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Abstract

Mitochondria are assumed to be maternally inherited in most animal species, and this foundational 
concept has fostered advances in phylogenetics, conservation, and population genetics. Like other 
animals, mitochondria were thought to be solely maternally inherited in the marine copepod 
Tigriopus californicus, which has served as a useful model for studying mitonuclear interactions, 
hybrid breakdown, and environmental tolerance. However, we present PCR, Sanger sequencing, 
and Illumina Nextera sequencing evidence that extensive paternal mitochondrial DNA (mtDNA) 
transmission is occurring in inter-population hybrids of T.  californicus. PCR on four types of 
crosses between three populations (total sample size of 376 F1 individuals) with 20% genome-
wide mitochondrial divergence showed 2% to 59% of F1 hybrids with both paternal and maternal 
mtDNA, where low and high paternal leakage values were found in different cross directions of 
the same population pairs. Sequencing methods further verified nucleotide similarities between 
F1 mtDNA and paternal mtDNA sequences. Interestingly, the paternal mtDNA in F1s from some 
crosses inherited haplotypes that were uncommon in the paternal population. Compared to 
some previous research on paternal leakage, we employed more rigorous methods to rule out 
contamination and false detection of paternal mtDNA due to non-functional nuclear mitochondrial 
DNA fragments. Our results raise the potential that other animal systems thought to only inherit 
maternal mitochondria may also have paternal leakage, which would then affect the interpretation 
of past and future population genetics or phylogenetic studies that rely on mitochondria as 
uniparental markers.

Keywords:  marine invertebrate, mitochondria, mitonuclear incompatibility, nuclear mitochondrial DNA fragment (NUMT), pater-
nal leakage

In most animal taxa, maternal mitochondrial inheritance is widely 
accepted as the norm, as deviations from this mode of inheritance 
could have significant evolutionary consequences. If paternal mito-
chondrial DNA (mtDNA) were also transmitted, there could be lethal 
genomic conflict due to mitochondrial competition (Hastings 1992; 

Hurst and Hamilton 1992), zygotes may receive sperm mtDNA that 
is damaged from deleterious effects associated with heavy respiration 
(Allen 1996), or there could be an increased propagation of dele-
terious mitochondrial mutations (Xu 2005). Additionally, several 
previous studies in humans and mice suggest that high frequency of 
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heteroplasmy—having multiple mitochondrial haplotypes within a 
cell—decreases fitness (Chomyn et al. 1992; Wallace 1999; Sharpley 
et al. 2012). To prevent these potential deleterious effects of paternal 
mtDNA, animals have evolved various mechanisms to exclude pa-
ternal mitochondria, such as ubiquitination or degradation of sperm 
mitochondria in primates (Sutovsky et  al. 1999, 2000; Thompson 
et  al. 2003), fruit flies (Reilly and Thomas Jr. 1980; DeLuca and 
O’Farrell 2012), and nematodes (Al Rawi et al. 2011; Sato and Sato 
2011).

Despite mechanisms to ensure maternal inheritance of mtDNA, 
reports of paternal mtDNA in the offspring—termed paternal 
leakage—have been accumulating in hybrids of various animal spe-
cies. A subset of examples includes paternal leakage in heterospecific 
or conspecific hybrids of fruit flies (Kondo et al. 1990; Matsuura 
et  al. 1991; Sherengul et  al. 2006; Dokianakis and Ladoukakis 
2014), mice (Gyllensten et al. 1991; Shitara et al. 1998), periodical 
cicadas (Fontaine et  al. 2007), ticks (Mastrantonio et  al. 2019), 
and nematodes (Hoolahan et  al. 2011; Ross et  al. 2016). There 
are several bivalve species in which mitochondria are doubly in-
herited from both parents as a norm (Zouros et al. 1994; Gusman 
et  al. 2016). While possible artifacts have not been completely 
ruled out in all of these former cases, evidence was consistent 
with at least some paternal leakage in experimental or natural 
(Matsuura et  al. 1991; Mastrantonio et  al. 2019) hybrid popu-
lations, along with continued maternal transmission of mtDNA. 
Some of these studies additionally tested and showed that leaked 
paternal mtDNA could proliferate to later developmental stages 
(Sherengul et al. 2006; Fontaine et al. 2007) and persist for mul-
tiple generations (Gyllensten et al. 1991). This phenomenon likely 
has significant consequences for how we understand mitochondria 
and its applications, because the assumption that mitochondria are 
only inherited maternally in animals has been the basis for using 
mtDNA as important molecular markers in phylogenetic inference 
(Avise et al. 1987), population genetics (Wilson et al. 1985), and 
conservation (Moritz 1994). Additionally, the presence of paternal 
mtDNA would impact estimates of genetic diversity and gene flow 
(Takahata and Maruyama 1981; Chapman et al. 1982; Hoolahan 
et al. 2011).

The mechanism of frequent paternal leakage and the effects 
of the phenomenon on hybrid fitness are presently unknown. It is 
speculated that paternal leakage is more commonly found in hybrids 
compared to pure populations because it is easier to experimentally 
detect paternal mtDNA that is genetically different from the ma-
ternal mtDNA (Kaneda et  al. 1995; Shitara et  al. 1998; Sutovsky 
et  al. 2000), or because the mechanism to recognize and remove 
sperm mtDNA may not function as well in a hybrid embryo, which 
has genetically divergent sperm mtDNA from a different popula-
tion (White et al. 2008). Literature on mitochondrial heteroplasmy, 
where multiple mitochondrial haplotypes are present in a cell, sug-
gest that certain haplotypes are able to increase in abundance rapidly 
(Yoneda et al. 1992; Blok et al. 1997; White et al. 1999; Brandstätter 
et al. 2004), but whether this contributes to increased detection of 
paternal leakage in hybrids has not been explored. Whether spe-
cific paternal mtDNA haplotypes and frequent paternal leakage 
affect hybrid fitness are also unknown. In several species ranging 
from seed beetles to centrarchid fishes with highly coadapted mito-
chondrial and nuclear genomes (Burton et al. 2013), hybrids exhibit 
decreased fitness due to a breakdown in mito-nuclear coadaptation 
(Burton and Barreto 2012; Wolff et  al. 2014). Paternal leakage 
may have complicated effects on hybrid fitness in such systems 
with mitonuclear coadaptation: inherited paternal mtDNA may be 

beneficial if they interact with the paternal nuclear DNA to restore 
coadpated functions, or alternatively be harmful if they compete 
with maternal mtDNA and cause genomic conflict (Hastings 1992; 
Hurst and Hamilton 1992).

Here we report substantial evidence for paternal mtDNA in-
heritance in inter-population hybrids of the marine copepod 
T. californicus. Tigriopus californicus is a rocky intertidal copepod 
with many genetically distinct populations along the western coast 
of North America (Burton 1997; Edmands 2001; Willett and Ladner 
2009). This species has previously been thought to solely inherit 
maternal mitochondria (Burton and Lee 1994), and has been an 
important model to study the role of mtDNA in inter-population 
hybrid breakdown (Burton 1990; Edmands 1999; Ellison and 
Burton 2008; Burton and Barreto 2012; Healy and Burton 2020). 
MtDNA sequences have diverged in allopatry among populations 
of T.  californicus, and several lines of evidence suggest that the 
mitochondrial and nuclear genomes within each population have 
coevolved (Rawson and Burton 2002; Barreto and Burton 2013; 
Barreto et al. 2018). When different populations mate, the hybrids 
may no longer have a complete set of co-adapted mitochondrial and 
nuclear products from each parent population. This results in sub-
optimal cellular functions or lowered fitness, called “mitonuclear in-
compatibility” (Ellison and Burton 2008; Barreto et al. 2015). Since 
mitochondrial genes greatly influence the fitness of T.  californicus 
hybrids, the presence of paternal mtDNA presents novel evolu-
tionary repercussions to consider, like potential impacts of paternal 
mtDNA on mitonuclear interaction and hybrid fitness.

