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Mutation rate in the nuclear genome differs between sexes, with males contri-
buting more mutations than females to their offspring. The male-biased
mutation rates in the nuclear genome is most likely to be driven by a higher
number of cell divisions in spermatogenesis than in oogenesis, generating
more opportunities for DNA replication errors. However, it remains unknown
whether male-biased mutation rates are present in mitochondrial DNA
(mtDNA). Although mtDNA is maternally inherited and male mtDNA
mutation typically does not contribute to genetic variation in offspring, male
mtDNA mutations are critical for male reproductive health. In this study, we
measured male mtDNA mutation rate using publicly available whole-
genome sequences of single sperm of the freshwater microcrustacean Daphnia
pulex. Using a stringent mutation detection pipeline, we found that the
male mtDNA mutation rate is 3.32 x 10° per site per generation. All the
detected mutations are heteroplasmic base substitutions, with 57% of mutations
converting G/C to A/T nucleotides. Consistent with the male-biased mutation
in the nuclear genome, the male mtDNA mutation rate in D. pulex is approxi-
mately 20 times higher than the female rate per generation. We propose that
the elevated mutation rate per generation in male mtDNA is consistent with
an increased number of cell divisions during male gametogenesis.

1. Introduction

Substantial evidence across a wide range of taxa supports the idea that germline
cells in males contribute many more mutations than females to the nuclear
genome of their offspring [1-5]. For example, in mammals the ratio of male-to-
female mutation rate ranges from approximately 2 to 20 [6,7]. The male-biased
mutation in the nuclear genome has been suggested to be driven by a higher
number of cell divisions during spermatogenesis, generating more opportunities
for DNA replication errors to occur than in oogenesis [2,8,9].

In contrast to the extensive body of research on the male-biased mutation in
the nuclear genome, it remains unknown whether male mitochondrial DNA
experiences a higher mutation rate. Because mtDNA in animals is almost
always maternally inherited [10,11], mtDNA in males represents an evolutionary
dead end and their mutations do not contribute to genetic variation in the off-
spring. Thus, it has been proposed that mtDNA genetic variants that carry
male-specific adverse phenotypic effects may not be effectively removed by natu-
ral selection if they are neutral or only slightly deleterious to female fitness [12,13].
On the other hand, maternal mtDNA mutations do contribute to variation in the
offspring, and the population frequency of mutations that are deleterious to
female fitness is maintained at mutation—selection equilibrium. The asymmetric
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strength of purifying selection on mtDNA polymorphisms that
arise in males versus females may have strong implications for
male fertility and disease susceptibility.

Although males do not pass on mtDNA to offspring [14],
there are some differences in biological energy requirements
between male and female gametes. Unlike eggs, sperm
requires a package of mitochondria to provide the energy for
motility [15]. Because mitochondria contain an oxidative-
rich environment, DNA damage (through oxidation) may be
more likely to occur. The direct measurement of mtDNA
mutation rates using mutation-accumulation experiments has
shown that the mtDNA mutation rate in the female germline
is several times higher than nuclear DNA. For example, the
mtDNA mutation rate is approximately 7-, 10- and 37-fold
higher than nuclear DNA in Drosophila melanogaster [16],
Caenorhabditis elegans [17,18] and Saccharomyces cerevisiae [19],
respectively. However, to date no direct estimates are available
for the mtDNA mutation rates in male germline.

