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Abstract

Mitochondrial replacement technology (MRT) aims to reduce the
risk of serious disease in children born to women who carry patho-
genic mitochondrial DNA (mtDNA) variants. By transplanting
nuclear genomes from eggs of an affected woman to enucleated
eggs from an unaffected donor, MRT creates new combinations of
nuclear and mtDNA. Based on sets of shared sequence variants,
mtDNA is classified into ~30 haplogroups. Haplogroup matching
between egg donors and women undergoing MRT has been pro-
posed as a means of reducing mtDNA sequence divergence
between them. Here we investigate the potential effect of mtDNA
haplogroup matching on clinical delivery of MRT and on mtDNA
sequence divergence between donor/recipient pairs. Our findings
indicate that haplogroup matching would limit the availability of
egg donors such that women belonging to rare haplogroups may
have to wait > 4 years for treatment. Moreover, we find that
intra-haplogroup sequence variation is frequently within the range
observed between randomly matched mtDNA pairs. We conclude
that haplogroup matching would restrict the availability of MRT,
without necessarily reducing mtDNA sequence divergence between
donor/recipient pairs.
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Introduction

Mitochondrial DNA (mtDNA) is maternally inherited and encodes

37 genes, including 13 proteins, which together with nuclear-

encoded proteins generate ~90% of cellular ATP by oxidative phos-

phorylation (Chinnery & Hudson, 2013). Pathogenic variants in

mtDNA cause a broad spectrum of life-limiting conditions estimated

to affect 1 in 5,000 adults (Gorman et al, 2016). In the absence of

effective curative treatments for the majority of conditions, there

has been a growing interest in the development of assisted repro-

ductive technologies (ART) to prevent transmission of mtDNA

disease.

Preimplantation Genetic Testing (PGT) is a well-established ART

procedure for detecting defects in the nuclear genome and has been

applied successfully to detect pathogenic mtDNA variants in preim-

plantation embryos (Smeets et al, 2015). PGT can reduce the risk of

disease by identifying embryos with low variant loads (Smeets

et al, 2015). In cases where no low-load embryos are available,

mitochondrial replacement technology (MRT) offers the potential to

reduce transmission of pathogenic variants, thereby reducing the

risk of mtDNA disease. MRT involves transplanting the nuclear

genome from affected eggs to an enucleated egg from an unaffected

donor which largely replaces mutated mtDNA with wildtype

(Hyslop et al, 2016; Kang et al, 2016; Yamada et al, 2016). The pro-

cedure has been approved for cautious clinical application in the UK

where it is permitted for use solely in cases with a high risk of trans-

mitting serious mtDNA disease, and for which PGT is unsuitable

(Greenfield, 2016; Greenfield et al, 2017; Herbert et al, 2023).

Worldwide, mtDNA can be phylogenetically classified into ~30

different ‘haplogroups’ based on specific sets of shared, common

mtDNA variants (van Oven & Kayser, 2009). MtDNA haplogroups

are indicative of maternal continental-ancestry (Emery et al, 2015),

and whilst human migration has blurred geographical boundaries in

haplogroup frequencies, there remain marked differences

in haplogroup distributions across different world populations

(Fig EV1). In sexually reproducing organisms, each round of meiosis

and fertilisation generates new combinations of nuclear and mito-

chondrial genomes, which in humans may involve diverse ances-

tries (Wei et al, 2019). MRT achieves this by artificial means, raising

the question of whether mtDNA sequence divergence between egg

donors and patient recipients might influence the outcome of the

procedure. MtDNA haplogroup matching has therefore been pro-

posed as a precautionary measure to reduce mtDNA sequence
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divergence between egg donors and women undergoing MRT (Burg-

staller et al, 2015; Morrow et al, 2015; Latorre-Pellicer et al, 2016;

Royrvik et al, 2016).

The MRT procedure requires highly specialised skills and is

therefore likely to be offered in specialist centres and women requir-

ing treatment are likely to be referred from a broad geographical

area. Because pathogenic mtDNA mutations are agnostic to mtDNA

haplogroup (Ramos et al, 2013), the diversity of mtDNA lineages

among patients from a broad geographical distribution is likely to

exceed that of the egg donor population local to the treating centre.

In theory, it might be possible to overcome geographical constraints

by importing cryostored (vitrified) donor egg from the relevant

phylogeographic regions. However, the scope for this is currently

limited owing to reduced efficacy of MRT when vitrified donor eggs

are used (Hyslop et al, 2016). Thus, current clinical protocols

involve the use of freshly harvested donor eggs, donated largely by

women local to the clinic.

In view of a general shortage of donated eggs (Platts et al, 2021),

we investigated the likely impact of haplogroup matching on the

availability of donated eggs and on the mtDNA sequence divergence

between egg donors and women undergoing MRT. Our findings

indicate that women belonging to rare or under-represented mtDNA

haplogroups could face a waiting time of > 4 years for a haplogroup

matched egg donor. Moreover, analysis of mtDNA sequence varia-

tion within and between haplogroups revealed that intra-haplogroup

sequence variation is within the range observed for randomly sam-

pled pairs of mtDNA. Notably, intra-haplogroup sequence variation

is comparatively higher for some rarer haplogroups. In such cases,

women may have to spend a substantial fraction of their reproduc-

tive years, waiting for haplogroup matched donor for little or no

gain in mtDNA sequence similarity.

