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Abstract

Mitochondrial heteroplasmy is the occurrence of more than one type of mitochondrial DNA
(mtDNA) within a single cell or individual. It is reported haphazardly across animal taxa (and
other multicellular life), but little is known about its origins or functions in an evolutionary
context. Conducting a comprehensive literature review of mitochondrial heteroplasmy in
animals revealed patterns in type and prevalence in some taxon groups. Ubiquitous
heteroplasmy (where all individuals sampled were heteroplasmic) occurred most frequently
in arthropods, but occurrences are documented across multiple phyla. | examined
mitochondrial heteroplasmy in the mt-COI gene of the native bee species

Amphylaeus morosus (Hymenoptera: Colletidae). Every individual sampled (n = 73) across
its ~2,000 km range along Australia’s eastern coast was heteroplasmic, with all individuals
possessing the same two mitochondrial haplotypes. Next-generation sequencing results found
variable nucleotide sites throughout the entire mitogenome, indicating the conserved presence
of two distinct mitochondrial lineages (heteroplasmy). Furthermore, A. morosus was
consistently infected with two supergroup A strains of the common insect endosymbiont,
Wolbachia (Rickettsiales: Anaplasmataceae). | have proposed that consistent heteroplasmy in
this species is maintained by a mutualism with co-inherited Wolbachia strains, as both types
of genomes follow the same maternal-inheritance pathway. Wolbachia is known to cause
selective sweeps on host mitogenomes, resulting in an overall lack of mtDNA variation in
host populations. To explore this relationship further, | assessed the feasibility of traditional
antibiotic treatment in this non-model host, to apply to investigations of the changes to
mtDNA inheritance, post- Wolbachia infection. Although the infection was not completely
removed within one generation, one of the Wolbachia strains showed consistent susceptibility
to antibiotic treatment. Finally, to investigate whether the mtDNA uniformity across the

A. morosus distribution was reflected in the nuclear DNA, genome-wide single nucleotide
polymorphisms (SNPs) were generated for individuals across the bees’ distribution using the
DArTseq™ platform. Analyses produced strong evidence of genetic clustering between
locations (and potential population structure), as opposed to a single, large population as
would otherwise be suggested by the conserved mtDNA. This, in combination with habitat
modelling showing well-connected habitats before European settlement, provide further
evidence that the lack of mtDNA diversity is because of a past Wolbachia-induced selective
sweep and not a population bottleneck. This analysis provides further, but indirect, evidence

that Wolbachia has played a key role in the evolution of this host’s unusual mtDNA traits.
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included in reference lists associated within its relevant chapter.
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General Introduction

Animal mitogenomes are relatively small (~16-20 kb), circular molecules exhibiting little
recombination, and are mostly inherited through maternal transmission (Boore 1999).
Primarily associated with the production of ATP, multiple mitochondria, each with many
copies of mitochondrial DNA (mtDNA) can occupy an animal cell — therefore, copy number
of mtDNA per somatic cell can be ~50-3,500 compared to two copies of nuclear DNA (Satoh
and Kuroiwa 1991, Cao et al. 2007). Animal mtDNA generally contains about 37 genes,
including 13 protein-coding genes involved in oxidative phosphorylation, plus approximately
two ribosomal RNA (rRNA) genes and 22 transfer RNA (tRNA) genes (Zhang and
Broughton 2013). Additionally, these genomes lack DNA repair mechanisms and can
accumulate mutations 10-50 times faster than nuclear DNA (nuDNA) (Lynch 2007, Martin
2011), but have generally be assumed to play limited roles in animal evolution (Barr et al.
2005).

Mitochondrial genetic variation within a species is generally reported between individuals,
and instances of mtDNA variation within individuals (mitochondrial heteroplasmy) are
reported relatively rarely. This characteristic of mtDNA is somewhat perplexing, because if
copy numbers and mutation rates are high and repair mechanisms are negligible, then
individuals might be expected to accumulate multiple different copies of mtDNA over time
(Barr et al. 2005). Once thought to be uncommon, examples of mitochondrial heteroplasmy
in animals are increasingly reported across the literature, as broad taxonomic sampling and
sequencing technologies become more accessible and reliable. This might indicate that
mitochondrial heteroplasmy is more prevalent than currently appreciated. Yet the drivers
behind mitochondrial heteroplasmy, particularly pervasive forms where large numbers of
individuals within populations appear heteroplasmic, are poorly described and even less

understood.

Wolbachia (Rickettsiales: Anaplasmataceae) is a genus of intracellular bacterium that
commonly infects terrestrial arthropods. Wolbachia is arguably one of the world’s most
successful reproductive parasites — estimated to infect up to 60% of all terrestrial insect
species (Clark et al. 2003) and can have profound impacts on its hosts. For example,
Wolbachia infections can induce selective sweeps on its host’s co-occurring mitogenome,

where the mtDNA ‘hitchhikes’ through reproductive events as it follows the same maternal-



inheritance pathway of the bacteria (Jiggins 2003, Schuler et al. 2016). Selective sweeps can
occur when Wolbachia induces a bias for female host offspring through multiple types of
reproductive phenotypic manipulations (Werren et al. 2008), which can be both strain- and
host-specific (Charlat et al. 2003). Such selective sweeps result in Wolbachia proliferating
itself, and its associated mtDNA, quickly through the host population. However, the
mechanisms that dictate the interactions between Wolbachia and its host remain largely
unknown and are difficult to examine. Additionally, despite its prevalence, Wolbachia
infections often go unreported, despite being very common in insect taxa and often being
accidently detected during standard sequencing of host DNA (Smith et al. 2012).

Little is known about the status of Wolbachia (and other bacterial endosymbiont) infections
in Australia’s bee fauna. The Australian bee fauna comprises an estimated 2,000—-3,000
species and is dominated by the family Colletidae. One colletid subfamily, the Hylaeinae, is a
hyper-diverse group of bees (Houston 1975) that originated in Australia during the early
Eocene, where it has radiated extensively (Kayaalp et al. 2013). It has also spread from
Australia to all other regions of the globe, except Antarctica, forming one of the most
geographically successful bee groups in the World (Kayaalp et al. 2013). One such hylaeine
species, Amphylaeus morosus (Smith, 1879), occurs widely along the eastern coast of
Australia, extending from southern Queensland to south-western Victoria (Houston 1975).
Despite being one of the most comprehensively studied colletid species in Australia, little is
known about its overall biology and ecology. This thesis explores:

Q) the occurrence of conserved mitochondrial heteroplasmy in A. morosus and
(i) the possible relationship between mitochondrial heteroplasmy in A. morosus and

the bacterial endosymbiont, Wolbachia
Below, I briefly outline the contents of each chapter presented in this thesis:

Chapter 1: A review of mitochondrial heteroplasmy in animal systems

Mitochondrial heteroplasmy in animal taxa is haphazardly reported in the literature.
However, the overall occurrence patterns within animals and the common evolutionary
mechanisms that enable heteroplasmy have not been broadly explored. To address this, |
conducted a comprehensive review of the published literature which recovered reports of
mitochondrial heteroplasmy in animal species spanning multiple phyla. Heteroplasmy can be

generally grouped into two types: length and site heteroplasmy (Barr et al. 2005). Length



heteroplasmy usually presents as a series of tandem repeats in hypervariable mtDNA regions.
My analyses identified that length heteroplasmy is more often reported in chordates
compared to other animal taxa. Site heteroplasmy is generally reported as variability at single
nucleotide positions and occurs most often in arthropods — although it also occurs in diverse
taxa across multiple phyla. The frequency at which heteroplasmy occurs within any particular
species is variable. However, reports have increasingly identified animal populations where
100% of the individuals are heteroplasmic. The mechanisms driving the most prominent

forms of heteroplasmy (length and site) are generally not well understood.

Chapter 2: Extensive and widespread mitochondrial heteroplasmy in a colletid bee,

Amphylaeus morosus

Amphylaeus morosus occurs along the eastern coast of Australia, with a ~2,000 km
geographical range. Genetic sequencing of the mtDNA cytochrome c oxidase subunit | (COI)
gene indicated that not only does mitochondrial heteroplasmy occur in every individual
sampled across this range (n = 73), but every individual also has the same two mitochondrial
haplotypes. lon Torrent shotgun sequencing demonstrated that this mitochondrial
heteroplasmy (presenting as site variation) extends throughout the mitogenome, suggesting
that an ultra-large nuclear pseudogene is an unlikely explanation for its genetic and
geographic consistency. The combination of 100% frequency as well as conserved mtDNA
haplotypes, particularly across such a large geographical area, has never been reported for
any other animal species. The mechanisms that could enable widespread and consistent

mitochondrial heteroplasmy in A. morosus remain, as of yet, uncertain.

Chapter 3: Co-infection of Wolbachia in the Australian bee Amphylaeus morosus

(Colletidae: Hylaeinae)

In conjunction with mitochondrial heteroplasmy, A. morosus is consistently infected with two
supergroup A strains of Wolbachia across its distribution. Phylogenetic analyses of these two
Wolbachia strains from the northern and southern geographic limits of this bee host indicated
that (i) these strains did not diverge from each other within this host, and (ii) they may have
been introduced in separate events (i.e. these unrelated strains were not simultaneously
introduced into A. morosus as an established co-infection). Wolbachia is known to cause
selective sweeps of mMtDNA in their hosts (Jiggins 2003, Cariou et al. 2017). | have proposed

that the lack of mtDNA variation and the persistence of heteroplasmy could potentially be



explained by a Wolbachia-induced selective sweep and subsequent mutualism between the
heteroplasmic mtDNA ‘haplotypes’ and one or both Wolbachia strains. This contrasts with
the more common hypothesis that the persistence of extensive heteroplasmy is through an
unrelated selective process such as balancing selection. However, further research is needed
to confirm and describe the mechanism(s) enabling widespread mitochondrial heteroplasmy

in A. morosus.

Chapter 4: Incomplete removal of the reproductive parasite Wolbachia from a non-

model organism following antibiotic treatment

To explore the connection between heteroplasmic mtDNA inheritance and Wolbachia, | have
investigated the utility of traditional antibiotic treatment methods for removing Wolbachia
from this host. The removal of the bacterial infection from A. morosus with antibiotics
provides an opportunity to assess the subsequent effect on the inheritance of host mtDNA,
post infection. One Wolbachia strain showed consistent susceptibility to antibiotic treatment;
however, the Wolbachia infection was not completely removed within one generation.
Although antibiotic treatment is one the most effective avenues to investigate the effects of
Wolbachia on this host, the challenges of maintaining A. morosus in long-term captivity

makes its application to this host unfeasible at present.

Chapter 5: Population structure in a native bee species with no mitochondrial

variation?

To investigate whether the uniformity of mtDNA across the A. morosus distribution is
reflected in the nuDNA, I used genomic single nucleotide polymorphism (SNP) data
generated using the DArTseq™ platform from individuals across six localities spanning the
entire ~2,000 km geographical range. Analyses for inferring population structure produced
strong evidence of genetic clustering between localities, rather than a single, large
‘panmictic’ population. This contrasts with the patterns observed in the mtDNA which
supports the latter scenario. Furthermore, habitat modelling showed that before European
settlement in Australia, A. morosus habitats were likely better connected than today. These
two pieces of evidence suggests that a lack of mtDNA variation is more likely the result of a
Wolbachia-induced selective sweep across the whole species’ distribution in the pre-

European past, rather than a recent population bottleneck. This provides further, but indirect,



evidence that Wolbachia has played a key role in the evolution of this host’s unusual mtDNA

traits.
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1.1 Abstract

Mitochondrial heteroplasmy is the presence of more than one type of mitochondrial DNA
(mtDNA) within a single cell or individual. Originally thought to occur rarely in healthy
individuals, research now shows that mitochondrial heteroplasmy occurs frequently across
animal species and populations. However, an understanding of the characteristics of
heteroplasmy across animals and the mechanisms that particularly enable the most extensive
forms (where as many as 100% of individuals within a population are heteroplasmic) remains
poorly understood. We summarize the extent, characteristics, and proposed mechanisms of
naturally occurring heteroplasmy in wild animal species collected from records in the broad
literature. Mitochondrial heteroplasmy exhibits general trends in higher order taxon groups,
with arthropods predominantly displaying site heteroplasmy (point mutations) and high rates
of extensive heteroplasmy where entire populations can appear to be heteroplasmic.
Conversely, chordates generally display length heteroplasmy (short tandem repeats) in the
control region of the mitogenome and although extensive heteroplasmy occurs, it is less
common than in arthropods. Other higher order taxon groups are significantly under-
represented in the literature. Overall, heteroplasmy can be enabled by both taxon-specific and
broadly shared mechanisms in animals, presenting many interesting questions surrounding

unusual mitochondrial inheritance.



1.2 Introduction

1.2.1 Traditional views on mitochondria

Mitochondria are essential organelles and one of their key functions concerns the production
of ATP. They are also associated with numerous other important cell functions, such as cell
signalling, fertilization, developmental regulation, aging, and cell death (Green and Kroemer
2004, Balaban et al. 2005, Van Blerkom 2011, Chandel 2014). In animals, mitochondrial
genomes are typically relatively small (~16-20 kb), circular, uniparentally inherited
molecules that exhibit little recombination (Boore 1999). Hundreds to thousands of copies of
mitochondrial DNA (mtDNA) can exist within a single animal cell, in contrast to nuclear
DNA (nuDNA) with only two copies per cell in diploids (Pierce et al. 1990, Shay et al.
1990). Despite their fundamental role in energy production, mtDNA can accumulate
mutations 10-50 times faster than nuclear DNA (nuDNA) (Lynch 2007, Martin 2011). But
because of their generally constant gene composition, involving about 13 protein-coding
genes used for the respiratory chain, plus approximately two ribosomal RNA (rRNA) genes
and 22 transfer RNA (tRNA) genes (Zhang and Broughton 2013), mitochondria have

traditionally been assumed to serve a very limited role in animal evolution.

1.2.2 Intra-individual mitochondrial variation

Mitochondrial genetic variation within animal species is generally reported to be limited to
between individuals, and instances of genetic variation within individuals are reported
relatively rarely. This characteristic of mtDNA has widely been considered counterintuitive
because it would be expected that if copy numbers and mutation rates are high, and repair
mechanisms are limited, then occurrences of multiple different copies of mtDNA should
accumulate within an individual over time (Barr et al. 2005). Indeed, in humans (in which
mtDNA abnormalities have been the most comprehensively categorised), intra-individual
mtDNA variation occurs across tissues in most individuals to some extent — usually at low
frequencies within a primarily homoplasmic composition (Melton 2004, Ye et al. 2014).
Termed mitochondrial heteroplasmy (the existence of more than one type of mtDNA within a
single cell or individual); it is sporadically reported in the literature, occurring across animals,
fungi, and plants (the latter two reviewed by Barr et al. (2005), Kmiec et al. (2006) and
Ramsey and Mandel (2019)). Here, we discuss the patterns of naturally occurring
mitochondrial heteroplasmy in wild animals (excluding humans) across peer-reviewed,

published literature including the (i) type, (ii) prevalence within species and/or populations,



and (iii) proposed mechanisms facilitating and maintaining mitochondrial heteroplasmy in

natural systems.

1.2.3 Types of mitochondrial heteroplasmy and their origins

Mitochondrial heteroplasmy can be grouped into two general types: site heteroplasmy and
length heteroplasmy (Barr et al. 2005). Each type can be naturally facilitated by several
cellular processes, taking place stochastically or facilitated by segregation breakdowns during
sexual reproduction. Site heteroplasmy, involving point mutations, results from a nucleotide
substitution or point deletion. These single nucleotide polymorphisms (SNPs) can arise
through replication errors and numerous mutagenic processes resulting in somatic mutations
or oocyte heteroplasmy (Kuvist et al. 2003, Aryaman et al. 2019), and these mutant

mitogenomes can either be lost or perpetuated by random genetic drift (Elson et al. 2001).

Alternatively, length heteroplasmy (or length variation) is described as small tandemly
repeated sections of a mtDNA sequence or large genomic duplications present in one mtDNA
lineage (Brown et al. 1996). Length variation polymorphisms are thought to most commonly
be the result of errors during mitochondrial replication, often in hypervariable mtDNA
regions (Densmore et al. 1985, Kvist et al. 2003), but may also be the result of gene/fragment
duplications. Extensive deletions of DNA fragments in the mitogenome may also occur; these
are best understood in humans where they can cause mitochondrial diseases (DiMauro and
Schon 2001). Recombination of mtDNA has been shown to be a source of heteroplasmic
variation in plants (Barr et al. 2005), but evidence remains ambiguous as to its role in animals
(Rokas et al. 2003, Piganeau et al. 2004).

Biparental inheritance, where both parents contribute their mitochondria to their offspring, is
also a commonly reported source of mitochondrial heteroplasmy (mitogenomes with site
and/or length variation). Although occasionally resulting in life-long mitochondrial
heteroplasmy in the offspring, generally biparentally inherited mtDNA result in a temporary
phase of heteroplasmy during early development, before one mtDNA haplotype is lost
through genetic drift or selection, and a homoplasmic state is restored in the individual
(Kondo et al. 1990, Barr et al. 2005, Nunes et al. 2013). Paternal leakage is the most
commonly reported form of biparental inheritance, and occurs widely throughout animal taxa
(Shitara et al. 1998, Kuvist et al. 2003, Fontaine et al. 2007, Nunes et al. 2013). However,
some animal systems have complex and perpetual forms of biparental inheritance (i.e. doubly

uniparental inheritance (DUI)), discussed below. In all cases, these processes may result in



temporary phases of heteroplasmy restricted to individuals or may enable heritable forms of
heteroplasmy where both mtDNA types are maintained together throughout subsequent

generations.

1.2.4 Individual- versus population-wide mitochondrial heteroplasmy

Mitochondrial heteroplasmy is generally interpreted as an intermittent, transient condition in
natural populations (Song et al. 2008). Occasionally, heteroplasmy is reported to be
widespread in some taxa and poses problems for standard mitochondrial models. Here, we
define two forms of mitochondrial heteroplasmy, where heteroplasmic haplotypes are
maintained only at an individual level (transient) or at a population level (heritable).

Transient heteroplasmy: Humans are the most extensively studied taxon with regard to
mtDNA abnormalities. As part of the normal aging process in humans, mtDNA has been
shown to accumulate a low number of somatic mutations across tissues (Chinnery et al.
2002). However, within cells, the amount of mutant mtDNA has been shown to be very high
and may cause age-related mitochondrial diseases. These mutant mtDNA are likely
perpetuated by the same mechanisms that maintain normal cellular concentrations of mtDNA
(Chinnery et al. 2002) and lineages of mtDNA can be lost or maintained by genetic drift or
other selective forces (Sondheimer et al. 2011). Although not extensively demonstrated in
other animals, this pattern is likely widespread, and any individual over their lifetime may be
susceptible to age-related/mutagenic acquisition of somatic mitochondrial heteroplasmy,
which we will define as transient heteroplasmy. Transient heteroplasmy may be inherited
into the next generation if these mutations occur in gonadal tissues (through maternal or
paternal transfer) but is not expected to persist due to shifts in mtDNA compositions by
genetic drift or selective processes. Overall, this form of heteroplasmy is not maintained on a

population level, and most likely presents as either a disadvantageous or neutral mutation.

Heritable heteroplasmy: In some animals (and other taxa hosting mitochondria),
heteroplasmy appears to be highly prevalent in individuals within a population. In these
cases, heteroplasmy appears heritable (e.g. Doublet et al. (2008), Van Leeuwen et al. (2008)),
occurs throughout multiple tissues or shows high rates of tissue segregation suggesting
functional properties (e.g. Jenuth et al. (1997), Magnacca and Brown (2010b)), and should be
maintained through the organism’s lifetime (although this hasn’t been experimentally
shown). The mtDNA haplotypes produced can be detected across multiple individuals of a

population across generations (i.e. implying inheritance) and can be maintained as
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heteroplasmic mitochondrial lineages with a population. This form we will define as
heritable heteroplasmy and differs from transient as these mtDNA are likely biologically
functional and/or are maintained by positive, balancing, or selfish selective forces. These
heteroplasmic lineages must be maintained through inheritance, either paternal leakage or
maternal transmission. A number of taxa appear to have developed heritable heteroplasmy,

and these examples will be discussed in the following sections.

1.3 Methods

1.3.1 Literature search and data extraction

A list of research articles published between 1985 and 2020 was generated using the Web of
Science and SCOPUS databases on 3™ July 2020. The following search string for words in
the title, abstract or author provided key-words was used: ‘(heteroplasmy OR heteroplasmic)
AND (mitochondria*) AND NOT (plasmid* OR fung* OR plant* OR chloroplast* OR
phage*) AND NOT (human OR wom?n OR patient* OR disease* OR child* OR disorder*
OR participant® OR donor* OR “stem cell*”), excluding reviews or book chapters
(experimental, peer-reviewed articles only) and non-English language publications, and
recovered 796 and 425 studies respectively, of which 328 overlapped between databases.
This search string had been optimized to reduce once-off reports of heteroplasmic individuals
with no population context, records of heteroplasmy from non-target taxon groups (non-
animals and humans), and medical analyses of mitochondrial disorders, which are not within
the scope of our assessment. A number of reviews addressing disease causing (Chinnery and
Turnbull 1999, Wallace et al. 1999, Stewart and Chinnery 2015, Hatakeyama and Goto 2016,
Stefano and Kream 2016) and the forensic implications (Melton 2004, Just et al. 2015) of
mitochondrial heteroplasmy in humans are available, and were not within the scope of this

study.

Because of the nature of most heteroplasmy reports in natural animal populations (which
often originate from peripheral observations associated with wider genetic/genomic
questions), publications needed to be examined thoroughly beyond information provided in
the abstract, to recover the targeted information (e.g. the sample size of the population
assessed for mitochondrial heteroplasmy, detection method used, proposed mechanism(s) for
the heteroplasmy observed). Literature that did not meet the following requirements were

excluded from analyses. Specifically, for inclusion, studies had to meet the following criteria:
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(i) experimentally investigate for the presence of mitochondrial heteroplasmy in an animal

species,

(i) not include species in captive populations assessing abnormal mitochondrial inheritance
or genetically manipulated for other experimental questions,

(iii) assess samples that were not selected because of expectations of heteroplasmy,

(iv) present a clear sample size of both the number of individuals assessed and those that

were identified as having mitochondrial heteroplasmy,

(v) assess individuals developed beyond cell-lines, gamete, or zygote stages, as individuals
should be shown to be able to survive with heteroplasmy approaching and beyond

reproductive age for it to not act as a lethal ‘mutation’ at a population level, and

(vi) analyse more than one individual within a taxon unless the publication was reporting
multiple singletons of related taxa, or in-depth assessment of the entire mitogenome had

been conducted for publications with one specimen.

In total, 234 publications (plus 17 additional publications where heteroplasmy results were
clearly stated in the publications reviewed or were the original source for the data) of 893 met

the criteria for inclusion.

1.3.2 Curation of taxon records

Table 1 summarizes reports of heteroplasmy across animals based on published literature
recovered with our search parameters. Although thorough, it does not represent all studies on
heteroplasmy in animals; but see rules above. Our list was compiled to demonstrate where
frequencies of heteroplasmy within taxa were reported, and although it includes some
examples of homoplasmic species that were recovered with our search parameters, these
records of homoplasmy are likely massively under-represented. Taxa in Table 1 were sorted
alphabetically within Phyla, Class, then Order, followed by species (mostly sorted
alphabetically, but duplicated species were attempted to be grouped together for ease of
comparison). All taxonomic names were assessed against the Global Biodiversity
Information Facility (GBIF) (GBIF.org 2020) and (where applicable) the World Register of
Marine Species (WoRMS) (Horton et al. 2020) databases to ensure currently accepted

nomenclature was employed in this review. Additionally, all taxa were assessed against the
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IUCN Red List of Threatened Species database (IUCN 2020), with taxa assessed as

vulnerable to critically at risk of extinction denoted with a caret ().

1.3.3 Grouping of taxa for statistical analyses

Published reports of heteroplasmy in animals have considerable taxon bias towards chordates,
arthropods, and bivalves (molluscs) (Supp. Table 1). As such, taxon groups used in
comparative statistical analysis included only these three phyla (Chordata, Arthropoda, and
Mollusca; Figure 1A.). Representatives of seven other phyla were recovered in our search
(Echinodermata, Nematoda, Annelida, Nemertea, Platyhelminthes, Cnidaria, and Porifera),
however, these were excluded from statistical analyses due to low sample sizes of taxa
(Figure 1B.).

1.3.4 Statistical analysis of mitochondrial heteroplasmy

Mitochondrial heteroplasmy was defined into three categories: “site”, “length”, or “both”
(Figure 1). Instances of homoplasmic taxa (“none”) were not included in statistical analyses
because these records were not targeted with our search parameters. Statistical analyses were
performed in R version 3.6.3 (R Development Core Team 2020) using the packages
DescTools version 0.99.40 (Signorell et al. 2021) and RVAideMemoire version 0.9-78
(Hervé 2020) in RStudio version 1.3.1056 (RStudio Team 2020). For statistical analyses, the
frequency of taxa (grouped into Chordata, Arthropoda, and Mollusca) with each type of
heteroplasmy was recorded. Fisher’s Exact tests with a Bonferroni corrected, simulated p-
value based on 20,000 replications were performed on mitochondrial heteroplasmy defined as
“site”, “length”, and “both”. Fisher’s Exact post hoc tests using a Bonferroni correct p-value
(Supp. Table 2) were performed using R package RVAideMemoire to assess which

categories significantly differed from the others.

Additionally, the distribution of the proportion of heteroplasmic individuals within each
population for species in both Chordata and Arthropoda was produced (Figure 2). This was to
explore possible differences in the prevalence of heteroplasmy within populations in both
general taxon groups and whether one taxon group has comparatively more records of

extensive heteroplasmy (Figure 2).

1.3.5 Methodology used for heteroplasmy characterization through time

We produced time series’ capturing the years in which heteroplasmic records (251

publications) were collected for this review (from 1985 to 2020); which summarised the (i)
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types of heteroplasmy for each taxon published in each year (defined as “site”, “length”,
“both”, and “none”; Figure 3), and (ii) laboratory protocols used to investigate heteroplasmy
in each publication (Figure 4; Supp. Table 3). It is important to note that an included
publication could be reporting on heteroplasmy (or homoplasmy) in multiple taxa.
Additionally, multiple laboratory techniques were often applied to investigate heteroplasmy.
Therefore, often the number of heteroplasmic records and applied techniques were higher

than the number of publications for each year (Figures 3 and 4).

1.4 Results and Discussion

1.4.1 Patterns of heteroplasmy across animals

There was a significant association between the taxon group and the type of mitochondrial
heteroplasmy presented (Fisher’s Exact test, two-sided, P-value ~2.2 x 10°%6), We observed
that length heteroplasmy is most common in Chordata and Mollusca and site heteroplasmy
was most common in Arthropoda (Figure 1A.), which was supported by our Fisher’s Exact
post hoc results (Supp. Table 2). This finding is concordant with other studies (Hale and
Singh 1986, Moritz and Brown 1987, Barr et al. 2005, Robison et al. 2015) suggesting that
certain broad taxon groups differentially exhibit types of mitochondrial heteroplasmy,
although this has not been quantified until now. Statistical analyses could not be performed
on other taxon groups due to low sample sizes (Figure 1B).

The distribution of mitochondrial heteroplasmy prevalence across populations (Figure 2) was
similar for chordates and arthropods. Records of sampled populations with 100%
heteroplasmic individuals are frequent (Figure 2). Although in both groups, a large portion of
these records were due to assessments of a single individual (singletons) representing a
population (Figure 2; Table 1). For both taxon groups, low levels of heteroplasmy —
heteroplasmic individuals accounting for less than 50% and particularly less than 20% of the
sample population — are the next most common (Figure 2). High levels of heteroplasmy
(greater than 50%) appear less frequent, until heteroplasmy reaches fixation within a
population (Figure 2). This poses questions as to the mechanisms that drive mitochondrial
heteroplasmy beyond relatively low frequencies within a population (<50%), to near or
complete fixation. Sample sizes for the other phyla were too low to assess the distribution of
heteroplasmy prevalence across populations. In the case of molluscs, sex-biased
heteroplasmy in Bivalvia generates records of heteroplasmy skewed towards males within
populations, therefore it was not assessed. We will discuss patterns of heteroplasmy within

14



taxon groups and explore whether there are taxon specific mechanisms that may lead to high

rates of heteroplasmy.

1.4.2 Length heteroplasmy in the mitochondrial control region of chordates

In chordates, mitochondrial heteroplasmy is most commonly the result of length variation,
particularly associated with control region (and the D-loop and adjacent RNA regions) of the
mitogenome (Table 1). Certain clades are well represented in the literature with this type
heteroplasmy, with multiple species assessed over several independent studies. Heteroplasmy
in bony fishes (Actinopterygii) is particularly well represented, and sturgeons
(Acipenseriformes) are comprehensively assessed in the literature (Table 1). Sturgeons
present a good example where multiple studies independently assessed numerous species,
demonstrating the variation in rates of heteroplasmy identified within a species (Table 1). For
example, in populations of the endangered Russian sturgeon, Acipenser gueldenstaedtii, two
studies (Ludwig et al. 2000, Ciftci et al. 2013) reported relatively low rates of heteroplasmy
(between 8% (n = 24) and 14% (n = 98), respectively) compared to a third study reporting
100% heteroplasmy among 145 individuals (Pourkazemi et al. 1999). These three studies
proposed varying mechanisms to explain the observed heteroplasmy; namely, intramolecular
recombination, high mutation rates via insertions and deletions, and a combination of paternal
leakage and stochastic mutation, respectively. The Pourkazemi et al. (1999) study did assess
site heteroplasmy as well as the length heteroplasmy in the control region. Nonetheless, these
studies report markedly different conclusions of the frequency and sources of heteroplasmy
for the same species.