The production of a large number of sperm in the male
germline also requires the production of many mitochondria.
Additional rounds of mitochondrial replication are required
in the male germline, and the number of mutations in the
male mtDNA is expected to be higher than the female
mtDNA simply due to additional rounds of replication. More-
over, as demonstrated in Drosophila and zebrafish [20], ovary
tissue is suppressed for mtDNA transcription, electron trans-
port and free radical production, whereas testis and somatic
tissue transcribe mitochondrial genes and produce an excess
of reactive oxygen species (ROS) when compared with the
ovary. In addition to the DNA damage that can be introduced
by ROS, errors that arise during transcription are repaired
using transcription-coupled repair, which has been shown to
have extremely low levels of repair fidelity [21]. As DNA poly-
merase y (pol-y) is specifically responsible for the replication of
mtDNA [22,23] with a high base-substitution fidelity (less than
2 x 107° errors per nucleotide) [24], the fidelity of pol-y may
have been optimized for performance in an ovary-specific
mitochondrial inner environment. In a more free-radical-rich
testis-specific mitochondrial environment, pol-y may have
reduced replication fidelity.

To better understand the mtDNA mutation processes in
the male germline, we analyse the mitochondrial genomes
of single sperm of the freshwater microcrustacean Daphnia
pulex to directly estimate the mutation rate and spectrum of
the male mtDNA. The availability of female mtDNA
mutation rate in D. pulex from previous studies [25] presents
an unprecedented opportunity to draw comparisons between
the male and female germline mtDNA mutation rate within
the same species.

2. Material and methods

(a) Sample collection and sequencing

The whole-genome sequence data of Daphnia single sperm
have been previously published [26]. We briefly describe the
experimental procedure here. Daphnia females are capable of
parthenogenetic production of males under environmental
stress. Taking advantage of this, sperm samples were collected
from fifteen 20-day-old males of the Daphnia pulex genotype
PA42, which was a natural isolate sampled from a vernal pond
in Portland Arch Nature Reserve, Indiana. The pooled sperm
sample was stained using a double-stranded DNA dye Hoechst

33342 (Sigma-Aldrich) at room temperature. The Ariall cell n

sorter (BD Biosciences) was used to isolate single sperm cells
into 96-well plates that contained cell lysis buffer. Based on cell
sorting, we estimated that the total number of sperm from
15 males is approximately 50 000, with each male carrying about
3300 sperm. We performed MALBAC whole-genome amplifica-
tion [27] procedure on the lysed single sperm cell. The MALBAC
method introduces a quasi-linear pre-amplification stage that
avoids bias associated with nonlinear amplification such as
uneven coverage across the genome [27]. Details regarding cell
sorting, cell lysis and MALBAC amplification can be found in
[26]. The whole-genome amplified DNA for each sperm cell
(approx. 1 pg) was used for preparing Illumina short-read sequen-
cing library following standard protocols. Each library was
sequenced using 150 bp paired-end reads on a HiSeq 2500 Illumina
sequencer. All the raw reads were downloaded from NCBI
Sequence Read Archive (SRA) study no. SRP058678.

(b) Mutation detection

The raw reads for each sample were mapped to the Daphnia pulex
(GenBank accession no. 117817.1) mitochondrial reference
sequence using the software NovoALIGN version 3.06.05. Because
of the presence of potential nuclear sequences of mitochondrial
origin, we removed any putative mtDNA mutations that are
covered by raw reads that can be mapped to the Daphnia pulex
nuclear genome reference [28], which was derived from the same
PA42 clone as used in this study.

An initial set of mutations was generated using the mpileup
function and bcftools in Samroors. In this case, false mutation
calls can result from PCR errors in whole-genome amplification,
PCR artefacts in library construction, sequencing errors, mis-
mapped reads and misalignment caused by indels. To filter out
the false-positive mutations, we employed the following set of
stringent criteria: Phred-scaled quality score greater than 30
(i.e. less than 0.1% chance of a wrong base call); no signs of
strand bias (i.e. covered by both forward and reverse reads); and
no signs of tail distance bias (i.e. not enriched at the ends of
reads that are prone to sequencing errors). Most importantly, all
the mutant SNP alleles need to have at least 10 x coverage, with
a minimum of 5x coverage by forward and reverse reads, respect-
ively, which translates to a heteroplasmic mutation frequency
between 0.15 and 0.5 (see Results). This threshold is set based on
the empirically estimated mean error rate across all samples is
0.006 per site (see below), with the most extreme error rate at
approximately 0.1.