Results

Effect of haplogroup frequency on the availability of donated
eggs for MRT

The phylogenetic classification of mtDNA into ~30 ‘major’

haplogroups (van Oven & Kayser, 2009; Fig EV1A) and their geo-

graphical distribution across different world populations (Fig EV1B)

illustrates the requirement for egg donors from across the phylogeny

to implement a haplogroup matching strategy in specialist MRT

treatment centres.

Taking the European population as an exemplar, H is the pre-

dominant major haplogroup with a frequency of ~43% (Appendix

Fig S1). Because of the age-related decline in the number and qual-

ity of eggs (Herbert & Turnbull, 2015), the typical age range for egg

donors is 18–36 years, which corresponds to ~26% of the female

population (Appendix Fig S2). In a European context, potential

donors aged 18–36 years, for H recipients would be relatively fre-

quent, representing ~11,200 per 100,000 women (~11%, Fig EV1C).

However, finding a matched egg donor for women belonging to rare

haplogroups would be challenging. For example, for haplogroup X,

which is detectable at ~1.4% across Europe (Reidla et al, 2003), the

pool of potential egg donors represents only ~351 per 100,000

women (~0.35%, Fig EV1C). Haplogroup matching within African

and Eurasian populations would be similarly challenging. For

example, of the 11 major Eurasian haplogroups, seven occur at an

estimated frequency of < 2.1%, which in combination account for

~6% of the population (Table 1). Thus, mtDNA haplogroup

matching would universally restrict the availability of MRT for

women belonging to rare haplogroups.

Whilst the above estimates are based on the theoretical availability

of egg donors, the availability of donated eggs varies widely between

different countries (Pennings et al, 2014). Analysis of data from our in-

house egg donation programme indicates that whereas ~1 in 1,000 of

the local female population expresses an interest in donating eggs, only

6% of those who express interest eventually complete a donation

cycle. Given the expected frequency of haplogroups in the local popu-

lation, the number of potential egg donors for patients belonging to

rare haplogroups becomes vanishingly small (Fig EV1C). For example,

we estimate that women belonging to haplogroup X may have to wait

for up to 4 years for a matched donor, compared with ~1 month for

women belonging to haplogroup H (Fig EV1D).

In addition to the challenges associated with intrinsically rare

haplogroups, the challenge of finding haplogroup matched donors is

greatly increased for women seeking treatment in a geographical

location that differs from the continental origin of their maternal

ancestry. For example, potential egg donors belonging to the African

haplogroup L represent just ~153 per 100,000 women in the UK

(~0.15% of women, Fig EV1C). This problem is compounded by a

lack of diversity among women who donate eggs. Data recorded by

the Human Fertilisation and Embryology Authority over the last

5 years indicates that the majority (89%) of women who donate

eggs in the UK self-identify as ‘white’ (Appendix Fig S3)

(HFEA, 2023). Based on limited data, egg donors in the US show a

similar ethnicity profile (Sachs et al, 2010). Since ethnicity can be

inferred from mtDNA sequence (~90% accuracy; Lee et al, 2011), it

can be assumed that the majority of women self-identifying as

‘white’ belong to a European-origin mtDNA lineages. Based on

haplogroup frequencies, we estimate that it could take 9–10 years to

recruit a matched egg donor for an MRT patient belonging

to haplogroup L (Fig EV1D). Thus, mtDNA haplogroup matching

would impose severe restrictions on the provision of MRT to women

whose mtDNA lineage is underrepresented among egg donors in the

region local to the treating centre.

Is mtDNA sequence divergence reduced by haplogroup matching?

In light of the restrictions, it would impose on the delivery of MRT,

we investigated the extent to which haplogroup matching would

reduce mtDNA sequence divergence between egg donors and

women undergoing MRT. Using Tajima-Nei’s genetic distance (D)

estimates (Tajima & Nei, 1983), we find considerable mtDNA

sequence divergence within haplogroups (Fig 1A). Across European,

African, and Eurasian populations, haplogroup matched mtDNA

pairs differ by as many as 59 (range = 14–59), 81 (range = 44–81)

and 59 (range = 14–59) variants respectively (Table 1). Whilst Eur-

asian haplogroup frequency is positively correlated with intra-

haplogroup sequence divergence, the opposite is true for African

haplogroups and European haplogroups show no correlation

between haplogroup frequency and sequence divergence (Appendix

Fig S4). Across all populations, intra-haplogroup sequence variation

is positively correlated with the estimated haplogroup evolutionary

age (Soares et al, 2009) (Appendix Fig S5). Crucially, sequence
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Table 1. Mean mtDNA variant differences between unmatched and haplogroup matched sequence pairs.

Estimated
%
population
frequency
(SD)

Intra-group diversity

No. of
sequences
for
divergence
estimate

% of
Dataset

Mean
Tajima-Nei D
× 10�3 (95%
CI)

Mean Variant
Difference (95%
CI)

