITOMAP database, where 19% of variants meet this
threshold73. Taking the MutPred2 scores and the MITOMAP fre-
quencies together, 50 of the 80 identified non-synonymous variants
have supporting evidence for being potentially pathogenic (62.5%,
Supplementary Data 1). Comparison of their incidence in individuals
under and above P25 yielded no statistically significant differences,
likely due to the limited sample size (21% in <P25, 14% in >P25, Fisher’s
exact test, p = 0.270), and we did not further factor this subdivision of
the variants in the subsequent analysis. Combining non-synonymous
and rRNA variants shows that 52.9% of <P10 and 52.1% of <P25 indivi-
duals carry at least oneof such variants (vs >P10: 31.3% and>P25: 28.6%,
Fig. 3e, Supplementary Tables 20 and 21). Additionally, SC and Vitro-
life®-ART individuals with a birthweight <P10 and <P25 had overall
higher cumulative heteroplasmic loads of non-synonymous and rRNA
variants (Fig. 3f).

Next, we used binary logistic regression to study the effect of the
different mtDNA-related variables on the birthweight, including the
potential confounding factors listed in Table 1. We used two approa-
ches: first, we included any mtDNA parameter that showed an asso-
ciation with birthweight percentile through univariate analysis with
p <0.2 in the model, with the exception of the presence of TAS
homoplasmies because they were present in only 3 individuals of the
cohort (Supplementary Data 2). Second, we tested a backward condi-
tional approach, in which we introduced all variables listed in Sup-
plementary Data 2. For individuals <P10, the following variables
showed a statistically significant impact on birthweight: smoking
during pregnancy, pregnancy hypertension, the presence of tRNA

homoplasmies outside of the person’s haplogroup and the presence of
haplogroup K1-associated variants (Table 2). These same factors were
also found to significantly associate with birthweight, with the excep-
tion of the haplogroup K1-associated variants (Supplementary
Table 22). In the case of individuals <P25, the logistic regression
resulted in a model including haplogroups I, J and T, maternal age, the
presence of tRNA homoplasmies outside of the person’s haplogroup
and the presence of heteroplasmic non-synonymous protein- and
rRNA-coding variants. Only haplogroup I, maternal age and the pre-
sence of heteroplasmic non-synonymous and rRNA variants had a
statistically significant impact in increasing the chances of being born
<P25 (Table 2). The backward conditionalmodel retainedmaternal age
and the presence of heteroplasmic non-synonymous and rRNA var-
iants as significantly associating with a birthweight <P25 (Supplemen-
tary Table 23). Although the logistic regression identified factors that
had a statistically significant effect on the prediction of the birthweight
percentile, the models generated by the regression were not effective
in predicting if an individual would have a birthweight <P10 or <P25. In
the <P10 cohort, only 1 out of the 13 individualswas correctly classified,
whereas in the <P25 cohort, there were 4 individuals out of 42. We
therefore developed an additional model based on the method of
discriminant analysis. We built three models: the first using only the
pregnancy-related factors (maternal age, smoking, pregnancy hyper-
tension, maternal BMI > 25, primiparity and gestational diabetes), the
second using only the mtDNA factors that associate with birthweight

Fig. 1 | ART Individuals carry a different mitochondrial DNA genotype than
their spontaneously conceived peers. a Schematic overview of the mtDNA indi-
cating in orange the regions that were excluded from the analysis. Adapted with
permission from ref. 112, Copyright © 2009 International Union of Biochemistry
and Molecular Biology, Inc. b, c Fisher’s exact test shows no significant differences
in the prevalence of the different haplogroups (b) and subhaplogroups (c) across
ART and SC individuals. d Fisher’s exact test shows no significant differences in the
prevalence of ART and SC individuals with homoplasmic variants located in the
different categories. Percentages donot addup to 100%because one individual can
have more than one variant. e Overview of all heteroplasmic variants identified.
Four of the tRNA genes were not represented in our dataset. Every bubble repre-
sents one variant and the size of the bubble is proportional to the variant’s het-
eroplasmic load. f, g Sum of the heteroplasmic loads identified per sample,
categorized according to the tissue of origin (f) and age at sampling (g).