In this study, we find evidence for paternal leakage in F1 hybrids 
of crosses between three genetically and geographically distant 
T. californicus populations in California: Abalone Cove (AB), Santa 
Cruz (SC), and San Diego (SD). Mitochondrial genome-wide di-
vergence between AB and SC is 20.7%, and between AB and SD 
is 20.8% (Barreto et al. 2018). These values are much greater than 
the divergence values for coding regions in the nuclear genome, 
which are 2.54% between AB and SC, and 2.3% between AB and 
SD (Pereira et al. 2016). Although T. californicus has strikingly high 
levels of mitochondrial divergence even compared to other species 
within the subphylum Crustacea (Lefébure et al. 2006), it is still clas-
sified as a single species because there are few morphological dif-
ferences across populations (Monk 1941), no premating isolation 
between populations (Ganz and Burton 1995; Palmer and Edmands 
2000), and inter-population hybrids are viable and fertile (Burton 
1990; Edmands 1999). We incorporated various types of PCR 
and sequencing methods to detect paternal leakage in these inter-
population hybrids.

Given the techniques we used, one concerning artifact that could 
lead to experimental results masquerading as paternal leakage are 
nuclear mitochondrial DNA fragments (NUMTs). NUMTs are 
non-functional pieces of mtDNA that happen to get incorporated 
into the nuclear genome during a double-stranded break repair 
(Lopez et al. 1994; Bensasson et al. 2001). Each NUMT is typically 
under 1 kb (Richly and Leister 2004; Pamilo et al. 2007; Gaziev and 
Shaǐkhaev 2010), but there are species-specific exceptions such as 
NUMTs of lengths up to 5.5 kb in Biomphalaria glabrata gastropods, 
15.5 kb in Crassostrea gigas bivalves (Sun and Yang 2016), and up 
to 12.6 kb in Limulus polyphemus crustaceans (Simpson et al. 2017). 
While it is plausible that genome size and the number of NUMTs are 
correlated (Bensasson et al. 2001), it is unclear whether taxonomic re-
lationships are correlated to the size of NUMT fragments (Bensasson 
et al. 2001). For instance, unlike B. glabrata, another gastropod spe-
cies Aplysia californica has a maximum NUMT size of 460 bp (Sun 
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and Yang 2016), and the only other study that investigated NUMT 
fragment size in a crustacean species reports 182 bp as the maximum 
size (Kowal et  al. 2020). NUMTs pose problems for PCR-based 
methods in general because poorly designed PCR primers can amp-
lify both true mtDNA and NUMTs and lead to erroneous interpret-
ation (Zhang and Hewitt 1996; Bensasson et al. 2001; White et al. 
2008). Previous studies of paternal leakage often used the PCR ap-
proach, but most only used singular or few methods of distinguishing 
true paternal mtDNA from NUMTs in the paternal nuclear genome 
(Sherengul et al. 2006; Fontaine et al. 2007; Hoolahan et al. 2011). 
One of the most comprehensive ways to exclude NUMTs is to first 
detect NUMTs via sequence analysis of the genome, avoid those re-
gions for diagnostic PCRs and sequencing, ensure there are no pre-
mature stop codons characteristic of NUMTs in the sequences, and 
work with paternal mtDNA fragments in F1s that are larger than the 
detected NUMTs (Zhang and Hewitt 1996; Bensasson et al. 2001; 
Triant and DeWoody 2007; Song et  al. 2008; White et  al. 2008). 
Such rigorous procedure has been mainly implemented in relation 
to phylogenetics and DNA barcoding (Triant and DeWoody 2007; 
Song et al. 2008; Kim et al. 2013), but we incorporated it to min-
imize NUMTs in our study of paternal leakage. We used multiple 
molecular techniques to rule out artifacts and method-specific biases 
for detecting paternal mtDNA in F1 hybrids, quantified the propor-
tion of F1 hybrid individuals with paternal leakage, and examined 
which paternal mitochondrial haplotypes are inherited by F1 hybrids.

Materials and Methods

Sample Collection
Tigriopus californicus samples were collected in 2013–2014 from 
Abalone Cove, California (AB: 33°44’16“N, 118°22’31”W), Santa 
Cruz, CA (SC: 36°56’58”N, 122°02’49”W), and San Diego, CA (SD: 
32°45’N, 117°15’W). For all populations, copepods were sampled 
from multiple pools within an outcrop, where pools are genetically 
similar and mix over time (Burton and Swisher 1984; Willett and 
Ladner 2009). Collected populations were kept in 35 parts per thou-
sand (ppt) artificial salt water (Instant Ocean, Spectrum Brands, VA), 
in an environmental chamber at 20°C and 12:12 hour light:dark 
cycle. Copepods were reared in these lab conditions for multiple gen-
erations before being used in experiments.

Inter-Population Cross Set Up
Tigriopus californicus females can be fertilized only after the final 
molt into adult copepods (Egloff 1966). Therefore, virgin females 
from pure populations were obtained either by raising small imma-
ture copepodids in individual wells of a 24-well culture plate until 
maturity or by separating a mating pair with an immature female 
copepodid—a T. californicus male mate guards a female until ma-
turity, and upon mating releases the female (Burton 1985). A virgin 
female from one population and a male from another population 
were combined in each well of a new 24-well culture plate for one 
week, and subsequently the male parent was taken out for DNA 
extraction. The female parent was typically left to produce off-
spring until its death to increase the sample size of F1s, thus we did 
not generally collect DNA from females except to verify the pres-
ence of maternal mtDNA in a small number of individuals. DNA 
was extracted from F1 nauplii, copepodids, and adults, which are 
different developmental stages in chronological order. Four inter-
population crosses were set up, with at least 48 replicates for each: 
SC female (f) x AB male (m), ABf x SCm, SDf x ABm, and ABf x 
SDm.

NUMT Identification
Potential regions of NUMTs were identified for populations AB and 
SD by using BLAST of the mitochondrial genome of a population 
(AB: NCBI GenBank accession DQ917373 from Burton et al. 2007; 
SD: NCBI GenBank accession DQ913891.2 from Burton et al. 2007) 
to the entire genome assembly of that population (SD: genome v.2.1, 
NCBI SRA SRX469409 from Barreto et  al. 2018). The published 
genomes for T. californicus population AB (Barreto et al. 2018) were 
constructed based on mapping sequences from this population to the 
SD population’s relatively high-quality genome and therefore do not 
contain unique sequences not found in the SD genome (potentially 
including unique NUMTs in AB). Thus, lower quality de novo assem-
blies were made from the AB population in attempts to uncover novel 
NUMTs in this population. The Illumina 400 bp sequences from popu-
lation AB (NCBI SRA SRX2746703 from Barreto et al. 2018) were 
run on the computational cluster at UNC using the default param-
eters of SPAdes (v. 3.7.0; Bankevich et  al. 2012). The resulting AB 
genome was highly fragmented and contained a number of bacterial 
contaminant scaffolds. To help remove some of these contaminating 
sequences, reads were mapped back to the new AB assembly using 
BWA-MEM (Li and Durbin 2009) and the coverage depth calculated 
for each scaffold using the idxstats command in SAMtools. For the 
resulting AB assembly, the modal coverage was 70 and scaffolds were 
trimmed as follows: for scaffolds >10kb those with coverage less than 
40 were removed (most were checked by BLAST searches and con-
firmed to be bacterial); for scaffolds between 10 kb and 1 kb removed 
scaffolds with coverages less than 20; for scaffolds between 1 kb and 
400 bp trimmed out those with coverage less than 10; and finally all 
scaffolds less than 400 bp size were removed (the AB de novo assembly 
will be available in the Dryad repository). This trimming resulted in a 
final assembly size of 182 Mb for AB, which is comparable in size to 
the initial assembly of the SD genome (NCBI SRA SRX469409 from 
Barreto et al. 2018) with bacterial contaminants removed of 181Mb 
and the improved published assembly size of 191 Mb.