Increased (▲)
or Decreased
(▼) Compared
to Total
Dataset

Matched
versus
total
dataset P

Maximum
variant
differences

A

Major European Haplogroups

Total
European
Dataset

– 7,655 – 0.68 (0.67–0.68) 11.28 (11.16–11.40) – – 59

H 44.6 (� 5.4) 3,113 40.7% 0.58 (0.58–0.59) 9.74 (9.60–9.87) ▼ 5.5E-64 35

V (inc HV) 5.4 (� 2.1) 420 5.5% 0.37 (0.35–0.39) 6.19 (5.90–6.47) ▼ 6.7E-131 14

J 7.5 (� 2.6) 562 7.3% 0.80 (0.78–0.83) 13.40 (12.92–13.88) ▲ 2.5E-15 34

T 8.7 (� 3.6) 675 8.8% 0.71 (0.69–0.73) 11.85 (11.47–12.24) ▲ 5.7E-02 48

U 21.0 (� 8.8) 1,285 16.8% 0.99 (0.97–1.01) 16.56 (16.23–16.89) ▲ 8.3E-152 53

K 5.9 (� 1.9) 653 8.5% 0.76 (0.74–0.78) 12.62 (12.30–12.95) ▲ 5.3E-13 40

W 2.6 (� 1.9) 135 1.8% 0.42 (0.38–0.45) 6.92 (6.27–7.57) ▼ 7.4E-25 38

X 1.7 (� 2.3) 142 1.9% 0.79 (0.74–0.84) 13.11 (12.30–13.93) ▲ 2.4E-04 28

I 1.2 (� 0.9) 115 1.5% 0.51 (0.45–0.57) 8.52 (7.52–9.52) ▼ 3.6E-06 28

N/R 0.2 (� 0.4) 555 7.3% 1.13 (1.08–1.19) 18.86 (17.96–19.77) ▲ 2.1E-48 59

Major African Haplogroups

Total
African
Dataset

– 3,688 – 1.97 (1.94–2.00) 32.80 (32.33–33.27) – – 85

L0 6.2 (� 5.6) 983 26.7% 2.07 (2.01–2.12) 34.45 (33.53–35.37) ▲ 1.3E-04 81

L1 17.5 (� 5.3) 704 19.1% 2.05 (1.94–2.16) 34.20 (32.37–36.03) ▲ 5.7E-02 58

L2 32.1 (� 12.3) 835 22.6% 1.05 (1.01–1.09) 17.55 (16.85–18.24) ▼ 3.1E-202 61

L3 37.7 (� 7.7) 1,090 29.6% 1.09 (1.06–1.11) 18.13 (17.67–18.58) ▼ 1.2E-16 44

L4 1.7 (� 1.6) 42 1.1% 1.70 (1.45–1.94) 28.28 (24.21–32.35) ▼ 3.8E-01 55

L5 1.4 (� 3.8) 34 0.9% 1.87 (1.44–2.30) 31.14 (24.02–38.26) ▼ 1.0E+00 69

Major Eurasian Haplogroups

Total
Eurasian
Dataset

– 6,857 – 1.21 (1.20–1.22) 20.12 (19.95–20.28) – – 59

A 2.1 (� 2.8) 417 6.1% 0.74 (0.71–0.77) 12.31 (11.85–12.77) ▼ 2.7E-121 36

B 8.3 (� 2.8) 994 14.5% 0.70 (0.66–0.74) 11.64 (11.01–12.27) ▼ 1.7E-113 59

C 1.3 (� 2.1) 917 13.4% 0.63 (0.61–0.64) 10.42 (10.16–10.69) ▼ 4.2E-33 38

D 9.7 (� 10.6) 1,541 22.5% 0.84 (0.83–0.86) 14.03 (13.76–14.30) ▼ 1.2E-252 42

E n.a. 234 3.4% 0.31 (0.28–0.33) 5.12 (4.71–5.53) ▼ 1.3E-185 20

F 9.3 (� 10.6) 148 2.2% 1.09 (1.02–1.17) 18.18 (16.93–19.43) ▼ 3.5E-02 41

G 1.9 (� 3.4) 239 3.5% 1.05 (1.00–1.09) 17.43 (16.64–18.22) ▼ 3.1E-09 44

M 37.6 (� 19.5) 2,061 30.1% 1.26 (1.24–1.27) 20.94 (20.64–21.23) ▲ 2.0E-05 53

Q n.a. 156 2.3% 0.61 (0.55–0.67) 10.11 (9.11–11.11) ▼ 6.7E-43 38

Y 0.2 (� 0.4) 33 0.5% 0.41 (0.35–0.48) 6.89 (5.83–7.95) ▼ 8.6E-22 14

Z 0.8 (� 1.4) 117 1.7% 0.62 (0.55–0.69) 10.33 (9.17–11.50) ▼ 2.0E-31 38

� 2023 The Authors EMBO reports 24: e54540 | 2023 3 of 13

Yuko Takeda et al EMBO reports



diversity within some haplogroups either exceeds, or is similar to

that observed between randomly sampled pairs of mtDNA from the

combined major haplogroups within each population (Fig 1A and B

and Table 1).

A comparison of the differences in the mean variant count of

haplogroup matched and randomly sampled mtDNA pairs indicates

that haplogroup matching would result in a reduction in the mean

variant count (ranging from ~1.5 to 5.0 variants) in four of the 10

European-origin major haplogroups, including H, which is the most

prevalent (Fig 1C). By contrast, the mean variant count of the six

less prevalent European origin haplogroups would be increased by

0.6–7.6 variants by haplogroup matching. Among African- and

Eurasian-origin haplogroups, the mean variant difference between

haplogroup matched pairs is, in most cases (5/6 African and 14/17

Eurasian major haplogroups) reduced by 1.4–14.7 and 1.9–15.0 vari-

ants respectively, compared with randomly sampled pairs within

each population (Fig 1C).

In summary, MRT involving donor/patient pairs from the same

population, matching according to major mtDNA haplogroups has

the potential to reduce sequence divergence within African and Eur-

asian mtDNA lineages. However, for the majority of European

haplogroups, particularly rarer haplogroups, the average variant dif-

ference could potentially be reduced by randomly selecting an egg

donor rather than waiting, possibly for years, for a haplogroup-

matched donor.