Length heteroplasmy in the mitochondrial control region also occurs commonly in numerous
amphibians, birds, mammals, and some reptiles (turtles (testudines) and crocodilians), but
interestingly not in squamates (Table 1). There are also some examples of site heteroplasmy
being identified in the control region of chordates (e.g. Pourkazemi et al. (1999), Maté et al.
(2007), Edwards et al. (2010), Vollmer et al. (2011), Rollins et al. (2016)), but these reports
are much less common (Table 1). Many vertebrate studies target the control region as it is the
main non-coding region of the mitogenome, and it often has a higher substitution rate
(Parsons et al. 1997), useful for phylogenetic and population studies. Overall, this region
functions to control DNA and RNA synthesised however, hypervariable regions where these

tandem repeats commonly occur have no known function (Kozhukhar et al. 2020).
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The mechanisms that underpin this form of intra-individual mtDNA variation are not yet well
understood, and numerous processes have been proposed. Slipped strand-mispairing, also
called replication slippage, (a similar process to that which occurs in nuDNA) is the most
commonly proposed source of tandem repeat variation in the mtDNA control region (e.g.
Berg et al. (1995), Savolainen et al. (2000), Vollmer et al. (2011), He et al. (2013)), although
this has not been shown experimentally outside of model organisms. Alternatively, this
variation is attributed to recombination (both between and within molecules) (e.g. Hoarau et
al. (2002)) or displacement/misalignment of heavy-strand and the light-strand or D-loop
strand (Buroker et al. 1990, Hayasaka et al. 1991). These molecular mechanisms have
generally maintained their plausibility since being summarised by Brown et al. (1996), and
few other molecular processes proposed for wild animal populations (Table 1) have gathered

traction with researchers.

The above molecular processes could also facilitate control region length variation at a
population level, existing within individuals as homoplasmy (i.e. the length of tandem repeats
vary between individuals, rather than within individuals). Following breakdowns in ‘typical’
inheritance patterns, paternal leakage has been described as a source of mtDNA length
variation (e.g. Pourkazemi et al. (1999), Hoarau et al. (2002), Maté et al. (2007)). However,
in these systems it is likely that this is a temporary heteroplasmic phase before one mtDNA
haplotype is lost. These mechanisms might explain how heteroplasmy in the control region
arises, however there are scarce reports of possible mechanisms that maintain this form of
heteroplasmy across generations (heritable heteroplasmic tandem repeats). Occasionally, this
form of heteroplasmy is shown to be maintained through maternal inheritance (Nesbg et al.
1998, Mayer and Kerth 2005, McLeod and White 2010). Considering the high frequency at
which it occurs in some species of chordates (Figure 2A., Table 1), it is likely that there are
inheritance mechanisms maintaining heteroplasmy in some taxa, although it is unclear what

these mechanisms might be.

1.4.3 Other types of heteroplasmy in vertebrates

Heteroplasmy in chordates is not limited to hyper variable tandem repeats in the control
region. Site heteroplasmy in multiple genes, and some length heteroplasmy outside of the
major non-coding regions has been identified (Table 1). Numerous examples of nucleotide
variability (site heteroplasmy) occur in the literature, often from whole mitogenome data,

including in fishes, birds, mammals, amphibians, and turtles (Table 1). Interestingly, the
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location of these variable sites is sometimes consistent within related taxa (e.g. Moreira et al.
(2017)), but otherwise can occur throughout the mitogenome. Generally, the source of this

nucleotide variation is not understood in these taxa.

In at least one example, no association between age and the frequency of heteroplasmic sites
was found in the greater mouse-eared bats, Myotis myotis (Jebb et al. 2018), challenging the
hypothesis that aging is the main mechanism producing somatic mtDNA mutations. SNPs
were identified throughout the mitogenome of M. myotis (Jebb et al. 2018), with individuals
between zero and six (or greater) years of age possessing similar numbers of heteroplasmic
sites (<6 nucleotides). However, no other reports addressing the impacts of aging on
heteroplasmic accumulation was recovered for wild animals. Conversely, in the case of
Spicer et al. (2014), SNP variation was specifically associated with aging in domestic dogs
(Canis lupus familiaris), supporting the notion of age-related accumulation of somatic

mutations, as is observed in humans (Ye et al. 2014, Kang et al. 2016).

In most other examples of site heteroplasmy occurring in chordates, the proposed sources
have either not been defined or are attributed to unknown mutagenetic processes leading to
intra-individual variation (e.g. Shigenobu et al. (2005), Vollmer et al. (2011), Keséniemi et al.
(2018)). Whether heteroplasmy at these sites can be transmitted to offspring is not well
explored, due to low sample sizes, difficulties in assessing the age of individuals, and a poor
understanding of pedigree relationships among the individuals sampled. However, there are
some examples were familial relationships within species are well assessed, and it has been
demonstrated that heteroplasmic mitochondrial haplotypes are inherited, either maternally
(e.g. Mayer and Kerth (2005), McLeod and White (2010), Lopes et al. (2011)) or paternally
— although examples of paternal leakage are usually detect in hybridization events (e.g.
Radojici¢ et al. (2015), Gandolfi et al. (2017), Packert et al. (2019)). Evidence of heritable
heteroplasmy (where heteroplasmic haplotypes are maintained at a population level) is not
yet well established for wild chordates. However, examples such as M. myotis (Jebb et al.
2018) where heteroplasmic haplotypes were shown to be maternally transferred across

generations, present strong evidence in support occurrences of some heritable systems.

Records recovered from squamates (snakes and lizards) are particularly unusual, because
although length heteroplasmy is most common, it was not generally reported for the control
region, but often in rRNA genes (e.g. Zevering et al. (1991), Kumazawa (2004)).

Additionally, numerous studies failed to identify any heteroplasmy in squamates (e.g.
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Kumazawa et al. (1996), Ujvari et al. (2007), Dubey et al. (2011); Table 1). In the
parthenogenetic gecko, Heteronotia binoei, length heteroplasmy was identified (Moritz 1991,
Zevering et al. 1991) occurring at low-medium frequencies within the sample populations
(4.6% (n=87) and 35.1% (n = 77), respectively; Table 1), eliminating paternal leakage as a
possible mechanism. Unfortunately, contemporary studies of heteroplasmy in squamates
were not recovered within our search parameters — with the exception of Miraldo et al.
(2012) identifying low frequencies of site heteroplasmy (9.5% of n = 21) occurring in the
cytb gene of Timon lepidus. Future research in this taxon group would be beneficial to
explore why heteroplasmy might not occur commonly in the control region in squamates,

compared to other chordates.

1.4.4 Site heteroplasmy is rampant in Arthropoda

In arthropods (and invertebrates generally), reports of assessments of mitochondrial
heteroplasmy are less common than in vertebrates (Table 1). Compared to vertebrates where
heteroplasmy is generally due to large tandem repeated units usually in the mitochondrial
control region, heteroplasmy in arthropods is more commonly associated with synonymous
substitutions at single nucleotides throughout the mitogenome (Figure 1A.), usually at third
codon positions (Nunes et al. 2013, Robison et al. 2015). Additionally, the frequency of
mitochondrial heteroplasmy within populations of arthropods was more often reported as

extensive (100% of the sampled individuals; Figure 2B.), compared to chordates.

Heteroplasmy has been (comparatively) well reported in hymenopterans, predominantly in
bees (Table 1). Site heteroplasmy has been reported in species from five of the world’s seven
bee families and at particularly high rates in the family Colletidae (Magnacca and Brown
2010a, Magnacca and Brown 2012). The frequency of heteroplasmic individuals in bees is
variable (Table 1). But cases such as the Hawaiian Hylaeus are particularly unusual, where
numerous rapidly and recently speciating taxa have extensive levels of heteroplasmy
(generally 100%) and high mitochondrial haplotype diversity (Magnacca and Danforth 2006,
Magnacca and Brown 2010a), suggesting possible ancestral drivers of heteroplasmy. NUMTs
(nuclear inclusions of mitochondrial DNA) are also widely detected in bees, and a number of
authors have highlighted the challenges in distinguishing between true mtDNA variation and
nuclear pseudogenes (Magnacca and Brown 20104, Ricardo et al. 2020a). Site heteroplasmy
has also been recently detected in bumblebees (Bombus) (Williams et al. 2019, Ricardo et al.

2020a) which concurs with Magnacca and Brown (2010a) reporting that heteroplasmic
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individuals can possess multiple mitochondrial haplotypes (e.g. an average of seven mtDNA
haplotypes per heteroplasmic individual of B. morio (Ricardo et al. 2020a)). In honeybees
(Apis), arguably the most extensively researched bee genus because of their agricultural use
and invasive biology, reports of heteroplasmy are scarce. The Asian honeybee, Apis cerana is
the exception, with length heteroplasmy reported in the ATPase gene region by Songram et
al. (2006) in specific subpopulations, which the authors highlight had not been detected in
other earlier investigations that included this heteroplasmic A. cerana population.

Interestingly, site heteroplasmy has been extensively detected in the well-known honeybee
ectoparasitic mite, Varroa destructor (Gaji¢ et al. 2016, Gaji¢ et al. 2019, Muntaabski et al.
2020). Heteroplasmic levels are usually below ~50% of the sampled population (Table 1) and
at least in these cases, heteroplasmy is likely maternally inherited (Gaji¢ et al. 2019,
Muntaabski et al. 2020). Numerous ticks have also been reported to have high rates of site
heteroplasmy in studies where whole mitogenomes were sequenced, but in these cases, one
individual was assessed for each species (Xiong et al. 2013, Williams-Newkirk et al. 2015).
These heteroplasmic nucleotide sites occurred throughout the mitogenome, with as few as
six, and up to 166 heteroplasmic sites recovered within any individual (Xiong et al. 2013).
Conversely, tick studies targeting specific gene regions recover much lower frequencies
(3.5% of individuals) with heteroplasmy (Nadolny et al. 2015, Mastrantonio et al. 2019),
suggesting that methods targeting specific genes may miss intra-individual variation (either
because barcoding methods are not sensitive enough, or variation occurs outside of the

targeted gene region).

It is possible that heteroplasmy is an artefact of high rates of mtDNA variation facilitated by
isolation, rapid adaptation, and speciation within some groups. For example, Van Leeuwen et
al. (2008) attributed heteroplasmy in the two-spotted spider mite, Tetranychus urticae
(Arachnida: Trombidiformes) to insecticide resistance i.e., rapidly evolved resistance to
artificial culling attempts promoting high mtDNA variability and heteroplasmy. Numerous
island-bound species (e.g. Magnacca and Brown (2010a)), pest/parasitic taxa (e.g. Xiong et
al. (2013)), captive populations (e.g. Gawande et al. (2017)), and invertebrates with low
dispersal ability (e.g. Doublet et al. (2012)) have been identified with high rates of
heteroplasmy (Table 1). Given that heteroplasmy in arthropods is more frequently reported as
extensive compared to other taxon groups, the role of heteroplasmy in preserving mtDNA

variation in the context of heritable systems is an interesting and complex consideration. The
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evolutionary roles of extensive heteroplasmy need to be further investigated in arthropod taxa
and short generation times in most arthropods means that there is high potential for thorough

investigations of these systems.

1.4.5 Other forms of heteroplasmy in arthropods

In arthropods, the mitochondrial control region is not commonly used for genetic studies and,
therefore, heteroplasmy is not readily incidentally detected in this gene region. However, like
that observed in chordates, some examples of length heteroplasmy in the control region have
been identified in arthropods. This includes high rates (100%; Table 1) in three Pissodes
species (Insecta: Coleoptera) (Boyce et al. 1989), however our search parameters did not
recover any subsequent studies on this taxon group to investigate this further. Numerous
‘early’ studies (1985 ~ 2002) also detected length heteroplasmy in arthropod populations
using restriction enzyme digests where the specific gene regions targeted were not identified
in the publication (e.g. Harrison et al. (1985), Rand and Harrison (1989), Azeredo-Espin et al.
(1991), Vargas and Espin (1995); Table 1). However, at least in the case of orthopterans,
these early studies (Harrison et al. 1985, Rand and Harrison 1989) may have detected
NUMTSs, which are now known to occur rampantly across diverse lineages of Orthoptera
(Bensasson et al. 2000, Song et al. 2014) — although Rand and Harrison (1989) did use a
mitochondrial enrichment step in their protocol suggesting that mtDNA might truly be the

source of the variation.

Heteroplasmy in the control region has been reasonably well explored in decapods (unlike
other arthropod groups). Although length heteroplasmy (at the control region) has been
detected (Shih et al. 2013), and one example of site heteroplasmy outside of the control
region (Rodriguez-Pena et al. 2020), current evidence suggests that heteroplasmy may be the
exception in decapods (Table 1). Most studies identify homoplasmy, including studies
conducted on multiple species where some species are heteroplasmic (e.g. Katsares et al.
(2003), Shih et al. (2013); Table 1). In these cases, the frequency of heteroplasmy was
drastically different between species. For example, 10 individuals of Homarus americanus
were identified as homoplasmic, but all 49 individuals of H. gammarus had length
heteroplasmy (Katsares et al. 2003). Similarly, Shih et al. (2013) identified two homoplasmic
Paraleptuca species (reported as Uca), and two heteroplasmic species, with 100% of

P. boninensis and only ~7% of P. crassipes individuals having length variation in the control

region. In all Paraleptuca species, the COI gene was also examined and was found to be
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consistently homoplasmic (Shih et al. 2013). As is the case with most taxon groups, taxon

sampling is too poor to suggest overall patterns nor shared molecular mechanisms.

D-loop length variation has also been identified in laboratory populations

Drosophila melanogaster at low frequencies (16.7% (n = 144) and 1.5% (n = 194); Table 1)
(Hale and Singh 1991, Townsend and Rand 2004). Townsend and Rand (2004) suggested
that in these cases, that heteroplasmy was due to small laboratory populations accumulating
mutations. Other studies have also identified heteroplasmy in D. melanogaster and other
Drosophila species (Nunes et al. 2013, Wolff et al. 2013), but this was generally site
heteroplasmy (Table 1) which occurred in wild-caught populations. Our search parameters
excluded many records of laboratory/cultivated animal sample populations (see justification
in the methods section). However, numerous examples of captive animal populations with
high rates of heteroplasmy (both site and length) were retained in our search, as well as
species vulnerable to extinction (i.e. have undergone substantial population reductions)
(Table 1). It is possible that small population sizes and the subsequent loss of genetic
diversity could contribute to occurrence of mitochondrial heteroplasmy, either because of
disfunctions in normal mtDNA replication/repair/inheritance or as a mechanism to increase

the rate of re-accumulation of mtDNA variation. However, this is purely speculative.

1.4.6 Doubly uniparental inheritance in Bivalvia

Records of heteroplasmy in molluscs are dominated by bivalves, with ~90% of mollusc
papers recovered in our search being on bivalves. Bivalves are unique and have evolved a
specific type of mitochondrial inheritance that results in sex-specific heteroplasmy — termed
doubly uniparental inheritance (DUI) (Zouros et al. 1994). In DUI systems, females generally
have only maternally derived mtDNA, but males have maternally derived mtDNA in somatic
tissues and paternally derived mtDNA in gonadal tissues (Barr et al. 2005, Zouros 2013).
Mitochondrial lineages in DUI systems can be highly divergent, separated into M-type and F-
type mtDNA (male and female, respectively). For example, M- and F-type mtDNA in male
freshwater mussels (Bivalvia: Unionoida) had an uncorrected nucleotide p-distance of >40%

in most protein coding mitochondrial genes (Doucet-Beaupré et al. 2010).

Our data indicate that length heteroplasmy dominates mollusc records (Figure 1A), however
realistically, the mtDNA types involved in DUI are so divergent, that it is likely a
combination of site and length heteroplasmy which is not easily comparable with other

animal taxa. Interestingly, this system appears susceptible to lineage replacement, with
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“feminisation” or “masculinization” of the segregated lineages via reversals in the route of
transmission (e.g. Hoeh et al. (1997), Breton et al. (2009)). The mechanisms behind this
mitochondrial inheritance pattern are largely unknown, but it has been proposed the
mechanisms are associated with patterns in germline formation and modification of

mitochondrial transmission factors (Breton et al. 2014).

Possible DUI-like mechanisms have been identified in at least seven orders of bivalves
(Table 1) however, it is not yet known how many times this trait has been gained (and lost)
nor the mechanisms that facilitate DUI in this diverse group of molluscs (Doucet-Beaupreé et
al. 2010, Zouros 2013, Dégletagne et al. 2015). There has been substantial speculation about
the evolutionary advantages and mechanisms that have led to the maintenance of DUI in
many mollusc species. Bettinazzi et al. (2019) proposed that sustaining sex-linked
mitochondria enable different gametes to meet their energetic requirements. The mechanisms
underpinning DUI are specific in the context of animal mitochondrial heteroplasmy and
require comprehensive reviews of their own (e.g. Zouros (2000), Breton et al. (2007),
Passamonti and Ghiselli (2009), Breton et al. (2014)).

1.4.7 Heteroplasmy in other molluscs

DUI has been investigated in gastropods, where no evidence of any for type of heteroplasmy
has yet been identified (Table 1; (Parakatselaki et al. 2016, Gusman et al. 2017)). Only one
other publication of heteroplasmy within molluscs was recovered in our search, for the
sparkling enope squid, Watasenia scintillans (Cephalopoda: Oegopsida). The entire
mitogenome of one specimen revealed six heteroplasmic nucleotide sites occurring across the
mitogenome (Hayashi et al. 2016). DUI is likely restricted to Bivalvia, and other molluscs
with heteroplasmy may be susceptible to similar mutagenic mechanisms as other non-mollusc
taxa. However, poor representation of non-bivalves in the heteroplasmic literature means it is
too early to suggest what other mechanisms have evolved in molluscs to facilitate

heteroplasmy.

1.4.8 Underrepresentation of other phyla in the literature

Taxa from seven additional phyla were recovered with our search parameters, but in all cases,
there were fewer than two publications with low numbers of heteroplasmic taxa (many
records identified only homoplasmic taxa). Length heteroplasmy in the COI gene was
reported in a small proportion of the population (~2% of n = 117) of the basket star,
Astrobrachion constrictum (Echinodermata: Ophiuroidea: Euryalida) (Steel et al. 2000)
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(Table 1). Length heteroplasmy has also been reported in nematodes Meloidogyne spp. at
reasonably high frequencies (between 60% and 80%; Table 1) (Dautova et al. 2002).
However, in another study of the same species and its relatives, demonstrated only
homoplasmy (Kiewnick et al. 2014) (Table 1) — although separate gene regions were
targeted with different techniques. Additional Nematoda records were recovered in our
search, but these were always of genetically monitored/modified lines in captive populations.

The state of heteroplasmy in natural populations of nematodes remains unknown.

Site heteroplasmy has been reported in annelids, nemerteans and platyhelminths. In all cases,
few taxa (<2 species) were determined to be heteroplasmic in any publication. In the case of
annelids, one clitellate species, Pontoscolex corethrurus (Clitellata: Haplotaxida) was found
to have low rates of site heteroplasmy in COI attributed to paternal leakage in a reasonably
large sample of individuals (n = 61) (Taheri et al. 2018) (Table 1). However, Hurtado et al.
(2004) identified only homoplasmy (assessing only COl) in five other annelid species
(polychaetes) with similar sample sizes of individuals (Table 1). In Platyhelminthes, studies
of two highly divergent species identified site heteroplasmy, both in the COI gene, at
considerably different frequencies; 100% in Echinococcus granulosus (Bowles et al. 1994)
and ~6% in Dugesia japonica (Bessho et al. 1992) (Table 1). A single study of Nemertea was
recovered and was represented by a single individual of Carinina ochracea (Palaeonemertea:
Carinomiformes) found to have site heteroplasmy in the COI region (Fernandez-Alvarez et
al. 2015) (Table 1). In all the above five phyla, it is difficult to discern patterns of
mitochondrial heteroplasmy from so few examples in highly divergent species. The
consistent identification of heteroplasmy in the COI gene is not surprising, given its prevalent
use as a general barcoding region (Wilson 2012, Deagle et al. 2014, AndUjar et al. 2018). It is
notable that these unusual mitochondrial traits have not been widely captured in these taxon

groups, some of which are hyper-diverse.

1.4.9 Heteroplasmy at the base of Animalia

Two basal animal clades, Cnidaria and Porifera, are poorly assessed for mitochondrial
heteroplasmy. A single specimen of the cold water coral, Desmophyllum pertusum (Cnidaria:
Anthozoa: Scleractinia) was found to have some site heteroplasmy where five heteroplasmic
nucleotide sites were identified across the entire mitogenome (Emblem et al. 2012) (Table 1),
the cause of which is unknown. Conversely, no evidence of mitochondrial heteroplasmy has

been found in Porifera (demosponges). Fourteen species were assessed (each involving single

23



specimens), and most had whole/near-whole mitogenomes sequenced (Haen et al. 2014)
(Table 1). Data is too deficient in these taxa to generalize about the extent and role of
mitochondrial heteroplasmy in basal animal clades. The heteroplasmy literature reflects the
general trends in most biological and ecological research; invertebrates, particularly marine,
are heavily neglected compared to vertebrates (Donaldson et al. 2017, Titley et al. 2017, Beck
and McCain 2020). However, we predict that as high-throughput DNA sequencing data
becomes more widely used for general biodiversity monitoring, examples of deviant
mitochondrial genetics (including heteroplasmy) will be passively collected during general

biodiversity sampling, enlightening further patterns, and seeding future research directions.

1.4.10 Comprehensive mtDNA analyses also identify homoplasmy

Although it is not within the scope of this review to address taxa with an absence of
heteroplasmy (i.e. homoplasmy), it is important to note that there are several examples of
animals where only homoplasmy (or sometimes NUMTSs) was identified despite analyses of
whole mitogenomes. Most examples are from chordates, including the black lion tamarin
(Leontopithecus chrysopygus) (de Freitas et al. 2018), Grey’s beaked whale

(Mesoplodon grayi) (Thompson et al. 2016), domestic cat (Felis catus) (Lopez et al. 1996),
Atlantic bluefin tuna (Thunnus thynnus) (Manchado et al. 2004), Arctic cod

(Arctogadus glacialis) (Breines et al. 2008), all of which have heteroplasmic relatives (to at
least Order level; Table 1). One invertebrate, the isopod, Cymothoa indica, where the whole
mitogenome was assessed and determined to be homoplasmic was recovered (Zou et al.
2018). However, in all these examples, only a single specimen was examined (Table 1) and
that does not necessarily indicate the heteroplasmy is not present in any individuals within
these species. In the case of F. catus, a later study identified low rates of heteroplasmy in the
control region (Tarditi et al. 2011), in contrast to what Lopez et al. (1996) identified as a
NUMT in the same gene region — although it is not clear if both studies were addressing the
same location of nucleotide variation (Table 1). Nonetheless, it is important to highlight that
interpretations of nucleotide variation can vary, and consideration of the impacts of
laboratory-based protocols and bioinformatic pipelines which may undermine accurate
interpretations of intra-individual nucleotide variation is crucial (Santibanez-Koref et al.
2019, Gonzalez et al. 2020).
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1.4.11 Reports on heteroplasmy are influenced by the methodology available

Before 2005, reports of length heteroplasmy in animals dominated the literature, and site
heteroplasmy began to be increasingly reported after this period (Figure 3). This transition is
likely explained by the continuous development of DNA visualisation and sequencing
technologies (Figure 4), early taxon bias towards vertebrates and some cultivated
invertebrates (which generally demonstrate length heteroplasmy (Table 1)), and increased
confidence with interpreting unexpected outputs from developing techniques. The molecular
techniques to accurately assess heterogeneity at single nucleotide positions, including
numerous methods of polymerase chain reaction (PCR) and later, next-generation sequencing
became widely available, affordable, and errors were better understood during the 2000’s
(Figure 4), limiting earlier identification of site heteroplasmy particularly outside of model

organisms.

Most studies only assess a single tissue type or pool multiple tissues together, and rarely do
studies investigate tissue specificity of heteroplasmy, with some notable exceptions (e.g.
Jenuth et al. (1997), Magnacca and Brown (2010b)). Therefore, it is possible that studies that
have identified homoplasmy may be analysing heteroplasmic individuals if their tissue
sampling is too constrained. Additionally, molecular preparation, sequencing, and
bioinformatic protocols influence the interpretation of intra-individual variation which may
lead to misreporting of true mtDNA variation. This analysis identified that current knowledge
of heteroplasmy may be limited by taxon bias, inconsistent and narrow methodologies
(including tissue selection), and fidelities to consistent gene regions in some taxon groups.
Therefore, determining broad, conclusive patterns of heteroplasmy within animals is difficult
with the current published information. As whole-mitogenome sequencing becomes more
widely used (particularly where multiple individuals of a species are assessed), more

comprehensive interpretations of heteroplasmy will become possible.

1.4.12 Common misidentifications

Sequencing results can sometimes give a false appearance of heteroplasmy if primers amplify
nuclear copies of mitochondrial genes (NUMTs/nuclear pseudogenes). Mitochondrial gene
fragments are often incorporated into the nuclear genome where they are mostly non-
functional, being not expressed, and can rapidly accumulate mutations (Brown et al. 1982,
Sorenson and Fleischer 1996, Mundy et al. 2000). NUMTSs are usually reported to be less
than 1000 bp in length (Leite 2012) but larger NUMTSs have occasionally been reported
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(Lopez et al. 1994, Bensasson et al. 2001). Additionally, gene duplications within the
mitogenome can be mistakenly identified as heteroplasmy, if DNA sequencing targets the
gene region that has undergone duplication. When two copies of a gene that are highly
convergent exists, these can be sequenced simultaneously and could appear to represent

multiple mitogenomes.

Although heteroplasmy can be caused by a gene duplication where one lineage of mtDNA
has multiple copies of the gene, and the other does not (this mtDNA without the duplication
could be the original type), both must be present for this to be considered heteroplasmy. Like
NUMTSs, gene duplications can vary in length, but generally only occur for small fragments
of the genome (Breton et al. 2014). Interpretation is complicated in cases where
heteroplasmic sites occur in few or specific locations in the genome, making differentiation
of localised heteroplasmy versus a gene duplication difficult. Therefore, analysing larger
genome fragments or multiple genes can have limited utility when identifying between true
heteroplasmy and a homoplasmic mitogenome with a gene duplication (e.g. Abbott et al.
(2005)), and quantitative methods may be needed. Evidence of true mitochondrial
heteroplasmy (i.e. not involving NUMTSs or gene duplications) therefore needs to be
examined very carefully to determine whether it involves actual variation in the mitogenome.
There is the possibility that some studies attribute heteroplasmy incorrectly, as NUMTs and
gene duplications are difficult to diagnose (Magnacca and Brown 2010a, Ricardo et al.
2020b), and there are examples of both NUMTs and heteroplasmy occurring between closely
related taxa (Magnacca and Brown 2010a, Magnacca and Brown 2012) or even within single
individuals (Ricardo et al. 2020a).

1.4.13 The persistence of homoplasmy

Although there are increasingly reports of intra-individual mtDNA variation occurring across
animal taxa — particularly with increasingly affordable and efficient DNA sequencing
technologies — homoplasmy remains the ‘default’ assumption for mtDNA. By and large,
mitochondrial heteroplasmy appears to be detrimental in many systems (Sharpley et al. 2012,
Christie et al. 2015, Christie and Beekman 2017) and mechanisms reducing intra-individual
mtDNA variation remain widespread (Otten et al. 2016, De Fanti et al. 2017). Our search
parameters did not target homoplasmic records, and we did not attempt to quantify the extent

of homoplasmy across animal taxa.
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There are three main hypothesis that have been proposed to explain conserved homoplasmy

maintained through uniparental inheritance.

(i)

(i)

(i)

The most widely accepted hypothesis suggests that when mtDNA mutations arise
that increase mitochondrial replication rate, but concurrently decrease its
metabolic contribution, the increased fitness to the mitochondria reduces the
overall fitness of the cell or host organism. This genomic conflict (a variant of the
selfish gene hypothesis) suggests that biparental inheritance would facilitate the
spread of selfish mtDNA, thus the evolution of uniparental inheritance to combat
selfish mitochondrial genes (Murlas Cosmides and Tooby 1981, Hastings 1992,
Law and Hutson 1992).

A second hypothesis posits that selection against deleterious mtDNA mutations is
facilitated by uniparental inheritance, as uniparental inheritance increases the
variation of mtDNA between cells, but not within cells. Cells with high levels of
mutations are removed during a ‘bottleneck’ in early germline development via
purifying selection, and hence reduce mtDNA variation within a single individual
(Bergstrom and Pritchard 1998, Roze et al. 2005, Christie et al. 2015).

A third hypothesis suggests that there is stringent coadaptation between the
mitochondrial and nuclear genomes (Healy and Burton 2020), which is
maintained via uniparental inheritance. The process of oxidative phosphorylation
involves numerous interactions between proteins, DNA and RNA encoded by
both genomes (Hadjivasiliou et al. 2012, Hadjivasiliou et al. 2013, Christie et al.
2015), and that mutations that compromise coevolved mitochondrial and nuclear

genome combinations are purged via selection.