For BLAST searches for NUMTs, default BLAST parameters were 
used, and all hit sequences returned from the BLAST search were 
designated as NUMTs if they had less than 100% Identity match 
to the mitochondrial genome. 100% identity matched hit sequences 
were discarded because they were likely the mtDNA itself included 
in the whole genome sequencing. This approach included hit frag-
ments that may be too short to claim as mitochondrial fragments 
in nuclear DNA (NUMTs), but they were included in the complete 
list of NUMTs to be conservative. Because our preliminary results 
showed very few hybrids with inherited paternal SC mtDNA, we 
will not detail here the efforts to identify NUMTs in population SC.

BLAST results for population AB returned some hits with 100% 
identity match to SC mtDNA, indicating a very low level of SC mito-
chondrial contamination (<0.3% of total mtDNA reads) in the pub-
lished AB raw Illumina sequences (NCBI SRA SRX2746703 from 
Barreto et al. 2018), and such contaminant hits were excluded from 
the list of NUMTs. These contaminated AB stocks in the lab were 
collected before 2012, and Illumina sequencing of hybrid popula-
tions with AB parents from subsequent collections of the AB popu-
lation showed no evidence for SC mtDNA contamination. None of 
the AB copepod collections from before 2012 were used for the pre-
sent study. We only used the AB sequences (NCBI SRA SRX2746703 
from Barreto et al. 2018) after de-contaminating them for finding 
NUMTs as described above, obtaining the consensus sequence of 
population AB, and identifying polymorphisms at a few nucleo-
tide sites, thus the interpretation of the data from this present study 
should be minimally impacted. Even if there were some unremoved 
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SC mtDNA contaminants, that would mean we used more stringent 
standards than necessary to avoid NUMTs and polymorphic sites 
within some PCR primers, and that we potentially didn’t identify 
Sanger sequencing errors at a few nucleotide sites. To detail how 
existing SC mtDNA contaminants were removed for uses other than 
identifying NUMTs, reads in the published AB Illumina data (NCBI 
SRA SRX2746703 from Barreto et al. 2018) that mapped to any-
where within the entire SC mitochondrial genome (NCBI GenBank 
accession DQ917374 from Burton et al. 2007) were excluded in CLC 
Genomics Workbench (v.8.0.3). Mapping parameters were stringent 
and resulted in 1080 Illumina reads mapping to SC mtDNA (out of 
total about 79 million reads), where the reads had few nucleotide 
mismatches compared to the SC mtDNA.

Individual DNA Extraction and Standard PCR
DNA was extracted from whole bodies of single copepods by 
immersing them in 20 uL of lysis buffer consisting of Tris hydro-
chloride, potassium chloride, proteinase K, and Tween 20 (Hoelzel 
and Green 1992). The mixture was run in a thermocycler at 65°C for 
1 hour then 99°C for 15 min. When lysing the copepods, special care 
was taken to exclude contamination of algae and debris—copepods 
were put in individual bubbles of freshly made artificial salt water 
for a few minutes, pipetted onto filter paper, then transferred into 
lysis buffer using a metal probe sterilized with 95% ethanol.

The resulting DNA was used in polymerase chain reaction (PCR) 
and agarose gel electrophoresis to detect the presence of inherited 
paternal mtDNA in hybrid individuals. PCR primers were designed 
to anneal within the COB gene (see Supplementary Figure S1) while 
avoiding areas with NUMTs that we detected. The forward primers 
contained two consecutive nucleotides at the 3’ end that were unique 
to each population in the cross pair (and several other nucleotide 
mismatches unique to each population along the entire primer), thus 
were predicted to anneal only to one of the populations in the cross 
pair (see Supplementary Figure S1). Reverse primers were universal 
to all three populations (see Supplementary Table S3). Numerous 
control PCR reactions using DNA from pure population individuals 
of varying life stages and sex verified that the forward primer specific 
to one population did not amplify mtDNA of a different popula-
tion (see Supplementary Figures S2 and S3). These control reactions 
also verified that there was no off-target amplification of the nuclear 
genome. PCR was done with one forward and one reverse primer 
at a time, and genotyping was done using the Promega Corporation 
PCR kit (catalog # M8295) or the New England Biolabs PCR kit 
(cat # M0267) with population-specific thermocycler conditions (see 
Supplementary Table S4). PCR products were run on 1% agarose gel 
and stained in ethidium bromide, and the population origin of the 
mtDNA was distinguishable based on band size—482 bp was from 
AB, 938 bp from SC, and 939 bp from SD (Figures 1 and 3). Only 
F1s with a distinct band that matched the size of the paternal band 
were scored as having paternal leakage. To be conservative, F1s with 
a faint and indistinct band that matched the paternal band size were 
excluded from the paternal leakage count. While this approach may 
lead to an underestimate of paternal leakage, it ensures that false 
positive detection of paternal mtDNA is not included the data.

Plasmid Purification of Copepod Pools and Long 
Range PCR
To additionally rule out the possibility of NUMTs, which are gener-
ally short and under 1 kb (Gaziev and Shaǐkhaev 2010), mtDNA was 
enriched, and long range PCR was done to detect long fragments of 

paternal mtDNA in hybrids of one cross, SCf x ABm. Two pools 
of approximately 30 AB copepods and 30 SC copepods, each con-
sisting of males, females with and without egg sacs were collected. 
Another pool of 40 F1s from the cross SCf x ABm, consisting of 
copepodids, males, and females was collected. MtDNA was enriched 
for each pool by using Qiagen’s QIAprep Spin Miniprep Kit (catalog 
#27104), which aids in purifying plasmid DNA (Quispe-Tintaya 
et al. 2013).

The mtDNA-enriched DNA was subsequently used in long range 
PCR. Long range PCR primers were designed to span the mitochon-
drial COB gene to COX1 gene (Figure 1), not anneal to NUMT 
regions, anneal specifically to the AB population and not the SC 
population by including two nucleotide mismatches at the 3’ end 
(see Supplementary Table S3) and avoiding AB polymorphic nucleo-
tide sites within the primers. PCR mixture was prepared using New 
England Biolabs’ LongAmp® Taq DNA Polymerase (cat # M0323), 
and run in a thermocycler at 94°C for 30 s, cycled 27 times at 94°C 
for 30 s, 59°C for 15 s, and 65°C for 6 min 30 s, then final extension 
at 65°C for 10 min for SC and F1 DNA. For AB paternal population 
DNA, only 20 cycles were used because the band was too bright 
to identify the correct fragment size using 27 cycles. Long range 
PCR products were run on 1% agarose gel then stained in ethidium 
bromide, and if the sample contained paternal AB mtDNA, large 
5–6 kb fragments were visible.