Variation in non-synonymous haplogroup-defining mtDNA
sequences

The majority of common (~73%) of haplogroup-defining variants

are synonymous (Elson et al, 2004; Wei et al, 2017) and are unlikely

to modulate mitochondrial function. Conversely, common non-

synonymous variants are likely to impact mitochondrial function

(Gomez-Duran et al, 2012; Cai et al, 2021) and natural selection has

shaped mtDNA, resulting in haplogroups with different non-

synonymous variant counts (Elson et al, 2004; Wei et al, 2017). We

therefore asked whether haplogroup matching might reduce the

number of non-synonymous variant differences between donors and

MRT recipients.

Our findings indicate that the overall pattern of variation within

haplogroups is similar between total and non-synonymous sequence

variants (Figs 1A and 2A and B). However, in some cases (6/27),

particularly among European haplogroups, the mean non-

synonymous variant count would be increased by haplogroup

matching donor/patient pairs (Fig 2C and Table 2). Strikingly,

among Eurasian haplogroups, the benefit of haplogroup matching

(Fig 1C) is largely lost for non-synonymous variants (Fig 2C). Thus,

for non-synonymous variants, which are more likely to have a func-

tional relevance, the mean variant difference would, in most cases,

be either increased or unchanged by haplogroup matching egg

donors with women undergoing MRT (Table 2).

Table 1 (continued)

Estimated
%
population
frequency
(SD)

Intra-group diversity

No. of
sequences
for
divergence
estimate

% of
Dataset

Mean
Tajima-Nei D
× 10�3 (95%
CI)

Mean Variant
Difference (95%
CI)

Increased (▲)
or Decreased
(▼) Compared
to Total
Dataset

Matched
versus
total
dataset P

Maximum
variant
differences

B

African,
European
and
Eurasian
mtDNAs

– 18,200 – 1.18 (1.17–1.19) 19.64 (19.5–19.9) – – 85

European
and
African
mtDNAs

– 11,343 63.3% 1.50 (1.49–1.50) 24.92 (24.7–25.2) ▲ 3.8E-302 85

European
and
Eurasian
mtDNAs

– 14,512 79.7% 1.09 (1.02–1.17) 18.22 (18.1–18.3) ▼ 4.9E-46 55

African
and
Eurasian
mtDNAs

– 10,454 57.4% 1.43 (1.44) 23.76 (23.6–24.0) ▲ 5.6E-298 80

(A) Mean Tajima-Nei distances (with 95% CI) and equivalent mean number of variant differences (with 95% CI) between randomly selected unmatched European,
African, and Eurasian mtDNA pairs (greyed) and when sequence pairs are selected from within mtDNA haplogroups (Dataset EV3A–C). Arrows indicate either an
intra-haplogroup increase or decrease in variant differences relative to unmatched mtDNAs and P is the comparison of intra-haplogroup matched versus
unmatched by Mann–Whitney U, dashes indicate no significant change. Shown is the number of sequences (and percentage frequency) used to make the diver-
gence estimates and the maximum number variant differences observed between randomly paired sequences in each haplogroup. Population frequency is taken
from phase 31,000 Genomes data is included (Dataset EV1A and B, where n.a. is not available, European = 503, African = 660 and Eurasian = 993 mtDNAs). (B)
Mean Tajima-Nei distances (with 95% CI) and equivalent mean number of variant differences (with 95% CI) between randomly selected unmatched mtDNA from
all datasets (African, European and Eurasian combined) and paired permutations of population group (e.g., African and European mtDNAs, Dataset EV3D).
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Frequency(SD)
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(±5.4)   (±2.1)  (±2.6)  (±3.6)   (±8.8) (±1.9)  (±1.9) (±2.3) (±0.9) (±0.4)

European mtDNAs

Ta
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 D

Haplogroup
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Frequency(SD)
6.2             17.5            32.1            37.7             1.7 1.4    
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Figure 1. MtDNA sequence divergence within European, African, and Eurasian mtDNAs.

A Boxplots of the estimated pairwise mtDNA sequence divergence for the major European, African, and Eurasian haplogroups (i.e., haplogroup-matched mtDNAs,
Dataset EV3A–C). The intra-haplogroup mtDNA sequence divergence of each population differs significantly (one-way ANOVA in each population P < 2.2 × 10�16).

B Boxplots of estimated pairwise mtDNA sequence divergence when two random sequences are selected within each population (i.e., unmatched mtDNAs,
Dataset EV3A–C).

C Bar charts of the change in mean variant differences when mtDNA pairs are haplogroup matched (as in A) compared when they are randomly selected from the
combined major European, African, and Eurasian haplogroups (as in B).

Data information: Boxplots show median, 25th and 75th percentile, with whiskers indicating 95th upper/lower interquartile range. Dots indicate outliers. Bar charts show
mean, and standard deviation. Estimates (A and B) and counts (C) are based on 7,655 European, 3,688 African and 6,857 Eurasian mtDNA sequences. Population groups
were defined by mtDNA haplogroup. Tajima-Nei’s genetic distance model (Tajima-Nei’s D) was used to derive sequence divergence, where Tajima-Nei’s D 0.00006 = 1
variant difference.
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Figure 2. Non-synonymous variant differences divergence within European, African and Eurasian populations’ mtDNAs.

A Boxplots showing the non-synonymous variant divergence within the major European, African, and Eurasian haplogroups (i.e., haplogroup matched mtDNAs,
Dataset EV3A–C). The intra-haplogroup mtDNA sequence divergence of each population differs significantly (one-way ANOVA in each population P < 2.2 × 10�16).