As all the mutations that we detected are heteroplasmic, the
mutation rate (u) is calculated using the equation

_ v (Ri/Dy)
m= Z (LnT) ’

where R; is the number of reads supporting mutant nucleotide at
a given site for the ith sample and D; is the total number of reads
at the same site, L is the number of single sperm samples, 7 is the
number of mtDNA nucleotide sites examined in each sample and
T (=1) is the number of generations.

(c) Estimation of copy number of mtDNA in Daphnia
sperm

We can obtain a relative estimate of the copy number of mtDNA in
each sperm by calculating the ratio of mtDNA average sequence
coverage per site to that of nuclear sites at known single-copy
genes (1 copy in a single sperm) in the Daphnia genome [28]. The
raw reads of the nuclear genome were mapped to the Daphnia
pulex reference assembly [28] using NOvVOALIGN. Raw reads
mapped to multiple locations of the nuclear genome were removed
from the final estimation of average coverage.
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(d) Simulation of PCR errors in whole-genome
amplification

Polymerase replication errors are a major concern in detecting
mutations in genomic sequences that have undergone whole-
genome amplification. To assess the likelihood that mutant alleles
due to amplification errors could be falsely identified as true
mutations by our mutation detection method, we performed
computer simulation of the MALBAC whole-genome amplification
procedure to measure the frequency of mutants in the final pool of
amplicons and evaluate the likelihood that these errors could pass
our computational filtering procedure. The MALBAC whole-
genome amplification achieves a quasi-linear amplification of
DNA templates using strand-displacement polymerase (Bst Large
Fragment) and randomly annealing primers [27]. The MALBAC
procedure consists of a pre-amplification stage followed by a
regular PCR stage. The pre-amplification stage consists of five
amplification cycles, where newly formed full amplicons that pos-
sess complementary 5 and 3’ ends form a DNA loop structure and
do not get amplified in subsequent round of pre-amplifications.
This means that even if a polymerase error occurred in the very
first round of amplification, its frequency in the pool of generated
molecules would decrease significantly (at least fivefold) by the
end of the pre-amplification stage. The presence of multiple
mtDNA and multiple amplification of a single site by strand-
displacement polymerase in each round of pre-amplification
work in concert to further reduce the frequency of replication
errors. At the end of pre-amplification, all the amplicons including
the mutants will be used for regular PCR amplification.

Our simulation algorithm explores a range of parameter values
for the copy number of mtDNA (e.g. 2, 10, 50, 100, 500) in a single
sperm, the polymerase error rates (1 x 107> to 1 x 107°) and the
number of times a single site amplified by strand-displacement
polymerase in one round of pre-amplification. At the end of the
simulation, we used the average mutant frequency across the
entire mtDNA to estimate the likelihood that these mutants would
achieve the same sequencing profile (i.e. depth of coverage) as the
identified mutations under a binomial sampling distribution.

Furthermore, to validate the predications from our simu-
lation, we calculated the base-substitution error rate for each
site, excluding sites where heteroplasmic mutations and indels
are found across all the samples.

3. Results
(a) Overview of single sperm sequencing data

We analysed whole-genome sequence data of 96 single
Daphnia sperm from a previous study [26]. Raw sequence
reads were mapped to the D. pulex mtDNA reference
sequence [29]. Across the 96 sperm genomes, the sperm mito-
chondrial genome has a coverage of 176 (s.d. = 130.7) reads
per site on average (electronic supplementary material,
figure S1), with a median value of 159.