Figure 1.  The locations of fragments resulting from PCR (standard PCR and 
long range PCR) and sequencing methods (Sanger sequencing and Nextera 
sequencing) along the entire Tigriopus californicus mtDNA (NCBI GenBank 
accession DQ917373 from Burton et  al. 2007). Different experiments were 
done for mtDNA from the different T. californicus populations AB, SC, and 
SD. Inside of the donut-shaped gene map, the color and texture of the 
fragments indicate the population and experimental procedure (fragment 
sizes included if they were generated from PCR). Using SD as an example, 
sequencing was done along most of the mitochondrial genome, and PCR was 
done in the COB gene. Within the donut-shaped gene map itself, the dark 
grey region is the control region and the light grey regions are not annotated 
on NCBI GenBank.
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Sanger Sequencing of Standard PCR, Long Range 
PCR Products & Analysis
PCR products were sequenced using the paternal mtDNA primer 
to verify similarity to the paternal mtDNA sequence and to in-
spect if certain haplotypes are more likely to be transmitted to F1s. 
Specifically, standard PCR products from F1s of SCf x ABm, F1s of 
SDf x ABm, and the paternal population AB, and long range PCR 
products from F1s of SCf x ABm and the paternal population AB 
were purified and Sanger sequenced at Eton Bioscience Inc. using 
AB-specific primers. The maternal population samples from SD 
or SC did not produce any PCR bands using AB-specific primers, 
thus could not be sequenced. For sequencing of long range PCR 
products, an additional set of primers flanking the COB gene (see 
Supplementary Table S3) was used to obtain 2–3 kb of sequence.

TheSanger sequences were quality trimmed and mapped to 
the paternal population’s common mitochondrial haplotype in 
Sequencher (v.5.2.4). To obtain the common AB haplotype, in CLC 
Genomics Workbench (v.8.0.3), the decontaminated AB Illumina 
reads (NCBI SRA SRX2746703 from Barreto et  al. 2018) were 
aligned to the published T. californicus AB mitochondrial sequence 
(NCBI GenBank accession DQ917373 from Burton et al. 2007) and 
the extracted consensus sequence represented the most common 
haplotype in the general AB population. Of note, there were a few 
possible nucleotide errors in the published mtDNA sequence as there 
were a number of SNP variants between the published mtDNA and 
our consensus sequence of the AB Illumina data (see Supplementary 
Table S5). The control region was excluded from our consensus se-
quence because the coverage was unusually high with lots of repeats, 
impairing the ability to detect population specific mitochondrial 
reads. The resulting common AB haplotype was used as a refer-
ence to verify that haplotypes in AB male parents from this study 
were consistent with haplotypes in the general AB population. This 
was the case, as we identified only a few nucleotide mismatches be-
tween the most common AB haplotype and sequences of the male AB 
parent of crosses, and all nucleotide variants were present in the AB 
population Illumina reads.

Further analysis was done to test if all paternal mtDNA haplo-
types in the pure AB and F1s of SCf x ABm and SDf x ABm con-
tained any predicted stop codons in their coding regions, which is 
a common signature of NUMTs (Triant and DeWoody 2007; Song 
et al. 2008). First, NCBI blastx was done on the standard PCR and 
long range PCR sequences of AB to identify the reading frame and 
coding region. Then the translations of the leaked paternal AB haplo-
types in the F1s were compared to that of translations from pure AB 
individuals in ExPASy (Artimo et al. 2012), to verify the presence/
absence of stop codons within the coding region.

Illumina Nextera Sequencing & Analysis
A pool of 40 F1s (35 females, 5 males) from cross ABf x SDm was 
collected for plasmid DNA purification using Qiagen’s QIAprep 
Spin Miniprep Kit (catalog # 27104). Library was prepped using 
Illumina’s NexteraTM DNA Flex Library Prep kit and sequencing was 
done on the NovaSeq 6000.

The sequences were mapped to the common paternal haplo-
type in CLC Genomics Workbench (v.8.0.3). The common haplo-
type was obtained by aligning SD Illumina reads to the published 
T. californicus SD mitochondrial sequence and extracting the con-
sensus sequence (Burton et  al. 2007; Barreto et  al. 2018). Again, 
the control region was excluded from the consensus sequence. The 
parameters used for aligning the Nextera reads to the most common 

AB and SD mtDNA haplotypes were stringent to ensure reads 
mapped to the correct population’s mtDNA. The parameter settings 
were as follows: at least 98% of the total alignment length matched 
the reference sequence, and of that length at least 98% of the iden-
tity matched between the aligned read and the reference sequence. 
Additionally, the cost of mismatch between the read and reference 
sequence was set to 4 and non-specific matches were ignored; all 
other parameters were set to default values. This stringent approach 
may underestimate the true amount of paternal leakage, but pro-
vides stronger support for the presence of paternal mtDNA as it min-
imizes false positive detection of paternal leakage.

Contamination Tests
Several additional procedures were done to verify that paternal 
mtDNA PCR bands were not a result of laboratory contamination 
during the DNA lysis and PCR stage. Parts of steps in the individual 
DNA extraction and PCR procedure mentioned above were pur-
posefully omitted to see if human error could have allowed con-
tamination of paternal mtDNA and resulted in false detection of 
paternal leakage in the hybrid. A densely-populated AB petri dish 
was used to obtain DNA or to test for various potential sources 
of contamination since this was the paternal population for most 
crosses. In lysis buffer, we put clear water pipetted directly from the 
dish, water and algae pipetted from the dish (no living copepods 
were observed under microscope), and soaked a needle tool that was 
not wiped with ethanol after contacting an AB individual. Replicates 
of these samples were lysed, PCR amplified using AB-specific pri-
mers, and run on a gel along with positive control AB DNA.

Results

Frequent Paternal Leakage in Individual F1s and 
Long Paternal mtDNA Fragment in Pooled F1s
Surprisingly, standard PCR of individual F1 hybrids showed frequent 
paternal leakage for crosses SCf x ABm and SDf x ABm, with 31.1% 
and 58.5% of individuals showing leakage, respectively (Figure 2). 
For the reciprocal crosses ABf x SCm and ABf x SDm, there were 
fewer F1s with paternal leakage, with 2.0% and 11.7% respect-
ively (Figure 2). The paternal bands in the F1s from both reciprocal 

Figure 2.  The number of T.  californicus inter-population F1 offspring with 
and without paternal leakage based on standard PCR of the COB gene. The 
percentages of F1s with paternal leakage for each cross type are indicated at 
the top of the bars.
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crosses were relatively faint compared to the band in the paternal 
parent (Figure 3). Overall, the reciprocal crosses had fewer individ-
uals showing paternal leakage. The continued maternal inheritance 
of mtDNA was verified by the robust PCR amplification of maternal 
bands in a subset of F1s from all crosses (see Supplementary Figure 
S4). Doing PCR with primers specific to the paternal population did 
not show any bands in individuals from the maternal population 
source (see Supplementary Figures S2 and S3). This suggests that 
potential haplotypes in the maternal population that might resemble 
the mitochondrial sequences of the paternal population were absent 
or at concentrations too low to be detected by PCR. This result also 
suggests there were no potential mis-primed sites elsewhere in the 
maternal genome. Additionally, the PCRs used to test for labora-
tory contamination showed no amplified bands on an agarose gel 
other than the positive control, demonstrating that contamination 
from the paternal population was unlikely in our samples (see 
Supplementary Figure S5).