B Boxplots showing the mean non-synonymous variant differences when two random sequences are selected within each population (i.e., unmatched mtDNAs,
Dataset EV3A–C).

C Bar charts showing the mean non-synonymous variant differences when mtDNA pairs are haplogroup matched (as in A) compared when they are randomly selected
from the combined major European, African, and Eurasian haplogroups (as in B).

Data information: Boxplots show median, 25th and 75th percentile, with whiskers indicating 95th upper/lower interquartile range. Dots indicate outliers. Bar charts show
mean and standard deviation. Estimates (A and B) and counts (C) are based on 7,655 European, 3,688 African and 6,857 Eurasian mtDNA sequences. Population groups
were defined by mtDNA haplogroup. Nei-Gojobori model was used to investigate non-synonymous variant differences.
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Table 2. Comparative non-synonymous variant differences between unmatched and haplogroup matched sequence pairs.

Intra-group diversity

Estimated %
population
frequency
(SD)

No. of
sequences for
divergence
estimate

% of
Dataset

Mean non-syn
variant
difference
(95% CI)

Increased (▲) or
Decreased (▼)
compared to total
dataset

Haplogroup
versus total
dataset P

Maximum
non-syn
variant
differences

A

Major European Haplogroups

Total European
Dataset

– 7655 – 2.1 (2.1–2.1) – – 15

H 44.6 (� 5.4) 3113 40.7% 1.7 (1.6–1.7) ▼ 1.4E-05 10

V (inc HV) 5.4 (� 2.1) 420 5.5% 2.2 (2.1–2.3) ▲ 5.6E-20 9

J 7.5 (� 2.6) 562 7.3% 2.8 (2.7–3.0) ▲ 1.2E-20 11

T 8.7 (� 3.6) 675 8.8% 1.9 (1.8–2.0) ▼ 4.3E-02 11

U 21.0 (� 8.8) 1285 16.8% 3.8 (3.6–3.9) ▲ 9.1E-117 14

K 5.9 (� 1.9) 653 8.5% 2.1 (2.0–2.2) – n.s. 10

W 2.6 (� 1.9) 135 1.8% 1.7 (1.4–2.0) ▼ 6.0E-02 7

X 1.7 (� 2.3) 142 1.9% 1.3 (1.1–1.5) ▼ 1.8E-10 7

I 1.2 (� 0.9) 115 1.5% 3.2 (2.8–3.5) ▲ 1.3E-08 11

N/R 0.2 (� 0.4) 555 7.3% 3.6 (3.4–3.8) ▲ 2.4E-33 15

Major African Haplogroups

Total African
Dataset

– 3688 – 6.1 (6.0–6.2) – – 21

L0 6.2 (� 5.6) 983 26.7% 8.3 (8.1–8.5) ▲ 2.5E-59 20

L1 17.5 (� 5.3) 704 19.1% 5.7 (5.5–6.0) ▼ 2.1E-02 17

L2 32.1 (� 12.3) 835 22.6% 2.8 (2.7–2.9) ▼ 3.3E-237 14

L3 37.7 (� 7.7) 1090 29.6% 4.5 (4.3–4.6) ▼ 2.4E-65 14

L4 1.7 (� 1.6) 42 1.1% 5.8 (4.8–6.9) – n.s. 14

L5 1.4 (� 3.8) 34 0.9% 3.1 (2.6–3.6) ▼ 2.0E-12 8

Major Eurasian Haplogroups

Total Eurasian
Dataset

– 6857 – 4.9 (4.9–5.0) – – 19

A 2.1 (� 2.8) 417 6.1% 2.4 (2.3–2.6) ▼ 6.1E-122 11

B 8.3 (� 2.8) 994 14.5% 3.0 (2.8–3.1) ▼ 1.4E-83 18

C 1.3 (� 2.1) 917 13.4% 3.8 (3.7–3.9) ▼ 3.9E-34 15

D 9.7 (� 10.6) 1541 22.5% 5.1 (4.9–5.2) – n.s. 18

E n.a. 234 3.4% 1.0 (0.9–1.2) ▼ 1.6E-152 8

F 9.3 (� 10.6) 148 2.2% 4.7 (4.2–5.1) – n.s. 18

G 1.9 (� 3.4) 239 3.5% 5.0 (4.7–5.3) – n.s. 18

M 37.6 (� 19.5) 2061 30.1% 4.8 (4.8–5.0) – n.s. 18

Q n.a. 156 2.3% 4.8 (4.5–5.2) – n.s. 12

Y 0.2 (� 0.4) 33 0.5% 1.4 (1.1–1.7) ▼ 2.0E-20 4

Z 0.8 (� 1.4) 117 1.7% 4.3 (3.8–4.8) – n.s. 16

B

African,
European and
Eurasian
mtDNAs

– 18,200 – 3.9 (2.7–5.0) – – 20
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Is mtDNA sequence divergence reduced by matching at the
mtDNA subclade level?