(b) Number of copies of mtDNA in a Daphnia sperm

In mammals, a typical sperm cell contains approximately
50-75 mitochondria with one copy of mtDNA in each [15].
Although we do not know the exact copy number of mtDNA
in a single Daphnia sperm, we obtained the relative copy
number of mtDNA by using the ratio of the average sequence
coverage at a site in the mtDNA compared to the average
sequence coverage of single-copy gene sites in the nuclear
genome. This normalizes the sperm mtDNA to a single copy
of sperm nuclear DNA, but this estimate may be slightly

upwardly biased. Because the animal mtDNA and nuclear [ 3 |

genome have different genomic characteristics (e.g. repetitive
regions), it is possible that the mtDNA can amplify at a
higher efficiency than the nuclear genome, leading to the
slight overestimation of mtDNA copy number per sperm.
After mapping raw reads of sperm samples to the D. pulex
mtDNA reference sequence and nuclear genome reference
assembly [28], we calculated the ratio of average depth of cov-
erage per site of mtDNA to that for single-copy nuclear gene
for each sperm sample. The mean value of this ratio is
19 (s.d. = 8), indicating that each sperm on average contains
19 copies of mtDNA.

The likely overestimation of mtDNA copy number should
not have an effect on the estimated mutation rate and spectrum
in this study. However, because of the uncertainty in mtDNA
copy number, it is extremely difficult to detect low-frequency
(e.g. 0.001-0.01) heteroplasmic mutations, whose genomic
signature could be similar to PCR errors. This is verified by
our computer simulation of PCR errors incorporating a wide
range of mtDNA copy numbers (see below).

(<) Mutation rate and spectrum

We used a stringent mutation detection pipeline based on
sequence read depth to detect and quantify heteroplasmic
mtDNA mutations in the Daphnia sperm samples. A total
of 19 heteroplasmic single-base substitutions were detected
with a mutant allele frequency (MAF) ranging from 0.14 to
0.4. No indels (insertion/deletion) were detected. Based on
the number of heteroplasmic mutations, the base-substitution
mutation rate in Daphnia is 3.32 x 107° (s.e. = 1.77 x 107%)
per site per generation.

Among the base-substitution events, 16 are transition
events, whereas only 3 are transversion events. We examined
the effects of these heteroplasmic mutations, and found 7
synonymous substitutions, 10 non-synonymous substitutions
and 2 non-coding changes. We note that 2 non-synonymous
substitutions generated new stop codons in the genes NDII
and COIII (table 1).

(d) Mutation spectrum

The majority of Daphnia male (57%) mitochondrial mutations
are towards A/T nucleotide (figure 1), which is consistent
with the A/T-biased mutation in Drosophila melanogaster
[16,30]. There is also substantial proportion of mutations
are towards G/C nucleotide, with T: A — C:G mutations
constituting 42% of the mutations in Daphnia males (figure 1).