These hypotheses could help explain conserved homoplasmy and its maintenance through

maternal transmission. However, pervasive heteroplasmic systems exist (such as DUI in

bivalves) which challenge these concepts. There are increasing examples of heteroplasmic

systems being maintained over multiple generations, both by biparental inheritance and

maternal transmission (Table 1). The function of advantageous and/or heritable forms of

mitochondrial heteroplasmy (if they exist, and evidence suggests they do), is not yet

understood. How these alternative systems fit within the concepts of homoplasmic mtDNA

inheritance is currently under investigation and is only just beginning to be addressed.
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1.5 Conclusion and future directions

This review summarizes patterns of current heteroplasmic records in animals — where
various breakdowns in standard molecular processes and specifically evolved strategies
perpetuating unusual mtDNA traits have likely arisen multiple times. Because most cases of
heteroplasmy are identified as a subsequent finding during standard genetic analyses, it is
difficult to interpret the apparent discontinuity of the phylogenetic distribution of reported
heteroplasmy-afflicted species, nor suggest the broad mechanisms that facilitate extensive
levels of heteroplasmy in populations. The mechanisms that facilitate heteroplasmy may be
generally different in invertebrates broadly, compared to vertebrates. Whereas arthropods
may have less stringent repair mechanisms, higher mutation rates, and/or weaker effects of
drift/selection (Meiklejohn et al. 2007, Thomas et al. 2010, Lynch et al. 2011) (Table 1),
chordates may have increased instances of replication errors (Nabholz et al. 2009) (Table 1)

that facilitate these differences in the characteristics of heteroplasmy in each group.

Although mitochondrial heteroplasmy is not a novel issue, its complexity has presented many
challenges for our current knowledge of molecular processes and technology applied for such
investigations. Our understanding of the mechanisms maintaining heteroplasmy and what
function(s) heteroplasmy may serve in natural systems is generally underdeveloped. Studies
addressing heteroplasmy are usually species specific, and these cases are often only explored
because of accidental discoveries during other genetic analyses. Even organisms that have
been extensively genotyped, such as Drosophila are only just being recognised for extensive
heteroplasmy within their populations (Townsend and Rand 2004, Nunes et al. 2013), and
model heteroplasmic systems such as bivalves remain highly active research fields. We
propose some future directions of research in naturally occurring mitochondrial heteroplasmy

in animal populations:

1. Expand sampling of species currently underrepresented in the literature to assess type
and prevalence of heteroplasmy, particularly in basial animal lineages.

2. Increase the diversity of gene regions assessed (if not an assessment of entire
mitogenomes) using technologies with the most reliable SNP identification
capabilities, assessing variation within individuals most accurately.

3. Consider the impacts of tissue selection, DNA preparation, sequencing and
bioinformatic protocols when designing experiments (even if detecting intra-

individual variation is not necessarily the intended outcome of the research).
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4. Using high-throughput DNA sequencing techniques, assess multiple individuals of a
species to determine the extent of heteroplasmy.

5. Independent, reassessment of taxa identified as having unusual mitochondrial traits,
particularly those where heteroplasmy was observed peripherally without an
opportunity to explore further.

6. Select ‘model’ taxa across diverse lineages known to have extensive and (likely)
heritable forms of heteroplasmy to explore the breadth of mechanisms facilitating
extensive forms of mitochondrial heteroplasmy.

The implications for mitochondrial heteroplasmy for our understanding of genetic inheritance
could be wide-reaching and has important implications for the use of mtDNA in a variety of
research fields. The research directions for studies of naturally occurring mitochondrial
heteroplasmy in animals in a broad evolutionary context have not been developed, and the
implementation of more accurate and affordable sequencing technologies will make this a
viable productive area of research. Mitochondrial heteroplasmy appears more prevalent that
is currently appreciated and poses important considerations for our understanding of
mitochondrial evolution and its link to the evolution of its animal (and other multicellular

eukaryote) hosts.
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1.8 Tables

Table 1: Records of mitochondrial heteroplasmy across animal taxa recovered from published literature. The type of heteroplasmy (het.) for each taxon was reported as “site”,

“length”, “S&L” (both types within the individuals sampled), or © (no heteroplasmy i.e., homoplasmy only), with the mitochondrial fragment targeted included (e.g. “CR” = control

region). Some records targeted multiple fragments or sequenced whole mitogenomes (denoted by “WGS”) but detected heteroplasmy in only one or a few genes, which is
summarized here. The percentage of heteroplasmy (% het.) within each ‘population’ sampled (with sample size, n) is given. The records are scaled from darkest green (100%
heteroplasmic population) to white (0% heteroplasmy i.e. homoplasmy). Homoplasmic results are also given in grey. Note that here a “population” refers to all specimens of a
species assessed within any publication and does not necessarily truly represent an ecological population.

Phyla Class Order Taxa het. mt fragment % het. n Proposed source Reference
Clitellata Haplotaxida Pontoscolex corethrurus Site col 49 61 Paternal leakage Taheri et al. (2018)
Terebellida Alvinella pompejana 0] col 0.0 93 N/A Hurtado et al. (2004)
. Phyllodocida Branchipolynoe symmytilida (0] col 0.0 61
Annelida
Polycheata Qasisia alvinae (0} col 0.0 43
Sabellida Riftia pachyptila ) col 0.0 135
Tevnia jerichonana [0) col 0.0 115
Amblyomma americanum Site Mitog wide (6 sites only) 100.0 1 Unknown Williams-Newkirk et al. (2015)
Amblyomma maculatum Site 16S rRNA 3.5 370 Unknown Nadolny et al. (2015)
Amblyomma cajennense * Site Mitog (coding regions - 166 sites) 100.0 1 Unknown Xiong et al. (2013)
Argas sp.* Site Mitog (coding regions - 11 sites) 100.0 |1
odida Haemaphysalis formosensis * Site Mitog (coding regions - 6 sites) 100.0 1
Haemaphysalis parva * Site Mitog (coding regions - 6 sites) 100.0 1
Otobius megnini * Site Mitog (coding regions - 24 sites) 100.0 1
Arthropoda . o . . . . . .
(Chelicerata) Arachnida Rhipicephalus geigy * Site Mitog (coding regions - 8 sites) 100.0 1
Rhipicephalus microplus * Site Mitog (coding regions - 40 sites) 100.0 |1
Rhipicephalus spp.* (hybrid zone) Length 12S rRNA 3.5 170 Paternal leakage via hybridization Mastrantonio et al. (2019a)
Varroa destructor S&L COl &/or cytb 313 64 Unknown Gaji¢ et al. (2016)
Site col 51.8 Maternal inheritance Gaji¢ et al. (2019)
. Varroa destructor 245
Parasitiformes Site cytb 16.3
. Mutation and passage through Muntaabski et al. (2020)
Varroa destructor Site COIl & ND5, ND4-NDA4L 18.7 182 .
generations
Branchiopoda Anostraca Branchinecta paludosa Site col 26.5 49 Unknown Lindholm et al. (2016)
Cancer irroratus [0} Col 0.0 95 NUMT Gislason et al. (2013)
Homarus americanus @ Multi mt frag 0.0 10 N/A Katsares et al. (2003)
Homarus gammarus Length Multi mt frag 100.0 49 Mitochondrial inheritance
Maja brachydactyla Site COIl & 16S rRNA 265 83 Failure to eliminate male mtDNA Rodriguez-Pena et al. (2020)
Panulirus argus 1) Multi mt frag 0.0 259 N/A Silberman et al. (1994)
Arthropoda Panulirus argus @ CR 0.0 28 N/A Diniz et al. (2005)
(Crustacea) Decapoda Parq/eptqca boninensis (as Uca Length CR (COI no heterop) 100.0 5 Unknown s et (2013)
boninensis )
Paraleptuca chlorophthalmus (as Uca 0 CR & COI 0.0 4
chlorophthalmas )
Paraleptuca crassipes (as Uca crassipes) Length CR (COI no heterop) 7.1 28
Paraleptuca splendida (as Uca splendida ) @ CR & COlI 0.0 16
Penaeus monodon ] CR & 16S rRNA 0.0 86 N/A Alam et al. (2015)
Penaeus monodon [0) CR 0.0 115 NUMT Walther et al. (2011)
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Phyla Class Order Taxa het. mt fragment % het. n Proposed source Reference
Cymothoa indica [0) Mitog wide 0.0 1 N/A Zou et al. (2018)
Armadillidium vulgare * Site tRNA anticodon 100.0 6 Unknown Marcadé et al. (2007)
Armadillidium assimile * Site tRNA anticodon 100.0 3 Balancing selection Doublet et al. (2008, 2012)
Armadillidium depressum * Site tRNA anticodon 100.0 3
Armadillidium nasatum * Site tRNA anticodon 100.0 2
Armadillidium vulgare * Site tRNA anticodon 100.0 26
Armadillo officinalis * Site tRNA anticodon 100.0 2
Arthropoda Balloniscus sellowii * Site tRNA anticodon 100.0 1
(Crustacea) Malacostraca Isopoda Cubaris murina * Site tRNA anticodon 100.0 2
Cylisticus convexus * Site tRNA anticodon 100.0 3
Helleria breviconis * Site tRNA anticodon 100.0 2
Hemilepistus reaumuri* Site tRNA anticodon 100.0 3
Platyarthrus caudatus * Site tRNA anticodon 100.0 1
Platyarthrus hoffmannseggii * Site tRNA anticodon 100.0 1
Porcellio gallicus * Site tRNA anticodon 100.0 3
Porcellio spinicornis * Site tRNA anticodon 100.0 2
Trachelipus rathkii * Site tRNA anticodon 100.0 2
Trichoniscus pusillus pusillus * Site tRNA anticodon 100.0 1
. B . . Selection maintaining both variants ~ Chandler et al. (2015)
Trachelipus rathkeii Site tRNA anticodons (WGS) 100.0 2
Gonioctena intermedia Site col 458 24 Balancing selection Kastally & Mardulyn (2017)
Inflata indica Site Mitog wide (11 sites only) 100.0 1 Unknown Sriboonlert & Wonnapinij (2019)
) . . Transient state between fixation of ~ Azeredo-Espin et al. (1996)
Leptinotarsa decemlineata Length Multi mt frag 15 535 mutant haplotype
Monochamus galloprovincialis (0) COl & COll 0.0 148 NUMT Koutroumpa et al. (2009)
Coleoptera Monochamus sutor (0} Col & coll 0.0 49 N/A
Ochthebius quadricollis @ col 0.0 84 N/A Mastrantonio et al. (2019b)
Ochthebius urbanelliae Site Col 1.9 105 Paternal leakage due to hybridization
Pissodes strobi Length CR 100.0 142 Unknown Boyce et al. (1989)
Pissodes nemorensis * Length CR 100.0 54
Arthropoda Insecta Pissodes terminalis * Length CR 100.0 23
(Hexpoda) -
Aedes aegypti Site ND4 2.4 125 Paternal leakage Paduan & Ribolla (2008)
Aedes aegypti Site ND4 1.7 234 Paternal leakage Dalla Bona et al. (2012)
Diptera Aedes aegypti [0) ND4 0.0 5840 NUMT Black & Bernhardt (2009)
Anopheles arabiensis 0] ND5 0.0 232 N/A Aboud et al. (2014)
Anopheles quadrimaculatus 0] Multi mt frag 0.0 288 N/A Mitchell et al. (1992)
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Phyla Class Order Taxa het. mt fragment % het. n Proposed source Reference
Anopheles stephensi * 0] Col-ll 0.0 40 N/A Oshaghi (2005)
) . . . Transient state after paternal leakage Vargas & Espin (1995)
Cochliomyia hominivorax Length Multi mt frag 4.2 405
Diptera Unknown (small lab culture Hale & Singh (1991)
Drosophila melanogaster * Length D-Loop 16.7 144 accumulating mutations (Townsend &
Rand (2004))
. Small laboratory populations Townsend & Rand (2004)
Drosophila melanogaster * Length D-Loop 1.5 194 accumulating mutations
Drosophila melanogaster Site col 13.6 66 Paternal leakage Nunes et al. (2013)
Droso.phi/a sirr)u/ans and D. mauritiana Length Multi mt frag 05 191 Paternal leakage via hybridization Mitrofanov et al. (2002)
(hybrid experiment)*
Drosophila mauritiana * Length Multi mt frag 50.0 60 Incomplete maternal inheritance
Drosophila simulans Site col 0.7 4092 Paternal leakage Wolff et al. (2013)
Cimex lectularius Site col 17.2 29 Paternal leakage Robison et al. (2015)
Hemiptera Nezara viridula Site 16S rRNA 3.3 61 Paternal leakage Kavar et al. (2006)
Philaenus spumarius Site cytb 16.7 108 Paternal leakage Lis et al. (2014)
Arthropoda Insecta ) Endosymbiont facilitated, maternal ~ Unpublished Davies
(Hexpoda) Amphylaeus morosus Site col 100.0 73 inhertiance
Andrena tarsata Site col 100.0 2 Unknown (some NUMTSs presentin ~ Magnacca & Brown (2012)
Andrena spp. (16 species) (0) col 0.0 1-8 homoplasmic species)
Coelioxys elongata (0) col 0.0 1
Colletes succinctus Site col 100.0 11
Colletes spp. (2 species) [0) Col 0.0 4-5
Halictus rubicundus Site col 16.7 6
Halictus tumulorum Site col 200 5
Hylaeus spp. (2 species) [0) col 0.0 2-4
Hymenoptera . .
Lasioglossum spp. (9 species) (0} col 0.0 1-15
Megachile spp. (4 species) (1) col 0.0 1-3
Nomada spp. (9 species) ) col 0.0 2-12
Osmia aurulenta Site Col 50.0 2
Osmia rufa [0] col 0.0 3
Sphecodes geoffrellus Site col 40.0 5
Sphecodes spp. (5 species) (0] col 0.0 2-8
Apis cerana * Length ATPase6 - ATPase8 431 181 Unknown Songram et al. (2006)
Bombus morio Site col 885 26 Unknown (NUMTs also present) Ricardo et al. (2020a)
Ectatomma ruidum complex Site Mitog wide (<7% sites) 333 21 Maternal Inheritance Meza-Lazaro et al. (2018)
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Phyla Class Order Taxa het. mt fragment % het. n Proposed source Reference

Hylaeus akoko ol Site col 1 Unknown Magnacca & Brown (2010a)
Hylaeus andrenoides Site col 3
Hylaeus angustulus Site col 66.7 6
Hylaeus coniceps Site col 9
Hylaeus connectens 2 Site col 12
Hylaeus dimidiatus “ Site col 3
Hylaeus facilis Site col 1
Hylaeus filicum Site col 2
Hymenoptera Hylaeus fuscipennis “* Site col 9
Hylaeus haleakalae Site col 444 9
Hylaeus hula Site col 4
Hylaeus kauaiensis Site col 4
Hylaeus kokeensis Site col 4
Hylaeus kuakea Site col 1
Hylaeus kukui Site col 3
Hylaeus mimicus Site col 3
ﬁ.:;t;:;%?;a Insecta Hylaeus muranus Site col 3
Hylaeus mutatus Site col 5
Hylaeus pubescens ** Site col 5
Hylaeus setosifrons Site col 4
Hylaeus unicus Site col 13
Hylaeus spp. (28 species) [0} col 0.0 1-16
Jalmenus daemeli 0] CR 0.0 9 N/A Taylor et al. (1993)
Jalmenus evagoras eubulus [0} CR 0.0 3
Jalmenus evagoras evagoras [0} CR 0.0 15
Lepidoptera Jalmenus icilius [0] CR 0.0 6
Jalmenus ictinus [0) CR 0.0 6
Jalmenus lithochroa [0) CR 0.0 2
Jalmenus pseudictinus [0) CR 0.0 2
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Phyla Class Order Taxa het. mt fragment % het. n Proposed source Reference
Arcyptera sp. [0) ND5 (& COl) 0.0 1 Nuclear paralog Bensasson et al. (2000)
Calliptamus sp. (0) ND5 (& COl) 0.0 2
Cophopodisma pyrenea (0) ND5 (& COl) 0.0 1
Italopodisma sp. [0) ND5 (& COl) 0.0 13
Ognevia longipennis [0) ND5 (& COl) 0.0 1
Parapodisma mikado (0) ND5 (& COl) 0.0 5
Orthoptera Podisma pedestris (0} ND5 (& COl) 0.0 89
Primnoa fauriei (as P. hayachinensis ) [0) ND5 (& COl) 0.0 1
Arthropoda Insecta )
(Hexpoda) PseudoAchorth/ppus parallelus (as 0 NDS (& COI) 0.0 5
Chorthippus parallelus)
Gryllus firmus Length Multi mt frag 61.5 52 Unknown Rand and Harrison (1986)
Gryllus pennsylvanicus Length Multi mt frag 453 53
Gryllus pennsylvanicus and G. firmus . Unknown Harrison et al. (1985)
(hybrid zone) Length Multi mt frag 12.0 100
Geomydoecus aurei S&L col 100.0 2 Mitochondrial minichromosome Pietan et al. (2016)
Phthiraptera Thomomydoecus minor S&L col 100.0 1 A
Pediculus capitis * Site Mitog (coding regions <65 sites) 100.0 6 Unknown Xiong et al. (2013)
Pediculus humanus * Site Mitog (coding regions <76 sites) 100.0 6
Thysanoptera Thrips tabaci * Site col 100.0 500 Unknown Gawande et al. (2017)
Acipenser baerii » Length D-Loop 19.8 126 Intramolecular recombination Ludwig & Jenneckens (2000),
Acipenser brevirostrum Length D-Loop 500 6 Ludwig et al. {2000a)
Acipenser gueldenstaedtii » Length D-Loop 143 98
Acipenser fulvescens Length D-Loop 6.4 31
Acipenser medirostris Length D-Loop 541 37
Acipenser mikadoi » Length D-Loop 50.0 6
Acipenser naccarii Length D-Loop 30.0 20
. B . . Acipenser nudiventris " 0] D-loop 0.0 15
Chordata Actinopterygii Acipenseriformes Acipenser oxyrinchus o D-loop 0.0 60
Acipenser persicus * Length D-Loop 235 17
Acipenser ruthenus Length D-Loop 46.8 156
Acipenser stellatus " Length D-Loop 258 93
Acipenser sturio » [0) D-loop 0.0 44
Acipenser transmontanus Length D-Loop 16.6 12
Huso huso » Length D-Loop 8.0 74
Acipenser brevirostrum Length CR 30.5 272 Unknown Grunwald et al. (2002)
Acipenser gueldenstaedtii * L&S D-Loop 100.0 145 Paternal leakage and mutation Pourkazemi et al. (1999)
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Phyla Class Order Taxa het. mt fragment % het. n Proposed source Reference
Acipenser gueldenstaedtii * Length D-Loop 8.3 24 High mutation rate (via insertions and Giftci et al. (2013)
Acipenser stellatus » Length D-Loop 417 12 deletions)
Huso huso » Length D-Loop 2.2 45
Acipenser medirostris Length D-Loop 50.0 10 Unknown Brown et al. (1996)
Acipenser transmontanus Length D-Loop 420 174
Acipenser fulvescens (0} D-Loop 0.0 21
Acipenser oxyrinchus [0) D-Loop 0.0 19
Acipenseriformes Acipenser oxyrinchus oxyrinchus [0) D-loop 0.0 90 N/A Ludwig et al. (2000b)
Acipenser sturio [0] D-loop 0.0 12
Acipenser oxyrinchus desotoi Length D-Loop 18.5 168 Unknown Miracle & Campton (1995)
Acipenser oxyrinchus desotoi (0) CR 0.0 160 N/A Stabile et al. (1996)
. ) Transitioinal heteroplasmy as the Dudu et al. (2012)
Acipenser ruthenus Site cytb 10.0 30 result of population hybridisation
Chordata Actinopterygii Acipenser sinensis Length D-Loop 57.4 47 Unknown Zhang et al. (1999)
Dynamic, reversible equilibrium of D- Buroker et al. (1990)
Acipenser transmontanus Length D-loop 40.6 128 loop strand and H-strand for pairing
with L-strand
. Mutation mechanism that increases ~ Brown etal. (1992)
Acipenser transmontanus Length D-Loop 420 174 copy number
Amiiformes Amia calva Length Multi mt frag 7.7 52 Unknown Bermingham et al. (1986)
Brycon opalinus * Length Multi mt frag 0.6 337 Intra-individual mutation Hilsdorf & Krieger (2004)
Characiformes Megaleporinus piavussu (as Leporinus | 1 166 RNA (WGS - 1 site only) 100.0 1 Unknown Yosbecketal. (2016)
piavussu')
Alosa sapidissima Length Multi mt frag 123 244 Incomplete segregation of variant Benten etal. (1988)
. mtDNA forms
Clupeiformes Alosa sapidissima Length Multi mt frag 140 81 Unknown Nolan et al. (1991)
Engraulis encrasicolus Length Multi mt frag 0.7 435 Biparental inheritance Magoulas & Zouros (1993)
Gambusia holbrooki Site CR 75.5 597 Chemical induced mutation Rinner et al. (2011)
Cyprinodontiformes Poecilia reticulata Length CR 37.0 46 Unknown Taylor & Breden (2000)
Poecilia reticulata Length CR 69.2 13 Inheritance (maternal or paternal) Taylor & Breden (2002)
Acheilognathus typus Site CR 0.6 541 Unknown Saitoh et al. (2016)
Formosania lacustre Length CR 355 68 Unknown Wang et al. (2007)
Cypriniformes Cyprinella spiloptera (0) CR 0.0 38 Fragment duplication Broughton & Dowling (1994)
Cyprinella spiloptera 0] CR & tRNA Pro 0.0 50 N/A Broughton & Dowling (1997)
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Phyla Class Order Taxa het. mt fragment % het. n Proposed source Reference

Abramis brama 0] col 0.0 9 Unknown Behrens-Chapuis et al. (2018)
Alburnus alburnus (0] col 0.0 8
Alburnoides bipunctatus (0) col 0.0 8
Blicca bjoerkna [0) col 0.0 10
Carassius carassius [0) COl 0.0 10
Carassius gibelio (0) col 0.0 10
Chondrostoma nasus (0] col 0.0 10
Cyprinus carpio Site Col 111 9
Gobio gobio ] col 0.0 9
Leucaspius delineatus Site col 10.0 10
Leuciscus aspius [0) col 0.0 10
Leuciscus idus [0) col 0.0 10
Leuciscus leuciscus Site col 10.0 10

Cypriniformes Phoxinus phoxinus (0} Col 0.0 13
Pseudorasbora parva [0) Col 0.0 8

Chordata Actinopterygii Rhodeus amarus Site Col 10.0 10

Rutilus rutilus [0) col 0.0 10
Scardinius erythrophthalmus Site Col 10.0 10
Squalius cephalus [0) col 0.0 10
Tinca tinca [0) col 0.0 10
Vimba vimba Site col 20.0 10
Schizopyge niger (as Schizothorax niger) @ 16S rRNA, cytb, & D-loop 0.0 4 N/A Ahmad et al. (2014)
Schizothorax curvifrons [0) 16S rRNA, cytb, & D-loop 0.0 4
Schizothorax esocinus [0) 16S rRNA, cytb, & D-loop 0.0 4
Schizothorax labiatus [0} 16S rRNA, cytb, & D-loop 0.0 4
Schizothorax plagiostomus [0} 16S rRNA, cytb, & D-loop 0.0 5
Schizopyge niger (as Schizothorax niger) @ D-loop 0.0 5 N/A Syed et al. (2016)
Schizothorax curvifrons [0} D-loop 0.0 5
Schizothorax esocinus [0} D-loop 0.0 5
Schizothorax labiatus (0) D-loop 0.0 5
Schizothorax plagiostomus (0) D-loop 0.0 5

Esociformes Esox lucius Length CR 16.7 6 Unknown Brzuzan et al. (1998)
Arctogadus glacialis [0) Mitog wide 0.0 1 Unknown Breines et al. (2008)

Gadiformes Boreogadus saida Length  WANCY tRNA cluster (WGS) 50.0 2
Gadus morhua Length D-Loop - 27 Mutation rate > genetic drift Arnason & Rand (1992)
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Phyla Class Order Taxa het. mt fragment % het. n Proposed source Reference
Culaea inconstans Length CR 438 121 Replication slippage Gach & Brown (1997)
Culaea inconstans Length D-loop 38.1 352 Unknown Gach (1996)
. Gasterosteus aculeatus 0] D-loop 0.0 6
Gasterosteiformes
Pungitius pungitius [0) D-loop 0.0 4
lllegitimate elongation resulting in Starner et al. (2004)
Gasterosteus aculeatus Length CR 100.0 11 L
misalignment
Gonorynchiformes  Chanos chanos * Length CR 36.4 96 Unknown Ravago et al. (2002)
Centropomus undecimalis Length CR 0.1 789 Unknown Wilson et al. (1997)
Dascyllus trimaculatus Length CR 583 36 Unknown Chen et al. (2004)
. Bias toward large mtDNA molecules  Cesaronietal. (1997)
Dicentrarchus labrax * Length D-loop 52.2 209
Morone saxatilis Length Multi mt frag 141 821 Unknown Wirgin et al. (1993)
) - Morone saxatilis Length Multi mt frag 156 32 Unknown Stellwag et al. (1994)
Chordata Actinopterygii Perciformes Perca fluviatilis Length D-Loop (HVR) 73.8 149 Maternal Inheritance Nesbg et al. (1998)
Sciaenops ocellatus Length Multi mt frag 0.3 750 Unknown Gold & Richardson (1990)
Sander vitreus (as Stizostedion vitreum) @ CR 0.0 199 N/A Faber & Stepien (1998)
Sander volgensis (as Stizostedion volgensi. @ CR 0.0 1
Stizostedion canadense [0) CR 0.0 4
Stizostedion lucioperca [0) CR 0.0 2
Thunnus thynnus » [0} Mitog wide 0.0 1 N/A Manchado et al. (2004)
Hippoglossus hippoglossus ** Length CR 100.0 4 Slipped-strand mispairing and DNA  Mielle et al. (2008)
Hippoglossus stenolepis Length CR 100.0 4 recombination mechanisms
Pleuronectiformes Reinhardtius hippoglossoides Length CR 100.0 4 . . .
Paralichthys olivaceus Site ND4 2.6 39 Point mutation Shigenobu et al. (2005)
. Recombination of mtDNA inherited ~ Hoarau et al. (2002)
Platichthys flesus Length CR 98.2 (168 .
via paternal leakage
Oncorhynchus keta Site ND5 100.0 1 Point mutation Shigenobu et al. (2005)
. Oncorhynchus mykiss 0] CR 0.0 15 N/A Nielsen et al. (1998)
Salmoniformes -
Population specific selection for Wetjen et al. (2017)
Salmo trutta Length CR 11.7 60

heteroplasmy
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Ancistrus sp. 1* Site Mitog wide (10 sites only) 1 Unknown Moreira et al. (2015)
Ancistrus sp. 2* Site Mitog wide (6-8 sites only) 2
Ancistrus multispinis Site Mitog wide (8 sites only) 1 Unknown Moreira et al. (2017)
Ancistrus sp. 1* Site Mitog wide (13 sites only) 1
Ancistrus sp. 2* Site Mitog wide (6 sites only) 1
Baryancistrus xanthellus * Site Mitog wide (10 sites only) 1
Corydoras nattereri Site Mitog wide (3 sites only) 1
Corydoras schwartzi * Site Mitog wide (7 sites only) 1
Dekeyseria amazonica Site Mitog wide (5 sites only) 1
Herrltiancistrus snethlageae * (as Site Mitog wide (14 sites only) 1
Ancistomus snethlageae )

Hemipsilichthys nimius Site Mitog wide (6 sites only) 1
Hisonotus thayeri Site Mitog wide (14 sites only) 1
Hypoptopoma incognitum Site Mitog wide (9 sites only) 1
Hypostomus affinis Site Mitog wide (6 sites only) 1
Hypostomus emarglnqtus (as Site Mitog wide (11 sites only) 1

Chordata Actinopterygii Siluriformes Aphanotolurus emarginatus )