The 30 major mtDNA haplogroups can be further classified into

‘subclades’, defined by further mtDNA variants (van Oven &

Kayser, 2009). For example, haplogroup H can be divided into 106

subclades, denoted H1-H106 (van Oven & Kayser, 2009). Albeit per-

haps unrealistic in practice, we asked whether matching donor/patient

pairs according to mtDNA subclades would result in a greater reduc-

tion in sequence divergence compared with matching at the major

haplogroup level. Although the level of mtDNA sequence divergence

within subclades is reduced compared with major haplogroups

(Appendix Fig S6A and B and Table S1), there remains considerable

sequence variation within many subclades. Notably, 48% of European

subclades (n = 50) show a significantly higher average variant differ-

ences when compared to randomly selected sequence pairs from the

European population (P < 0.05, Appendix Table S1). Conversely,

subclade matching would significantly reduce the average variant dif-

ferences in the vast majority of African (94%, 18 out of 19) and Eur-

asian (82%, 46 of 56) subclades. However, the low frequency of most

subclades (< 1%, 62 out of 125, Appendix Table S1) would render

matching donor/patient pairs at the subclade level impractical.

Effect of matching donor/recipient pairs across mtDNA
ancestries

As discussed above, the predominance of European mtDNA lineages

among egg donors in the UK (HFEA, 2023) reduces the probability

of finding a haplogroup-matched egg donor for patients with non-

European maternal ancestry. We, therefore, determined the effect

on mtDNA sequence divergence of using eggs from European

haplogroup donors to treat women belonging to Eurasian or African

haplogroups. By comparing with randomly sampled intra-

population pairings, we find that the mean variant difference would

be either reduced or unchanged by using eggs donated by European

haplogroup donor to treat women belonging to African or Eurasian

haplogroups respectively (Fig 3A). Conversely, the use of donor

eggs with African or Eurasian haplogroups to treat European

haplogroup patients would result in an increase in the mean mtDNA

variant difference between patient/donor pairs (Fig 3A). These find-

ings are consistent with previous studies showing that, although

they share a subset of variants (Tishkoff & Williams, 2002; Tishkoff

& Verrelli, 2003; Garrigan et al, 2007; Campbell & Tishkoff, 2008),

mtDNA diversity among African haplogroups is increased compared

with non-African haplogroups (Ingman et al, 2000; Tishkoff & Wil-

liams, 2002; Tishkoff & Verrelli, 2003; Garrigan et al, 2007). We con-

clude that pairing patients with African or Eurasian maternal

ancestry with egg donors from across the European haplogroups

would not increase the mean variant difference compared with ran-

domly sampled mtDNA from the same phylogeographical region.

The above analysis relates to randomly samples pairs of mtDNA

across all haplogroups and does not take account of variability in

haplogroup frequencies between different populations (Fig 1B). We,

therefore, investigated the effect of inter-population mixes on variant

differences between all common major haplogroups. The mean vari-

ant difference between randomly sampled pairs across haplogroups

varied from 10 (between haplogroups H/L3) to 50 (between

haplogroups A/L1; Fig 3B). In many cases, the mean variant differ-

ence is not reduced by matching non-European haplogroups with

haplogroup H (Fig 3B). Taken together these findings indicate that

the prevalence of European mtDNA lineages among egg donors in

Europe, should not be a barrier to MRT treatment for women belong-

ing to African or Eurasian haplogroups, based on concerns about

mtDNA sequence divergence between them.

Discussion

The development of MRT offers women for whom PGT is unsui-

table, the potential to reduce the risk of transmitting serious mtDNA

Table 2 (continued)

Intra-group diversity

Estimated %
population
frequency
(SD)

No. of
sequences for
divergence
estimate

% of
Dataset

Mean non-syn
variant
difference
(95% CI)

Increased (▲) or
Decreased (▼)
compared to total
dataset

Haplogroup
versus total
dataset P

Maximum
non-syn
variant
differences

European and
African
mtDNAs

- 11,343 63.3% 6.4 (6.4–6.5) ▲ 1.2E-300 20

European and
Eurasian
mtDNAs

– 14,512 79.7% 4.6 (4.5–4.6) ▲ 8.3E-28 19

African and
Eurasian
mtDNAs

– 10,454 57.4% 4.6 (4.5–4.6) ▲ 9.1E-27 19

(A) Mean number of non-synonymous variant differences (with 95% CI) between randomly selected unmatched European, African, and Eurasian mtDNA pairs
(greyed) and when sequence pairs are selected from within mtDNA (Dataset EV3A–C). Arrows indicate either an intra-haplogroup increase or decrease (green box)
in non-synonymous variant differences relative to unmatched mtDNAs and P is the comparison of intra-haplogroup matched versus unmatched by Mann–Whit-
ney U, dashes indicate no significant change. Shown is the number of sequences (and percentage frequency) used to make the divergence estimates and the max-
imum number variant differences observed between randomly paired sequences in each haplogroup. Population frequency is taken from phase 31,000 Genomes
data is included (Dataset EV1A and B, where n.a. is not available, European = 503, African = 660 and Eurasian = 993 mtDNAs). (B) Mean number of non-
synonymous variant differences (with 95% CI) between randomly selected unmatched mtDNA from all datasets (African, European, and Eurasian combined) and
paired permutations of population group (e.g., African and European mtDNAs, Dataset EV3D).
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disease to their children. However, the supply of donated eggs is

already a limiting factor, and our findings demonstrate that this

problem would be greatly exacerbated by mtDNA haplogroup

matching between egg donors and women undergoing MRT treat-

ment. We find that the impact of haplogroup matching would be

particularly severe for women belonging to rare haplogroups, who

may have to wait several years for a haplogroup matched donor.

Strikingly, comparison of haplogroup matched and randomly

selected mtDNA pairs reveals comparable levels of sequence diver-

gence for many haplogroups.