Kruskal–Wallis Test shows no significant differences. Blood n = 168, Placenta
n = 117, Saliva and Buccal Swab n = 166, at birth n = 163, 9 years old n = 106, 18 years
oldn = 182.hNumber of variants identified per individual. Chi-square test shows no
significant differences (non-synonymous variants, p =0.067). i Mutation rate per
region or protein-coding gene, per individual in ART and SC. j Sum of loads of the
heteroplasmic variants found per individual and per location. Mann–Whitney
U Test shows no significant differences. n = 270 ART, n = 181 SC. k Component
matrix generated by the factor analysis. l Hypercube representing the covariance
between the different categories of heteroplasmic variants. The colours indicate
categories that co-variate in the same factor. m ART individuals more frequently
carry higher scores for factor 2 (*Mann–Whitney U Test, p =0.021). n = 270 ART,
n = 181 SC. Horizontal bars in panels (f), (g), (j) and (m) represent the mean of the
values in the scatter plot, eachdot represents a sample. Source data areprovided as
a Source data file.

Table 2 | Binary logistic regression to predict a birthweight
under the 10th or 25th percentile in SC individuals and ART
individuals exposed to Vitrolife® culture medium

Exp(B) 95% C.I.
for Exp(B)

Significance

P10 in SC and ART Vitrolife®

Smoking 7.211 1.552–33.496 0.012

Pregnancy hypertension 14.045 1.185–166.410 0.036

Haplogroup K1 4.952 1.075–22.813 0.040

tRNA homoplasmies 7.518 1.850–30.553 0.005

Heteroplasmic non-synonymous
and rRNA variants

2.180 642–7.400 0.212

P25 in SC and ART Vitrolife®

Maternal age 1.129 1.036–1.231 0.006

Haplogroup I 5.774 1.125–29.624 0.035

Haplogroup J 2.248 0.783–6.455 0.132

Haplogroup T 0.146 0.018–1.165 0.069

tRNA homoplasmies 2.405 0.796–7.264 0.120

Heteroplasmic non-synonymous
and rRNA variants

2.974 1.439–6.2144 0.003
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percentile outcome with p <0.2, and the third model combining both
(Tables 3 and4). Themodels to predict the <P10 and<P25 showed that,
while the pregnancy-related factors on their own were very good
predictors of the birthweight percentile, the addition of the mtDNA
factors increased the ability of the model to correctly identify the
individuals <P10 and <P25. For the <P10 model, the addition of the
mtDNA factors increased the accuracy considerably for identifying the
<P10 individuals from 40% to 70%. For <P25, the accuracy increased
more modestly from 58.1% to 67.7%. Remarkably, the mtDNA factors
on their own were more predictive for a birthweight <P25 than the

pregnancy-related factors (64.9% vs 62.5% correct classification,
respectively).

ART individuals more frequently show de novo non-
synonymous variants than their spontaneously conceived peers
To investigate the origin of these differences in the mtDNA, we stu-
died the mitochondrial genome of 67 ART and 90 SC mother-child
pairs. We categorized a variant as “transmitted” when it was present
in themother and in the child, and as “de novo”when the variant was
only present in the child. In total, we found 19 transmitted variants,
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with overall modest changes in heteroplasmic load that were not
different between SC and ART individuals (Fig. 4a, Supplementary
Table 24), and 109 de novo variants, 36 of which were in non-coding
regions, 54 in protein-coding, 8 in rRNA and 11 in tRNA loci (Fig. 4b,
Supplementary Data 3). ART mother-child pairs had a higher inci-
dence of de novo non-synonymous variants than SC mother-child
pairs (ART: 38.8% (26/67), SC: 20.0% (18/90), Fig. 4c). In linewith this,
while there were no differences in the sum of heteroplasmic loads of
transmitted variants per individual (Fig. 4a), ART children showed
higher heteroplasmic loads of de novo non-synonymous variants
(Fig. 4d). These findings suggest that the differences in mtDNA var-
iants betweenART and SC children aremainly due to amore frequent
acquisition of de novo non-synonymous protein-coding variants in
ART children.

Maternal age and the size of the oocyte cohort after OS posi-
tively correlate to a higher incidence of de novomtDNA variants
in the children and oocytes
We hypothesized that the ART-associated procedure of OS may be
resulting in the differences in the de novo variants that were observed
between ART and SCmother-child pairs. To test this, we compared the
mitochondrial genome of sibling oocytes obtained from either natural

menstrual cycles or after OS from 29 young women (Supplementary
Table 25). We sequenced a large part of the mtDNA (12.9 Kbp) of 113
individual oocytes, 48 from natural and 65 of OS cycles, along with
three sources of somatic DNA from the donors. This allowed us to
categorize the heteroplasmic variants as either transmitted (present in
at least two samples of the same donor, Supplementary Data 4) or de
novo (unique to one oocyte, Supplementary Data 5).