Long range PCR on F1s of one representative cross type veri-
fied that long pieces of paternal mtDNA are present, minimizing 
the possibility of short NUMTs (Richly and Leister 2004; Pamilo 
et al. 2007; Gaziev and Shaǐkhaev 2010). Indeed, BLAST results of 
T. californicus showed that the average NUMT length was 223bp 
with a maximum of 2.4kb in population AB, and an average of 
111bp and maximum of 403bp in SD (see Supplementary Table S1, 
Table S2). Long range PCR of the pool of SCf x ABm F1s resulted 
in a large 5-6kb fragment of AB paternal mtDNA in the agarose gel 
(Figure 1; see Supplementary Figure S6), suggesting the likely pres-
ence of paternal mtDNA in F1s as opposed to NUMTs. On the gel, 
no bands were visible for DNA isolated from the SC maternal popu-
lation or the PCR negative controls, as expected since primers that 
only amplify AB mtDNA were used.

Sequencing of Leaked Paternal Fragments Reveals 
Haplotype Shifts in Some Crosses
Sanger sequencing of standard and long range PCR products verified 
that detected fragments in the hybrids are consistent with the pa-
ternal mtDNA sequence. Amplified mtDNA sequences in F1s from 
SCf x ABm and SDf x ABm were highly similar to the most common 
AB mitochondrial haplotype. For example, in the sequences of the 
standard PCR products, there were only four nucleotide mismatches 

out of about 400bp (COB region) in the F1s compared to AB (Table 
1). This sequence divergence of 1% suggests the high likelihood that 
there were indeed AB mtDNA in hybrids, particularly when consid-
ering how the sequence divergence between the paternal and ma-
ternal population’s COB region is around 20%.

The four nucleotide mismatches within the COB region showed 
evidence of substantial haplotype frequency shifts in the F1 generation 
(Table 1). At nucleotide positions 5622, 5636, and 5747, the nucleo-
tides in all the F1s were different compared to their fathers in crosses 
involving both SC and SD females to AB males. At position 5801, a 
subset of the F1s had different nucleotides compared to the father. 
Except for the variant at position 5636, all variants in the F1s were 
present in the published Illumina sequence from pooled AB individ-
uals (NCBI SRA SRX2746703 from Barreto et al. 2018), showing that 
those sites are heterozygous in the natural paternal population but F1s 
inherit the uncommon variant. There were no premature stop codons 
in all paternal haplotypes from AB and F1 individuals (Table 1).

Similarly, Sanger sequencing of long range PCR products showed 
that the sequence of the amplified band in the SCf x ABm F1s 
matched the majority of the paternal AB mtDNA sequence (Figure 
4), but also included SNP variants that were uncommon in the AB 
population mtDNA haplotypes. Compared to the most common AB 
mtDNA haplotype, there were only 11 nucleotide mismatches in 
the putative paternal mtDNA sequence in pooled F1s, and one mis-
match in the pooled ABs (Figure 4; Table 2) out of about 2,250bp. 
This further suggests the likely presence of paternal AB mtDNA in 
the F1s, and that some haplotypes are common in the F1 but at 
low frequency in the father individuals or in the general paternal 
population. Again, all variants in the F1s were found in the general 
AB population, except for position 5636, where T/C were present 
in the Sanger sequences while only A/C were present in the Illumina 
sequences of AB DNA (Table 1; Table 2). To verify that these vari-
ants are present in larger pools of AB individuals and not sequencing 
errors, we looked at published hybrid sequences of ABf x SDm F2s 
(Lima et al. 2019) and found each of the T/A/C variants present at 
position 5636. Of the 11 SNPs present in the sequenced region of 
the leaked paternal haplotypes in F1s, only one SNP was predicted 
to encode a premature stop codon (Table 2).

Nextera sequencing of ABf x SDm F1s showed some fragments 
that aligned to most of the length of the paternal mitochondrial 

Figure 3.  An example of an agarose gel image from standard PCR of the COB gene region using Tigriopus californicus individuals from the parental populations 
and F1s from several parent pairs. The first and last lanes contain the entire range of the InvitrogenTM 1kb Plus DNA ladder (cat # 10787018). The paired lanes 
show that the same individual’s DNA was used twice for PCR: the first lane of the pair using maternal primers only and the second lane using paternal primers 
only. DNA from one individual from the maternal population, one individual from the paternal population, four F1 individuals, and negative controls consisting 
of the mastermix from each PCR condition without DNA are shown. F1s with an asterisk (*) above have paternal leakage as they show both maternal and 
paternal mtDNA bands. The expected size of SC mtDNA band is 938 bp and AB mtDNA band is 482 bp, and numbered arrows refer to the band sizes of the 
ladder. A. SCf x ABm parental population individuals and F1s, and B. ABf x SCm parental population individuals and F1s. The first two heteroplasmic F1s have 
faint but distinct paternal SC mtDNA bands.
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sequence. Specifically, the Nextera sequences from ABf x SDm F1s 
covered 84% of the length of the consensus paternal SD mtDNA 
(Figure 1), albeit with low average coverage of 3.04 and a total of 
296 reads. In contrast, when these F1 sequences were mapped to the 
consensus maternal AB mtDNA, 100% of the reference was covered, 
with average coverage of 33,448 reads and a total of 3,095,082 
reads. Compared to the common haplotype in the general SD popu-
lation, there were no SNP variants in the F1s’ paternal mtDNA 
sequences. Standard PCR was done on the same DNA from ABf x 
SDm F1s used in Nextera sequencing but there was no amplification 
of SD paternal bands, consistent with very low levels of paternal 
mtDNA inheritance in this sample (and relatively low in this cross, 
see Figure 2). Although there is a small amount of paternal mtDNA 
in these F1s, the presence of fragments that match the majority of pa-
ternal mtDNA further decreases the possibility of NUMTs and sug-
gests that the detection of paternal mtDNA is not method-specific.

Discussion

We found evidence consistent with a high prevalence of paternal 
leakage in the F1 hybrids of T. californicus inter-population crosses, 
with up to 59% of hybrid individuals from certain crosses having 
some level of paternal mitochondrial inheritance. We tried to verify 
the identity of the paternal mtDNA in the hybrids via contamin-
ation tests, two methods of PCR and several methods of sequencing. 
For some crosses, paternal haplotypes that were rare in the paternal 
population’s mtDNAs were common in the F1s’ mtDNA haplotypes.

The large extent of paternal leakage was unexpected in 
T. californicus hybrids, which were previously thought to only have 
maternal mitochondrial inheritance (Burton and Lee 1994). While 
most literature in other species report low copy numbers of paternal 

mtDNA or less than 10% of hybrids with paternal leakage, there are 
three studies that show comparable levels as our results for the SCf x 
ABm and SDf x ABm crosses. In periodical cicada hybrids, there was 
paternal leakage in 46% of offspring for a particular interspecific 
cross (Fontaine et al. 2007). There was 19–48% of paternal leakage 
in offspring of intraspecific Drosophila backcrosses, where the back-
cross consisted of F1 offspring crossed to a male from the paternal 
lineage (Sherengul et al. 2006). Additionally, 31–63% of offspring 
in interspecific Drosophila backcrosses showed paternal leakage 
(Sherengul et  al. 2006). In 40% of hybrids from inter-population 
crosses of potato cyst nematodes, the paternal mtDNA replaced the 
maternal mtDNA (Hoolahan et al. 2011). Reports of frequent pa-
ternal leakage may increase if more directions of hybrid crosses are 
investigated. Several studies showed that reciprocal crosses of the 
same pair of populations could have contrasting levels of paternal 
leakage, particularly if one direction of the cross produces fewer or 
lower fitness offspring (Fontaine et al. 2007; Coleman-Hulbert 2010; 
Mastrantonio et al. 2019). In the present study, all crosses tested pro-
duced our target sample size of roughly 100 offspring (upon which 
the experiments were stopped) but the reciprocal crosses still showed 
drastically different prevalence of paternal leakage.