To interrogate the potential functional relevance, we asked

whether haplogroup matching might specifically reduce the levels of

non-synonymous sequence variants. Our findings indicate that non-

synonymous variant differences between haplogroup-matched pairs

are comparable with randomly samples pairs from combined

haplogroups within each population. Similarly, mtDNA sequence

divergence between patient/donor pairs would not be eliminated by

increasing the resolution to match at the subclade level. Together

these findings indicate that haplogroup matching at the major

haplogroup, or subclade level would severely constrain the delivery

of an MRT programme, without necessarily reducing either total or

non-synonymous mtDNA sequence divergence between egg donors

and women undergoing MRT.

In broad terms, an individual’s mtDNA haplogroup is associated

with the continental ancestry of their maternal lineage (Emery

et al, 2015). Our findings indicate that women having MRT treat-

ment in Northern Europe may wait up to 9 years for eggs from a

donor belonging to the major haplogroup L, which accounts for

> 92% of African populations (Dataset EV1A). The problem of find-

ing haplogroup matched egg donors for women from diverse phylo-

geographical regions may in theory be alleviated by importing

vitrified eggs from egg banks around the world. Whilst egg vitrifica-

tion is a successful procedure (Rafael et al, 2022), the use of vitrified

donor eggs for MRT is associated with increased carryover of mito-

chondria (Hyslop et al, 2016), which can result in elevated hetero-

plasmy for maternal mtDNA in babies born after MRT (Costa-Borges

et al, 2023). Thus, although, future advances in the use of vitrified

donor eggs for MRT may enable import from international egg

banks, current clinical practice relies largely on local egg donors,

which are overwhelming of European maternal ancestry

(HFEA, 2023). Encouragingly, analysis of all possible combinations

of haplogroups indicates that matching Eurasian or African
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Figure 3. Non-synonymous variant differences divergence within European, African and Eurasian populations’ mtDNAs.

A Graphs showing the average total mtDNA variation observed when donor/recipient mtDNA pairs are selected from across two populations (Dataset EV3E). The top
and middle graphs show average differences when a patient belonging to an African or Eurasian-origin haplogroup respectively is matched with an egg donor from a
European haplogroup compared with a population-matched egg donor. The lower graphs show the average differences when a patient belonging to a European
haplogroup is matched with an egg donor belonging to an African, Eurasian, or European haplogroup.

B Heatmap showing the average variant differences between pairs of mtDNAs selected from all common haplogroups in each population (Dataset EV4).
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haplogroups with any European haplogroup, notably the most prev-

alent (major haplogroup H), results in mean variant differences that

are in the lower range (10–20 vs. 50 for some intra-population

mixes). Thus, the use of donated eggs from European haplogroups

in MRT treatment for women with African and Eurasian maternal

ancestry is unlikely to increase the number of mtDNA sequence var-

iants compared with donated eggs from the same phylogeographical

region.

Whether differences in continental ancestry between donor/

recipient pairs might have consequences beyond sequence diver-

gence is unclear. It has been reported that children born to couples

from different continental ancestries acquire mtDNA variant signa-

tures that correspond to the nuclear genome’s ‘native’ mtDNA (Wei

et al, 2019). This raises the possibility that the nuclear genome

somehow shapes the mitochondrial genome. Whilst it remains to be

established whether this occurs after MRT, de novo variants have

not been detected in embryonic stem (ES) cell lines derived from

MRT embryos, irrespective of whether the donor/recipient pairs

belong to the same, or different ancestries (Hyslop et al, 2016; Kang

et al, 2016; Yamada et al, 2016). Such ES cell lines may provide a

useful experimental system for further investigating the ‘nuclear

entrained’ acquisition of mtDNA variants.

Concerns regarding the biological consequences of creating new

combinations of mtDNA and nuclear DNA during MRT are largely

based on observations from studies on conplastic flies (Clancy, 2008;

Zhang et al, 2017) and mice (Latorre-Pellicer et al, 2016). Reports

form these studies indicate that backcrossing the nuclear genome of

one inbred strain onto the cytoplasm of another generally reduces

fitness, resulting in ovarian failure, embryonic lethality (Zhang

et al, 2017), reduced longevity (Clancy, 2008; Latorre-Pellicer

et al, 2016), and altered metabolic and mitochondrial function

(Latorre-Pellicer et al, 2016). Based on these findings, it was

suggested that similar effects may arise from MRT-induced disrup-

tion of the interplay between the egg’s nuclear and mitochondrial

genomes (Burgstaller et al, 2015; Morrow et al, 2015; Latorre-

Pellicer et al, 2016; Royrvik et al, 2016). However, female meiosis

involves loss of 75% of the maternal genome in the polar bodies

(Herbert et al, 2015) and there is no known mechanism to preferen-

tially retain maternally inherited nuclear genes ‘native’ to the oocyte

mtDNA. In this sense, that scope for interplay based on coevolution

of nuclear and mitochondrial genomes (Clancy, 2008; Latorre-

Pellicer et al, 2016; Zhang et al, 2017) may not extend beyond one

generation in outbred species. Notably, in contrast to laboratory

flies and mice, sexual reproduction in humans may involve the crea-

tion of combinations of nuclear DNA and mtDNA from diverse

ancestries. Based on population studies, this is not a barrier to

human health (Eyre-Walker, 2017; Rishishwar & Jordan, 2017),

indeed, it has been reported that children born from mixed-ancestry

parents typically demonstrate increased fitness (Campbell et al,

2007; Lewis, 2010).