Fourteen transmitted variants were identified in the oocytes of
seven donors. No trends were observed in changes in heteroplasmic
load of the same variant in oocytes obtained after a natural and an OS
cycle (Fig. 5a, Supplementary Data 4 and Supplementary Table 26).

In total, we identified 113 de novo variants, equally distributed
over the natural cycle oocytes and OS oocytes (mean 1.7 and 1.8 var-
iants per oocyte for natural and OS oocytes, respectively, Fig. 5b,
Supplementary Data 5). There were also no differences in the location
of these de novo variants, with similar distributions between natural
and OS oocytes in the non-coding regions and in the rRNA, tRNA and
protein-coding loci (Fig. 5b). In analogy to the previous analyses, we
reduced the complexity of the data by generating the sum of the
heteroplasmic loads of the de novo variants in each oocyte (Fig. 5c).
We found no significant differences in the heteroplasmic loads of
natural and OS cycle oocytes.
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Fisher-exact test, no significant differences were found after Bonferroni correction
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tein-coding or rRNA loci variants. Children born with a birthweight <P25 more
frequently carried non-synonymous protein-coding variants (37.5% vs 29.5%, two-

sided Fisher’s exact test, *p =0.015). e Number of SC and ART individuals exposed
to Vitrolife® culture medium, stratified for birthweight percentile under or above
P10 or P25, carrying non-synonymous protein coding and/or rRNA loci variants.
52.9% of <P10 and 52.1% of <P25 individuals carry at least one of such variants
(vs >P10: 31.3%, two-sided Fisher’s exact test, p =0.106, >P25: 28.6%, Fisher’s exact
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sample. # significant p-value after Bonferroni correction, +p <0.2, included in
backward conditional binary logistic regression. Source data are provided as a
Source data file.
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Table3 | Discriminant analysis to predict a birthweight under the 10thpercentile in SC individuals andART individuals exposed
to Vitrolife® culture medium

Factors included in model Standardized Canonical Discriminant Function
Coefficients

Wilks’ Lambda
N = number of cases included in
the model

Correctly classified (original vs cross-
validated grouped cases)
Correctly classified in each category

All pregnancy-related
factors

Maternal age 0.249 P = 0.010
N = 200

89.0% vs 87.0%
90.5% >P10 correct
40% <P10 correct

Smoking 0.756

Pregnancy hypertension 0.596

Maternal BMI > 25 −0.509

Primiparity 0.132

Gestational diabetes 0.001

mtDNA factors only Homoplasmic tRNA variants 0.817 P < 0.001
N = 282

84.0% vs 84.0%
87.2% >P10 correct
35.5% <P10 correct

Heteroplasmic non-synonymous and
rRNA variants

0.764

Haplogroup K1 0.302

Pregnancy and mtDNA
factors

Maternal age 0.221 P < 0.001
N = 200

87.0%% vs 86.0%
87.9% >P10 correct
70.0% <P10 correct

Smoking 0.569

Pregnancy hypertension 0.462

Maternal BMI > 25 −0.362

Gestational diabetes 0.043

Primiparity 0.076

Homoplasmic tRNA variants 0.700

Heteroplasmic non-synonymous and
rRNA variants

0.179

Haplogroup K1 0.233

Table 4 | Discriminant analysis to predict a birthweight under the 25th percentile in SC and ART individuals exposed to
Vitrolife® culture medium

Factors included in model Standardized Canonical Discriminant Function
Coefficients

Wilks’ Lambda
N = number of cases included in
the model

Correctly classified (original vs cross-
validated grouped cases)
Correctly classified in each category