(e) PCR errors and mutation detection

A primary concern with detecting mutations from whole-
genome sequencing of single cells that have undergone
whole-genome amplification is whether the mutation rate is
inflated by false positives that result from PCR amplification
errors. PCR errors that arise early in genome amplification
can be driven to high frequencies after repeated rounds of
replication. The MALBAC procedure employs quasi-linear
amplification instead of exponential amplification in the first
few rounds of amplification to ensure that the frequency of
PCR errors in the final pool of DNA molecules that are subject
to short-read sequencing in this study ranges between 0.001
and 0.01 (see below). Nevertheless, to verify whether PCR
errors from MALBAC whole-genome amplification could be
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non-syn: non-synonymous substitution.
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3z
=
mutation S
position sample reference mutation frequency amino acid changes g
2.
839 57 C T 28 0.357 ND2 syn AAC(N) — AAU (N) =
997 19 T A 45 0.400 ND2 non-syn UUA (L) — UAA (STOP) =
1775 26 C T 77 0.247 ol syn AC(T) — ACU (T) §
3594 37 C A 140 0.164 o syn ucc(s) — UCA (S) 3
3898 46 ( T 120 0.275 ATPase8 syn UUC(F) — UUU (F) >
5090 47 G A 133 0.321 o non-syn UGG (W) — UGA (STOP) 8
=
7482 52 G A 109 0.288 ND5 non-syn GCU (A) — GUU (V) ©
8317 49 A G 69 0.145 ND4 syn ACU(T) — ACC(T) ;
8709 90 C T 49 0.551 ND4 non-syn GCA (A) — ACA (T) §
8734 7 A G 76 0.211 ND4 syn (U (P) — CCC (P) g
9072 51 C T 58 0.254 ND4 non-syn GUG (V) — AUG (Start) g
9141 33 T C 66 0.182 ND4 non-syn AUG (M) — GUG (V) &
10 087 40 T C 85 0.235 ND6 non-syn ucc () — ccc(p)
10 217 9% T C 76 0.171 ND6 non-syn WU (L) — U (P
10 625 77 T A 61 0.442 (ytB non-syn UUA (L) — AUA (1)
Mn775 60 T C 121 0.147 ND1 non-syn AGU () — GGU (@)
11920 87 A G 76 0.145 ND1 syn UuU (F) — UUC (F)
12 801 55 T C 88 0.159 rRNA-Large non-coding n.a.
13533 87 C T 9% 0.191 rRNA-Large non-coding na.
1.0 1 rate in both species (approx. 107°). Thus, amplification errors
are unlikely to contribute substantially to the overall mtDNA
0.8 mutation rate.
> m G:C :T
2 0.6 1 = G:C—T:A
g mmm G:C—C:G 3 .
204 == T:A-A:T 4. Discussion
0a m=TAnes In this study, we analysed the mtDNA sequences derived from
' single-sperm whole-genome sequencing to examine the rate
0! and spectrum of mtDNA mutations in the male germline of
&\@ q,\@ &\«@ &&a the microcrustacean Daphnia pulex. To the best of our knowl-
> S .. . L .
@0@‘& 0@ @’gﬁ @0@* edge, this is the first estimation of male mtDNA mutation
&q}q‘ g N R %&\$ rate in eukaryotic species.
\(\(\\0 0@% oSOQ Q.W\Q The Daphnia male mtDNA mutation rate estimated from
Q‘*Q single sperm is 3.32 x 107 per site per generation. This esti-

Figure 1. Mitochondrial mutation spectra of Daphnia pulex male (present
study), Drosophila melanogaster somatic tissue [30], D. melanogaster mito-
chondrial mutation-accumulation experiment [16] and Caenorhabditis
elegans mitochondrial mutation-accumulation experiment [18].

mistakenly identified as mutations, we simulated whole-
genome amplification using various parameters, including a
wide range of PCR error rates (1 x 107° to 1 x 1073 and
mtDNA copy number (e.g. 2, 10, 50, 100, 500), and found that
the final error rate is between 0.001 and 0.01. Similarly, the aver-
age base-substitution error rate per site estimated using all
sperm samples (excluding mutant and indel sites) is 0.0065
(s.d. = 0.0065). Given that the frequency of PCR errors in the
final pool of amplicons is between 0.001 and 0.01, the prob-
ability for PCR errors to pass our filtering procedure is orders
of magnitude lower (10~7°~10~°) than the estimated mutation

mate is at least an order of magnitude higher than mtDNA
mutation rates derived from mutation-accumulation exper-
iments for other species such as D. melanogaster (7.8 x 10~°
per site per generation) and C. elegans (1.6 x 10~ per site per
generation). The Daphnia male mtDNA mutation rate is
approximately 20 times higher than the Daphnia female
mtDNA mutation rate estimated in a prior mutation-accumu-
lation experiment (approx. 1.5 x 10~ per site per generation).
Because all the detected mutations are base substitutions, the
base-substitution rate in male Daphnia mtDNA is approxi-
mately 100-fold higher than that in female Daphnia mtDNA
(approx. 3 x 10™® per site per generation), which is much
higher than the 20-fold overall mutation rate difference between
sexes. Although the mutation rate per cell division may be
identical, male germline cells undergo additional rounds of
mtDNA amplification when compared with their female
counterparts, thus leading to a higher mutation rate per
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generation. It should be noted that the difference in Daphnia
male and female mtDNA mutation rates are likely to be even
greater, as estimates from the mutation-accumulation experi-
ment could be downwardly biased because only effectively
neutral or slightly deleterious mutations can persist in long-
term mutation-accumulation experiments [31]. While the
sampled sperm cells in this study are subject to selection press-
ures that ensure sperm viability, they are not exposed to any
selection pressures that may arise at fertilization and develop-
ment, providing an unbiased estimate of the male mtDNA
mutation rate and spectrum. This view is supported by the
detection of mutations causing stop codons in the functionally
important NDII and COIII genes.