Hypostomus cf. plecostomus Site Mitog wide (8 sites only) 1

Hypostomus sp.* Site Mitog wide (5 sites only) 1

Kronichthys heylandi Site Mitog wide (13 sites only) 1

Loricaria cataphracta Site Mitog wide (8 sites only) 1

Loricariichthys castaneus Site Mitog wide (21 sites only) 1

Loricariichthys platymetopon Site Mitog wide (10 sites only) 1

Neoplecostomini gen. n. [0} Mitog wide 0.0 1

Neoplecostomus microps Site Mitog wide (6 sites only) 1

Otocinclus cf. hoppei * Site Mitog wide (11 sites only) 1

Panagqolus sp.* Site Mitog wide (15 sites only) 1

Pareiorhaphis garbei Site Mitog wide (12 sites only) 1

Parotocinclus maculicauda Site Mitog wide (6 sites only) 1

Peckoltia furcata * Site Mitog wide (6 sites only) 1

Pterygoplichthys pardalis Site Mitog wide (9 sites only) 1

Pterygoplichthys sp.* Site Mitog wide (7 sites only) 1

Rineloricaria cf. lanceolata * Site Mitog wide (6 sites only) 1

Rineloricaria sp. Site Mitog wide (5 sites only) 1

Schizolecis guntheri Site Mitog wide (15 sites only) 1

Hypancistrus zebra Site Mitog wide (21 sites only) 2 Unknown Magalhdes et al. (2017)
Hypoptopoma incognitum Site Mitog wide (33 sites only) 1 Unknown Moreira et al. (2016)
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Sebastes fasciatus " Length CR 389 36 Unknown replication error leading to Bentzen et al. (1998)
Scorpaeniformes Sebastes mentella Length CR 423 52 secondary-structure stabilization
Actinopterygii Sebastes norvegicus (as Sebastes marinus Length CR 46.2 13
N/A Cervelli et al. (2007)
Teleostei Padogobius nigricans (0) tRNA Pro, tRNA Phe & 12SrRNA 0.0 16
Anaxyrus baxteri ™ (as Bufo baxteri) Site 12S & 16S rRNA 100.0 1 Unknown Pauly et al. (2004)
Incilius coniferus (as Bufo coniferus) Site 12S & 16S rRNA 100.0 1
"Bufo " spp. (48 species) (0] 12S & 16S rRNA 0.0 1-6
Bombina bombina Length CR 100.0 Unknown Spolsky et al. (2006)
Bombina variegata Length CR 100.0
Anura Dryophytes cinereus (as Hyla cinerea) Length Multi mt frag 1.4 142 Unknown Bermingham et al. (1986)
Amphibia Dryophytes gratiosus (as Hyla gratiosa) Length Multi mt frag 8.0 163
Pelophylax ridibundus (as Rana . Chemical induced mutation Matson et al. (2006)
. Site cytb 3.9 207
ridibunda)
Pelopﬁylax ridibundus and P. lessonae Site 165 rRNA &/or Cytb PR - Paternal leakage via hybridization Radojicic et al. (2015)
(hybrid zone)
Rana japonica @ Multi mt frag 0.0 78 N/A Sumida (1997)
Chordata Urodela Proteus anguinus " Length CR & tRNA Pro 2.4 84 Unknown Goricki &Trontelj (2006)
Triturus cristatus Length Multi mt frag 1.1 185 Unknown Wallis (1987)
. Aceros waldeni *» Length CR 100.0 1 Unknown Sammler et al. (2011)
Bucerotiformes
Penelopides panini *" Length CR 100.0 1
Ciconiiformes Mycteria americana Length CR 352 88 Mutation & maternal inheritance Lopes et al. (2011)
Alca torda Site CR 4.1 123 Unknown Moum & Bakke (2001)
Aethia pusilla Length tRNA Phe 100.0 1 Replication slippage Berg et al. (1995)
2;ttitl;tzszt;tacula (as Cyclorrhyncus Length tRNA Phe 1000 1
Alca torda Length tRNA Phe 100.0 3
Alle alle Length tRNA Phe 100.0 1
Brachyramphus brevirostris Length tRNA Phe 100.0 1
Aves Brachyramphus marmoratus » Length tRNA Phe 100.0 1
Calidris maritima Length tRNA Phe 100.0 1
. Cepphus grylle Length tRNA Phe 100.0 1
Charadriiformes .
Fratercula arctica Length tRNA Phe 100.0 1
Larus argentatus Length tRNA Phe 100.0 1
Larus canus Length tRNA Phe 100.0 1
Larus fuscus Length tRNA Phe 100.0 12
Rissa tridactyla Length tRNA Phe 100.0 1
Synthliboramphus antiquus Length tRNA Phe 100.0 1
Uria aalge Length tRNA Phe 100.0 1
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Cepphus carbo Length CR 100.0 Unknown Kidd & Friesen (1998)
Charadriiformes Cepphus columba Length CR 100.0
Cepphus grylle Length CR 100.0 10
Columbiformes Columba livia * Length D-loop 412 131 Maternal inhertiance Lee et al. (2010)
Alectoris chukar and A. graeca (hybrid Paternal leakage via hybridization Gandolfi et al. (2017)
Galliformes zone) ? ™ Site col 45 44 ¢ !
Colinus virginianus Site Multi mt genes 255 51 Unknown Halley et al. (2015)
Alauda arvensis Length CR (WGS) 100.0 1 Unknown Qian et al. (2013)
Calliope pectoralis [0) cytb, ND6 & CR 0.0 80 NUMT Spiridonova et al. (2019)
Castan.ozoster thoracicus (as Poospiza Site Mitog wide (2 sites only) 100,00 1 Unknown do Amaral et al. (2015)
Aves thoracica)
Micros.p.ingus cabanisi (as Poospiza Site Mitog wide (1 site only) 1000 1
cabanisi)
Chordata MICFOSPII‘IQUS lateralis (as Poospiza Site Mitog wide (2 sites only) 100.0 1
lateralis ')
Lanius excubitor [0} CR 0.0 8 N/A Mundy & Helbig (2004)
Lanius ludovicianus gambeli Length CR 10.7 28 Unknown Mundy et al. (1996)
Passeriformes Lanius ludovicianus mearnsi ® (0] CR 0.0 16
Lanius meridionalis koenigi * Length CR 121 174 Unknown Hernandez et al. (2010)
Luscinia calliope (0} cytb 0.0 21 NUMT Spiridonova et al. (2016)
o e . Paternal leakage through a Péckert et al. (2019)
Passer italiae Site ND2 3.8 52 .
hybridisation event
Pycnonotus sinensis hainanus Length CR (WGS) 100.0 1 Unknown Ren et al. (2016¢)
Rub/gL{la melanicterus (as Pycnonotus Length CR (WGS) 1000 1 Unknown Ren et al. (2016b)
melanicterus )
Spizixos semitorques Length CR (WGS) 100.0 1 Unknown Ren et al. (2016a)
Sturnus vulgaris Site CR 15,5 181 Unknown Rollins et al. (2016)
Sylviparus modestus [0) cytb, ND2, ATPS6, COI, & CR 0.0 15 N/A Wang et al. (2015)
Pelecaniformes Nipponia nippon ** Length CR 100.0 61 Replication slippage He et al. (2013)
Pleuronectiformes  Solea senegalensis 0] CR (WGS) 0.0 388 N/A Manchado et al. (2007)
. Puffinus Iherminieri L&S CR & 12S rRNA 100.0 1 Unknown Torres et al. (2019)
Procellariiformes - - —
Thalassarche cauta (0} CR 0.0 27 Maternally inhertied gene duplication Abbott et al. (2005)
Lampetra aepyptera (0) ND3 & ND6 0.0 47 N/A White & Martin (2009)
Lethenteron appendix (as Lampetra
Cephalaspidomorphi Petromyzontiformes appendix ) ¢ ND3 & ND6 0.0 3
Ichthyomyzon unicuspis [0) ND3 & ND6 0.0 1
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Lethenteron camtschaticum (as N/A Okada et al. (2010)
Lethenteron japonicum) @ cR 0-0 10
Cephalaspidomorphi Petromyzontiformes Lethenteron kessleri (0) CR 0.0 5
Lethenteron sp. N (0) CR 0.0 17
Lethenteron sp. S [0) CR 0.0 7
. De novo mutagenesis with some Artamonova et al. (2015)
Lethenteron spp. Site col 294 109 L .
vertical inheritance
Chondrichthyes Orectolobiformes Rhincodon typus * [0) CR 0.0 70 N/A Castro et al. (2007)
Bos primigenius t Site CR (WGS) 100.0 1 Unknown Edwards et al. (2010)
Bos taurus * L&S D-loop & rRNA coding regions 30.5 36 Unknown Wu et al. (2000)
DNA-strand slippage during Seroussi & Yakobson (2010)
Bos taurus * Length D-Loop 4.6 219 s
replication
. Camelus bactrianus * Length CR 100.0 (135 Unknown He etal. (2017)
Artiodactyla - - -
Chordata Lama glama * Site CR 200 5 Paternal leakage or de novo mutation Maté et al. (2007)
Lama guanicoe Site CR 600 5
Vicugna pacos * Site CR 400 5
Vicugna vicugna Site CR 60.0 5
Mammalia Sus scrofa domestica * Length CR (WGS) 100.0 1 Unknown Ursing & Arnason (1998)
Canis lupus familiaris * Length CR (WGS) 100.0 1 Unidirectional replication slippage Kim et al. (1998)
Canis lupus familiaris * Length CR 5.0 20 Mutation Wetton et al. (2003)
Canis lupus familiaris * Site CR[HV1] 333 6 Age related mutation Spicer et al. (2014)
Canis lupus familiaris* Length D-Loop 100.0 14 Replication slippage Savolainen et al. (2000)
Canis lupus * Length D-Loop 100.0 5
Felis catus * Length CR 1.7 174 Unknown Tarditi et al. (2011)
Carnivora Felis catus * (0} Mitog wide 0.0 1 NUMT (CR) Lopez et al. (1996)
Lutra lutra * Length CR 68.8 32 Unknown Ketmaier & Bernardini (2005)
Lynx lynx Length CR 125 8 Replication slippage Sindici¢ et al. (2012)
Mirounga angustirostris Length CR 833 24 Replication slippage Hoelzel et al. (1993)
Mirounga leonina Length CR 100.0 24
Panthera tigris " Length CR (WGS) 60.0 5 Unknown Kitpipit & Linacre (2012)
Ursus arctos Length CR 7.1 56 Replication slippage Matsuhashi et al. (1999)
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Balaenoptera edeni Site CR 7.1 14 Mutation and/or replication slippage Vollmer etal. (2011)
Delphinus delphis S&L CR 3.8 52
Globicephala macrorhynchus Site CR 1.2 335
Globicephala melas Site CR 0.5 173
Kogia breviceps S&L CR 35 204
Cetacea Lagenorhynchus albirostris Length CR 50.0 2
Pseudorca crassidens Site CR 50.0 2
Stenella frontalis S&L CR 58.9 183
Tursiops truncatus S&L CR 2.7 4040
Eubalaena glacialis Site CR 429 14 Unknown Mcleod & White (2010)
Mesoplodon grayi (0) Mitog wide 0.0 1 N/A Thompson et al. (2016)
Eptesicus fuscus Length D-Loop 15.0 20 Replication rate bias for smaller Wilkinson et al. (1997)
Myotis bechsteini Length D-Loop 18.0 245 repeat numbers
Myotis lucifugus Length D-Loop 316 19
Myotis myotis Length D-Loop 47.1 191
Nyctalus noctula Length D-Loop 420 112
Chordata Mammalia Nycticeinops schlieffeni Length D-Loop 625 8
Chiroptera Nycticeius humeralis Length D-Loop 28.2 195
Pipistrellus pipistrellus Length D-Loop 625 8
. L Maternal inheritance and high Mayer & Kerth (2005)
Myotis bechsteinii Length CR 47.9 635 mutation rates of tandem repeats
Myotis myotis Site Mitog wide (<6 sites) 100.0 195 Unknown Jebb et al. (2018)
Nycticeius humeralis Length D-Loop 28.2 195 Unidirectional replication slippage Wilkinson & Chapman (1991)
Rhinolophus sinicus complex S&L CR 66.7 18 Introgression via hybridization Mao et al. (2014)
Crocidura russula Length CR 100.0 8 Replication slippage Fumagalli et al. (1996)
Eulipotyphla Sorex aruneus Length CR 125 8 _ .
Sorex cinereus Length D-Loop 6.7 15 Replication slippage Stewart & Baker (1994)
Talpa aquitania Length CR 100.0 1 Unknown Aleix-Mata et al. (2020)
Insectivora Suncus murinus * Length CR 286 7 Unknown Yamagata & Namikawa (1999)
Lagomorpha Oryctolagus cuniculus * Length CR 100.0 1 Unknown Gissi et al. (1998)
Ceratotherium simum Length CR (WGS) 100.0 1 Unknown Xu & Arnason (1997)
Perissodactyla Equus asinus * Length CR 100.0 1 Unknown Xu et al. (1996)
Equus ferus caballus * S&L Cytb 5.3 430 Unknown Zhao et al. (2015)
Leontopithecus chrysopygus *» (0} Mitog wide 0.0 1 N/A de Freitas et al. (2018)
Macaca fuscata Length MNR 41.0 100 L-strand displacement by H-strand Hayasaka et al. (1991)
Primates Tarsius dentatus Length D-Loop 100.0 10 Unknown Merker et al. (2014)
Tarsius lariang Length D-Loop 100.0 10
Tarsius wallacei Length D-Loop 100.0 10
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Abrothrix jelskii (as Chroeomys jelskii') [0) Multi mt frag 0.0 4 Nuclear paralog Smith et al. (1992)
Mammalia Rodentia Myodes glareolus Site Mitog wide (<26 sites) 63.2 115 Intra-individual mutation ?a(ker et)al' (2017), Keséniemi et
al. (2018
Crocodylus moreletii Length D-loop 103 29 Unknown Ray & Densmore (2003)
Crocodilia . B Stable transfer of repetitive mt region Kaur & Ong (2011)
Tomistoma schlegelii * Length CR 3.4 29
Chlamydosaurus kingii 1) ND2 & ND4 0.0 47 N/A Ujvari et al. (2007)
Cnemidophorus tesselatus Length Multi mt genes 247 73 Unknown Densmore et al. (1985)
i i Passoni et al. (2000,
Eurolophosourus dvanvatus (o Length  Multi mt frag gaa 15 UTKTOW ao
Eurolophosaurus amathites (as )
. . (0] Multi mt frag 0.0 16
Tropidurus amathites )
Eurolophosaurus nanuzae (as Tropidurus )
nanuzae) Multi mt frag 0.0 9
Gallotia galloti 1) Multi mt frag 0.0 10 N/A Thorpe et al. (1993)
Heteronotia binoei Length Multi mt frag 4.6 87 Unknown. Note: parthenogenetic Moritz (1991)
Heteronotia binoei Length 16S rRNA 35.1 77 Unknown. Note: parthenogenetic Zevering et al. (1991)
Abronia graminea [0) Mitog wide 0.0 1 Replication slippage Kumazawa (2004)
Leptotyphlops dulcis Length 12S rRNA (WGS) 100.0 1
Sceloporus occidentalis Length Noncoding region (WGS) 1000 1
Chordata Shinisaurus crocodilurus » Length 12S rRNA (WGS) 100.0 1
Reptilia Smaug warreni (as Cordylus warreni) Length 16S rRNA (WGS) 100.0 1
Squamata ) ) ) ) Paternal leakage (NUMTs also Miraldo et al. (2012)
Timon lepidus (as Lacerta lepida ) Site cytb 9.5 21
present)
Urosaurus ornatus Length Multi mt frag 243 37 Unknown Haenel (1997)
Ahaetulla nasuta * 0] col 0.0 1 N/A Dubey et al. (2011)
Bungarus fasciatus* [0) COl 0.0 1
Daboia russelii * (0) col 0.0 1
Eryx johnii* ) col 00 1
Indotyphlops braminus* (as
Rampy:oty:h/ops braminu(s ) ? col 00 !
Naja kaouthia * [0) col 0.0 2
Naja naja * (0] col 0.0 1
Ptyas mucosa * (as P. mucosus) (0} Col 0.0 1
Python molurus * [0) col 0.0 1
Xenochrophis piscator * (0} Col 0.0 1
Xenochrophis schnurrenbergeri* [0) COl 0.0 1
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. tRNA clusters - IQM, WANCY, & Duplication of gene region Kumazawa et al. (1996)
Boa constrictor * 0] 0.0 1
cytb-12S rRNA
tRNA clust -1QM, WANCY, &
Crotalus viridis * 0] clusters - 1QM, ’ 0.0 1
cytb-12S rRNA
Lycodon semicarinatus * (as Dinodon o tRNA clusters - IQM, WANCY, & 0.0 1
Squamata semicarinatus ) cytb-12S rRNA ’
. . . tRNA clusters - IQM, WANCY, &
Ovophis okinavensis * ) 0.0 3
cytb-12S rRNA
Chordata Reptilia N tRNA clusters - IQM, WANCY, &
Pituophis melanoleucus * () 0.0 1
cytb-12S rRNA
. tRNA clusters - IQM, WANCY, &
Python regius * [0) 0.0 1
cytb-12S rRNA
. Maintanance of high genetic diversity Tikochinski et al. (2020)
Chelonia mydas ** Length CR 100.0 82 . L
in low population sizes
Caretta caretta » Length CR 206 34 Unknown Drosopoulou et al. (2012)
Testudines Caretta caretta © S&L Mitog wide 100.0 3 Unknown Delgado-Cano et al. (2020)
Eretmochelys imbricata » S&L Mitog wide 100.0 1
Chelonia mydas ** Length CR 12.1 289 Unknown Tikochinski et al. (2012)
Malaclemys terrapin Length Multi mt frag 321 53 Unknown Lamb & Avise (1992)
Desmophyllum pertusum (as Lophelia Unknown Emblem et al. (2012)
Cnidaria Anthozoa Scleractinia Py p ( p Site Mitog wide (5 sites only) 100.0 1
pertusa )
) o . . . Paternal leakage Steel et al. (2000)
Echinodermata Opbhiuroidea Euryalida Astrobrachion constrictum Length COI 1.8 117
) Length COI & 16S rRNA 833 6@ Doubly Uniparental inhertiance Lucentini et al. (2020)
Adapedonta Solen marginatus
1) COI & 165 rRNA 00 3@
Anadara broughtonii (as Scapharca Heterop. tandem repeat unit mtDNA recombination Liu et al. (2013)
Arcida roughtoni (as Scap Length P peat unt 1000 12
broughtonii') (WGS)
[0) COIl & 16S rRNA 0.0 7 @J N/A Lucentini et al. (2020)
Cardiida Cerastoderma glaucum
1) COI & 165 rRNA 00 5@
Mollusca Bivalvia Arcuatula senhousia (as Musculista Site Cytb 100.0 (8 ¢ Doubly Uniparental inhertiance Passamonti (2007)
senhousia ) 1) Cytb 00 4%
Bathymodiolus thermophilus Length Multi mt frag 1.7 58 Paternal transmission Craddock et al. (1995)
. . Length COI & ND5 100.0 5 ¢F Doubly Uniparental inhertiance Beagley et al. (1997)
Mvtilida Mytilus californianus
Y o} COl & ND5 00 5@
Mytilus californianus [0) 16S, cytb, & D-loop 0.0 6 (DUI species - somatic homoplasmy)  Rawson (2005)
Mytilus edulis (0] 16S, cytb, & D-loop 0.0 18 (DUI species - somatic homoplasmy)
. (DUI species) Somatic heteroplasmy
Mytilus trossulus Length 165, cytb, & D-loop 58.2 98

cause unknown
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. L Length ND2 & COlIl 100.0 (26 @& Doubly uniparental inheritance Quesada et al. (1996)
Mytilus galloprovincialis
Length ND2 & COlIl 154 26  Paternal leakage
. L Length 16S, COIII-ND2, COI 100.0 |15 @ Doubly uniparental inheritance Obata et al. (2006)
Mytilus galloprovincialis o
Length 16S, COIII-ND2, COI 100.0 15 @ No elimination of male mtDNA
Doubly Uniparental inhertiance with  Kyriakou et al. (2010)
. L Length CR 64.7 17 ¢f sperm derived mtDNA leakage
Mytilus galloprovincialis
Length CR 105 19  Unknown
. . Length COIII-ND2 & multi mt frag 100.0 28 ¢# Doubly uniparental inheritance Skibinski et al. (1994)
Mytilus edulis
) COlI-ND2 & multi mt frag 0.0 24 @
Length COl and COlIl 100.0 7 ¢ Doubly uniparental inheritance Batista et al. (2011)
Mytilus edulis Low levels of paternal mtDNA
Length COIl and COIIl 250 129
through leakage
. . Length COIll & multi mt frag 100.0 (31 @ Doubly uniparental inheritance Stewart et al. (1995)
Mytilus edulis )
Length COIll & multi mt frag 21 47 ®  Unknown
. Length COIlll & multi mt frag 76.2 42 @ Doubly uniparental inheritance
Mytilus trossulus
1) COlll & multi mt frag 0.0 309
Mollusca Bivalvia Mytilida . . Length COIll & multi mt frag 100.0 34 ¢ Doubly uniparental inheritance Saavedra et al. (1996)
Mytilus edulis )
Length COIlll & multi mt frag 21 47 ®  Unknown
. Length COIll & multi mt frag 100.0 32 ¢# Doubly uniparental inheritance
Mytilus trossulus
1) COlll & multi mt frag 0.0 309
. . S&L Multi mt frag & IrRNA 100.0 |6 @ Doubly uniparental inheritance Quesada et al. (2003)
Mytilus edulis )
[0) Multi mt frag & IrRNA 0.0 8@
Doubly uniparental inheritance w/
paternal co-transmission
. S&L Multi mt frag & IrRNA 63.2 1967 - ) .
Mytilus trossulus (transmitting multiple mitogenomes)
S&L Multi mt frag & IrRNA 53 19®  Unknown
. Length Multi mt frag 32.7 52 @& Doubly uniparental inheritance Wenne & Skibinski (1995)
Mytilus trossulus
Length Multi mt frag 3.1 2@ Unknown
. Length ND2-COllI 46.9 241 ¢ Doubly uniparental inheritance Zbawicka et al. (2003)
Mytilus trossulus . .
Length ND2-COIll 6.9 102 ® Feminization of male mitogenome
. Length CR 100.0 68 G? Doubly uniparental inheritance Burzynski et al. (2006)
Mytilus trossulus
1) CR 00 52Q@
. o Length ND2-COlll 100.0 38 ¢f Doubly uniparental inheritance Quesada et al. (1998)
Mytilus galloprovincialis
1) ND2-COlll 0.0 39Q
. o Length COIll & 16S rRNA 100.0 (137 @ Doubly uniparental inheritance Ladoukakis et al. (2002)
Mytilus galloprovincialis
Length COIll & 16S rRNA 1.6 124 @ Paternal leakage

56



Phyla Class Order Taxa het. mt fragment % het. n Proposed source Reference
Mytilus spp. (mutliple species, hybrid Length Multi mt frag 33.3 108 ¢ Pre-DUI discovery Fisher & Skibinski (1990)
zones) Length Multi mt frag 4.8 104 @ Pre-DUI discovery

- Mytil . Itipl ies, Biparental inheritance, enabled b Hoeh et al. (1991)

Mytilida ){IUS.S.pP (multiple species Length Multi mt frag 56.7 150 P . Y
unidentified) hybrid zones
Mytilus spp. (mutliple species, hybrid DUI with some breakdown in strict Brannock et al. (2013)

yilus spp. (mutliple sp v Site 165 rRNA 800 821

zones) inheritance patterns

Nuculanida Ledella ultima Length 16S rRNA & cytb 55.8 52 Possible DUI Boyle & Etter (2013)
Aequipecten opercularis Length Multi mt frag 9.7 31 Weak selection for small molecule Gjetvaj et al. (1992)
Argopecten irradians (0) Multi mt frag 0.0 24 sizes
Crassadoma gigantea Length Multi mt frag 16.7 12

. Chlamys hastata Length Multi mt frag 9.5 21

Pectinida
Chlamys islandica Length Multi mt frag 15.1 119
Pecten maximus (0] Multi mt frag 0.0 26
Pecten maximus Length Multi mt frag 3.7 27 Unknown Rigaa et al. (1997)

Bivalvia Placopecten magellanicus Length Multi mt frag 6.4 280 Unknown Fuller & Zouros (1993)
Pyganodon grandis (as Anodonta Length Multi mt frag 100.0 6 cf Doubly uniparental inheritance Liu & Mitton (1996)
grandis grandis ) 1) Multi mt frag 0.0 2@
. S&L col 950 20@' Doubly uniparental inheritance Mioduchowska et al. (2016)
Unio crassus ™
1) col 0.0 219
Mollusca Unionida Length COI 100.0 (8 @/ Doubly uniparental inheritance Breton et al. (2017)
Utterbackia peninsularis Lenath €Ol 1000 59 Failure in exclusion mechansisms of
eng : male mtDNA
Length COI 100.0 |6 ¢ Doubly uniparental inheritance
Venustaconcha ellipsiformis Length COI 667 69 Failure in exclusion mechansisms of
€ng : male mtDNA
Meretrix lusoria Length CR (WGS) 3.5 8 Unknown Wang et al. (2010)
» ) Site col 100.0 114 ¢ Doubly uniparental inheritance Chacén et al. (2020)
Polititapes rhomboides
1) col 00 609
. "Largest unassigned region" adj. Replication slippage Ghiselli et al. (2017)
Ruditapes decussatus Length 154 13
Venerida p & CR (WGS) 9
Spisula sachalinensis (as Pseudocardium Length COI, rrnL, & rrnS 100.0 2 ¢f Doubly uniparental inheritance Plazzi (2015)
sachalinense ) 1) COl, rrnL, & rrnS 0.0 2@
Venerupis philippinarum (as Tapes L&S mt-I-rRNA 100.0 10 G# Doubly uniparental inheritance Passamonti & Scali (2001)
philippinarum ) 1) mt-I-rRNA 00 5@
Cephalopoda Oegopsida Watasenia scintillans Site Mitog wide (6 sites only) 100.0 1 Unknown Hayashi et al. (2016)
[0} 16S rRNA & COI 0.0 4 @J N/A Parakatselaki et al. (2016)
. . Pomacea diffusa
Architaenioglossa (0} 16S rRNA & COI 0.0 3@
Gastropoda
Viviparus ater [0) 16S rRNA 0.0 4 N/A Gusman et al. (2017)
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Phyla Class Order Taxa het. mt fragment % het. n Proposed source Reference
. . Euspira heros (as Lunatia heros) [0) COI & 16S rRNA 0.0 5 N/A Gusman et al. (2017)
Littorinimorpha o
Littorina littorea (0] COI & 16S rRNA 0.0 8
Mollusca Gastropoda Neogastropoda Nucella lapillus (0) COIl & 16S rRNA 0.0 7
Testudinalia testudinalis (as Tectura
Patellogastropoda S (0] COIl & 16S rRNA 0.0 8
testudinalis )
Stylommatophora  Cepaea nemoralis [0} 16S rRNA 0.0 459 N/A Davison (2000)
Meloidogyne arenaria * Length Multi mt frag 70.5 61 Intra-individual mutation Note: Dautova et al. (2002)
Meloidogyne incognita * Length Multi mt frag 79.1 134 parthenogenetic
Meloidogyne javanica * Length Multi mt frag 60.0 60
Meloidogyne arenaria * @ COl, COll, SSU & LSU rRNA 0.0 16 N/A Kiewnick et al. (2014)
Meloidogyne chitwoodi * [0} COl, COll, SSU & LSU rRNA 0.0 39
Meloidogyne enterolobii * (0) COl, COll, SSU & LSU rRNA 0.0 19
. Meloidogyne ethiopica * [0) COl, COll, SSU & LSU rRNA 0.0 4
Nematoda Secernentea Tylenchida
Meloidogyne fallax * [0} COl, COll, SSU & LSU rRNA 0.0 23
Meloidogyne hapla * (0] COl, COll, SSU & LSU rRNA 0.0 25
Meloidogyne incognita * (0) COl, COll, SSU & LSU rRNA 0.0 25
Meloidogyne javanica * [0) COl, COll, SSU & LSU rRNA 0.0 16
Meloidogyne maritima * [0) COl, COll, SSU & LSU rRNA 0.0 5
Meloidogyne minor * [0} COl, COll, SSU & LSU rRNA 0.0 11
Meloidogyne naasi * [0} COl, COll, SSU & LSU rRNA 0.0 6
Nemertea Palaeonemertea Carinomiformes Carinina ochracea Site col 1 Unknown Fernandez-Alvarez et al. (2015)
Cestoda Cyclophyllidea Echinococcus granulosus Site COl (& ND1) 4 Unknown Bowles et al. (1994)
Platyhelminthes . o o . . High substiution rate of mtDNA Note: Bessho etal. (1992)
Rhabditophora Tricladida Dugesia japonica Site Col 5.6 18
asexual
o f. Hyalonematidae sp. 1) Mitog wide 0.0 1 N/A Haen et al. (2014)
Amphidiscosida o ) ] .
Tabachnickia sp. [0) Mitog (coding regions) 0.0 1
Aphrocallistes beatrix [0) Mitog wide 0.0 1
Aphrocallistes vastus [0] Mitog wide 0.0 1
. f. Euretidae n. gen. n. sp. [0} Mitog wide 0.0 1
Hexactinosida
Farrea sp. [0} col 0.0 1
Iphit j Mit id 0.0 1
Porifera Hexactinellida phiteon panicea 4 o wiee
Psilocalyx wilsoni [0} col 0.0 1
Hertwigia falcifera [0} Mitog wide 0.0 1
Oopsacas minuta [0} Mitog wide 0.0 1
. f. Regadrella sp. [0} Mitog (coding regions) 0.0 1
Lyssacinosida
f. Rossellidae sp. [0) Mitog wide 0.0 1
Sympagella nux (0] Mitog wide 0.0 1
Vazella pourtalesii [0) Mitog wide 0.0 1
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1.9 Figures
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Figure 1: Summary of the proportion of species records in each heteroplasmic mtDNA type (site,

length, or both site and length heteroplasmy within one species/individual) recovered in the literature

search. Records were dominated by A. Chordata with 244 heteroplasmic taxon records, Arthropoda
with 94, and Mollusca with 44. Very few records were recovered from the remaining phyla; B. with

only one heteroplasmic taxon recorded each from Echinodermata, Annelida, Nemertea, and Cnidaria.