All pregnancy-related
factors

Maternal age 0.871 P = 0.174
N = 200

62.5% vs 59.5%
63.3% >P25 correct
58.1% <P25 correct

Smoking 0.412

Pregnancy hypertension 0.392

Maternal BMI > 25 −0.109

Primiparity 0.132

Gestational diabetes −0.093

mtDNA factors only Homoplasmic tRNA variants 0.369 P < 0.001
N = 282

64.9% vs 64.9%%
64.5% >P25 correct
66.7% <P25 correct

Heteroplasmic non-synonymous and
rRNA variants

0.681

Haplogroup I 0.411

Haplogroup J 0.343

Haplogroup T −0.398

Pregnancy and mtDNA
factors

Maternal age 0.565 P < 0.046
N = 200

68.5%% vs 63.0%
68.6% >P25 correct
67.7% <P25 correct

Smoking 0.326

Pregnancy hypertension 0.217

Maternal BMI > 25 −0.102

Gestational diabetes −0.022

Primiparity 0.115

Homoplasmic tRNA variants 0.333

Haplogroup I 0.218

Haplogroup J 0.236

Haplogroup T −0.325

Heteroplasmic non-synonymous and
rRNA variants

0.531
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Finally, we used a regression utilizing the Poisson Generalized
Linear Model to test if the number of de novo variants in mother-
child pairs and in the oocytes correlated to other factors, such as the
maternal age at the time of conception, the FSH units used during
the OS and the size of the cohort of the retrieved oocytes. For the
oocytes, we used the average number of de novo variants per
oocyte for each donor. The FSH units did not correlate to the de
novo variants in any of the models we tested, and were further
excluded from the analysis. In the cohort including the oocytes and
the mother-child pairs (N = 170), we found that maternal ageing
increased the total number of de novo variants (Fig. 5d and Table 5)
and of rRNA variants (Table 5) but not of synonymous or non-
synonymous variants (Supplementary Table 27). The models tested
on the oocytes (N = 113) showed that both maternal age and the
number of oocytes retrieved after OS positively correlate to the
total number of de novo mtDNA variants in the oocyte (Fig. 5e, f,
Table 5 and Supplementary Table 27). While the maternal age
associates most strongly with the total number of de novo mtDNA
variants and to rRNA variants, the number of oocytes retrieved
positively correlates to the number of de novo non-synonymous
and rRNA variants in an oocyte, suggesting two different mechan-
isms of action. Interestingly, the maternal age was significantly
higher in the ART group (Table 1). Hence, the combination of
undergoing OS with having an oldermaternal age could explain why
ART children have a higher incidence of carrying de novo non-
synonymous and rRNA variants than their SC peers.

Discussion
This study identifies, for the first time, genetic differences between
ART and SC children that are associated with their birthweight. We
found that the mtDNA of ART children more frequently presents var-
iants in protein-coding and rRNA regions, and that they more often
carry de novo non-synonymous variants than their spontaneously
conceived peers. Using regression and discriminant analysis models,
we found that these non-synonymous and rRNAvariants associatewith
a higher chance of being born under the 25th birthweight percentile in
both ART and SC groups, but with a stronger association in the latter.
In ART children, the culture medium to which they were exposed
during in vitro embryo culture before transfer was found to be an
important confounding factor, especially in older now obsolete cul-
ture media. Finally, we found that maternal ageing and, for ART indi-
viduals, the size of the oocyte cohort retrieved during OS, were the
primary factors associated with the incidence of de novo variants in
the children and oocytes.

The exact mechanisms for the association between mtDNA var-
iants and birthweight are to be elucidated, but the impact of mtDNA
variation on health and disease is well-documented62,74,75. Inherited
disease-causing mtDNA variants are linked to low birthweight, obesity
and insulin resistance40–42, and mitochondrial haplogroups have been
associated with a lower bioenergetic fitness76, subfertility77 and
obesity45,50. A number of homoplasmic and heteroplasmic variants
have been reported to be associated with body composition, although
we were not able to replicate this finding in our study43–49. Conversely,
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the obesity-associated haplogroup T45,50, was under-represented in the
lower birthweight individuals, and although the statistical significance
was lost after correcting for multiple testing, these results are

supporting the role of haplogroupT inmodulating bodyweight. In our
study, we find an association of birthweight with the presence of non-
synonymous and rRNA heteroplasmic variants with a relatively low
load and of unknown pathogenic potential, as they have not been
associated with disease. Healthy individuals are known to carry het-
eroplasmic variants, most of which are not considered to be disease-
causing78. Nevertheless, these heteroplasmic variants can be a source
of differences in health status and progression of ageing75. For
instance, variants inducing an amino-acid change or alterations in the
transcription machinery can decrease the efficiency of the oxidative
phosphorylation and increase the production of reactive oxygen
species79. Heteroplasmic variants are well-documented to play a key
role in ageing80–82, neurodegenerative diseases and cancer83, and
combinations of different non-pathogenic variants at low hetero-
plasmic loads, such as found in this study, have been proven to have a
synergistic negative effect on mitochondrial function84.