As paternal leakage is unexpected in animals, it is often met with 
fair criticism that artifacts could be inflating the frequency of pa-
ternal mtDNA (Luo et  al. 2018; Balciuniene and Balciunas 2019; 
Lutz-Bonengel and Parson 2019). The previous studies with fre-
quent paternal leakage mentioned above made some efforts to re-
duce contamination or NUMTs (although Hoolahan et  al. (2011) 
were not explicit about how they did this), but we aimed to make 
a more thorough attempt to rule out artifacts. Sherengul et  al. 
(2006) avoided NUMTs by amplifying PCR products over 1.8 kb, 
since there were fewer than ten known NUMTs totaling 500 bp in 

Table 1.  Nucleotide variants in putative paternal AB mtDNA haplotypes in COB gene

Cross Positiona 5622 5636 5747 5801

Nucleotide variantsb (T: 98.45% 
C: 1.55%)

(C: 99.96%  
A: 0.036%)

(T: 98.18% C: 1.78%  
A:0.04%)

(T: 99.72% A: 0.14%  
C: 0.07%  
G: 0.07%)

Common AB haplotypec T C T T

SCf x ABm ABm #1 T C T T
 ABm #2 T Td T T
 F1 #1 (father ABm #1) C C C T
 F1 #2 (father ABm #1) C C C T
 F1 #3 (father ABm #2) C C C A
SDf x ABm ABm #3 T T T T
 ABm #4 T T T T
 F1 #4 (father ABm #3) C C C T
 F1 #5 (father ABm #3) C C NAe NA
 F1 #6 (father ABm #4) C C C A

All the paternal AB haplotype SNP variants in the Sanger sequences of standard PCR products in the COB coding region are shown. These sequences were 
generated from the actual AB male parent individuals and their offspring F1 individuals that have paternal leakage, from cross types SCf x ABm and SDf x ABm. 
The sequence lengths ranged from 450 to 471bp. Because Sanger sequencing does not detect low frequency alleles, only the most common haplotype or varying 
haplotypes that were present in similarly high proportions (i.e. heterozygous haplotypes) were obtained for each sequenced sample and reported here.

a The nucleotide positions are relative to the reference sequence, Common AB haplotype.
b The percentages of nucleotides at each position in the published AB genome containing Illumina reads of a pool of many AB individuals (NCBI SRA 

SRX2746703 from Barreto et al. 2018).
c The reference sequence was the most common AB haplotype, which was obtained by taking the consensus sequence from Illumina reads of many AB individ-

uals (NCBI SRA SRX2746703 from Barreto et al. 2018).
d The T variant at position 5636 was not present in the Illumina reads used to obtain the reference sequence, but was present in other published T. californicus 

hybrid sequences (Lima et al. 2019).
e Missing nucleotides are indicated with ‘NA’.
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Drosophila melanogaster at the time (although subsequently greater 
numbers of NUMTs, some with length 1.5 kb, have been found in 
D. melanogaster subgroups) (Rogers and Griffiths-Jones 2012). We 
took a step further and made new comprehensive lists of NUMTs in 
relevant T. californicus populations, as NUMT discovery is regularly 
made and NUMTs can be species or population specific (Rogers and 
Griffiths-Jones 2012). Fontaine et  al. (2007) tested for contamin-
ation, and minimized NUMTs since they found matching sequences 
of the COX1 mitochondrial gene in the hybrids and paternal parent, 
and verified there were no stop codons in the hybrid paternal se-
quence. In addition to doing similar procedures to those in Fontaine 
et al. (2007), we tried to avoid NUMT regions at the primer design 
stage, and sequenced leaked paternal fragments longer than a single 
gene, since longer NUMTs are less common. To note, there were 
a number of gaps in the nuclear genome assemblies that we used, 
so some polymorphic NUMTs may not have been detected in the 
BLAST search, and there is a possibility we were PCR amplifying 
undetected polymorphic NUMT regions.

Other criticisms on reports of paternal leakage question the re-
liability of the PCR method to detect paternal mtDNA. The present 
study partially relied on the standard PCR approach for diagnosing 

paternal mtDNA, which has been widely used in previous literature 
to confirm paternal leakage (Sherengul et  al. 2006, Fontaine et  al. 
2007, Dokianakis and Ladoukakis 2014, Ladoukakis and Zouros 
2017). PCR methods do have several potential issues, for instance, 
the annealing efficiency of primers may vary across populations or 
even across haplotypes within a population, causing a bias in the fre-
quency of detected paternal leakage. In the present study, the results 
from crosses SDf x ABm and SCf x ABm are still comparable to each 
other because the same AB population primers were used to diag-
nose paternal AB mtDNA. It may be that primers for populations SD 
and SC were worse at annealing compared to AB primers, leading 
to low amount of paternal leakage in crosses ABf x SDm and ABf x 
SCm. Spurious binding of primers was avoided by extensively testing 
all population primers on many pure population samples before 
using the primers for detection of paternal mtDNA in hybrids (see 
Supplementary Figures S2 and S3). As can happen with most other 
molecular methods, there could have been experimental errors while 
setting up the PCR reaction that led to paternal mtDNA not being de-
tected in maternal population samples. However, the absence of pa-
ternal mtDNA bands in maternal population individuals was verified 
using many samples (see Supplementary Figures S2 and S3), varying 

Figure 4.  An example alignment of the most common AB haplotype, the most common SC haplotype, and a subset of the Sanger sequences of long range PCR 
fragments from plasmid-enriched and pooled SCf x ABm F1s in Table 2. Only information from nucleotide positions 4183 to 4633 are included as a representative 
subsample. SNPs are highlighted with black for the F1s, and grey for the SC sequences, and nucleotides that match the reference are shown with “.”.

178� Journal of Heredity, 2022, Vol. 113, No. 2
D

ow
nloaded from

 https://academ
ic.oup.com

/jhered/article/113/2/171/6415168 by U
niversity of W

ashington user on 29 July 2022

http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esab068#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esab068#supplementary-data


Ta
b

le
 2

. 
N

u
cl

eo
ti

d
e 

va
ri

an
ts

 in
 p

u
ta

ti
ve

 p
at

er
n

al
 A

B
 m

tD
N

A
 h

ap
lo

ty
p

es
 in

 5
–6

 k
b

 f
ra

g
m

en
ts

A
B

: 4
10

-1
35

2 
a   

F1
: 4

53
-1

04
9

A
B

: 4
02

6-
48

92
  

F1
: 4

05
7-

49
94

A
B

: 4
89

0-
57

85
  

F1
: 4

88
9-

55
04

Po
si

ti
on

b
82

5
86

5
97

1
10

39
42

05
46

12
47

84
48

44
48

49
50

40
50

84
56

22
56

36

N
uc

le
ot

id
e 

va
ri

an
ts

 (
%

)c
T:

 9
8.