A main concern with detecting mutations from single cells
that have undergone whole-genome amplification is whether
mutation rate is inflated by false positives that result from ampli-
fication errors. In general, an amplification error at a single
nucleotide site in the very first few amplification cycles of a
PCR reaction could be exponentially propagated in subsequent
cycles. In a simple scenario where only a double-stranded DNA
molecule is the original template for whole-genome amplifica-
tion, a replication error at a site in the first cycle would be one
of the four templates for the next round of amplification and
would constitute 25% of the final pool of sequence reads for
this site. Technically speaking, tagging single DNA molecule
with unique molecular identifiers (UMlIs) can help identify
PCR errors during amplification [32]. Although not employed
by the current study, UMIs should be considered for future
single-cell mutation studies.

Nonetheless, two factors in our experiment guard our
results against false positives due to polymerase errors. First,
each sperm probably contains multiple mitochondria, with
each mitochondrion possibly containing multiple copies of
mtDNA. Our estimates show that each Daphnia sperm on aver-
age contains approximately 19 copy of mtDNA. Assuming a
polymerase error rate (¢) on the order of 10 *~10"2 per base,
occurrence of polymerase error at the same site on multiple
copies of mtDNA (1) in one round of amplification is an extre-
mely small possibility (¢"). Because of the dilution effect of
multiple amplicons, amplification errors are unlikely to pro-
duce the sequencing read profile that would pass our criteria
to identify mutations. Second, the MALBAC whole-genome
amplification technique achieves quasi-linear amplification
with five pre-amplification cycles [27]. During these pre-
amplification cycles, newly formed amplicons do not engage
in subsequent pre-amplification cycles, which limits the ampli-
fication of early PCR errors. In essence, the pre-amplification
cycles reduce the frequency of newly arisen errors in the ampli-
cons because the possibility for DNA polymerase to make the
same mistake in multiple rounds of amplification is very small
(see above). Our computer simulation of MALBAC whole-
genome amplification confirms this logic and shows that
amplification errors only constitute about 0.001-0.01 per site
in the final pool of molecules subject to short-read sequencing,
which is also validated by our empirical estimate of per-site
error rate at non-mutation sites across the samples (0.0065
per site). The likelihood of amplification errors passing our
mutation detection filters is extremely small (see Results)
under a binomial sampling scheme [33].

Mitochondrial mutation spectrum varies greatly across
eukaryotic species [34]. The A/T-biased mutation spectrum in
Daphnia male is consistent with that of Drosophila melanogaster
somatic and germline mitochondrial mutations (figure 1)

[16,30]. Moreover, transitions (G:C - A:Tand T:A —C:G) “

dominate the mutation spectrum in Daphnia male (figure 1),
which is consistent with the dominance of transitions
in Drosophila (figure 1), Caenorhabditis elegans [18] and
Saccharomyces cerevisize [19]. A potential source of false-
positive mutations that could bias the mutation spectrum
detected from the single-cell genomic dataset is DNA
damage occurring during cell lysis. During single-cell genomic
lysis, high levels of cytosine deamination may lead to a
substantial increase of C-to-T mutations in the mutation spec-
trum of nuclear DNA [35], leading to the elevated mutation
rate observed in male mtDNA. However, we argue that this
factor is unlikely to create false positives in the current dataset.
Since multiple copies of mtDNA exist (approx. 19 in Daphnia)
in a single sperm cell and DNA damage during lysis only
affects a single strand of a DNA molecule [36], the frequency
of false positive mutations should be around 3% (1/30) in the
Daphnia male mtDNA, far below the threshold used to detect
mutations detected in our dataset.