The study of the cohort of mother-child pairs showed that the
differences between ART and SC individuals were mainly due to
increasedmaternally transmitted protein-coding and rRNA variants, in
combination with more de novo non-synonymous protein-coding
variants in the ART individuals. We hypothesized that OS could be
responsible for this increase indenovovariants, but in first instancewe
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Fig. 5 | Maternal ageing and the size of the oocyte cohort after OS associate
with ahigher incidenceofdenovomtDNAvariants in the children andoocytes.
a Transmitted heteroplasmic variants identified in the oocyte donors and their
oocytes. The size of the bubble is proportional to the heteroplasmic load of the
variant in each of the samples, which include somatic tissues and up to 3 oocytes in
a natural cycle andup to 7oocytes afterOS.bDistributionof the numberofoocytes
after natural and OS cycles showing de novo variants in the different regions. No
statistically significant differences were observed (two-sided Chi-square tests).
c Sum of the heteroplasmic loads of the de novo variants in oocytes after natural
and OS cycles, categorized per region. n OS =65 oocytes, n Natural = 48 oocytes.
Horizontal bars in panel represent the mean of the values in the scatter plot, each
dot represents a sample. d Total number of de novo variants in mother-child pairs
and in oocytes plotted against the maternal age at time of conception or oocyte

collection. Poisson Generalized linear model regression (PGLMR) shows that
maternal ageing correlates significantlywith the total numberofdenovo variants in
the next generation (p <0.001). e Number of de novo non-synonymous and rRNA
variants in oocytes, plotted against the maternal age at time of oocyte collection.
PGLMR shows that maternal ageing does not significantly correlate with the
number of de novo non-synonymous and rRNA variants in oocytes (p =0.07).
f Number of de novo non-synonymous and rRNA variants in oocytes, plotted
against the number of oocytes retrieved in a cycle. PGLMR shows that the size of
oocyte cohort significantly correlateswith thedenovonumber of non-synonymous
and rRNA variants in oocytes (p =0.007). BS: buccal swab, B: blood, U: urinary tract
cells, In (d–f), the size of the dots is proportional to the number of samples with the
same data point. Source data are provided as a Source data file.

Table 5 | Generalized linear model regressions with Poisson
distribution on de novo variants in mother-child pairs and
oocytes

(B) 95% Wald C.I. Significance

Total number of de novo variants in mother-child pairs and oocytes (N = 170)

Maternal age 0.037 0.024–0.050 <0.001

rRNA de novo variants in mother-child pairs and oocytes (N = 170)

Maternal age 0.054 0.10–0.097 0.015

Total number of de novo variants in oocytes (N = 113)

Maternal age 0.079 0.031–0.127 0.001

Oocytes retrieved 0.017 −0.004–0.037 0.110

Total number of de novo non-synonymous and rRNA variants in
oocytes (N = 113)

Maternal age 0.033 −0.003–0.068 0.074

Oocytes retrieved 0.021 0.006–0.036 0.007
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found no differences when directly comparing the mtDNA variants in
natural and OS cycle oocytes. Conversely, we found that maternal
ageing positively correlated with the number of de novo variants
found in the next generation and that the size of the cohort of oocytes
retrieved after OS positively correlated to the number of non-
synonymous and rRNA variants in the oocyte. The relationship we
find betweenmaternal age and the number of de novomtDNA variants
in offspring andoocytes is fully in linewith other studies carried out on
mother-child pairs85,86 and on mouse and macaque oocytes87,88, where
a clear association between maternal age and mtDNA mutational load
has been identified. Given the significant effect of maternal age on
birthweight that we and others have identified89–91, it seems plausible
that an increase in de novo mtDNA variants in the oocytes may be one
of the mechanisms by which advanced maternal age results in lower
birthweight children.

In ART children, next to maternal ageing, the size of the oocyte
cohort associates with a higher incidence of non-synonymous and
rRNA variants, a link that, to our knowledge, has not been previously
reported. A potential explanation for this observation is that the pro-
cedure of OS abrogates the competition for FSH between the different
follicle-oocyte complexes initiating maturation in a menstrual cycle.
This lack of competition may allow for the ovulation of oocytes car-
rying detrimental mtDNA variants, such as non-synonymous changes
and in rRNA loci, that are otherwise outcompeted by the fitter domi-
nant oocyte in a natural menstrual cycle86,92,93. A few studies have
investigated the association between OS and birthweight, with con-
tradictory results. Natural cycle ART, without OS, has been found to
associate with higher birthweights than cycles with OS by Mak et al.94,
but not by Sunkara et al.95. Similarly, the number of oocytes retrieved
has been found to associate with lower birthweights in some cohorts96

but not in others97. The reasons for these discrepancies remain to be
elucidated andmay be, at least in part, due to the significant impact of
culture media on embryonic development and birthweight25–28,34,70,98.