Two and three taxa records were reported from Platyhelminthes and Nematoda, respectively. Only
homoplasmic (heteroplasmy absent) taxa were reported in Porifera. The totals including records

recovered that were homoplasmic are reported in Supp. Table 1.
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Figure 2: The frequency of taxon records collected from the literature in A. Chordata (with 360
records in total) and B. Arthropoda (203 records) assessed for the percentage of reported
heteroplasmic individuals within each assessed “population” ranging from zero (a homoplasmic
population — grey) to 100% of individuals identified as heteroplasmic. Crosshatch pattern indicates
singleton records — where only one individual was assessed in any report (this individual would be
found to be either homoplasmic or heteroplasmic). Homoplasmic records (grey) are underrepresented
as our search parameters were not intended to assess homoplasmy. Note that here a “population”
refers to all specimens of a species assessed within any publication and does not necessarily truly
represent an ecological population.
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Figure 3: Frequency of each type of heteroplasmic record from all animal taxa (species) recovered in the literature search for each year they were published.
This shows the progress in the number of records taxa with of site, length, and both (site and length heteroplasmic within a single species/individual) types of
heteroplasmy being reported in the literature as recovered in our search, as well as the homoplasmic results (“none”). The number of publications that for each
year — those that met our search parameters — is also shown (indicating that some publications include reports of mitochondrial heteroplasmy in multiple
species).
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Figure 4: Stacked frequency of the number of times (publications) a particular molecular technique was applied to the records of mitochondrial heteroplasmy
recovered in our search for each year. This demonstrates the transition of molecular techniques through time as DNA sequencing knowledge develops — a
timeline of major genetic and genomic technological innovation is included. Multiple techniques could be used in any publication (as observed as the number
of publications published in any year is generally lower than the techniques). These techniques have been generalized and how specific techniques were

classified can be found in Supp. Table 3.
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1.10 Supplementary Material

Supp. Table 1: Number of taxa in each type of mitochondrial heteroplasmy (or homoplasmy)
recovered across ten phyla in the systematic review of literature on heteroplasmy in animals,
including the total number of taxa determined to have heteroplasmy (Het) and the number of taxa
recovered in the search that were homoplasmic (None). Multiple taxa could be sourced from a single
publication.

Taxa Site Length Both Total (Het)  None Total (all
records)
Annelida 1 0 0 1 5 6
Arthropoda 74 17 3 94 109 203
Chordata 72 141 11 224 136 360
Cnidaria 1 0 0 1 0 1
Echinodermata 0 1 0 1 0 1
Mollusca 4 34 4 44 12 54
Nemertea 1 0 0 1 0 1
Nematoda 0 3 0 3 11 14
Platyhelminthes 2 0 0 2 0 2
Porifera 0 0 0 0 14 14

Supp. Table 2: P-values from Fisher’s post hoc tests using a Bonferroni correction, performed using R
package RVAideMemoire for three types of heteroplasmy: site, length, or both, in the taxon groups
with the highest number of records, Chordata, Arthropoda, and Mollusca. Significant values (at
significance level 0.05) are bolded, with an asterisk.

Comparisons Site : Length Site : Both Length : Both
Chordata : Arthropoda 1.01 x 10°13* 0.44 1
Chordata : Mollusca 2.04 x 10%* 0.21 1
Arthropoda : Mollusca 5.54 x 1014+ 0.01* 1
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Supp. Table 3: Classification of molecular and laboratory techniques applied to investigate
mitochondrial heteroplasmy in animal taxa, collated from the literature assessed in this review. The
changes in laboratory techniques applied to investigations of mitochondrial heteroplasmy through
time (from 1985 to 2020) are summarized in Figure 4.

Technique Full description Specific techniques included under the

classification (Fig. 4)

classification

mtDNA enrichment

Restriction enzyme
digest

Cloning

NA-S PCR

A-S PCR

2-step (selective) PCR

1%t Gen Sequencing

2" Gen Sequencing

3™ Gen Sequencing

Mitochondrial DNA enrichment

Restriction enzyme digest

DNA cloning

Non-allele specific PCR

Allele specific PCR

PCR procedures with two steps
to select for specific products

Sequencing methods classified
as “first generation”

Sequencing methods classified
as “second generation”

Sequencing methods classified
as “third generation”

Multiple techniques isolating mtDNA
from a DNA extraction

e Multiple techniques of restriction
enzyme digest
® RLFP analysis

Multiple techniques using plasmids to
make copies of DNA fragments

e General PCR (non-allele
specific/untargeted primers)

e Long range PCR without targeted
primers

e Long and accurate PCR without
targeted primers

o Qualitative PCR (using allele
specific/targeted primers/probes)

e General PCR with specific primers
developed for each allele

e ARMS (amplification refractory
mutation system)

e Single molecule PCR

e Nested PCR

o ALFP (amplified fragment length
polymorphism) PCR

e Sanger sequencing including:
e BigDye Terminator sequencing
e ABI Prism sequencing

e Capillary sequencing, etc

e lllumina Miseq, Hiseq, & Novaseq
e Massively parallel sequencing

e ABI SOLID sequencing

NOTE: for shotgun, multiplexed, or UCE
sequencing, the sequencing platform was
recorded

Nanopore
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2.1 Abstract

Mitochondrial heteroplasmy is the occurrence of more than one type of mitochondrial DNA
within a single individual. Although generally reported to occur in a small subset of
individuals within a species, there are some instances of widespread heteroplasmy across
entire populations. Amphylaeus morosus (Smith, 1879) is an Australian native bee species in
the diverse and cosmopolitan bee family Colletidae. This species has an extensive
geographical range along the eastern Australian coast, from southern Queensland to western
Victoria, covering approximately 2,000 km. Seventy-three individuals were collected from
five localities across this geographical range and sequenced using Sanger sequencing for the
mitochondrial cytochrome c oxidase subunit I (COI) gene, initially to detect population
variation for historical demography studies. These data indicate that every individual had the
same consistent heteroplasmic sites but no other nucleotide variation, suggesting two
conserved and widespread heteroplasmic mitogenomes. lon Torrent shotgun sequencing
revealed that heteroplasmy occurred across multiple mitochondrial protein-coding genes and
is unlikely explained by transposition of mitochondrial genes into the nuclear genome
(NUMTS). Our data are consistent with the presence of two mitogenomes within all
individuals examined in this species and suggest a major divergence from standard patterns

of mitochondrial inheritance.
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2.2 Introduction

Mitochondrial heteroplasmy is the presence of more than one type of mitochondrial DNA
(mtDNA) within a single cell or individual. It is sporadically reported in the literature, and
early reports were usually attributed to a spontaneous accumulation of tandem repeat
mutations in highly variable gene regions (Avise et al. 1987, Boyce et al. 1989). Further
research has also attributed heteroplasmy to biparental inheritance (Gyllensten et al. 1991,
Kvist et al. 2003, Boyle and Etter 2013), replication errors (Hoelzel et al. 1993, Irwin et al.
2009), mutagenetic processes (Muntaabski et al. 2020), or recombination (Zsurka et al.
2005). It has generally been interpreted as an intermittent, transient condition in natural
populations (Hoarau et al. 2002, Song et al. 2008), and which might be facilitated by
hybridization (e.g. Gandolfi et al. (2017), Mastrantonio et al. (2019)). Occasionally,
mitochondrial heteroplasmy is reported to be widespread in some taxa (e.g. Doublet et al.
(2012), Xiong et al. (2013), Pietan et al. (2016)) and this poses problems for standard
mitochondrial inheritance models. Increasingly, examples of non-standard mitochondrial
patterns in natural systems are being reported (e.g. Bandelt et al. (2005), Hoolahan et al.
(2012), Sanko and Burzynski (2014)). This has important implications for the application of
mtDNA in analyses such as species delineations, population genetics, and phylogenetics (e.g.
Hassanin (2006), Leaché and McGuire (2006), Hlaing et al. (2009), Pedraza-Marron et al.
(2019)). However, our understanding of how these ‘abnormal” mtDNA systems have arisen
and the biological roles of mitochondrial heteroplasmy and other mitochondrial deviancy is

currently in its infancy.

Mitochondrial heteroplasmy can be broadly grouped into two types; length heteroplasmy and
site heteroplasmy (Barr et al. 2005). The former can be observed as small tandem repeated
units, duplications, or deletions and has been more readily detected than site heteroplasmy
(Lunt et al. 1998, Barr et al. 2005, Parson 2013). Length heteroplasmy is also more frequently
reported in vertebrates than invertebrates (Chapter 1) but these biases could be due to taxon
selection, targeted methodology with expectant outcomes, and the limitations of historic
genetic techniques. Site heteroplasmy is most commonly observed as substitutions at single
nucleotides, usually occurring at the third codon position (Nunes et al. 2013, Robison et al.
2015). More often reported in invertebrates (Chapter 1), site heteroplasmy can be maintained
within a single heteroplasmic codon (e.g. Doublet et al. (2008), Doublet et al. (2012)) or
occur across the mitogenome (e.g. Xiong et al. (2013), Jebb et al. (2018), Meza-Lazaro et al.
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(2018)). Although high rates of heteroplasmy within populations are reported across
numerous animal taxa, populations where all individuals appear heteroplasmic are mostly

reported from arthropods (Chapter 1).

Site mitochondrial heteroplasmy is being increasingly reported, probably due more accessible
and reliable second (next generation sequencing — NGS) and third generation sequencing
technologies. In humans, it has been demonstrated that somatic heteroplasmic mutations
become more prevalent with age, often without expressing any clinical symptoms of
mitochondrial disease (Ye et al. 2014, Kang et al. 2016). It is likely that other organisms also
develop similarly and have varying rates of susceptibility to mitochondrial mutations during
their development, through exposure to oxidative damage (Santos et al. 2013, Shokolenko et
al. 2014), insufficient repair mechanisms (Kmiec et al. 2006), or errors caused by
mitochondrial polymerases during mtDNA replication (Trifunovic et al. 2004, Kennedy et al.
2013). However, these mutations will not necessarily be heritable (Ju et al. 2014, Pinto and
Moraes 2015). Extensive heteroplasmy — where mitochondrial heteroplasmy is maintained
in most individuals throughout a population, and the resultant heteroplasmic lineages
potentially maintained through inheritance — is difficult to explain, particularly when much
of the variation exists as synonymous mutations as often observed in invertebrates (Robison
et al. 2015).

Here we explore distribution-wide mitochondrial heteroplasmy in Amphylaeus morosus
(Smith, 1879) from the cosmopolitan bee family Colletidae (Hylaeinae).

Amphylaeus morosus is widely distributed along the eastern coast of Australia, from
subcoastal subtropical heathlands in southern Queensland to the north, through to wet-
montane and subcoastal forests in Victoria in the south (Houston 1975; Figure 1). This
univoltine species is unusual, as it is the only known colletid species to nest socially, with
colony sizes consisting of a single female, up to six females together nesting in a lateral
cavity (Spessa et al. 2000). Barcoding of the mitochondrial cytochrome ¢ oxidase subunit |
(mt-COl) gene was initially intended to detect population variation for historical demography
studies. However, a lack of mitochondrial variation and consistent double peaks throughout
the generated chromatograms indicated non-standard mitochondrial inheritance patterns,

which we describe here.
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2.3 Methods

2.3.1 Sampling

Intact colonies of Amphylaeus morosus were sampled from five regions along the eastern
coast of Australia from southern Queensland (QLD) to southwestern Victoria (VIC) (Figure
1). Colonies collected from Tin Can Bay, QLD on 10" December 2013 and Cobboboonee
State Forest, VIC (Figure 1) on 22"-24™ February 2017 were collected from dead flower
scapes of Xanthorrhoea spp. in coastal heath habitat. In the central localities in New South
Wales (NSW) including Enfield State Forest on 22" December 2018 and Blue Mountains on
24" July 2017, as well as multiple collections from the Dandenong Ranges, VIC (Figure 1),
specimens were collected from fallen dead fronds of the tree fern Cyathea australis (R.Br.)
Domin in wet montane forest. Intact bee colonies were kept at 4°C until opening and adults
were transferred directly to 99% ethanol for preservation. Four collections from the
Dandenong Ranges were conducted on 14"-18™ August 2014, 6""-10" November 2014, 26™
February — 2" March 2015, and 215-24" November 2016. Immature individuals from the
latter collection were reared in controlled conditions at Flinders University campus, South
Australia to adulthood, to obtain adult males. All individuals were identified as A. morosus
using Houston (1975).

2.3.2 DNA extraction

Total DNA was extracted from the tissue of a single hind leg from adult A. morosus
specimens. Sixty-nine females from across all regions and four males from the Dandenong
Ranges were included (total n = 73). Extractions used an adapted Gentra Puregene Cell Kit
procedure (Qiagen) at the South Australian Regional Facility of Molecular Ecology and
Evolution (SARFMEE) following manufactures recommendations. Extracts were stored at

4°C prior to Polymerase Chain Reaction (PCR) amplification.

2.3.3 PCR and Sanger sequencing

PCR amplifications of mt-COI were carried out in a total volume of 25 pL, as follows: 1x
MRT Buffer (MgCly), primers (0.4 uM each), 1 U Immolase DNA Polymerase (Bioline 5
U/uL), and template DNA. The universal degenerate primer set COIF-PR115 5'-
TCWACNAAYCAYAARGAYATTGG-3' and COIR-PR114 5'-
ACYTCNGGRTGNCCRAARARYCA-3' (Folmer et al. 1994) was used. PCR cycling
conditions for specimens from the Tin Can Bay and Dandenong Ranges were one cycle (10
min at 95 °C), 38 cycles (45 sec at 94 °C, 45 sec at 48 °C, 60 sec at 75 °C) and one cycle (6
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min at 72 °C, 2 min at 25 °C). For the remaining specimens, PCR conditions were one cycle
(10 min at 94 °C), five cycles (60 sec at 94°C, 90 sec at 45°C, 90 sec at 72°C), 35 cycles (60
sec at 94°C, 90 sec at 51°C, 60 sec at 72°C) and one cycle (10 min at 72 °C, 2 min at 20 °C).
PCR amplified reaction products were visualised using 1.5% agarose gel. Successful PCR
reaction products were purified using Multiscreen PRC384 Filter Plate (Millipore) and re-
suspended in 20-25 pL of 10 mM TRIS. Amplicons were sent to the Australian Genome
Research Facility (AGRF) in Adelaide, South Australia and sequenced with Applied Bio-
Systems 3730 and 3730 x| capillary sequencers. Forward mt-COI sequences were edited and
aligned using Geneious version 10.2.2 (https://www.geneious.com). Reverse sequences were
also obtained for a subset of samples (12 individuals from the Dandenong Ranges) to confirm

base identity.

2.3.4 Sequence analysis

To confirm the identity of the source species for each sequence, edited sequences were
screened against the BLAST database (http://www.ncbi.nlm.nih.gov/blast) to eliminate the
possibility of contamination or amplification of internal parasites such as Wolbachia. To
explore whether sequences comprised mitochondrial genes or potential NUMTS, nucleotide
sequences were translated into amino acids using both invertebrate mitochondrial and nuclear
coding schemes to explore amino acid changes and identify potential stop codons using
Geneious. Nucleotide sequence divergences between haplotypes were calculated using

uncorrected pairwise distance using Geneious.

2.3.5 lon Torrent shotgun sequencing and mitogenome alignment

Total DNA was extracted from four legs and thoracic tissue of a single female bee (collected
from the Dandenong Ranges in March 2015), using the DNeasy Blood and Tissue extraction
kit (Qiagen), following the manufacturer’s protocols. The sample (2.6 pug) was sequenced on
an lon Torrent PGM platform (Life Technologies) using a 318 chip with 400 bp chemistry
using standard protocols at the AGRF facility. This sample was one of four runs in unison
and shearing of DNA was conducted with a Covaris S2 model (Covaris) with shearing
parameters slightly modified (Duty Cycle 10%, Intensity 4,100 cycles per burst, 80 sec time)
to provide more DNA fragments in the 350—400 bp range. A Pippin Prep (Sage Science) was
used on these fragments to size select to ensure most fragments were greater than 300 bp and

did not exceed 400 bp. Fragments were tagged by ligating with standard lon Torrent barcode
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adaptors. Equal molar ratios of fragments were mixed prior to sequencing. Post sequencing

fragments were demultiplexed, base called and aligned using Torrent Suite Software.

The resultant shotgun sequence fragments were mapped onto a Hylaeus dilatatus (Kirby,
1802) (Colletidae: Hylaeinae) reference mitogenome (Tan et al. 2015) using the reference
mapping function in Geneious. Trimmed contigs were mapped using Geneious’ low
sensitivity mapping function with minimum mapping quality of ten, including flexibility for
changes in fragment lengths compared to the reference genome, and minimum support for
structural variation set to two reads. The alignment was then manually assessed and edited.
Potential single nucleotide polymorphisms (SNPs) i.e. heteroplasmic sites were identified
using the Geneious SNP/Variation function (Supp. Table 1). Geneious settings included a
minimum read coverage set to six reads due to low read coverage, and a minimum frequency
variant of 0.15. The maximum variant p-value and minimum strand-bias p-value were set to
10" with a 65% bias. Sequence variation between the A. morosus shotgun reads and the H.

dilatatus reference genome was ignored.

2.3.6 Mitochondrial gene isolation of shotgun sequences

Four mitochondrial genes were isolated from the aligned shotgun sequences produced from
the female A. morosus specimen: cytochrome ¢ oxidase subunit I (mt-COl), cytochrome ¢
oxidase subunit Il (mt-COIl), cytochrome b (mt-cytb), and NADH-ubiquinone
oxidoreductase chain 4 (mt-ND4). These genes had the highest read depths (>15 contigs) and
were individually isolated from the alignment to be examined thoroughly for evidence of
recombination, NUMTSs, and ambiguities.

Conducted in two steps, the aligned contigs within these four genes were firstly reduced to
show only suspected heteroplasmic sites (i.e. all non-variable sites within the contigs were
hidden) (Supp. Table 2, Supp. Figures 1-4). The (aligned) heteroplasmic sites retained for
assessment included both those detected by the Geneious SNP/Variation function and those
that were manually observable but were not detected. This is because the Geneious
SNP/Variation function demonstrated a bias against detecting potential heteroplasmic sites
that included a T nucleotide, even if they occurred at the same frequency as other nucleotide
combinations across the aligned contigs. A lower quality score assigned to T nucleotides by
lon Torrent (which is a factor the Geneious SNP/Variation detection function includes when
assessing potential variable sites) could be responsible for this apparent bias. This reduced the

length of the gene fragments by ~90-97%, so that contigs could be sorted into analogues
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based on variable sites only (Supp. Table 2; Supp. Figures 1-4). An assessment of the
number of ‘lineages’ (i.e. the number of types of mitogenomes or possible NUMTS) that were
present within the sample for each of the four genes was then evaluated. Secondly, these
aligned, analogous contigs were then assessed in their entirety (i.e. non-variable sites were
included) and the mitochondrial protein translation scheme was applied to investigate
whether there were any mitochondrial stop codons which could indicated NUMTSs, rather

than multiple mitogenomes.

2.4 Results

2.4.1 Chromatogram evidence of heteroplasmy

We obtained a total of 73 forward mt-COI fragments (four of these specimens were also re-
sequenced to check nucleotide base pair assignments when initial sequencing chromatograms
were ambiguous) and 12 reverse mt-COI Sanger sequences from the Amphylaeus morosus
specimens, with between 613 bp and 658 bp from an alignment including forward and
reverse sequences. Every specimen (females and males) exhibited double peaks at specific
sites throughout the mt-COI fragment. Because these heteroplasmic sites could be identified
in individuals in every population implies that these mitochondrial haplotypes are shared
across the species range. For this reason, we grouped all ‘shared’ double peaks (observed in
most individuals from all geographic regions) as being stable heteroplasmic sites across the
species. In total, 24 heteroplasmic sites were consistently recovered across the 658 bp mt-
COl fragment (Figure 2). Although every chromatogram contained double peaks and these
double peaks were always consistently placed throughout the mt-COI fragment involving
only two nucleotides, not all double peaks were clearly recovered in every produced
sequence. These double peaks were also consistently recovered in reverse sequences and after
re-sequencing tissue extracts. Heteroplasmic sites that were not detected in the original
sequence were often detected in re-sequencing attempts or reverse sequences. These
inconsistencies could be due to tissue, extraction, PCR, or sequencing biases of each mtDNA
type. An additional double peak was detected in a single specimen from the Blue Mountains,

NSW (position 310 bp; Figure 2), resulting in a novel synonymous-coding heteroplasmic site.

Mitochondrial protein translations of heteroplasmic sites indicted four amino acid changes,
using the invertebrate mitochondrial coding scheme, detected via Sanger sequencing (Figure
2) — none of which involved mitochondrial stop codons (Supp. Table 3). An uncorrected ‘p’

pairwise distance (i.e. percentage difference in nucleotide sites) for the two mitochondrial
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strains was calculated using Geneious and gave a sequence divergence of 3.8% for the 658 bp

mt-COl region that was sequenced.

2.4.2 Nucleotide variation throughout the mitogenome

The lon Torrent shotgun run produced a total number of 782,607 reads. In order to examine
the extent of the potential heteroplasmic variation beyond the mt-COI gene, shotgun
sequences were aligned to the Hylaeus dilatatus mitogenome (Tan et al. 2015). A total of
5,151 contigs aligned to the H. dilatatus mitogenome and after conservative editing, 466 high
quality contigs were retained. Most of contigs aligned to protein-coding regions, but with
some poorly matched alignments to the two rRNA regions, 16S and 12S rRNA (Figure 3).
The mitochondrial protein-coding genes are more conserved in placement and composition
than the rRNA and tRNA genes (Zhang and Broughton 2013). Therefore, the position and
composition of A. morosus protein-coding genes in the mitogenome is probably similar to
that of H. dilatatus.

lon Torrent shotgun data indicated that heteroplasmic sites are distributed throughout the
mitogenome of A. morosus, with all mitochondrial genes with aligned contigs containing
variable (heteroplasmic) sites. A total of 214 heteroplasmic sites were identified using
Geneious (Supp. Table 1), consisting entirely of single nucleotide substitutions (i.e. site
heteroplasmy only). All of the heteroplasmic sites detected by the Geneious SNP/Variant
function involved only two base pairs (Figure 3). lon Torrent data were consistent with the
Sanger sequencing data (Figure 2) but further suggested that mitochondrial heteroplasmy

occurs across multiple mitochondrial genes.

2.4.3 ldentification of heteroplasmic sites using two techniques

Results from the lon Torrent shotgun alignment of the mt-COI gene were compared to the
corresponding Sanger sequenced data (Supp. Table 3). Heteroplasmic sites between the two
methods were generally consistent, however lon Torrent data suggested overall more variable
sites (28 compared with 24 detected using Sanger) (Figure 2; Supp. Table 3). These sites
could represent either novel heteroplasmic sites in this individual or sequencing error. The
lon Torrent platform has been shown to have a higher SNP call of true positives, but also
higher call of false positives, compared to the Illumina platform (Quail et al. 2012). However,
given that all but one of the 24 (Sanger) heteroplasmic sites in mt-COI were otherwise
recovered using both techniques, we interpreted our NGS data as being generally reliable, but
possibly slightly overestimates SNP variation.
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2.4.4 lon Torrent gene isolates

For mitochondrial fragments isolated from the shotgun alignment (genes with the highest
read depth, viz. mt- COI, COIl, cytb and ND4), analogue contigs were sorted into two
common, separate ‘lineages’ where adjacent heteroplasmic sites were generally not shared
between lineages. Within each lineage, contigs could be further separated by within-lineage
variation into ‘groups’ (Supp. Figures 1-4), however, these within-lineage differences
presented as minor variation (dissimilar in 1-3 consecutive variable nucleotides, see arrows
in Supp. Figures 1-4). The source of this within-lineage variation is unknown, but it could be
due to recombination (see Supp. Figure 3 for an example), naturally occurring variation due
to mutagenetic processes, or sequencing error. Further next-generation sequencing efforts to
produce datasets across multiple individuals at greater read depth is recommended to address
these variable sites more thoroughly. Some additional contigs (usually present as singletons;
Supp. Figures 1-4) were recovered that could not be assign to either of the two main lineages.
These could be the result of NUMTSs (nuclear inclusion of mtDNA), additional minor mtDNA
variants, or sequencing error, however these data are not extensive enough to determine their

true origins.

Mitochondrial protein translations (using the invertebrate mitochondrial coding scheme) of
each of the four mitochondrial gene fragments did not reveal mitochondrial stop codons at
heteroplasmic sites within either of the lineages, that would suggest one lineage is due to a
NUMT. However, stop codons were detected earlier in the reading frame of the gene isolates
(both lineages) than would be expected compared to the H. dilatatus reference mitogenome
(Tan et al. 2015). When these stop codons occurred in a gene, they were positioned in
homologous locations in both mitochondrial lineages and succeeded AT rich regions with
homopolymers, where lon Torrent sequencing is known to be prone to errors (Quail et al.
2012, Bragg et al. 2013). Hymenopteran mitogenomes are known have a strong AT biased
composition (Dowton and Austin 1997, Ma et al. 2019). Adjusting these homopolymer
regions by changing the length by one base always shifted the stop codon so that it occurred

at the approximately expected position in the gene.

2.5 Discussion

Our analyses of Amphylaeus morosus mitochondrial data indicate two very unusual
phenomena; (i) a near-complete lack of mtDNA variation throughout a very large
geographical range (~2,000 km), and (ii) the widespread prevalence of mt-COI heteroplasmy
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restricted to consistent nucleotide sites, which shotgun sequencing data suggests extends to
multiple genes in the mitogenome. The finding of uniform heteroplasmic sites maintained
across both individuals and localities are suggestive of widespread heritable mitochondrial
heteroplasmy retained across generations.

The lack of almost any mitochondrial haplotype variation (excepting heteroplasmy) in

A. morosus suggests a mechanism that has removed mtDNA variation across a huge
geographical range (~2,000 km) in this species. It seems unlikely that a recent population
bottleneck has caused the lack of mtDNA variation, given the very extensive geographical
distribution of this species (Houston 1975, Spessa 1999) (Figure 1). Mitochondrial haplotype
variation within species is not well reported for bees, particularly species outside of Europe
and North America. Within Hawaiian Hylaeus species (Colletidae: Hylaeinae) (a closely
related genus to Amphylaeus), intra-island populations were up to 3.1% divergent, and inter-
island populations up to 9.5% (Magnacca and Brown 2010a) for the mt-COI gene. It is
interesting to note that these Hylaeus species have very recent origins of less than 700,000
mya (Magnacca and Danforth 2006) and have high rates heteroplasmy (Magnacca and Brown
2010a). A study by Dew et al. (2016) demonstrated that the Australian ceratinine bee,
Ceratina australensis (Perkins, 1912) (Apidae: Xylocopinae) had total of 24 haplotypes
among 91 specimens for the same mt-COI barcode region and included specimens from
southern Queensland through to southern South Australia, which is similar to the
geographical range inhabited by A. morosus. Therefore, the maintenance of a widespread and
consistent heteroplasmic mitochondrial ‘haplotype’ is very unusual and the mechanisms that

enable its persistence are not yet understood.

In insect studies, reports of mitochondrial heteroplasmy generally occur for the widely
sequenced mt-COI ‘barcode’ region because of its prevalent use in systematic studies
(Hendrich et al. 2011, De Mandal et al. 2014, Shokralla et al. 2014). Whole mitogenome
exploration of heteroplasmy is not yet widely performed in insects. Within Hymenoptera,
mitochondrial heteroplasmy has almost exclusively been explored in bees (with a single
report in ants (Meza-Léazaro et al. 2018)) and exploration is generally limited to the mt-COI
gene. At least 29 bee species from five of the seven bee families have been identified with
unusually high rates of mitochondrial heteroplasmy (Songram et al. 2006, Magnacca and
Brown 2010a, Magnacca and Brown 2012, Francoso et al. 2016, Ricardo et al. 2020), but the

most extensively studied group are the Hylaeus of Hawai’i (Magnacca and Brown 2010a).
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Magnacca and Brown (2010a) assayed Hawaiian Hylaeus species to detect heteroplasmy,
with 21 of 49 species examined containing heteroplasmic individuals. Although only a few
specimens (n = 1-13) of each species were analysed, in ~85% of tested species, all specimens
were heteroplasmic in the mt-COI gene, suggesting extensive heteroplasmy in this bee group.
Magnacca and Brown (2010a) also found evidence of more than two mitochondrial
haplotypes within heteroplasmic Hylaeus individuals (as well as NUMTSs in some species)
and suggested that this could be explained by the accumulation of mutations in hypervariable
regions of the mitochondrial genome producing variation among haplotypes. This has also
been widely reported in humans and other studies (Li et al. 2015, Wachsmuth et al. 2016,
Morris et al. 2017) where heteroplasmy features nucleotide variability, producing more than
two haplotypes within individuals. Within A. morosus, the nucleotide variation appears to be
highly conserved throughout the mitogenome. However, gene isolates from lon Torrent
sequencing data suggest there may be haplotype variants within mitochondrial lineages
(Supp. Figures 1-4), but the source(s) of this variation have not been confidently identified

and could be due to sequencing error rather than genuine intra-individual variation.

Although alternative explanations remain, it seems most likely the patterns observed in

A. morosus are due to widespread and consistent mitochondrial heteroplasmy. Nuclear
inclusions of mitochondrial genes (NUMTSs) are common sources of intra-individual variation
(Lopez et al. 1994, Berthier et al. 2011, Cihlar et al. 2020). Although the presence of a large
NUMT is possible, NUMTSs are reportedly rarely larger than 1,000 bp (Leite 2012), although
some near-entire mitogenome inclusions have been documented (Kim et al. 2006, Verscheure
et al. 2015). Within animals, NUMTSs are not known to retain functionality (Herrnstadt et al.
1999, Erpenbeck et al. 2010) and are hence free to accumulate mutations in the absence of
purifying selection (Brown et al. 1982, Sorenson and Fleischer 1996, Mundy et al. 2000,
Strugnell and Lindgren 2007). A functional total mitogenome nuclear inclusion with a
subsequent loss of the mitochondrial genome has been documented in a marine dinoflagellate
(John et al. 2019), but seems unlikely to be applicable to animals with higher respiratory
needs. “Mega-NUMTs” which are concatenated multicopy mtDNA integrated into the
nuclear genome have also been postulated in humans (Balciuniene and Balciunas 2019).