The substantially elevated mutation rate in Daphnia male
mtDNA with respect to the female mtDNA is an intriguing
observation that merits further discussion. As discussed ear-
lier, there are a few factors that could collectively increase the
male mtDNA mutation rate relative to that of females. First
of all, mitochondria contain large amounts of reactive oxidative
species (ROS) as a result of ATP production. Considering the
substantially higher level of mtDNA transcription, electron
transport and free radical production that occur in the testis,
and not in ovary tissue, the excessive amount of reactive
oxidative species (ROS) in male gametogenesis could be a
potential source of elevated mutation rate in male mtDNA.
The most common signature for DNA damage caused by
ROS is the oxidation of guanine to 8-oxoguanine [37], which
allows G-to-A mispairings that generate a high frequency of G
:C — T': A transversions. We examined the types of mutations
that existed in a heteroplasmic state in the Daphnia dataset and
only found a single case of G:C — T: A transversions in each
dataset, suggesting that the oxidative condition in the male
environment is not a large factor in driving the elevation of the
male-specific mtDNA mutation rate. This finding is consistent
with the observation of a relatively low rate of G:C — T: A
mutations in somatic mitochondrial DNA of Drosophila
melanogaster when oxidative damage repair enzyme (Oggl)
was removed [30]. Together, these data support the idea that
the environmental conditions in the testis do not drive the
elevation of mitochondrial mutation rate in the male germline.

Alternatively, the number of germline cell division
and mtDNA replications could be a driving force for the
elevated male mutation rate. It is important to keep in
mind that while germline cell division certainly involves
mitochondria replication and mtDNA replication, these repli-
cations can be independent of germline cell division [38,39].
Unfortunately, little is known about how many rounds of
independent replication mitochondria go through in the
Daphnia male germline.

The high depth coverage of sequencing of the Daphnia
sperm mtDNA allows an unbiased estimate of the mtDNA
mutation rate in the male germline. However, no sex-specific
germline cell division numbers are available for Daphnia. The
20-fold higher mutation rate in male mtDNA compared with
female mtDNA probably results from the joint effect of the
different number of germline cell divisions and independent
mtDNA replication. Furthermore, given that the mtDNA
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mutation rate in somatic tissue of Drosophila appears to increase
with age [30], it is expected that the male Daphnia mtDNA
mutation rate is substantially higher than the female mtDNA
at any age.

The third (and also the least tangible) explanation for the
male-biased mutation rate lies in the fact that mitochondria
are maternally inherited, so that any mutations that arise in
the male germline mtDNA are not under selection in the off-
spring. As a result, natural selection on the enzymes that
maintain high-replication fidelity in mtDNA may be relaxed
in the male-specific environment. It has been argued that
ovary tissue has suppressed mtDNA transcription, electron
transport and free radical production when compared with
testis tissue and somatic tissue in both sexes [20]. Thus, if
the suppressed mitochondrial metabolic environment in the
ovary is a major selective force on the maintenance of poly-
merase fidelity, we would expect a substantially lower
fidelity of mtDNA replication in testis and somatic tissues.
If this hypothesis holds true, it would be an inevitable out-
come that sperm and somatic cells will be subject to an
increased influx of deleterious mutations. In fact, some of
the detected mutations in the current study certainly have
strong deleterious effects, such as creating new stop codons
in important genes (i.e. NDII and COIII) within the male
Daphnia mtDNA. However, it should be noted that all
the mutations in the present dataset are heteroplasmic,
thus inflicting deleterious effects on only a fraction of the
mitochondria in a sperm cell.
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