Lastly, it is important to bear in mind the limitations of this study.
First, we report on two cohorts of samples, recruited in two different
centres, that, when analysed separately, do not achieve statistical sig-
nificance for the findings we report. Second, in this study cohort, there
are no differences in birthweight between ART and SC individuals. It is
likely that the differences in mtDNA genotype between ART and SC
individuals (Fig. 1) would have been more pronounced if the birth-
weight in these two groups would have been significantly different. A
potential factor influencing this aspect is that the ART individuals were
exposed to three different culture media, which clearly have an
important and differential impact on birthweight. Third, the associa-
tions we find between haplogroups and birthweight are likely under-
powered and should be taken with caution, as they do not retain
statistical significance in all models we tested. Moreover, while the
model to discriminate the 10th birthweight percentile is robust, the
model for the 25th birthweight percentile is only just statistically sig-
nificant, andwill require further adjustment and improvement. Fourth,
the variants we report to associate with birthweight have no proven
pathogenic effect beyond what in silico models can provide, and fur-
ther researchwill be needed to demonstrate amolecular link. Finally, it
is important to consider that when analysing only one tissue per
individual, it cannot be excluded that the identified heteroplasmic
variants are tissue-specific, inwhichcase they hada limitedpotential to
affect the individual’s birthweight. Taken together, future replication
studies on larger cohorts will be key to validating our findings and will
allow for the refinement of the birthweight prediction models.

In sum, our study has identified a link between the presence of
non-synonymous mtDNA heteroplasmic variants in protein-coding
regions and rRNA loci and lower birthweight, which aremore common
in children from older mothers and that are born after an ART treat-
ment. We propose that these variants may result in a modest but still
sufficient mitochondrial dysfunction to result in a lower birthweight

percentile, providing the first evidence for mitochondrial genetic fac-
tors that could explain the differences observed between ART and SC
individuals. The long-term health consequences of these changes
remain tobe studied to establishhow thesefindingswill impact clinical
practice and patient counselling in the future.

Methods
For all parts of this study, the design and conduct complied with all
relevant regulations regarding the use of human study participants,
and all were approved by the local ethical committee of the UZ Brussel
and the ethical review board of the Maastricht University Medical
Centre. All individuals provided written and signed informed consent.
The participants consented to the publication of clinical parameters in
an anonymizedmanner. The studywas conducted in accordance to the
criteria set by the Declaration of Helsinki.

Recruitment and donor material
The participants were recruited at the Universitair Ziekenhuis Brussel
(UZ Brussel, Belgium) and at the Maastricht University Medical Centre
(MUMC,Netherlands). All participants provided informed consent and
did not receive a compensation unless stated differently. All ART
children were born from fresh embryo transfers at the cleavage stage,
details on the use of intracytoplasmic sperm injection (ICSI) or in vitro
fertilization is known for only 150 of the 270 ART cycles. This infor-
mation was not included in the analysis because ICSI has been found
not to increase the risk for adverse perinatal outcomes99. The DNA
samples extracted from blood from newborns were supernumerary
material recruited at the UZ Brussel for a study designed to test if
paternal mitochondrial DNA can be found in individuals born after
ISCI100. The parents gave informed consent. The ethical commission
gave permission to utilize the archivedDNA samples for this study, but
not the associated clinical parameters. The 9-year-old samples were
recruited at the MUMC, as part of a follow-up study on a prospective
observational cohort study25. The parents were approached after the
ninth birthday of their child to participate in this study. The local ethics
committee approved the study and both parents of all children gave
written informed consent. TheDNAwas extracted from saliva samples.
The placental DNA samples were collected for a study coordinated by
the MUMC26,34,70. Ethical approval was requested but was waived, as in
accordance with Dutch law, spare placenta tissues can be used for
research after informed consent of the patient, without further per-
mission of an ethical committee since no interventions were needed to
obtain the samples. The placental biopsies were obtained in six IVF
clinics in the Netherlands (Amsterdam UMC, location AMC in
Amsterdam, Catharina Hospital in Eindhoven, St. Elisabeth Hospital in
Tilburg, Maastricht University Medical Center in Maastricht and Uni-
versity Medical Center Groningen in Groningen) and five IVF clinics
affiliated to these hospitals, all patients signed informed consent26.
Details on sample collection and extraction can be found in previously
published work26,34. The 18-year-old ART individuals, the samples were
collected as part of a larger project on the cardio-metabolic and
reproductive health of young adult women and men born after ICSI
conducted at theUZBrussel101,102. These individuals are part of a cohort
that has been prospectively monitored since birth. All parents of eli-
gible ICSI offspring in our database were sent a letter explaining the
background and set-up of the study. Shortly after, these parents were
contacted by phone in order to explore their and their children’s
willingness to participate. After parental consent was obtained, the
young adults were approached directly and invited to participate. All
participants signed informed consent and received an incentive by
meansof a gift voucher. TheDNAwas extracted formperipheral blood.
The local ethical committee of the UZBrussel approved this study. The
18-year-old SC individuals were recruited first-year students at the
campus of the Vrije Universiteit Brussel. They were approached on
campus, where they received an information brochure on the study, an
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informed consent form and the necessary materials to provide a
buccal swab. The volunteers that enrolled in the study signed the
informed consent prior to providing the sample. This study was
approved by the local ethical committee of the UZ Brussel.