However, these options are very unlikely to explain our results, because:
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Q) a similar number of contigs were sorted into each mitochondrial ‘lineage’
suggesting they occurred at a similar frequency within the A. morosus sample,
inconsistent with one of the sources being from single nuclear DNA insert,

(i) whole-genome (particularly multicopy) transferrals into the nucleus are very rare,

(iii))  no mitochondrial stop codons were associated within any heteroplasmic sites
within lon Torrent gene isolates of either lineage,

(iv)  mitochondrial heteroplasmy has been documented in other hylaeine (and bee)
species, and

(v) it would require the ‘NUMT’ spreading over an enormous geographical range
without acquiring additional mutations that would have been detected as sequence

variation.

Additional lon Torrent contigs within gene isolates were also identified which did not match
either proposed mitochondrial lineage, usually possessing inconsistent combinations of SNPs
with either mitochondrial lineage (Supp. Figures 1-4). In all cases, between one and two
‘outlier’ contigs were produced. Unfortunately, these data are not comprehensive enough to
investigate the sources of this additional ‘outlier’ variation. Although lon Torrent sequencing
has now been surpassed by numerous improved NGS technologies, its ability to detect
mitochondrial heteroplasmy is more sensitive and accurate than Sanger sequencing
(Magalhaes et al. 2015). Our data are limited by the known constraints of lon Torrent and
Sanger sequencing, low sample sizes within some localities, and our tissue selection (tissue
segregation has been shown for heteroplasmy (Magnacca and Brown 2010b) but was not
explored this study). However, there are worthy patterns within this study system which

present interesting challenges for our understanding of the inheritance of mtDNA.

The effective population size of mtDNA during embryogenesis is very small, with estimates
being a few hundred copies per cell in the early stages of primordial germ cell production
(Jansen 2000, Cao et al. 2007, Cree et al. 2008). Such a small effective population size should
lead to very strong genetic drift, such that if two different mitogenomes are present at any one
time, either of them could be rapidly lost across multiple cell-division cycles. Consequently,
if there are indeed two divergent mitogenomes present in A. morosus, there must be some
mechanism(s) that operate to maintain their dual presence in a way that counteracts genetic
drift. The heteroplasmic sites identified in A. morosus were also detected consistently in the

four males. This species, like other hymenopterans, is sexually determined by haplodiploidy
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(where males are produced from unfertilized eggs which means they are produced with no
paternal contribution). Therefore, because males are also heteroplasmic, mitochondrial
heteroplasmy must be maternally inherited in this species. This is unusual because in these
kinds of systems, heteroplasmy has sometimes been suggested to be due to paternal leakage
(e.g. Kvist et al. (2003), Hoolahan et al. (2011), Mastrantonio et al. (2019)), although

experimental confirmation of this is rare (Nunes et al. 2013).

Maternal inheritance of mitochondrial heteroplasmy has also been proposed for the ant
species Ectatomma ruidum (Meza-L&zaro et al. 2018), however for other Hymenoptera and
haplodiploid groups, the mechanisms that might enable heteroplasmy to persist with
populations are still unknown (e.g. Magnacca and Brown (2010a), Magnacca and Brown
(2012), Gawande et al. (2017)). Although these mechanisms may explain the occurrence of
heteroplasmy, those that maintain mitochondrial heteroplasmy are unclear — mechanisms
which preserve widespread, consistent, and heritable heteroplasmy. It could be that there are
some ancestral or shared mechanisms within bees/hymenopterans/haplodiploid species which
enable high rates of heteroplasmy. Unfortunately, there are not enough definitive studies of
heteroplasmy to determine what such factors might be.

2.6 Conclusions and suggestions for future research

A complete lack of mt-COl variation other than widespread and consistent mitochondrial
heteroplasmy was identified in every individual (n = 73) of Amphylaeus morosus in five
localities across a ~2000 km range (Figure 1). Additionally, lon Torrent shotgun sequencing
data obtained from one female, further suggested extensive heteroplasmic sites (>200 SNPs)
occurring throughout the mitogenome, far more than has been reported in other heteroplasmic
systems (Xiong et al. 2013, Moreira et al. 2017, Meza-Lazaro et al. 2018, Sriboonlert and
Wonnapinij 2019). The maintenance of divergent heteroplasmic mitogenomes, excluding all
other mtDNA variation, suggests complex, non-standard mitochondrial inheritance
mechanisms taking place in this species. A number of mechanisms have been proposed that
could maintain certain (heritable) mitochondrial haplotypes (and even heteroplasmic

haplotypes) in arthropods including:

(i) ‘Standard’ positive and/or balancing selection: coexistence of multiple mitogenomes, each
providing unique selective advantages whereby heteroplasmic individuals are favoured in the
population (e.g. Doublet et al. (2012), Ma et al. (2014), Kastally and Mardulyn (2017)).
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(ii) Breakdown of purifying or positive selective processes (Burr et al. 2018, Palozzi et al.
2018). For example, this could include selection biases in the germline genetic bottleneck
(Ashley et al. 1989, Freyer et al. 2012), an inability to purge deleterious mitochondrial
mutations (Chen et al. 2014, Lin et al. 2016, Samstag et al. 2018), or the spread of selfish
mitochondrial genes/genomes at the expense of those with high respiratory function
(Gitschlag et al. 2016, Ma and O'Farrell 2016). This hypothesis favours a temporary
heteroplasmic phase, unlike what we observe in A. morosus.

(iii) Genetic hitchhiking (induced-positive selection) of mitogenomes facilitated by
reproductive parasites; a selective sweep on co-inherited mitogenomes as they are ‘dragged’
through by heritable endosymbionts (Marcadé et al. 2007, Schuler et al. 2016).

We have identified that A. morosus is also infected with the intracellular bacteria Wolbachia
(Rickettsiales: Anapasmataceae) (Chapter 3), which is known to cause selective sweeps on
host mtDNA removing genetic variation from the population (Jiggins 2003, Schuler et al.
2016). Wolbachia seems a likely candidate to explain the lack of mtDNA variation within
this species but does not easily explain the prevalent mitochondrial heteroplasmy. This will
be discussed further in Chapters 3 and 4.
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Figure 1: Recorded distribution (star points) of Amphylaeus morosus as reported by Houston (1975).

Collection sites (green circles) for this study occurred across five locations of eastern Australia.
Sample sizes of individuals barcoded from each location are included.
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Figure 2: Summary of mt-COI heteroplasmic sites found using two techniques; Sanger sequencing
and lon Torrent shotgun sequencing. Black crosses represent nucleotide substitutions that were
synonymous, and red crosses represent nucleotide substitutions that were non-synonymous (amino
acid changing). An additional synonymous nucleotide was detected at 310 bp in an individual from
the Blue Mountains, New South Wales (in blue). The chromatograms below are examples of the
double peaks observed in the chromatogram of Sanger sequences. Their nucleotide position in the
COlI fragment is indicated by the sites encapsulated in boxes in the technique summary, which
correspond to the numbers above the chromatograms.
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Figure 3: Amphylaeus morosus lon Torrent shotgun sequencing alignment to the Hylaeus dilatatus
reference mitogenome (Tan et al. 2015). The locations of the major protein-coding and rRNA genes
of H. dilatatus mitochondrial genome are shown. Read coverage (blue) represents the comparative
amount of the A. morosus shotgun contigs that aligned to the reference genome and red bars indicate
where coverage was only a single contig. SNP/variation was determined using Geneious version
10.2.2 (https://www.geneious.com) which is indicated by the yellow markers and suggests widespread
heteroplasmic sites throughout the mitogenome, only ever involving two base pairs.
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2.10 Supplementary Material

Supp. Table 4: SNP/Variation data determined using Geneious version 10.2.2 for the
Amphylaeus morosus lon Torrent shotgun mitogenome alignment. This table provides information for
each nucleotide involved in a variable ‘heteroplasmic’ site (all determined to be SNPs (single

nucleotide polymorphisms)), with every two rows reporting the two nucleotides associated with a
heteroplasmic site. Sequence position (Min., Max.) provides the location of these variable sites in

relation to the alignment consensus. The frequency for each nucleotide in the variable site and given
as well as the approximate P-value of the nucleotide identified as a SNP as determined by the

analysis.
Name Min. Max. Length Coverage Polymorphism  Variant Variant P-
Type Frequency Value
(approximate)
A 1635 1635 1 15 SNP 53.30% 1.00E-17
T 1635 1635 1 15 SNP 33.30% 9.40E-12
C 1666 1666 1 20 SNP 55.00% 1.70E-28
T 1666 1666 1 20 SNP 45.00% 2.50E-15
C 1678 1678 1 23 SNP 69.60% 2.40E-35
T 1678 1678 1 23 SNP 30.40% 1.50E-13
C 1699 1699 1 25 SNP 56.00% 1.70E-30
T 1699 1699 1 25 SNP 44.00% 4.80E-15
A 1768 1768 1 26 SNP 46.20% 1.50E-28
T 1768 1768 1 26 SNP 53.80% 3.50E-23
C 1777 1777 1 25 SNP 56.00% 1.10E-27
T 1777 1777 1 25 SNP 44.00% 5.50E-26
C 1842 1842 1 22 SNP 54.50% 9.90E-24
T 1842 1842 1 22 SNP 45.50% 6.30E-21
C 1846 1846 1 20 SNP 30.00% 8.80E-09
T 1846 1846 1 20 SNP 70.00% 1.80E-14
C 1852 1852 1 20 SNP 15.00% 0.0000022
T 1852 1852 1 20 SNP 85.00% 4.50E-35
C 1876 1876 1 17 SNP 58.80% 1.90E-24
T 1876 1876 1 17 SNP 41.20% 7.30E-12
G 1887 1887 1 15 SNP 46.70% 1.60E-16
T 1887 1887 1 15 SNP 53.30% 2.30E-11
A 2002 2002 1 22 SNP 27.30% 1.90E-14
T 2002 2002 1 22 SNP 72.70% 7.40E-44
C 2005 2005 1 23 SNP 26.10% 4.00E-16
T 2005 2005 1 23 SNP 69.60% 1.50E-30
C 2029 2029 1 24 SNP 29.20% 6.10E-10
T 2029 2029 1 24 SNP 70.80% 2.10E-39
A 2068 2068 1 31 SNP 64.50% 8.20E-45
G 2068 2068 1 31 SNP 32.30% 4.10E-17
C 2095 2095 1 29 SNP 31.00% 3.00E-16
T 2095 2095 1 29 SNP 69.00% 9.70E-44
A 2140 2140 1 24 SNP 62.50% 1.20E-24
T 2140 2140 1 24 SNP 37.50% 8.80E-12
C 2147 2147 1 22 SNP 59.10% 7.70E-29
T 2147 2147 1 22 SNP 40.90% 6.20E-23
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Name Min. Max. Length Coverage  Polymorphism  Variant Variant P-
Type Frequency Value
(approximate)
C 2167 2167 1 22 SNP 59.10% 3.00E-26
T 2167 2167 1 22 SNP 40.90% 1.10E-08
C 2173 2173 1 21 SNP 66.70% 2.80E-29
T 2173 2173 1 21 SNP 33.30% 4.30E-11
C 2189 2189 1 21 SNP 42.90% 1.40E-19
T 2189 2189 1 21 SNP 57.10% 1.70E-20
A 2203 2203 1 24 SNP 62.50% 4.10E-38
T 2203 2203 1 24 SNP 37.50% 1.60E-22
C 2225 2225 1 26 SNP 65.40% 1.90E-38
T 2225 2225 1 26 SNP 34.60% 2.70E-12
A 2227 2227 1 26 SNP 30.80% 2.20E-11
T 2227 2227 1 26 SNP 69.20% 6.10E-45
C 2246 2246 1 23 SNP 60.90% 1.30E-39
T 2246 2246 1 23 SNP 39.10% 3.20E-18
C 2329 2329 1 33 SNP 66.70% 7.50E-52
T 2329 2329 1 33 SNP 33.30% 2.40E-24
C 2353 2353 1 36 SNP 66.70% 1.90E-56
T 2353 2353 1 36 SNP 33.30% 7.50E-23
C 2399 2399 1 36 SNP 69.40% 5.90E-57
T 2399 2399 1 36 SNP 27.80% 2.20E-14
C 2419 2419 1 36 SNP 72.20% 1.50E-49
T 2419 2419 1 36 SNP 27.80% 1.40E-08
C 2531 2531 1 33 SNP 15.20% 7.20E-09
T 2531 2531 1 33 SNP 84.80% 5.80E-57
C 2537 2537 1 31 SNP 22.60% 6.40E-14
G 2537 2537 1 31 SNP 77.40% 1.60E-61
C 2542 2542 1 33 SNP 18.20% 1.10E-12
T 2542 2542 1 33 SNP 81.80% 2.80E-70
C 2560 2560 1 30 SNP 16.70% 0.0000038
T 2560 2560 1 30 SNP 83.30% 4.40E-53
C 2609 2609 1 36 SNP 44.40% 1.10E-35
T 2609 2609 1 36 SNP 55.60% 7.10E-45
C 2686 2686 1 28 SNP 60.70% 2.60E-39
T 2686 2686 1 28 SNP 39.30% 2.20E-14
A 2698 2698 1 26 SNP 69.20% 3.90E-43
G 2698 2698 1 26 SNP 30.80% 5.70E-13
A 2719 2719 1 27 SNP 66.70% 6.90E-32
T 2719 2719 1 27 SNP 33.30% 2.30E-18
C 2722 2722 1 27 SNP 33.30% 4.60E-21
T 2722 2722 1 27 SNP 66.70% 1.10E-33
A 2782 2782 1 20 SNP 50.00% 1.80E-23
C 2782 2782 1 20 SNP 50.00% 1.80E-21
C 2854 2854 1 14 SNP 57.10% 2.80E-13
T 2854 2854 1 14 SNP 35.70% 0.0000018
C 2875 2875 1 8 SNP 50.00% 6.80E-07
T 2875 2875 1 8 SNP 50.00% 0.0000017
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Name Min. Max. Length Coverage  Polymorphism  Variant Variant P-
Type Frequency Value
(approximate)
C 2923 2923 1 10 SNP 40.00% 3.30E-09
T 2923 2923 1 10 SNP 60.00% 2.10E-13
C 2932 2932 1 9 SNP 55.60% 1.30E-13
T 2932 2932 1 9 SNP 44.40% 0.000003
C 2933 2933 1 9 SNP 44.40% 1.30E-10
T 2933 2933 1 9 SNP 55.60% 1.20E-10
C 2938 2938 1 10 SNP 40.00% 5.30E-12
T 2938 2938 1 10 SNP 60.00% 8.20E-13
C 2962 2962 1 11 SNP 54.50% 1.80E-15
T 2962 2962 1 11 SNP 45.50% 4.60E-12
C 2971 2971 1 11 SNP 54.50% 2.80E-11
T 2971 2971 1 11 SNP 45.50% 1.40E-10
C 3001 3001 1 12 SNP 50.00% 1.50E-14
T 3001 3001 1 12 SNP 41.70% 7.80E-12
A 3016 3016 1 10 SNP 40.00% 8.30E-09
G 3016 3016 1 10 SNP 60.00% 3.30E-15
C 3055 3055 1 13 SNP 61.50% 8.10E-21
T 3055 3055 1 13 SNP 38.50% 1.20E-07
C 3058 3058 1 13 SNP 38.50% 4.00E-11
T 3058 3058 1 13 SNP 61.50% 2.00E-22
A 3102 3102 1 13 SNP 76.90% 2.80E-25
G 3102 3102 1 13 SNP 23.10% 5.70E-07
C 3450 3450 1 11 SNP 27.30% 0.0000026
T 3450 3450 1 11 SNP 72.70% 1.50E-10
C 3552 3552 1 15 SNP 66.70% 3.00E-25
T 3552 3552 1 15 SNP 33.30% 9.40E-12
A 3567 3567 1 15 SNP 73.30% 6.70E-23
T 3567 3567 1 15 SNP 26.70% 2.10E-08
C 3600 3600 1 17 SNP 41.20% 8.70E-10
T 3600 3600 1 17 SNP 58.80% 1.90E-24
G 3635 3635 1 21 SNP 19.00% 0.0000014
T 3635 3635 1 21 SNP 81.00% 1.90E-39
A 3642 3642 1 19 SNP 73.70% 1.00E-17
G 3642 3642 1 19 SNP 21.10% 3.70E-07
C 3644 3644 1 19 SNP 78.90% 3.80E-36
G 3644 3644 1 19 SNP 15.80% 0.0000019
A 3649 3649 1 18 SNP 16.70% 8.10E-07
G 3649 3649 1 18 SNP 83.30% 8.10E-37
G 3651 3651 1 18 SNP 16.70% 0.0000063
T 3651 3651 1 18 SNP 83.30% 2.60E-35
A 3654 3654 1 18 SNP 77.80% 7.30E-24
T 3654 3654 1 18 SNP 16.70% 0.0000016
G 3655 3655 1 18 SNP 16.70% 4.10E-07
T 3655 3655 1 18 SNP 77.80% 7.30E-24
C 3656 3656 1 18 SNP 16.70% 4.10E-07
T 3656 3656 1 18 SNP 83.30% 2.50E-26
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Name Min. Max. Length Coverage  Polymorphism  Variant Variant P-
Type Frequency Value
(approximate)
A 3657 3657 1 18 SNP 83.30% 2.40E-20
G 3657 3657 1 18 SNP 16.70% 8.10E-07
A 3658 3658 1 18 SNP 77.80% 7.60E-31
T 3658 3658 1 18 SNP 16.70% 8.10E-07
A 3659 3659 1 17 SNP 82.40% 1.00E-21
G 3659 3659 1 17 SNP 17.60% 0.0000027
G 3664 3664 1 17 SNP 17.60% 0.0000053
T 3664 3664 1 17 SNP 82.40% 4.20E-30
A 3666 3666 1 17 SNP 76.50% 1.20E-24
G 3666 3666 1 17 SNP 17.60% 3.40E-07
C 3667 3667 1 17 SNP 82.40% 1.70E-31
T 3667 3667 1 17 SNP 17.60% 2.10E-08
A 3669 3669 1 15 SNP 20.00% 2.30E-07
T 3669 3669 1 15 SNP 80.00% 1.10E-19
C 3670 3670 1 15 SNP 33.30% 2.90E-09
T 3670 3670 1 15 SNP 66.70% 3.00E-22
A 3671 3671 1 16 SNP 18.80% 0.0000044
T 3671 3671 1 16 SNP 81.30% 1.10E-22
A 3672 3672 1 16 SNP 75.00% 2.80E-26
G 3672 3672 1 16 SNP 18.80% 0.0000044
A 3678 3678 1 16 SNP 81.30% 4.40E-33
G 3678 3678 1 16 SNP 18.80% 0.0000011
A 3695 3695 1 13 SNP 23.10% 0.0000044
T 3695 3695 1 13 SNP 76.90% 2.80E-25
C 3786 3786 1 13 SNP 76.90% 2.90E-27
T 3786 3786 1 13 SNP 23.10% 0.0000011
C 4651 4651 1 11 SNP 54.50% 1.10E-13
T 4651 4651 1 11 SNP 45.50% 1.40E-08
C 4662 4662 1 11 SNP 45.50% 1.40E-09
T 4662 4662 1 11 SNP 45.50% 1.40E-07
C 4669 4669 1 10 SNP 60.00% 2.10E-16
T 4669 4669 1 10 SNP 40.00% 0.000002
C 4689 4689 1 10 SNP 40.00% 8.00E-07
T 4689 4689 1 10 SNP 60.00% 8.00E-10
C 4720 4720 1 9 SNP 55.60% 4.00E-14
T 4720 4720 1 9 SNP 44.40% 0.0000075
C 4725 4725 1 10 SNP 50.00% 7.60E-08
T 4725 4725 1 10 SNP 50.00% 2.50E-15
C 4737 4737 1 10 SNP 50.00% 2.50E-09
T 4737 4737 1 10 SNP 50.00% 0.0000023
C 4755 4755 1 10 SNP 40.00% 5.20E-08
T 4755 4755 1 10 SNP 60.00% 3.30E-15
C 4792 4792 1 9 SNP 44.40% 3.10E-10
T 4792 4792 1 9 SNP 55.60% 3.90E-11
C 4818 4818 1 9 SNP 44.40% 0.0000075
T 4818 4818 1 9 SNP 55.60% 3.90E-09
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Name Min. Max. Length Coverage  Polymorphism  Variant Variant P-
Type Frequency Value
(approximate)
C 4902 4902 1 6 SNP 50.00% 0.000005
T 4902 4902 1 6 SNP 50.00% 3.20E-07
A 4951 4951 1 6 SNP 33.30% 9.50E-07
C 4951 4951 1 6 SNP 66.70% 9.40E-09
C 4952 4952 1 6 SNP 33.30% 0.0000094
T 4952 4952 1 6 SNP 66.70% 1.50E-11
A 5006 5006 1 6 SNP 50.00% 4.00E-08
T 5006 5006 1 6 SNP 50.00% 1.00E-08
C 5067 5067 1 8 SNP 62.50% 1.80E-12
T 5067 5067 1 8 SNP 37.50% 0.0000069
C 5143 5143 1 10 SNP 50.00% 2.50E-09
T 5143 5143 1 10 SNP 50.00% 7.90E-11
A 5158 5158 1 11 SNP 54.50% 2.90E-14
T 5158 5158 1 11 SNP 45.50% 1.50E-12
C 5167 5167 1 12 SNP 58.30% 7.90E-19
T 5167 5167 1 12 SNP 41.70% 2.50E-12
A 5215 5215 1 9 SNP 44.40% 7.80E-08
T 5215 5215 1 9 SNP 55.60% 1.20E-07
A 5217 5217 1 9 SNP 55.60% 3.90E-09
G 5217 5217 1 9 SNP 44.40% 0.0000012
C 5224 5224 1 9 SNP 55.60% 1.20E-11
T 5224 5224 1 9 SNP 44.40% 3.10E-08
C 5233 5233 1 9 SNP 55.60% 1.30E-12
T 5233 5233 1 9 SNP 44.40% 2.00E-09
A 5260 5260 1 7 SNP 57.10% 2.20E-08
T 5260 5260 1 7 SNP 42.90% 1.40E-07
A 5266 5266 1 7 SNP 57.10% 1.40E-07
G 5266 5266 1 7 SNP 42.90% 0.0000043
C 5287 5287 1 9 SNP 44.40% 2.00E-11
T 5287 5287 1 9 SNP 55.60% 3.90E-10
C 5434 5434 1 6 SNP 50.00% 1.60E-07
T 5434 5434 1 6 SNP 50.00% 0.0000013
C 5467 5467 1 9 SNP 33.30% 3.30E-07
T 5467 5467 1 9 SNP 55.60% 4.00E-13
C 5491 5491 1 10 SNP 50.00% 2.50E-11
T 5491 5491 1 10 SNP 30.00% 4.70E-07
C 5518 5518 1 11 SNP 54.50% 2.70E-08
T 5518 5518 1 11 SNP 45.50% 1.40E-10
A 5540 5540 1 11 SNP 54.50% 7.20E-12
T 5540 5540 1 11 SNP 45.50% 1.40E-10
C 5557 5557 1 10 SNP 40.00% 5.20E-08
T 5557 5557 1 10 SNP 60.00% 5.20E-14
C 5563 5563 1 9 SNP 55.60% 1.30E-12
T 5563 5563 1 9 SNP 44.40% 7.90E-10
C 5569 5569 1 9 SNP 55.60% 4.00E-12
T 5569 5569 1 9 SNP 44.40% 1.20E-08
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Name Min. Max. Length Coverage  Polymorphism  Variant Variant P-
Type Frequency Value
(approximate)
C 7305 7305 1 7 SNP 42.90% 0.0000043
T 7305 7305 1 7 SNP 57.10% 2.20E-10
A 7368 7368 1 7 SNP 71.40% 6.60E-11
T 7368 7368 1 7 SNP 28.60% 0.0000033
C 7373 7373 1 8 SNP 37.50% 2.20E-07
T 7373 7373 1 8 SNP 37.50% 0.0000017
A 7380 7380 1 8 SNP 62.50% 1.80E-12
T 7380 7380 1 8 SNP 37.50% 7.00E-09
C 7407 7407 1 10 SNP 50.00% 7.90E-13
T 7407 7407 1 10 SNP 50.00% 2.40E-07
C 7443 7443 1 7 SNP 57.10% 8.80E-11
T 7443 7443 1 7 SNP 42.90% 5.50E-07
C 7862 7862 1 7 SNP 42.90% 0.0000043
T 7862 7862 1 7 SNP 57.10% 2.20E-08
C 7874 7874 1 7 SNP 42.90% 1.40E-07
T 7874 7874 1 7 SNP 57.10% 5.50E-12
A 7904 7904 1 7 SNP 57.10% 3.50E-09
T 7904 7904 1 7 SNP 42.90% 2.80E-07
A 7910 7910 1 7 SNP 42.90% 2.80E-07
T 7910 7910 1 7 SNP 57.10% 1.40E-09
A 7925 7925 1 7 SNP 57.10% 0.0000053
T 7925 7925 1 7 SNP 42.90% 7.00E-08
C 8584 8584 1 9 SNP 66.70% 8.30E-14
T 8584 8584 1 9 SNP 33.30% 0.0000052
A 8599 8599 1 12 SNP 41.70% 0.0000022
T 8599 8599 1 12 SNP 50.00% 3.70E-15
A 8683 8683 1 14 SNP 50.00% 1.90E-08
T 8683 8683 1 14 SNP 50.00% 4.30E-16
C 8716 8716 1 11 SNP 45.50% 4.50E-09
T 8716 8716 1 11 SNP 54.50% 1.00E-07
C 8740 8740 1 13 SNP 46.20% 4.20E-13
T 8740 8740 1 13 SNP 53.80% 1.90E-09
C 8744 8744 1 13 SNP 46.20% 1.10E-13
T 8744 8744 1 13 SNP 53.80% 1.30E-13
C 8746 8746 1 13 SNP 46.20% 4.20E-13
T 8746 8746 1 13 SNP 53.80% 1.30E-13
A 8758 8758 1 13 SNP 46.20% 1.70E-12
C 8758 8758 1 13 SNP 53.80% 9.50E-09
A 8761 8761 1 13 SNP 53.80% 1.10E-15
T 8761 8761 1 13 SNP 38.50% 1.30E-09
C 8770 8770 1 14 SNP 50.00% 1.30E-12
T 8770 8770 1 14 SNP 50.00% 2.60E-13
C 8776 8776 1 14 SNP 42.90% 6.30E-07
T 8776 8776 1 14 SNP 57.10% 1.20E-15
C 8803 8803 1 18 SNP 50.00% 7.30E-16
T 8803 8803 1 18 SNP 44.40% 1.00E-13