86
  

A
: 1

.1
1

T:
 9

9.
91

  
G

: 0
.0

93
A

: 1
00

G
: 9

9.
97

  
– 

d :
 0

.0
34

T:
 6

1.
12

 C
: 

38
.8

5
G

: 9
9.

40
  

A
: 0

.6
0

A
: 9

9.
61

 G
: 0

.3
6 

 
C

: 0
.0

3
C

: 9
8.

53
  

T:
 1

.4
7

T:
 9

8.
33

  
C

: 1
.5

2
C

: 9
9.

80
  

T:
 0

.2
0

C
: 9

8.
64

  
T:

 1
.3

1
T:

 9
8.

45
  

C
: 1

.5
5

C
: 9

9.
96

  
A

: 0
.0

36

C
om

m
on

 A
B

 h
ap

lo
ty

pe
e

T
T

A
G

T
G

A
C

T
C

C
T

C

Po
ol

ed
 A

B
T

T
A

G
T

G
A

C
T

C
C

T
T

/C
Po

ol
ed

 F
1 

 
(S

C
f 

x 
A

B
m

)
A

G
N

f
C

C
A

/G
G

/A
T

C
T

g /C
T

N
A

h
N

A

A
ll 

of
 t

he
 p

at
er

na
l A

B
 h

ap
lo

ty
pe

 n
uc

le
ot

id
e 

va
ri

an
ts

 i
n 

th
e 

Sa
ng

er
 s

eq
ue

nc
es

 o
f 

lo
ng

 r
an

ge
 P

C
R

 p
ro

du
ct

s 
of

 l
en

gt
h 

5–
6 

kb
 t

ha
t 

w
er

e 
ge

ne
ra

te
d 

fr
om

 p
oo

le
d 

A
B

s 
an

d 
po

ol
ed

 S
C

f 
x 

A
B

m
 F

1s
 a

re
 s

ho
w

n.
 B

ec
au

se
 S

an
ge

r 
se

qu
en

ci
ng

 d
oe

s 
no

t 
de

te
ct

 l
ow

 f
re

qu
en

cy
 a

lle
le

s,
 o

nl
y 

th
e 

m
os

t 
co

m
m

on
 h

ap
lo

ty
pe

 o
r 

va
ry

in
g 

ha
pl

ot
yp

es
 t

ha
t 

w
er

e 
pr

es
en

t 
in

 s
im

ila
rl

y 
hi

gh
 p

ro
po

rt
io

ns
 (

i.e
. h

et
er

oz
yg

ou
s 

ha
pl

ot
yp

es
) 

w
er

e 
ob

ta
in

ed
 f

or
 e

ac
h 

se
qu

en
ce

d 
sa

m
pl

e 
an

d 
re

po
rt

ed
 h

er
e.

a  T
he

re
 w

er
e 

th
re

e 
se

qu
en

ce
d 

fr
ag

m
en

ts
 w

it
h 

nu
cl

eo
ti

de
 p

os
it

io
ns

 in
di

ca
te

d 
in

 t
he

 fi
rs

t 
ro

w
, t

ot
al

in
g 

21
40

-2
70

0 
bp

 o
f 

se
qu

en
ce

.
b  T

he
 n

uc
le

ot
id

e 
po

si
ti

on
s 

ar
e 

re
la

ti
ve

 t
o 

th
e 

re
fe

re
nc

e 
se

qu
en

ce
, C

om
m

on
 A

B
 h

ap
lo

ty
pe

.
c  T

he
 p

er
ce

nt
ag

es
 o

f 
nu

cl
eo

ti
de

s 
at

 e
ac

h 
po

si
ti

on
 in

 t
he

 p
ub

lis
he

d 
A

B
 g

en
om

e 
co

nt
ai

ni
ng

 I
llu

m
in

a 
re

ad
s 

of
 a

 p
oo

l o
f 

m
an

y 
A

B
 in

di
vi

du
al

s 
(N

C
B

I 
SR

A
 S

R
X

27
46

70
3 

fr
om

 B
ar

re
to

 e
t 

al
. 2

01
8)

.
d  T

he
 s

ym
bo

l ‘
–’

 in
di

ca
te

s 
th

er
e 

is
 a

 d
el

et
io

n 
in

 s
om

e 
A

B
 I

llu
m

in
a 

re
ad

s 
al

ig
ne

d 
to

 t
he

 c
om

m
on

 A
B

 h
ap

lo
ty

pe
.

e  T
he

 r
ef

er
en

ce
 s

eq
ue

nc
e 

w
as

 t
he

 m
os

t 
co

m
m

on
 A

B
 h

ap
lo

ty
pe

, w
hi

ch
 w

as
 o

bt
ai

ne
d 

by
 t

ak
in

g 
th

e 
co

ns
en

su
s 

se
qu

en
ce

 f
ro

m
 I

llu
m

in
a 

re
ad

s 
of

 m
an

y 
A

B
 in

di
vi

du
al

s 
(N

C
B

I 
SR

A
 S

R
X

27
46

70
3 

fr
om

 
B

ar
re

to
 e

t 
al

. 2
01

8)
.

f  ‘
N

’ c
or

re
sp

on
ds

 t
o 

an
 u

nk
no

w
n 

nu
cl

eo
ti

de
.

g  T
he

 T
 a

t 
po

si
ti

on
 5

04
0 

re
su

lt
s 

in
 a

 p
re

m
at

ur
e 

st
op

 c
od

on
.

h  ‘
N

A
’ i

nd
ic

at
es

 m
is

si
ng

 b
as

es
 b

ec
au

se
 t

he
 F

1 
se

qu
en

ce
 e

nd
ed

 b
ef

or
e 

po
si

ti
on

 5
62

2.

Journal of Heredity, 2022, Vol. 113, No. 2� 179
D

ow
nloaded from

 https://academ
ic.oup.com

/jhered/article/113/2/171/6415168 by U
niversity of W

ashington user on 29 July 2022



stocks of PCR reagents, several PCR machines, multiple PCR trials 
of positioning the samples in varying locations within the PCR ma-
chines, as well as taking other experimental precautions. Moreover, 
paternal mitochondrial sequences were not found in the Illumina 
sequences of the pool of maternal population individuals, consistent 
with the absence of paternal PCR bands.

While we cannot rule out the theoretical presence of extremely 
low frequency paternal-like maternal mtDNA that remained un-
detected in this study, we point out additional characteristics of the 
paternal-like mtDNA that we did detect which suggest these de-
tected haplotypes likely did not originate from maternal populations. 
Firstly, our data in Table 1 shows two AB paternal-like haplotypes 
that are exactly the same with nucleotide variants at the same set of 
positions, in F1s from two different maternal population sources—
SC and SD. The simplest way to explain this observation is that these 
shared AB-like mtDNA haplotypes came from the paternal AB parent 
rather than independently from the geographically distant SC and SD 
maternal parents. Secondly, Figure 4 shows that the detected AB-like 
haplotype in a pool of many SCf x ABm F1s is only 2 nucleotides 
different from the common paternal AB mtDNA haplotype, but 98 
nucleotides different from the common maternal SC mtDNA haplo-
type within a subset of the Sanger sequenced long range PCR prod-
ucts mentioned in Table 2. It is difficult to explain how a typical SC 
maternal haplotype would acquire such high proportions of nucleo-
tide substitutions in a manner that converges to the AB haplotype. 
Similarly in our Nextera sequencing data, the putative SD paternal 
mtDNA was an exact match of the common SD haplotype but about 
20% divergent from AB maternal mtDNA haplotype.