For the study of oocytes, twenty-nine young women donated
oocytes in up to three naturalmenstrual cycles and after one OS cycle.
All donors were recruited at the Center for Reproductive Medicine of
the UZ Brussel, as part as the standard oocyte donation programme,
where also all medical procedures took place. All donors provided
informed consent for all medical procedures and for the use of their
oocytes for research, and received financial compensation. The local
ethics committee of the UZ Brussel approved all parts of this study.
The inclusion criteria for the recruitment were: 19–35 years old, heal-
thy and with a body mass index of 18–32. The exclusion criteria were:
any type of medical or genetic condition that may interfere with the
health of the oocytes, American Fertility Society endometriosis grades
(AFS) III-IV, ovulatory disorders belonging to World Health Organisa-
tion (WHO) categories 1–6, body mass index of <18 or >32, use of
medication that may interfere with the oocyte competence and psy-
chiatric disorders. The donors underwent two types of donation
cycles: up to three natural cycles and one cycle after OS (Supplemen-
tary Table 25). During the natural cycle oocyte donation, a blood
sample was taken on day 2 of the follicular phase to assess several
parameters: serum estradiol, progesterone, luteinizing hormone,
follicle-stimulating hormone (FSH), and human chorionic gonado-
trophin (hCG) levels. On day 10, a blood sample was taken again to
check the same parameters except hCG as well as a vaginal ultrasound
to assess follicular development. If not sufficient, additional blood
samples and ultrasound were taken. The oocyte retrieval was per-
formed 32h after administration of 5000 IU exogenous hCG. The OS
cycle started on the first day of menstruation following the natural
cycle. Starting on day 2 of the cycle, a gonadotrophin-releasing hor-
mone (GnRH) antagonist protocol was applied, using recombinant
FSH if hormonal analysis was within normal limits on day 2. The
starting dose of the recombinant FSH varied between 150–300 IU
per day. At day 6 of stimulation, a GnRH antagonist (Ganirelix; Orga-
lutran®; MSD, Oss, The Netherlands) with a dose of 0.25mg per day
wasgiven. Final oocytematurationwas achievedby administration of a
GnRH agonist (Gonapeptyol®, Ferring Pharmaceuticals, St-Prex, Swit-
zerland) with a dose of 0.2ml when at least 3 follicles reached a mean
diameter of 17–20mm. Oocyte retrieval was performed according to
routine procedures, 36 h after trigger.

DNA isolation and long-range PCR protocol for mtDNA
enrichment
DNA was extracted from peripheral blood, placenta, saliva and buccal
swab samples, and isolated from single oocytes as previously descri-
bed by our group103,104. The mtDNA was enriched by long-range PCR
using twoprimer sets to cover the fullmtDNA inbulkDNAsamples. For
single oocytes, only the first primer set was used. The sequences of the
first primer set (5042f-1424r) were 5′-AGC AGT TCT ACC GTA CAA
CC-3′ (forward) and 5′-ATC CAC CTT CGA CCC TTA AG-3′ (reverse)
generating amplicons of 12.9 Kb. The sequences of the second primer
set (528f-5789r) were 5′-TGC TAA CCC CAT ACC CCG AAC C-3′ (for-
ward) and 5′-AAG AAG CAG CTT CAA ACC TGC C-3′ (reverse) gen-
erating amplicons of 5.3 Kb. Both primer sets were purchased from
Integrated DNA Technologies, were diluted to 10 µmol and kept at
−20 °C. The master mix for the long-range PCR was prepared as fol-
lows: 10 µL of 5x LongAmp buffer (LongAmp Taq DNA Polymerase kit
M0323L, New England Biolabs, stored at −20 °C), 7.5 µL dNTPs (dNTP
set, IllustraTM, diluted to 2mM and stored at −20 °C), 2 µL of the for-
ward and reverse primers (10 µM), 2 µL of Taq Polymerase LongAmp (5
units) and 50ng of diluted DNA (working solution: 10 ng/µL) in a total
of 50 µL. In case of the oocytes, a single-cell long-range PCR was
applied. Here, only the first primer set was used and 2.5 µL of Tricine

(Sigma-Aldrich T9784, diluted to 200nM and stored at 4 °C) was
added to buffer the alkaline lysis buffer (200mM NaOH and 50mM
DTT) used in the oocyte collection. Themastermix was directly added
to the sample. Successful PCR amplification was confirmed by running
a gel-electrophoresis. Specificity of the primer sets for the mitochon-
drial genome was controlled by amplifying DNA of RhoZero cells,
which do not contain mitochondrial DNA. More detailed protocols of
the long-range PCR and the extensive validation of the method were
published previously104,105.