In summary, our findings indicate that intra-haplogroup

sequence variation limits the extent to which haplogroup matching

can reduce sequence divergence between egg donors and women

undergoing MRT. Considering the general shortage of egg donors

(Platts et al, 2021), haplogroup matching could impose a delay of

several years in accessing MRT treatment. We find that women

belonging to rare haplogroups would be worst affected but would

stand to gain the least owing to the generally high levels of

sequence variation within rare haplogroups. Given the likely nega-

tive impact on the availability of donor eggs, we propose that

haplogroup matching is not warranted for the purpose of reducing

the number of mtDNA sequence variants between donor/recipient

pairs. Our analysis does not take account of the potential impact

of specific variants. Although there are major gaps in knowledge

of the functional relevance of non-pathogenic variants either indi-

vidually or in combination (Chinnery & Gomez-Duran, 2018;

McCormick et al, 2020), haplogroup-defining variants are predomi-

nantly synonymous (Elson et al, 2004; Wei et al, 2017), limiting

the scope for functional implications. However, it should be noted

that non-haplogroup defining variants may influence the outcome

of MRT, especially in relation the fate of maternal mtDNA co-

transplanted with the nuclear genome (Hudson et al, 2019). Thus,

it will be important to monitor the impact of mtDNA sequence var-

iants, including haplogroup combinations on MRT outcomes over

the longer term. Finally, since MRT involves swapping the entire

contents of the egg cytoplasm, detrimental or indeed beneficial

effects (Costa-Borges et al, 2023), may be unrelated to the

mitochondria.

Materials and Methods

MtDNA haplogroup frequencies

To demonstrate mtDNA haplogroup and subclade diversity both

‘globally’ and ‘locally’, we used two independent datasets.

Global mtDNA haplogroup frequencies were estimated using

phase3 1,000 Genomes data (https://www.internationalgenome.

org/home), a publicly available repository of genome variant

data arranged by population, region or country. MtDNA

variant data (ALL.chrMT.phase3*genotypes.vcf*) for 2,504 indi-

viduals from 28 populations were downloaded and mtDNA

haplogroups were determined using HaploGrep2 (Kloss-

Brandstatter et al, 2011; utilising PhyloTree v.17). Summarised

Global haplogroup data, stratified by country, is available in

Dataset EV1A and as individuals in Dataset EV1B. We used the

European population as an exemplar to investigate the potential

impact of ‘local’ haplogroup-matching and sub-clade on donor

availability in the UK. European mtDNA haplogroup frequencies

were downloaded from Eupedia (https://www.eupedia.com/

europe/european_mtdna_haplogroups_frequency.shtml), a publicly

available repository of published mtDNA haplogroup data

arranged by population and country. Summarised European

haplogroup data, stratified by country, is available in

Dataset EV1A and as individuals in Dataset EV1B.

MtDNA haplogroup sequence divergence

We used Using Tajima-Nei’s (Tajima & Nei, 1983) genetic distance

model and Nei-Gojobori’s (Nei & Gojobori, 1986) method to esti-

mate total mtDNA and non-synonymous sequence diversity

between all pairs of mtDNAs in three population groups. Whole

Human mtDNA genome data, ~30,000 sequences, were downloaded

from the National Centre for Biotechnology Information Nucleotide

database (www.ncbi.nlm.nih.gov), using the keyword phrase

‘Homo [Organism] AND gene_in_mitochondrion[PROP] AND
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14000:19000[SLEN] NOT pseudogene[All Fields]’. Sequences with

known pathogenic mtDNA variants (available at www.mitomap.

org) and non-homo sapiens sequences were removed. Duplicated

sequences (same reference, but different GeneInfo identification

number) were removed and only a single mtDNA from familial

uploads was included. The trimmed sequence dataset was aligned

using MUSCLE (Edgar, 2004), analysed using HaploGrep2 (Kloss-

Brandstatter et al, 2011) to assign major mtDNA haplogroups (i.e.

H) and haplogroup subclades (i.e. H1) (utilising PhyloTree v.17)

and subsequently filtered to match the major European haplogroups

(H, V, J, T, U, K, W, X, I, R and N, leaving a final sequence dataset

of 7,655 samples, Dataset EV3A), African haplogroups (L0, L1, L2,

L3, L4 and L5, leaving a final sequence dataset of 3,688 samples,

Dataset EV3B) and Eurasian haplogroups (A, B, C, D, E, F, G, M, Q,

Y and Z, leaving a final sequence dataset of 6,857 samples,

Dataset EV3C) as per www.mitomap.org.

mtDNA sequence divergences were determined by pairwise com-

parison of whole mitochondrial genomes using MEGA (v.7.0; Kumar

et al, 2008) and the Tajima-Nei model (Nei & Gojobori, 1986). This

approximates the divergence for a randomly chosen pair of individ-

uals with that haplogroup or haplogroup subclade (Nei & Gojobori,

1986). Non-synonymous variant counts were calculated using the

Nei-Gojobori model (Nei & Gojobori, 1986). Summary data within

haplogroups and haplogroup subclades (i.e. haplogroup-matched,

> 10 sequences per group or MAF > 0.1%) and in each population

group (i.e. all unmatched sequences), including mean, standard

deviation, variance, median, percentiles (25th and 75th), minimum &

maximum distance, and range of distances were generated and plot-

ted in R (v.3.4.3; Ginestet, 2011; R Core Team, 2013; Dataset EV3A–

D). Variant differences (total and non-synonymous) between

haplogroups and haplogroup subclades were compared to each

respective unmatched group by Mann–Whitney U and adjusted for

multiple significant testing by Bonferroni correction. All plots were

generated in R (v.3.4.3; Ginestet, 2011; R Core Team, 2013) using

the packages ggplot2 and heatmaply.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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