Another interesting result from the present study was that a rare 
mitochondrial haplotype in the T. californicus male parents became 
the most common paternal haplotype in the F1s of some crosses. 
If paternal mtDNA were inherited through random sampling of 
various haplotypes, the most common haplotype in the father would 
be expected to also be predominant in the offspring. Any deviation 
in haplotype frequency between generations would indicate some 
other factor is playing a role in inheritance, such as genetic drift or 
natural selection. In T. californicus, it appears that higher frequency 
of paternal leakage could be correlated with the prevalence of the 
uncommon paternal haplotype. In our results, 31% of F1s of SCf 
x ABm had paternal leakage and had the rare paternal haplotype. 
Meanwhile, 12% of F1s of ABf x SDm had paternal leakage but low 
paternal mtDNA coverage in Nextera sequences, and had the most 
common SD paternal haplotype.

Previous literature on drastic frequency shifts in maternal mito-
chondrial haplotypes over a short period of time can give insight 
into our results. For example, a disease inducing point mutation in 
the human mitochondria was able to proliferate after one gener-
ation (Blok et al. 1997; White et al. 1999), and was even capable 
of becoming the most common haplotype (Blok et al. 1997). In two 
independent human families, a point mutation in the mother’s mito-
chondrial control region became fixed in the child’s mitochondrial 
genome (Brandstätter et al. 2004). It was speculated that one mito-
chondrion with the point mutation was preferentially amplified in 
the oocyte, or that subsets of mtDNA segregated and amplified (Blok 
et al. 1997; White et al. 1999; Brandstätter et al. 2004). Similar to 
how specific maternal haplotypes can increase in frequency, par-
ticular T.  californicus paternal haplotypes could be preferentially 
amplified in the hybrid if they confer replication advantage—for 
instance a certain paternal haplotype will be amplified more if it 
is shorter than another haplotype due to a deletion (Yoneda et al. 
1992). The premature stop codon in one leaked paternal haplotype 
in our study (Table 2) indicates some disruption of function, but we 

don’t know if this stop codon results in large deletions that confer a 
replicative advantage. For future work, comparing the genetic struc-
tures of the various paternal haplotypes would give insight on how 
haplotype frequencies can shift dramatically.

Several studies provide clues about the mechanism of paternal 
mtDNA transmission in hybrids. In water frogs, a female hybrid 
with paternal mtDNA could pass those copies to the offspring 
(Radojičić et  al. 2015), showing that paternal mtDNA can be 
passed through several generations. Paternal leakage was also re-
ported in Drosophila and nematode backcross offspring (Sherengul 
et al. 2006; Ross et al. 2016). These studies suggest that either pa-
ternal mtDNA can be transmitted beyond the F1 stage, or that 
more opportunities to cross with the paternal lineage increase pa-
ternal leakage. Other researchers have speculated on how paternal 
mtDNA can enter the germline. Ladoukakis and Zouros (2017) 
suggest that an embryo could contain paternal mtDNA if the egg 
is genetically divergent from the sperm and fails to recognize and 
destruct sperm mitochondria during fertilization—this would ex-
plain the process of paternal leakage in hybrid individuals. Another 
insight can be gained by considering mussel species in the family 
Mytilidae, which, unlike other animal species, have one mitochon-
drial genome that is inherited from the mother for all offspring 
and one mitochondrial genome that is inherited from the father 
but is only found in male offspring (Zouros 2000). Recent studies 
found that the inherited paternal mtDNA have palindromic motifs 
in the control region that may increase transcription, have different 
open reading frames compared to maternal mtDNA, and have an 
extra cytochrome c oxidase subunit II gene (Passamonti et al. 2011; 
Zouros 2013). These genetic structures may help explain why 
transmission of paternal mtDNA along with maternal mtDNA is 
the norm in these mussels. In the T. californicus system, we do not 
know if there are such sequence differences in the leaked paternal 
mtDNA. In fact, the exact molecular mechanisms that cause pa-
ternal leakage in a typical animal system have not yet been directly 
tested, and the processes of paternal leakage are much less char-
acterized compared to processes of uniparental maternal mtDNA 
inheritance.

It is largely unknown how extensive paternal leakage could affect 
hybrid fitness, but studies on how high amounts of heteroplasmy af-
fect fitness can provide a clue. For example, induced heteroplasmic 
mice with initially equal proportion of two mitochondrial haplo-
types had decreased cognition and physiological functions compared 
to homoplasmic mice (Sharpley et al. 2012). Harmful point muta-
tions that cause MELAS syndrome in humans were selected against 
if they contributed more than 80% of the mitochondrial genome 
relative to the wild type mtDNA (Chomyn et  al. 1992; Wallace 
1999). In highly heteroplasmic D. melanogaster lines, mutant mito-
chondrial alleles were able to persist if there was another allele that 
complemented the wild type function (Ma et al. 2014). These studies 
suggest that high frequency of heteroplasmy can decrease or some-
times have no effect on fitness. It may be that paternal mtDNA in 
the hybrids behave like mutant mitochondrial haplotypes and thus 
affect fitness in similar ways. In our study, there is evidence of a po-
tentially deleterious premature stop codon mutation in one leaked 
paternal haplotype, but it is unclear how this will impact fitness.

It remains unclear to what extent our results could influence in-
terpretations of previous research in T.s californicus, but it is evident 
that the present study offers interesting directions for future research 
in this species. For instance, our results can be consistent with pre-
vious T.  californicus literature if paternal leakage is frequent, but 
the leaked paternal mtDNA copy numbers within each hybrid indi-
vidual are too low to have a substantial effect on fitness, or if initially 
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leaked paternal mtDNA do not get inherited to many subsequent 
generations. Preliminary research (Lee, unpublished) shows that 
leaked paternal mtDNA can persist at least up to the F2 generation, 
but we currently have no data on the copy numbers or concentration 
of the leaked paternal mtDNA within an individual T. californicus. 
Immediate future work in this species stemming from the present 
study could consist of quantifying paternal mtDNA copy numbers 
in hybrids of crosses found to have frequent paternal leakage, and 
investigating sequence differences of the uncommon versus common 
paternal haplotype in the F1 hybrids to gain an insight to the mech-
anism of paternal leakage. Beyond that, it would be intriguing to 
explore whether leaked paternal mtDNA could influence existing 
mitonuclear interactions in hybrids if the paternal mtDNA were 
to be artificially increased in concentration. While we stated earlier 
that paternal leakage is often reported in hybrids in previous lit-
erature and our results are consistent with that trend, it would be 
beneficial for future studies to also investigate if intrapopulation 
T. californicus crosses also exhibit paternal leakage to understand if 
this is a widespread phenomenon but has not been widely reported 
because it is difficult to detect.

Our results potentially challenge a variety of animal studies that 
utilize mitochondria as molecular markers (Hoolahan et al. 2011), 
and invite further studies on the prevalence and mechanisms of pa-
ternal leakage. As the process of paternal leakage is demystified, an 
interesting follow-up evolutionary question would be to test how 
extensive paternal leakage affects hybrid fitness. Our findings here 
will add to the growing evidence of paternal leakage in animals, and 
spark discussion on how paternal leakage could affect studies on 
molecular biology and evolution.
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