95



Name Min. Max. Length Coverage  Polymorphism  Variant Variant P-
Type Frequency Value
(approximate)
C 8857 8857 1 19 SNP 47.40% 2.90E-10
T 8857 8857 1 19 SNP 47.40% 7.30E-22
A 8878 8878 1 20 SNP 40.00% 4.20E-10
C 8878 8878 1 20 SNP 50.00% 1.80E-19
A 8890 8890 1 19 SNP 47.40% 3.60E-19
T 8890 8890 1 19 SNP 52.60% 8.80E-18
A 8891 8891 1 19 SNP 52.60% 9.00E-22
G 8891 8891 1 19 SNP 47.40% 3.60E-19
A 8892 8892 1 19 SNP 47.40% 3.60E-19
T 8892 8892 1 19 SNP 52.60% 9.00E-22
C 8893 8893 1 19 SNP 52.60% 8.90E-20
T 8893 8893 1 19 SNP 47.40% 2.20E-17
A 8941 8941 1 17 SNP 47.10% 9.60E-19
T 8941 8941 1 17 SNP 47.10% 5.20E-10
C 8950 8950 1 16 SNP 50.00% 4.90E-15
T 8950 8950 1 16 SNP 50.00% 7.40E-12
C 9001 9001 1 10 SNP 40.00% 2.10E-10
T 9001 9001 1 10 SNP 60.00% 3.30E-15
C 9013 9013 1 10 SNP 40.00% 0.000005
T 9013 9013 1 10 SNP 60.00% 3.30E-15
C 9033 9033 1 8 SNP 25.00% 0.0000028
T 9033 9033 1 8 SNP 75.00% 6.70E-09
A 9043 9043 1 8 SNP 62.50% 1.70E-08
G 9043 9043 1 8 SNP 37.50% 0.0000035
C 10729 10729 1 6 SNP 33.30% 0.0000038
T 10729 10729 1 6 SNP 66.70% 5.90E-08
C 10798 10798 1 13 SNP 38.50% 4.00E-12
T 10798 10798 1 13 SNP 61.50% 1.80E-10
C 10801 10801 1 13 SNP 38.50% 1.30E-11
T 10801 10801 1 13 SNP 61.50% 8.00E-17
A 10805 10805 1 13 SNP 46.20% 4.10E-10
G 10805 10805 1 13 SNP 53.80% 3.30E-12
C 10846 10846 1 15 SNP 53.30% 1.60E-14
T 10846 10846 1 15 SNP 46.70% 6.00E-11
C 10850 10850 1 15 SNP 66.70% 3.00E-22
T 10850 10850 1 15 SNP 33.30% 8.90E-08
C 10864 10864 1 17 SNP 41.20% 1.20E-14
T 10864 10864 1 17 SNP 58.80% 1.90E-22
A 10880 10880 1 19 SNP 15.80% 0.0000019
T 10880 10880 1 19 SNP 84.20% 6.10E-41
A 10897 10897 1 19 SNP 47.40% 3.60E-19
T 10897 10897 1 19 SNP 52.60% 8.10E-14
C 10903 10903 1 19 SNP 52.60% 8.90E-20
T 10903 10903 1 19 SNP 47.40% 6.50E-13
A 10909 10909 1 19 SNP 47.40% 7.30E-22
T 10909 10909 1 19 SNP 52.60% 8.90E-19
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Name Min. Max. Length Coverage  Polymorphism  Variant Variant P-
Type Frequency Value
(approximate)
A 10913 10913 1 19 SNP 47.40% 1.80E-16
T 10913 10913 1 19 SNP 52.60% 8.70E-17
A 10927 10927 1 19 SNP 47.40% 1.40E-15
C 10927 10927 1 19 SNP 52.60% 8.30E-15
A 10933 10933 1 19 SNP 52.60% 7.80E-13
G 10933 10933 1 19 SNP 42.10% 2.90E-14
C 10935 10935 1 19 SNP 47.40% 1.40E-15
T 10935 10935 1 19 SNP 52.60% 9.10E-23
A 10941 10941 1 19 SNP 47.40% 1.10E-14
G 10941 10941 1 19 SNP 52.60% 9.10E-25
C 10962 10962 1 15 SNP 60.00% 9.70E-18
T 10962 10962 1 15 SNP 40.00% 4.90E-12
A 10973 10973 1 14 SNP 42.90% 1.20E-11
T 10973 10973 1 14 SNP 57.10% 7.30E-15
A 10978 10978 1 14 SNP 42.90% 2.80E-09
T 10978 10978 1 14 SNP 57.10% 1.90E-16
A 11005 11005 1 14 SNP 50.00% 4.30E-16
T 11005 11005 1 14 SNP 42.90% 1.90E-16
C 11006 11006 1 14 SNP 50.00% 8.50E-17
T 11006 11006 1 14 SNP 50.00% 6.80E-19
C 11029 11029 1 14 SNP 64.30% 6.20E-20
T 11029 11029 1 14 SNP 35.70% 2.00E-10
C 11074 11074 1 11 SNP 36.40% 0.0000077
T 11074 11074 1 11 SNP 63.60% 3.20E-12
C 11075 11075 1 11 SNP 36.40% 0.0000077
T 11075 11075 1 11 SNP 54.50% 7.30E-15
C 11087 11087 1 9 SNP 33.30% 0.0000052
T 11087 11087 1 9 SNP 66.70% 8.20E-11
C 11101 11101 1 8 SNP 62.50% 1.80E-13
T 11101 11101 1 8 SNP 37.50% 2.80E-08
C 11113 11113 1 8 SNP 62.50% 5.60E-13
T 11113 11113 1 8 SNP 37.50% 5.60E-08
A 11159 11159 1 9 SNP 55.60% 1.20E-11
C 11159 11159 1 9 SNP 44.40% 5.00E-09
C 11198 11198 1 7 SNP 57.10% 3.50E-09
T 11198 11198 1 7 SNP 42.90% 0.0000086
C 11203 11203 1 7 SNP 42.90% 0.0000022
T 11203 11203 1 7 SNP 57.10% 1.40E-07
A 11296 11296 1 6 SNP 33.30% 0.0000094
T 11296 11296 1 6 SNP 66.70% 2.40E-08
A 11299 11299 1 6 SNP 66.70% 1.50E-09
C 11299 11299 1 6 SNP 33.30% 0.000006
A 11304 11304 1 6 SNP 33.30% 0.0000038
T 11304 11304 1 6 SNP 66.70% 2.40E-10
C 11305 11305 1 7 SNP 42.90% 2.20E-09
T 11305 11305 1 7 SNP 57.10% 1.40E-07
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Name Min. Max. Length Coverage  Polymorphism  Variant Variant P-
Type Frequency Value
(approximate)
C 11326 11326 1 8 SNP 62.50% 1.80E-13
T 11326 11326 1 8 SNP 37.50% 0.0000017
A 11327 11327 1 8 SNP 37.50% 8.80E-07
T 11327 11327 1 8 SNP 62.50% 1.70E-10
A 11359 11359 1 10 SNP 50.00% 7.70E-09
T 11359 11359 1 10 SNP 40.00% 3.20E-07
A 11360 11360 1 10 SNP 50.00% 7.70E-09
G 11360 11360 1 10 SNP 50.00% 7.90E-11
C 11365 11365 1 10 SNP 50.00% 2.40E-08
T 11365 11365 1 10 SNP 50.00% 2.50E-14
C 11383 11383 1 12 SNP 50.00% 3.70E-15
T 11383 11383 1 12 SNP 50.00% 2.30E-13
T 11432 11431 O 12 Indel 33.30% 4.90E-08
11432 11431 O 12 Indel 66.70% 9.90E-08
C 11437 11437 1 13 SNP 46.20% 4.20E-13
T 11437 11437 1 13 SNP 53.80% 4.00E-10
C 11461 11461 1 13 SNP 46.20% 9.60E-08
T 11461 11461 1 13 SNP 53.80% 1.10E-15
A 11476 11476 1 13 SNP 46.20% 1.70E-12
C 11476 11476 1 13 SNP 53.80% 5.30E-15
C 11492 11492 1 14 SNP 57.10% 1.20E-19
T 11492 11492 1 14 SNP 42.90% 2.90E-12
C 11496 11496 1 14 SNP 42.90% 4.70E-14
T 11496 11496 1 14 SNP 57.10% 3.00E-21
A 11507 11507 1 13 SNP 53.80% 8.00E-11
G 11507 11507 1 13 SNP 46.20% 4.10E-10
C 11509 11509 1 13 SNP 46.20% 2.60E-11
T 11509 11509 1 13 SNP 53.80% 2.70E-14
C 11517 11517 1 13 SNP 46.20% 1.10E-13
T 11517 11517 1 13 SNP 53.80% 8.50E-18
C 11518 11518 1 13 SNP 53.80% 1.70E-18
T 11518 11518 1 13 SNP 46.20% 6.30E-09
A 11533 11533 1 13 SNP 46.20% 9.60E-08
C 11533 11533 1 13 SNP 53.80% 1.60E-11
C 11572 11572 1 13 SNP 46.20% 2.60E-11
T 11572 11572 1 13 SNP 53.80% 5.30E-15
C 11582 11582 1 13 SNP 46.20% 2.50E-08
T 11582 11582 1 13 SNP 53.80% 2.10E-16
C 11608 11608 1 11 SNP 45.50% 4.60E-15
T 11608 11608 1 11 SNP 54.50% 4.60E-16
A 11609 11609 1 11 SNP 45.50% 4.60E-13
T 11609 11609 1 11 SNP 45.50% 1.50E-13
C 11647 11647 1 12 SNP 41.70% 7.50E-08
T 11647 11647 1 12 SNP 50.00% 9.20E-16
A 11656 11656 1 12 SNP 50.00% 2.20E-10
C 11656 11656 1 12 SNP 50.00% 5.60E-11
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Name Min. Max. Length Coverage  Polymorphism  Variant Variant P-
Type Frequency Value
(approximate)
C 11660 11660 1 12 SNP 50.00% 2.30E-13
T 11660 11660 1 12 SNP 50.00% 5.60E-11
C 11674 11674 1 10 SNP 60.00% 3.30E-12
T 11674 11674 1 10 SNP 40.00% 0.000002
A 11683 11683 1 10 SNP 60.00% 1.30E-14
T 11683 11683 1 10 SNP 40.00% 8.30E-09
C 11699 11699 1 8 SNP 75.00% 1.70E-12
T 11699 11699 1 8 SNP 25.00% 0.0000011
A 11932 11932 1 6 SNP 66.70% 5.90E-08
G 11932 11932 1 6 SNP 33.30% 0.0000038
C 12049 12049 1 9 SNP 33.30% 0.0000013
T 12049 12049 1 9 SNP 66.70% 2.00E-08
A 12127 12127 1 9 SNP 44.40% 5.00E-11
C 12127 12127 1 9 SNP 55.60% 3.90E-09
C 12130 12130 1 9 SNP 66.70% 2.00E-08
T 12130 12130 1 9 SNP 33.30% 0.0000013
A 12151 12151 1 9 SNP 44.40% 2.00E-09
T 12151 12151 1 9 SNP 33.30% 0.0000013
A 12325 12325 1 6 SNP 50.00% 5.00E-09
G 12325 12325 1 6 SNP 50.00% 1.30E-09
C 13292 13292 1 9 SNP 44.40% 7.90E-10
T 13292 13292 1 9 SNP 55.60% 1.20E-07
A 13335 13335 1 7 SNP 42.90% 0.0000011
T 13335 13335 1 7 SNP 57.10% 3.50E-09
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Supp. Table 5: The number of contigs recovered for each of the lon Torrent mitochondrial gene
isolates examined. Total length of aligned contigs were reduced to only show suspected SNPs
(variable nucleotide sites indicating heteroplasmy). The number of SNPs detected by the Geneious
"SNP/Variation" function are also reported. By isolating only the SNP’s to sort contigs into lineages,
the gene fragments were reduced by 90-97% of their original length. Note: once the lineages were
established, the full length of the gene isolate were restored to assess for coding changings associated
with variable sites.

Gene No. Max. contig Total fragment All suspected  Geneious Fragment length
contigs depth length SNPs SNPs only reduction

COol 150 38 1,610 51 51 97%

col 34 21 668 69 25 90%

cyto 52 19 1,224 81 58 93%

ND4 32 20 572 27 24 95%
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Supp. Table 6: Summary of heteroplasmic sites detected in mitochondrial cytochrome c oxidase
subunit 1 (COI) gene fragment using both techniques: Sanger sequencing and lon Torrent shotgun
sequencing. Base pair (bp) positions are in reference to the combined Sangers sequences (forward +
reverse sequence) which was 658 bp. Heteroplasmic site detected at 310 bp was identified in a single
individual (AM®6) from the Blue Mountains, NSW. The heteroplasmic site at 624 bp was observed in
the Sanger sequence chromatograms, but was observed as within lineage variation (minor variation)
within the lon Torrent shotgun data.

Base Pair (bp) Sanger lon Torrent Allelel Allele2 Non-synonymous Amino Acid
10 v v
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Group 3

LEGEND

] Cortigs assigned to Lineege 1
[ ] Gortigs assigned to Lineage2
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differert within lineeges
*  Sequanoes with hetergdastic sites
thet donat retch the cosersus

Lineage 1

Group 2

Group 4

Group 5

Group 6

Lineage 2

Supp. Figure 1: lon
Torrent shotgun sequence
alignment of suspected
heteroplasmic sites in the
mitochondrial cytochrome
¢ oxidase subunit | (COI)
gene. It is important to
note that the contigs
presented here only
consist of variable sites
and have been reduced in
length by ~90% of their
original length (~150 —
500 bp per contig).
Almost all of these
variable sites are
separated by long, non-
variable regions shared
across the dataset. These
reduced-contigs have
been sorted into analogues
producing the two
proposed heteroplasmic
“lineages”. Within
lineages, variable
nucleotide sites have been
indicated by an arrow and
these contigs were
classified into “groups”.
Some reduced-contigs
were not able to be sorted
into any lineage and are
suspected to be NUMTSs,
additional mtDNA
variants, or errors.
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Supp. Figure 2: lon Torrent shotgun sequence alignment of suspected heteroplasmic sites in the mitochondrial cytochrome c¢ oxidase subunit 11 (COII) gene. It
is important to note that the contigs presented here only consist of variable sites and have been reduced in length by ~90% of their original length (~150 —
500 bp per contig). Almost all of these variable sites are separated by long, non-variable regions shared across the dataset. These reduced-contigs have been
sorted into analogues producing the two proposed heteroplasmic “lineages”. Within lineages, variable nucleotide sites have been indicated by an arrow and
these contigs were classified into “groups”. Some reduced-contigs were not able to be sorted into any lineage and are suspected to be NUMTSs, additional

mtDNA variants, or errors.
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Supp. Figure 3: lon Torrent shotgun sequence alignment of suspected heteroplasmic sites in the mitochondrial cytochrome b (cytb) gene. It is important to
note that the contigs presented here only consist of variable sites and have been reduced in length by ~90% of their original length (~150 — 500 bp per
contig). Almost all of these variable sites are separated by long, non-variable regions shared across the dataset. These reduced-contigs have been sorted into
analogues producing the two proposed heteroplasmic “lineages”. Within lineages, variable nucleotide sites have been indicated by an arrow and these contigs
were classified into “groups”. Some reduced-contigs were not able to be sorted into any lineage and are suspected to be NUMTS, additional mtDNA variants,
or errors.
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Supp. Figure 4: lon Torrent shotgun sequence alignment of suspected heteroplasmic sites in the
mitochondrial NADH-ubiquinone oxidoreductase chain 4 (ND4) gene. It is important to note that the
contigs presented here only consist of variable sites and have been reduced in length by ~90% of
their original length (~150 — 500 bp per contig). Almost all of these variable sites are separated by
long, non-variable regions shared across the dataset. These reduced-contigs have been sorted into
analogues producing the two proposed heteroplasmic “lineages”. Within lineages, variable nucleotide
sites have been indicated by an arrow and these contigs were classified into “groups”. Some reduced-
contigs were not able to be sorted into any lineage and are suspected to be NUMTSs, additional
mtDNA variants, or errors.
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3.1 Abstract

The a-proteobacteria genus Wolbachia (Rickettsiales: Anaplasmataceae) is known to
exclusively infect invertebrates where it can present itself as either a reproductive parasite or
a mutualist. It is the most common maternally inherited intracellular endosymbiont in the
world, infecting as many as 60% of insect species. At present, little is known about the
infection pathways of this bacterium, nor the full breadth of impacts it can have on its hosts.
Amphylaeus morosus (Smith, 1879) is a hylaeine bee (Hymenoptera: Colletidae) with an
extensive geographical range along the eastern coast of Australia. This bee species is known
to have extremely high rates (100%) of conserved mitochondrial heteroplasmy (two or more
types of mitogenome within a single individual) across its distribution, involving only two
consistent mitochondrial haplotypes. Using DNA sequencing and phylogenetic techniques,
we assess (i) the distribution a Wolbachia co-infection across this host’s distribution and (ii)
the phylogenetic relationship between the two Wolbachia strains infecting this bee host. DNA
sequence data demonstrated a consistent co-infection of Wolbachia across the A. morosus
~2,000 km distribution with every individual infected with both bacterial strains.
Furthermore, phylogenetic analyses indicate that these two Wolbachia strains did not diverge
from each other within this host. Date estimates from phylogenetic data provide some
evidence of two independent introductions (divergence times of each Wolbachia within this
host are approximately 2 mya compared to 0.5 mya. As the host’s mitogenome and the
Wolbachia genome are genetically linked through maternal inheritance, we propose three
possible hypotheses that could explain maintenance of the widespread and conserved co-

occurring bacterial and mitochondrial genomes in this species.
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3.2 Introduction

Obligate intracellular bacteria are widespread within invertebrates (Goebel and Gross 2001)
and can function as pathogens or as mutualists. Although they are phylogenetically divergent,
these endosymbionts often share common genomic similarities, such as AT-biased
compositions, small genomes, and high rates of evolution (Moran and Baumann 2000, Moran
and Wernegreen 2000). These traits generally result in specialized lifestyles within any
particular bacterial genus (Moran and Wernegreen 2000), where endosymbionts become
highly obligate and are strictly pathogenic or mutualistic within their hosts (Gil et al. 2004).
The a-proteobacteria genus Wolbachia (Rickettsiales: Anaplasmataceae) is an unusual
exception (Gil et al. 2004), as it seems to have repeatedly horizontally transferred into new
host lineages (Heath et al. 1999, Werren et al. 2008) and presents itself as either parasitic or
an obligate mutualist across numerous host taxa (e.g. O'Neill et al. (1997), Bandi et al.
(1999)).

Within most insect lineages, Wolbachia are primarily maternally inherited reproductive
parasites. Notably, this infection can affect the sexual differentiation of its host. The
transmission of the endosymbiont through the population is promoted by biasing for infected
female offspring relative to uninfected individuals (Werren 1997, Werren et al. 2008). This is
achieved via four known phenotypic alterations — cytoplasmic incompatibility, feminization
of genetic males, thelytokous parthenogenesis induction, and male killing — although the
mechanisms behind these effects are poorly understood (Werren 1997, Stouthamer et al.
1999). These reproductive manipulation strategies enable Wolbachia to maximize its
inheritance rate and largely depend on (i) the host’s sex determination system, (ii) the
Wolbachia strain, and (iii) the interactions between the host and bacterium (Charlat et al.
2003).

Wolbachia has been documented to reach infection fixation within laboratory populations
(e.g. Xi et al. (2005), Bian et al. (2013)). However, the proportion of infection within host
populations can become stable without reaching complete fixation (e.g. Shoemaker et al.
(2003), Unckless et al. (2009)). Unfortunately, infection prevalence has not been widely
assessed across the distribution of wild hosts. Additionally, it is unknown how reproductive
phenotypic manipulations are adjusted once Wolbachia completely infects a population (e.g.
whether phenotypic manipulation ceases once Wolbachia can no longer infect Wolbachia-

free individuals). Phenotypic changes expressed by hosts can be quite variable, even within
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closely-related taxa (e.g. Fujii et al. (2001), Sasaki et al. (2002), Sasaki et al. (2005), Veneti
et al. (2012)) and some Wolbachia strains might have more modification potential than others
(Werren et al. 2008, Hamm et al. 2014). Hence, despite its prevalence in insects, the

interactions of Wolbachia and its hosts are poorly understood (Werren et al. 2008).

The transmission of Wolbachia within hosts can lead to rapid selection on host mitogenomes.
These ‘selective mitochondrial sweeps’ occur when Wolbachia-infected host lineages replace
non-infected linages and cause bacterially-facilitated dominance of the co-inherited
mitogenome in the host population (Jiggins 2003). The mitogenomes can ‘hitchhike’ their
way to fixation resulting in a host population with low mitochondrial haplotype variation
(e.g. Ballad et al. (1996), Graham and Wilson (2012), Schuler et al. (2016)). Because
mitochondria and Wolbachia are genetically linked through maternal transmission (Cariou et
al. 2017), mitochondrial selective sweeps can occur when there are mechanisms that
selectively favour Wolbachia (e.g. reproductive phenotypic manipulation) (Jiggins 2003,
Hurst and Jiggins 2005). Consequently, these mitochondrial selective sweeps are a major
hurdle for studies of host demography that use only mitochondrial markers (Jiggins 2003,
Charlat et al. 2009, Toews and Brelsford 2012). Unlike mitochondrial DNA (mtDNA),
nuclear loci are expected to largely follow Mendelian inheritance patterns despite any
Wolbachia infections (unless Wolbachia induces parthenogenesis, deviating from sexual
reproduction (Rokas et al. 2001)).

Wolbachia can provide diverse benefits and costs to its hosts, but these effects depend on the
taxonomic lineage, sex, and life stage of the host, as well as environmental stressors (e.g.
Gavotte et al. (2010), White et al. (2011), Joshi et al. (2014)). Wolbachia-induced effects are
variable, and infections can persist in host populations with or without apparent reproductive
alterations to the host (e.g. Gomi et al. (1997), Hoffmann et al. (1998), Harcombe and
Hoffmann (2004), Hedges et al. (2008)). These effects include either a reduction (Fleury et al.
2001) or increase in the fecundity of infected females (Dobson et al. 2002), providing
nutritional benefits (Brownlie et al. 2009, Nikoh et al. 2014), antiviral protection (Hedges et
al. 2008, Hoffmann et al. 2015, Dutra et al. 2016), and can reduce defences against other
parasites or parasitoids (Fytrou et al. 2006). However, there is limited understanding of how
these alterations (independent of reproductive modifications) affect the transmission rate of
the endosymbiont or its persistence in host lineages (Werren et al. 2008, Zug and

Hammerstein 2015). Assessing the effects of Wolbachia is further complicated in situations
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where hosts are infected with multiple endosymbionts. Co-infections are reasonably common
(Duron et al. 2008), but our understanding of the impacts and origins of multiple infections is
limited (White et al. 2011).

In this study, we aimed to assess (i) the extent of the co-infection of two Wolbachia strains in
the hylaeine bee, Amphylaeus morosus (Smith, 1879) (Hymenoptera: Colletidae) throughout
its range and (ii) the divergence between these two Wolbachia strains from their geographical
extremities (north and south). Amphylaeus morosus occupies warm-temperate/subtropical
subcoastal heathland and cool temperate montane forests along the eastern coast of Australia
(Houston 1975). Our previous research identified that this bee species has widespread and
conserved mitochondrial heteroplasmy (Chapter 2) where every individual across the
distribution appears to have the same two mitochondrial haplotypes (with minor nucleotide
variation detected in some individuals). Here we explore the extensive and consistent co-
infection of two Wolbachia strains infecting A. morosus and discuss the possible effects of

this pervasive endosymbiont on this host.

3.3 Methods

3.3.1 Specimen sampling

Adult female specimens of Amphylaeus morosus were collected in nesting substrate across
five regions of eastern Australia, from southern Queensland to southwestern Victoria (Table
1). Specimen collections (Table 1) from the northern-most (Tin Can Bay, QLD) and
southwestern-most (Cobboboonee, VIC) locations occurred in subcoastal heathland habitat
where colonies nest in dead flower scapes of grass tree Xanthorrhoea spp. (Asparagales:
Asphodelaceae). Collections from all central localities (Enfield State Forest and Blue
Mountains, NSW, and Dandenong Ranges, VIC; Table 1) were collected in wet montane
forests from fallen excised fronds of the tree fern Cyathea australis (R.Br.) Domin
(Cyatheales: Cyatheaceae). To obtain adult male specimens for these analyses, immature
individuals collected from the Dandenong Ranges in 2016 were reared to adulthood in

controlled conditions at the Flinders University Bedford Park campus, South Australia.

3.3.2 Wolbachia screening across the host’s distribution

Wolbachia screening was performed on genomic DNA extracts (leg tissue) previously used to
assess mitochondrial heteroplasmy (Chapter 2; i.e. all specimens analysed for Wolbachia

infection had also been assessed for mitochondrial heteroplasmy). Twenty-seven individuals
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(24 females and 3 males) were selected from five regions across the A. morosus distribution
for assessment of the co-infection of Wolbachia using the COI-like Wolbachia gene region.
This DNA region is highly conserved i.e. fragment sizes were consistent between different
bacterial strains. This gene region was reliably recovered using common arthropod
mitochondrial (mt-) COI primer sets (a common problem with arthropod mt primers (Smith
et al. 2012)), originally intended to recover A. morosus mtDNA. Polymerase chain reaction
(PCR) amplification protocols for the COI-like region of Wolbachia were performed using
the arthropod (Lepidoptera) primer set Lep-F1 5-ATTCAACCAATCATAAAGATAT-3' and
Lep-R1 5-TAAACTTCTGGATGTCCAAAAA-3' (Hebert et al. 2004) for most specimens.
The COl-like Wolbachia region was also recovered using the universal primers LCO1490 5°-
GGTCAACAAATCATAAAGATATTGG-3" and HCO2198 5°-
TAAACTTCAGGGTGACCAAAAAATCA-3’ (Folmer et al. 1994) for five of the

specimens, although it produced lower quality sequences.

PCR amplifications of the Wolbachia COI-like region were carried out in a total volume of
25 L, as follows: 1x MRT Buffer (MgClz), primers (0.4 uM each), 1 U Immolase DNA
Polymerase (Bioline 5 U/uL), and template DNA. PCR cycling conditions were one cycle (10
min at 95°C), 35 cycles (45 sec at 94°C, 45 sec at 48°C, 60 sec at 75°C) and one cycle (6 min
at 72°C, 2 min at 25°C). PCR products were visualised using 1.5% agarose gel. Successful
PCR products were purified using Multiscreen PRC384 Filter Plate (Millipore) and re-
suspended in 20-25 pL of 10 mM TRIS. Purified amplicons were sent to the Australian
Genome Research Facility (AGRF) in Adelaide, South Australia for Sanger sequencing with
Applied Bio-Systems 3730 and 3730 x| capillary sequencers.

3.3.3 Cloning to separate Wolbachia strains

One individual each from the northern- and southern- most localities (Tin Can Bay and
Dandenong Ranges) were selected for cloning. These specimens had previously been Sanger
sequenced and their chromatograms had confirmed co-infections of two Wolbachia strains.
For comparison with our other Wolbachia data, we produced clones for the Wolbachia COI-
like region, as well as Wolbachia surface protein (wsp) gene region (see below). The COI-
like region was recovered using the Lep primer set (Hebert et al. 2004) and PCR
amplification conditions were repeated from the Sanger sequencing above. Four additional
Wolbachia COl-like sequences were recovered from cloning products using the universal
degenerate primer set COIF-PR115 5'-TCWACNAAYCAYAARGAYATTGG-3' and COIR-
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PR114 5-ACYTCNGGRTGNCCRAARARYCA-3' (Folmer et al. 1994) which was

originally intended to recover bee mtCOI (cloning was not able to recover host mtDNA).

The wsp gene was also analysed as it is one of the fastest evolving Wolbachia genes, and can
provide a good indication of phylogenetic relationships among closely related Wolbachia
strains (Zhou et al. 1998). The primer set wsp-81F 5’-TGGTCCAATAAGTGATGAAGA-3'
and wsp-691R 5-AAAAATTAAACGCTACTCCA-3' (Braig et al. 1998, Zhou et al. 1998)
was used and PCR amplification conditions were one cycle (3 min at 95°C), 35 cycles (60 sec
at 95°C, 60 sec at 55°C, 60 sec at 72°C) and one cycle (30 min at 72°C) (Zhou et al. 1998).

All reactions were carried out in PCR volumes as described above.

All amplified DNA was purified using Multiscreen PRC384 Filter Plate. PCR products 1 puL
neat from the COl-like gene with Hebert et al. (2004) primers and 2 uL neat from the wsp
gene with Zhou et al. (1998) primers were cloned into pPGEM-T Easy (Promega) and
blue/white screening following manufactures instructions. Transformants were harvested
from Petri dishes and suspended in 25 mL of 10 mM TRIS and then heat treated to lyse cells.
All colonies were amplified using the primer set T7 5-TAATACGACTCACTATAGGG-3'
and SP6 5-TTCTATAGTGTCACCTAAAT-3' (Promega) and the following PCR conditions
applied: one cycle (10 min at 95°C), 34 cycles (30 sec at 94°C, 30 sec at 60°C, 90 sec at
72°C) and one cycle (20 min at 72°C). Purified cloned amplicons were sequenced (Sanger) at
AGRF.

3.3.4 Sequence analysis

To assess the extent of the two Wolbachia strains in this bee species, forward Wolbachia
COl-like sequences and cloning products (COl-like and wsp genes) were edited and aligned
using Geneious Prime version 2020.1 (https://www.geneious.com). To confirm the identity of
the source species for each sequence, edited sequences were BLAST screened against the
National Center for Biotechnology Information (NCBI) database

(http://www.ncbi.nlm.nih.gov/blast).

Both of our cloned bee specimens had two haplotypes for both non-contiguous Wolbachia
gene regions (COl-like and wsp). To identify which of the two Wolbachia strains each of our
non-contiguous gene fragments belonged to, BLAST results to published Wolbachia

genomes were used. BLAST results of the wsp gene were also used to attempt to identify the
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Wolbachia strain’s possible reproductive manipulation phenotypes by looking for similar

strains identified in other hosts.

For the Wolbachia COl-like and wsp genes recovered from A. morosus specimens, one of the
two haplotypes from both gene regions was highly similar to two NCBI published Wolbachia
genomes (>99% identify match; wCauA,; accession PRINA550963 and wHa; accession
PRJINA176303 (Ellegaard et al. 2013)). There was no match (BLAST) to any published
whole Wolbachia genomes for the remaining haplotype of each gene fragment. Therefore, for
our phylogenetic analyses, we grouped the first two haplotypes (one sequence from both
COl-like and wsp genes) as one of the Wolbachia strains — which we labelled wAmHa —
and grouped the remaining two haplotypes as the second Wolbachia strain — which we
labelled wAmor. These Wolbachia gene fragments will be submitted to the NCBI database. A
concatenated 1,271 bp nucleotide alignment was then created in Geneious Prime with best
alignment inferred from amino acids. This alignment included 15 supergroup A Wolbachia
strains comprised of the <665 bp COl-like and <606 bp wsp genes; four samples from our
data — two Wolbachia strains from both the northern- and southern-most A. morosus
populations — and 11 trimmed Wolbachia genomes used in Gerth and Bleidorn (2016)
(Supp. Table 1).