Preparation of samples for sequencing and data analysis
After PCR amplification, the samples were purified with AMPure beads
and the amplicons from both primer sets were pooled together in a
0.35/0.65 ratio (35% of the amplicon from the second primer set and
65% of the amplicon of the first primer set). Next, the library was
preparedwith theKAPAHyperPlus kit andpurifiedwithAMPurebeads.
The quality of the library was checked by electrophoresis on the AATI
Fragment Analyzer using the HS NGS Fragment kit. Next, the libraries
were diluted to 2 nM in EBT buffer and pooled before sequencing on
the Illumina platform. The raw sequencing data is considered personal
data by the General Data Protection Regulation of the European Union
(Regulation (EU) 2016/679) and cannot be publicly shared. The data
can be obtained from the corresponding author upon reasonable
request and after signing a Data Use Agreement. Alignment to the
reference genome (NC_0.12920.1) was done using BWA-MEM. The
generated bam files were uploaded to the online platform “mtDNA
server” to determine the haplogroup and to identify other homo-
plasmic and heteroplasmic variants106 (https://mitoverse.i-med.ac.at/)
and MuTect2107 was used to detect small insertions and deletions.
Variants with ≥1.5% heteroplasmic load (i.e. more than or equal to 1.5%
of total sequencedmolecules carried the variant), or ≥2% in case of the
single oocytes, were annotated and possible amino-acid changes were
identified usingMitImpact2108. Homoplasmies were defined as variants
with a load >98.5% (100%minus the detection limit) for the samples of
the children and the mothers, for the oocytes this was >98%. We
excluded variants that were called in a set of different regions that
were prone to generate PCR and sequencing errors, resulting in
1037 bp being excluded from the final analysis (Fig. 1a, Supplementary
Table 28). The variants identified in all the samples included in this
study are listed in the supplementary data file, including the predicted
pathogenicity scores of variants that are non-synonymous protein-
coding or tRNA-coding. The pathogenicity scores were obtained
through in silico analysis using MutPred271 for the non-synonymous
variants and MitoTip109 for the tRNA variants. MutPred2 scores >0.61
and MitoTip scores >50% were considered as potentially pathogenic.
This method, including PCR, sequencing and data analysis, was pre-
viously set up in our lab and thoroughly validated with a lower
detection threshold (heteroplasmic level) of 2% for single cells and 1.5%
for bulk material, based on multiple analysis of the same samples,
including numerous single cells and mixes of DNA samples to mimic
multiple levels of heteroplasmy105,110,111. All mitochondrial DNA variants
called in all samples are providedwith this paper in the Supplementary
Data 6 file.

Statistics
Statistical analysis was carried out using SPSS (IBM). The hetero-
plasmic variants were analysed through an orthogonally rotated
exploratory factor analysis, which extracts the variability among vari-
ables in the form of independent latent variables (more details can be
found in the supplementary information file, in the Supplementary
Fig. 1, Supplementary Table 29 and Supplementary Fig. 2). Binary
logistic regression anddiscriminant analysiswere used tobuildmodels
to predict the effect of different variables on the birthweight percen-
tile. For these, samples with missing data were excluded from the
analyses. Other statistical analyses were done using the Fisher’s exact,
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Mann–WhitneyU and Student t-test. All statistical tests were two-sided
and p-values < 0.05 were considered significant. Correcting for multi-
ple testing was done using the Bonferroni method, and the adjusted
threshold for significance is indicated where relevant.

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

Data availability
The raw sequencing data is considered personal data by the General
Data Protection Regulation of the European Union (Regulation (EU)
2016/679) and cannot be publicly shared. The data can be obtained
from the corresponding author upon request and after signing a Data
Use Agreement. All mitochondrial DNA variants called in all samples
areprovidedwith this paper in the SupplementaryData 6file, aswell as
the clinical parameters associated to the samples. Source data are
provided with this paper.
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