3.3.5 Phylogenetic analysis of Wolbachia strains

To find the best partition schemes and DNA substitution models for these sequence data
(nucleotide alignment of two Wolbachia genes; COl-like and wsp), PartitionFinder version
2.1.1 (Lanfear et al. 2017) was employed with an AlICc (corrected Akaike information
criterion) and a greedy algorithm from the available BEAST models (Guindon et al. 2010,
Lanfear et al. 2012, Lanfear et al. 2017). All codon positions for both gene fragments were
assigned individual partitions. The first and third COI-like codons as well as the second wsp
codon positions were each assigned an HKY+I+X model. The second COl-like, first and
third wsp codon positions were assigned HKY +X, HKY+I'+X and TRN+I+X substitution
models, respectively. BEAST run files, parameters and optimisations for phylogenetic
analyses were set in BEAUTI version 2.6.2 (Bouckaert et al. 2019). All partitions were
assigned a relaxed log normal clock model. Known node ages were assigned based on the
dated phylogeny in Gerth and Bleidorn (2016) with either a normal or log normal distribution
to best fit the 95% highest posterior densities (HPDs) of each node. An additional uniform

distribution was set at the boundaries of these 95% HPDs.
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Phylogenetic analyses were implemented in BEAST version 2.6.2 (Bouckaert et al. 2019)
with 100 million iterations, sampled every 20,000™" iteration. The resulting log files were
analysed in Tracer version 1.7 (Rambaut et al. 2018) and a 10% burnin was employed, which
was always after stationarity had been achieved. Maximum clade credibility trees were
produced using TreeAnnotator version 2.6.2 (Bouckaert et al. 2019). This analysis was
performed four times to check for consistent results and stationarity. All four post-burnin log

and tree files were combined using LogCombiner version 2.6.2 (Bouckaert et al. 2019).

FigTree version 1.4.4 (Drummond 2016) was used to produce trees. Our recovered tree
height was about half of that recovered in Gerth and Bleidorn (2016) (Supp. Figure 1). Gerth
and Bleidorn (2016) used entire Wolbachia genomes and included Wolbachia supergroup B
in their analyses, and likely recovered a more reliable tree height. To correct for this, we used
FigTree to set the root height at 76 million years ago (mya) to be concordant with Gerth and
Bleidorn (2016).

3.4 Results

3.4.1 W.idespread co-occurring Wolbachia infection

Sequence evidence of widespread co-infection. Sequences were recovered for 27
Amphylaeus morosus specimens for the Wolbachia COI-like gene (amplicon lengths between
567 bp and 613 bp) which was clearly distinguished from host mitochondrial DNA based on
BLAST results. All 27 specimens were observed to have a co-infection of Wolbachia as they
showed clear double peaks at consistent nucleotide sites in their chromatograms (Figure 1)

indicating a persistent co-infection of two Wolbachia strains across the host’s distribution.

Cloning of the bacterial co-infection. Cloning data further supported that there are dual
Wolbachia infections occurring in A. morosus, with both the Tin Can Bay (horthern) and
Dandenong Ranges (southern) specimens infected with the same two Wolbachia strains.
When aligned to the COI-like Sanger sequences, double peaks in the chromatograms
occurred at variable sites detected through cloning (e.g. Figure 1). Clones were successfully
recovered for both the COIl-like (with two primer sets) and wsp gene regions for both

A. morosus specimens.

Within and between strain variation. Between the distinct Wolbachia strains, there were 13

variable sites in the conserved COl-like gene fragment. Of these variable nucleotides, three
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coded for amino acid changes (using the bacterial protein translation scheme). No variation
within either strain between the two geographical extremities was detected for the COl-like
gene. One exception was detected: one COl-like cloned amplicon from the southern
specimen did possess a single synonymous ‘mutation’ in the Wolbachia strain wAmHa. The
other wAmHa amplicon for this specimen in this gene region was consistent with the
equivalent amplicons of the northern specimen. Although possibly suggesting intra-individual
Wolbachia variation within this southern specimen, it is likely that this represents a cloning,
PCR or sequencing error (Eckert and Kunkel 1991, Clarke et al. 2001). Low sample sizes of
cloned amplicons (Supp. Table 2) make it very difficult to distinguish between error and
genuine intra-individual nucleotide variation. Therefore, the most conservative option was

implemented for all analyses.

High base pair variation was seen in the more-variable wsp gene between the Wolbachia
strains, with over 100 variable sites including multiple insertions and deletions. This
indicated that although the Wolbachia strains are related, both being supergroup A Wolbachia
strains (as designated by Werren et al. (1995b)), they are clearly divergent. Like the COl-like
gene, the wsp gene indicated variation within each Wolbachia strain to be highly conserved
across the two geographical locations. One synonymous and two non-synonymous
substitutions were identified between the southern and northern localities in one Wolbachia
strain (wAmor). In the other Wolbachia strain (wWAmHa), a single non-synonymous
substitution was identified between the specimens. As with the COIl-like gene, ‘intra-
individual® variation was detected, but in both individuals. An additional non-synonymous
base pair change was present in the wAmor strain from the northern specimen and another in
the wAmHa strain from the southern specimen. However, as with the COl-like gene this is
likely the results of error and the most conservative options were implemented for all

analyses.

3.4.2 ldentifying Wolbachia strains

Using the phylogenetically-informative wsp gene (Zhou et al. 1998), BLAST screening
identified that one of the Wolbachia strains infecting A. morosus (WAmHa) is most similar to
strains wCauA (completely identical for wsp) described from the moth Cadra cautella
(Walker, 1863) (Lepidoptera: Pyralidae) (Sasaki and Ishikawa 1999), and wHa (with only a
single non-synonymous base change) described from Drosophila simulans Sturevant, 1919
(Diptera: Drosophilidae) (O'Neill and Karr 1990, Ellegaard et al. 2013). Interestingly, in both

115



the host moth C. cautella and in D. simulans, these strains often co-occur with other
Wolbachia strains (Poinsot and Mercot 1997, Sasaki and Ishikawa 1999).

The second strain of Wolbachia infecting A. morosus (wAmor) could not be matched to a
published bacterial genome on the NCBI BLAST database and has not yet been
phylogenetically classified. BLAST results of the wsp gene closely matched (~99%) strains
infecting several arthropods including Hymenoptera (parasitic wasps (Yang et al. 2012,
Mohammed et al. 2017)) and Lepidoptera (Russell et al. 2012, Gutzwiller et al. 2015)

species.

3.4.3 Phylogenetic analysis of Wolbachia co-infection

The maximume-credibility tree shows high posterior probability (PP) values at most nodes (PP
> 0.95; Supp. Figure 2). The uncorrected tree height was 32.7 mya (95% HPD = 26, 44.1
mya; Supp. Figure 1), but this was scaled to match the tree produced by Gerth and Bleidorn
(2016) at 76 mya (95% HPD = 60.4, 102.5 mya; see methods). The Gerth and Bleidorn
(2016) phylogenetic tree was dated using the host divergence times and demonstrated that
Wolbachia strains diverged within host sister species in the bee genus Nomada
(Hymenoptera: Apidae). Our tree (Figure 2) demonstrates that the co-infecting Wolbachia
strains in A. morosus did not diverge within this host and their most recent common ancestor
(MRCA) was approx. 61.5 mya (95% HPD = 39.6, 85.8). Additionally, there is some
evidence that these strains might have entered this host species in two separate horizontal
transfer events (Figure 2). The MRCA within wAmor strain is approximately 2 mya (95%
HPD = 0.3, 4.1 mya) indicating a longer divergence time within this host, whereas and
wAmHa strain is approximately 0.52 mya (95% HPD = 0, 1.3 mya) (Figure 2). However, the

95% HPDs overlap (Figure 2) and these results should be interpreted cautiously.

3.5 Discussion

3.5.1 Widespread co-infection of Wolbachia in Australian hylaeine bee

Amphylaeus morosus was observed to be consistently infected with two supergroup A
Wolbachia strains in samples taken from across its entire ~2,000 km range (Figure 1). Given
that both the COI-like and wsp gene regions indicated that there were two widespread copies
of each gene within all 27 individuals tested (as evident from both the Sanger sequences and
cloning data), it is unlikely that this represents Wolbachia-derived pseudogenes within the

parasite or host genomes. Assuming mostly vertical transmission of the bacteria within this
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host (Tolley et al. 2019), for this co-infection to have spread so completely through the
A. morosus population, these Wolbachia strains would have had to overcome major

biological and geographical limitations of this host species.

Our phylogeny (Figure 2) assessing the divergence patterns of the co-infection of Wolbachia
in A. morosus (two gene fragments; COl-like and wsp) was produced by integrating our data
with the dated Wolbachia phylogeny produced by Gerth and Bleidorn (2016) based on whole
genome data. It indicated that the two Wolbachia strains did not diverge from each other
within A. morosus (Figure 2). These results suggest that these Wolbachia strains have entered
this host independently (rather than a co-infection of unrelated Wolbachia strains transferring
into a novel host — Amphylaeus morosus — simultaneously). For novel strains to
independently infect a host lineage, Wolbachia needs to be transmitted via either horizontal

or paternal transmission (Keeling et al. 2003).

The divergence time estimates within the Wolbachia strains indicate that wAmor has been
diverging within A. morosus for approximately 2 million years (my), whereas wWAmHa has
been diverging for only approximately 0.5 my. This provides further support of two
independent transmission events, rather than one horizontal transfer event from another co-
infected host. However, this should be interpreted cautiously, as the inferred dates are based
on limited data and 95% HPDs overlap between the divergence estimates for the two strains.
Although these results concur with scenarios raised by Bailly-Bechet et al. (2017) where most
Wolbachia infection events have occurred within the last few million years, these dates were
developed using only ~1,200 bp, two host specimens, and less than three variable nucleotide
sites within either strain. Full bacterial genome sequencing of more host specimens
throughout the A. morosus distribution would be beneficial to (i) establish the phylogenetic
relationships of these Wolbachia strains (particularly wAmor) compared to other supergroup
A Wolbachia; (ii) better assess the divergence times within each Wolbachia strain, and (iii)
attempt to examine the possible epicentre of each Wolbachia strain entering this host (i.e. if
there were separate introductions of each Wolbachia strain, and if their initial infection occur

in the same geographical location?).

3.5.2 Potential reproductive phenotypic manipulation of host

BLAST results indicated that similar Wolbachia strains to those in A. morosus have
reproductive manipulation potential in their respective hosts. Relatives of the wAmHa strain,

wCauA and wHa, cause cytoplasmic incompatibility in their respective hosts, phycitinid moth
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Cadra cautella and Drosophila simulans (Sasaki and Ishikawa 1999, Charlat et al. 2002). In
another phycitinid moth host, Ephestia kuehniella (Zeller, 1879) (Lepidoptera: Pyralidae),
wCauA causes male killing (Sasaki et al. 2002, Sasaki et al. 2005) when artificially
introduced. BLAST results indicate that this Wolbachia group (labelled ‘Haw’ by Zhou et al.
(1998)) has a wide geographical and taxonomic range and BLAST results indicated infections
in other Hymenoptera (parasitic wasps and ants (Wang et al. 2016)), Coleoptera (Floate et al.
2011) and Arachnida (scorpions (Ashtian et al. 2017)), although the phenotypic effects on
these hosts are not known.

Interestingly, although divergent from the Haw group, relatives of the second strain infecting
A. morosus (wWAmor) are known to naturally infect the phycitinid moth E. kuehniella. In this
host it causes cytoplasmic incompatibility (Sasaki and Ishikawa 1999), however it is not
known what effects occur in other hosts (numerous Hymenoptera and Lepidoptera species).
Although both Wolbachia strains in A. morosus have relatives within the phycitinid moths C.
cautella and E. kuehniella, they do not appear to naturally co-occur within these moth species
(Sasaki et al. 2002, Sasaki et al. 2005). Nonetheless, both Wolbachia strains are known to
cause reproductive phenotypic manipulations of other hosts. It is feasible that in A. morosus,
either/both strains could have induced a reproductive alteration in order to reach infection

fixation across this bee’s distribution.

3.5.3 Lack of knowledge of the distribution and effects of endosymbionts in bees

Wolbachia infections appear to occur frequently within bees, with supergroup A strains being
the most common (Gerth et al. 2011, Gerth et al. 2013). Co-infections of different Wolbachia
strains are also reported within bees (Jeyaprakash et al. 2009, Gerth et al. 2011, Gerth et al.
2013). But like other insect taxa, attempts to identify endosymbiont infections within bees
has been generally limited to broad and general sampling within narrow geographical areas of
interest (with low intra-species sampling), or within specific taxa (often those with close ties
to human activities). Therefore, the biological roles of these endosymbionts within bee hosts
have not been explored. Widespread taxonomic patterns of Wolbachia and their hosts have
been difficult to interpret (Werren et al. 1995a, Werren et al. 1995b, Werren and Windsor
2000). This is further hampered by our considerable lack of knowledge about Wolbachia
diversity and global host association patterns (Detcharoen et al. 2019). Additionally, other
divergent reproductive manipulating endosymbionts occur in arthropods and can commonly
co-occur with Wolbachia (Duron et al. 2008, Russell et al. 2012). We did not assess for the
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presence of other reproductive parasites within A. morosus. The phenotypic impacts of
Wolbachia (and other reproductive parasites) on their hosts is difficult to determine and
extensive bacterial exclusion experiments are often needed to assess the effects of individual
strains within a particular host (e.g. Dedeine et al. (2001), Koukou et al. (2006), Li et al.
(2014), Li et al. (2019)).

3.5.4 Wolbachia’s relationship with heteroplasmic mitogenomes

It is likely that the reproductive strategy of A. morosus has been modified by one or both
Wolbachia strains for the following reasons. Firstly, the extremely low mtDNA diversity
across its entire ~2,000 km range (Chapter 2) is concordant with a bacteria-induced selective
sweep (Jiggins 2003, Schuler et al. 2016). Secondly, relatives of both Wolbachia strains
infecting A. morosus are known to have reproductive modification potential (Charlat et al.
2002, Sasaki et al. 2002, Sasaki et al. 2005). Thirdly, it is doubtful that a recent population
bottleneck is a sufficient explanation for the lack of mtDNA variation (Chapter 2), given the
large geographical distribution of A. morosus (Houston 1975). However, a Wolbachia-
induced selective sweep alone does not explain the persistence of mitochondrial

heteroplasmy.

We propose several likely hypotheses that might explain the widespread fixation AND

maintenance of conserved heteroplasmic mtDNA in A. morosus (Figure 3).

Q) The heteroplasmic founder hypothesis (H1): An A. morosus individual already
possessed two mitogenomes (was heteroplasmic) and a single Wolbachia infection
(which could have already swept through the population). A second Wolbachia
strain entered this lineage (via horizonal or paternal transfer) and spread to
fixation within the population, dragging along both mitogenomes and the initial
Wolbachia strain. Mitochondrial heteroplasmy is maintained because of a
mutualism with one of the Wolbachia strains (probably the ancestral infection).

(i) The co-inheritance hypothesis (H2): Two A. morosus individuals with different
Wolbachia strains mated (each with a single divergent mitogenome), and both
mitogenomes and Wolbachia strains were maintained in the progeny via paternal
transmission of both a mitochondrial and bacterial genome. These co-occurring
Wolbachia strains and their co-inherited mitogenomes then swept (via maternal
inheritance) through the population to fixation. Each mitogenome is maintained

by a mutualism with its corresponding Wolbachia strain.
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(ili)  The advantageous heteroplasmy hypothesis (H3): The maintenance of
mitochondrial heteroplasmy in A. morosus is unrelated to either Wolbachia strain.
A selective sweep via either Wolbachia and/or an advantageous mutation
(heteroplasmy) could be responsible for the overall loss of mitochondrial
diversity. However, one of the two mitogenomes was never lost (post-fixation)

because heteroplasmy has a fitness advantage over homoplasmy.

Our hypotheses include many assumptions about the biology of the host and parasite, and we
cannot confirm which hypothesis applies to our system, or to similar systems. Each
hypothesis will likely require extensive manipulative or modelling experiments to test.

However, A. morosus presents a unique opportunity to investigate these complex interactions.

3.6 Concluding remarks

The Australian hylaeine bee, Amphylaeus morosus is consistently infected with two strains of
the common insect intracellular parasite Wolbachia across its ~2,000 km range. Phylogenetic
data indicates that these strains likely entered this host independently (Figure 2), with both
strains having close relatives known to cause reproductive phenotypic alterations in other
insect species. Amphylaeus morosus also lacks any mtDNA variation except for consistent
mitochondrial heteroplasmy (found in every specimen). Wolbachia are known to cause
extensive selective sweeps on host mtDNA, due to the linkage between the two genomes
through maternal transmission. However, what mechanism(s) are maintaining widespread
mitochondrial heteroplasmy despite the elimination of all other mtDNA variation remains
unknown. Given the co-occurrence of two widespread bacterial and mitogenomes, it is
possible that the mechanisms maintaining them are intertwined. We present three possible
hypotheses (Figure 3) to explain the widespread loss of mtDNA haplotype diversity and

consistent maintenance of mitochondrial heteroplasmy in this bee.
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3.9 Tables

Table 1: Northern- to southern-most collection localities of the Australian native bee

Amphylaeus morosus specimens assessed for endosymbiont infection using the Wolbachia COl-like

gene
Location Lat, Long Collection dates Specimens
sequenced
Tin Can Bay, QLD -25.92, 153.00 10 Dec 2013 39
Enfield State Forest, NSW -31.31, 151.95 22 Dec 2018 19
Blue Mountains region, NSW -33.64, 150.30 24 Jul 2017 49
. 14-18 Aug 2014,
Dandenong Ranges region, VIC 37.94, 145.50 91-24 Nov 2016 122,348
Cobboboonee State Forest and -38.21, 141.58 99_94 Feb 2017 49

Narrawong, VIC
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3.10 Figures
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Figure 1: A. Examples of some variable nucleotide sites (indicated by arrows) in sequences recovered
from a single cloned individual (S1) for the Wolbachia COI-like gene region. B. Aligned examples of
the concurrent double peaks in chromatograms from Sanger sequencing detected in a cloned specimen
(S1) and four example specimens (S2-5) from four Amphylaeus morosus populations along the east
coast of Australia. All 27 specimens sequenced had consistently occurring double peaks.
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Figure 2: Adjusted dated phylogeny of Wolbachia supergroup A based on Gerth and Bleidorn (2016),
with the addition of two bacterial strains (red; wAmor and wAmHa) infecting Australian colletid bee
Amphylaeus morosus recovered in a specimen from each the southern- (S_) and northern-most (N_)
localities of its distribution. Purple bars indicate 95% highest posterior density (HPD) values at each
node of the phylogeny with values in black indicating node ages (mya). Blue text along branches
indicates branch rates. Sequence data composed of two non-contiguous bacterial genes — wsp and
COl-like (concatenated 1,271 bp).
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Figure 3: Three proposed hypotheses that could explain the widespread and consistent co-occurring heteroplasmic mitogenomes and Wolbachia strains in
Amphylaeus morosus: H1: The heteroplasmic founder hypothesis; H2: The co-inheritance hypothesis; and H3: The null-Wolbachia hypothesis
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3.11 Supplementary Material

Supp. Table 1: Full names and NCBI Bioproject accession numbers of all supergroup A
Wolbachia genomes used in this study (where relevant) for phylogenetic analysis based on
Gerth and Bleidorn (2016). Full genomes were trimmed into two non-contiguous gene

regions (COl-like and wsp) and fragment lengths are given for each. Total lengths of each

gene were 665 bp total and 606 bp total, respectively.

Name Host Accession Reference COl-like wsp

wAmHa Amphylaeus morosus N/A N/A 665 bp 579 bp
wAmor Amphylaeus morosus N/A N/A 665 bp 564 bp
wAU Drosophila simulans PRJEB6321 Sutton et al. (2014) 665 bp 591 bp
wHa Drosophila simulans PRINA176303 Ellegaard et al. (2013) 665 bp 579 bp
wMel Drosophila melanogaster ~ PRINA272 Wau et al. (2004) 665 bp 591 bp
wMelpop Drosophila melanogaster ~ PRINA196671 Woolfit et al. (2013) 665 bp 591 bp
wNfe Nomada ferruginata PRINA322628 Gerth and Bleidorn (2016) 665 bp 576 bp
wNfla Nomada flava PRINA322628 Gerth and Bleidorn (2016) 665 bp 576 bp
wNleu Nomada leucophthalma PRINA322628 Gerth and Bleidorn (2016) 665 bp 576 bp
wNpa Nomada panzeri PRINA322628 Gerth and Bleidorn (2016) 665 bp 576 bp
wRec Drosophila recens PRINA254527 Metcalf et al. (2014) 665 bp 585 bp
WRi Drosophila simulans PRINA33273 Klasson et al. (2009) 665 bp 570 bp
wSuz Drosophila suzukii PRJEB596 Siozios et al. (2013) 665 bp 570 bp

Supp. Table 2: The number of amplicons of clones recovered for each strain of Wolbachia

from each Amphylaeus morosus specimen from the northern-most (Tin Can Bay, QLD) and
southern- (Dandenong Ranges, VIC) localities for both the COI-like and wsp gene regions.

Number of amplicons recovered for each gene

Wolbachia strain Specimen location COl-like wsp

wAmor QLD 1 2
VIC 5 1

wAmMHa QLD 1 1
VIC 2 2
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Supp. Figure 1: Dated phylogeny of Wolbachia supergroup A based on Gerth and Bleidorn (2016),
with the addition of two bacterial strains (red; wAmor and wAmHa) infecting Australian colletid bee
Amphylaeus morosus recovered in a specimen from each the southern- (S_) and northern-most (N_)
localities of its distribution. Dates are those originally generated in our analyses, before adjustment to
match those in Gerth and Bleidorn (2016). Purple bars indicate 95% highest posterior density (HPD)
values at each node of the phylogeny with black values within indicating our generated node ages
(mya). Blue text along branches indicates branch rates. Sequence data composed of two non-
contiguous bacterial genes — wsp and COl-like (concatenated 1,271 bp).
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addition of two bacterial strains (red; wAmor and wAmHa) infecting Australian colletid bee
Amphylaeus morosus recovered in a specimen from each the southern- (S_) and northern-most (N_)
localities of its distribution. Sequence data composed of two non-contiguous bacterial genes — wsp
and COl-like (concatenated 1,271 bp). Posterior probabilities for each node are included in black.
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4.1 Abstract

Wolbachia is a common a-proteobacteria genus known to exclusively infect invertebrates.
Although Wolbachia has a wide range of effects on its hosts, it is best known for its ability to
induce reproductive phenotypic manipulations to increase its own inheritance rate. Wolbachia
is also known to cause extensive mitochondrial selective sweeps in host species, as genetic
linkage through maternal inheritance causes co-inherited mitogenomes to ‘hitchhike’ with
Wolbachia across reproductive events. However, assessing the impacts of Wolbachia on
specific hosts is challenging and often requires diligent antibacterial regimens and/or multiple
generations of observation. Amphylaeus morosus is a widespread hylaeine bee
(Hymenoptera: Colletidae) that occurs along the eastern Australia coast. We have previously
identified that that every individual appears to have two conserved and co-occurring
Wolbachia strains and mitochondrial haplotypes (in the form of mitochondrial heteroplasmy)
across its entire geographic distribution. To explore whether conserved mitochondrial
heteroplasmy is being maintained by dual-strain Wolbachia co-inheritance, we proposed
conducting an antibacterial treatment to eradicate Wolbachia from host individuals and their
subsequent offspring and assess the effects on mitochondrial inheritance, post-infection.
However, A. morosus is not able to be reared in laboratory conditions, and we endeavoured to
assess the utility of traditional antibiotic treatment to remove Wolbachia infections in a non-
model organism outside of a strictly controlled environment. Within one generation,
Wolbachia were not removed from this host, however one Wolbachia strain appears
consistently more susceptible to antibiotic treatment than the other. We propose multiple
improvements for this treatment regimen however, the inability to successfully rear this bee
species for multiple generations in captivity remains a major limitation for future attempts at

antibacterial treatment.
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4.2 Introduction

Wolbachia is a common intracellular bacterium that infects arthropods and nematodes. These
a-proteobacteria belong to the diverse order Rickettsiales, which includes species
demonstrating a range of relationships with their hosts, including parasitic, mutualistic, and
commensal relationships (Yu and Walker 2006). Wolbachia is known to exclusively infect
invertebrates (Werren et al. 2008) unlike many of its bacterial relatives (Yu and Walker
2006). As many as 16 supergroups (A — Q, excluding G) of Wolbachia have been proposed
(Baldo and Werren 2007, Ros et al. 2009, Glowska et al. 2015), exhibiting various host-
endosymbiont relationships which are generally characteristic within supergroups (Werren et
al. 2008). Wolbachia in supergroups A and B are the most common infection within
arthropods, particularly insects (Werren and Windsor 2000). The effects of Wolbachia
infections on hosts are variable, but supergroup A and B bacteria often display parasitic traits

associated with reproductive manipulation (Werren et al. 1995).

When functioning as reproductive parasites, Wolbachia can induce four known phenotypic
manipulations; cytoplasmic incompatibility, feminization of genetic males, thelytokous
parthenogenesis induction, and male killing (Werren 1997, Stouthamer et al. 1999).
Wolbachia can also have other (and often multiple, simultaneous) effects on their hosts,
including providing resistance to pathogens (e.g. Chrostek et al. (2013), Ye et al. (2013),
Johnson (2015)), influencing host mating behaviour (e.g. Vala et al. (2004), Rohrscheib et al.
(2015)) and causing various — positive, negative, and intermediate — fitness effects on their
hosts (e.g. Tagami et al. (2001), Fry et al. (2004), Xie et al. (2011)). Assessing the influence
of Wolbachia in host populations is challenging, and often requires antibacterial treatments
and/or multiple generations of observation (Li et al. 2014). The presence of endosymbiont co-
infections is reasonably common (Duron et al. 2008) and can further complicate attempts to

unravel the roles of these endosymbionts within their hosts.

Amphylaeus morosus (Smith, 1879) belongs to the cosmopolitan bee family Colletidae and is
distributed widely along the eastern coast of Australia (Houston 1975). This species has
widespread and conserved mitochondrial heteroplasmy where every individual appears to
have the same two mitochondrial haplotypes across the entire geographic distribution
(Chapter 2). This bee is also consistently infected with two distinct strains of supergroup A
Wolbachia across this distribution (Chapter 3). In summary, these unusual traits in

A. morosus prompts four questions: (i) How did mitochondrial heteroplasmy arise? (ii) What
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are the mechanisms that continue to maintain widespread mitochondrial heteroplasmy? (iii)
What processes contributed to the loss of all other mitochondrial variation? (iv) How (if at
all) has the Wolbachia co-infection contributed to the unusual mitochondrial traits in

A. morosus?

Wolbachia is known to cause extensive selective sweeps on host mitochondrial DNA
(mtDNA) (e.g. Jiggins (2003); Raychoudhury et al. (2010); Graham and Wilson (2012);
Schuler et al. (2016)). The lack of mtDNA variation (except mitochondrial heteroplasmy)
could be explained by a Wolbachia-induced selective sweep. However, the widespread

presence of conserved mitochondrial heteroplasmy remains puzzling.

We have previously presented multiple hypotheses (Table 1) that might explain the
widespread occurrence and maintenance of consistent mitochondrial heteroplasmy in

A. morosus. This included hypotheses where Wolbachia is the agent facilitating widespread
mitochondrial heteroplasmy (Table 1: H1 or H2) — alternative to the possibility that
mitochondrial heteroplasmy being maintained by the selection of advantageous genotypes
(Table 1: H3). In these cases (H1 or H2), Wolbachia are the selective forces maintaining
heteroplasmic mitochondrial inheritance, whereby one or both Wolbachia strain(s) ‘drag’
their co-inherited mitochondrial haplotype across reproductive events. To explore whether
conserved mitochondrial heteroplasmy is being maintained by dual-strain Wolbachia co-
inheritance, we attempted an antibacterial treatment to eradicate Wolbachia from host
individuals and their subsequent brood and assess the effects on mitochondrial inheritance
within the host, post-infection. However, A. morosus is not able to be reared in laboratory
conditions, and we endeavoured to assess the utility of traditional antibiotic treatment to

remove Wolbachia infections in this non-model organism.

4.3 Methods

4.3.1 Nest sampling and treatment preparation

An experiment was conducted on adult colonies of wild Amphylaeus morosus collected from
the Dandenong Ranges in Victoria, Australia between 1% to 5™ Aug 2016 (late winter) before
brood rearing commences (this bee species overwinters as adults). Schwarz and Overholt
(1993) found that colony transfer of overwintering allodapine bees (Hymenoptera: Apidae)
were most successful, so we replicated this with A. morosus colonies which were transferred

into artificial Perspex®-topped pine nests (Schwarz and Overholt 1993) at 10°C in a
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temperature-controlled room at Flinders University, South Australia. Artificial nests (Supp.
Figure 1) were made from untreated square pine dowel with the dimensions (HxWxD)
18x17x400 mm. A rounded nesting cavity was routed out of the upper surface of the dowel
with the dimensions 6x7x380 mm, and then smoothed using coarse sandpaper. To seal the
nest cavity, clear Perspex® was cut to the dimensions of the dorsal surface of the dowel and
taped securely into place, which allowed nest construction and occupation to be observed.
Weather-flashing (consolidated alloy 0.3 mm thick) followed by forest green corflute was
then folded around the lateral and dorsal sides of the dowel to protect against rain, ambient
temperature fluctuations, and solar radiation. The nest opening was left unobstructed (with no
overhang from the Perspex®, weather-flashing, corflute layers) to replicate natural nest
entrances. A unique simple symbol (e.g. triangle, star, square etc) was drawn on the anterior
surface near each opening (Supp. Figure 1) to provide a possible nest identification tool for
the bees (nests may be slightly repositioned during the experiment, making potential ‘natural’

landmarks less reliable for the bees).

A total of 112 nests consisting of solitary (one female) and social nests (with up to five
females per nest) were evenly, in no particular order, allocated into three antibiotic treatment
groups. Each treatment group was fed over two days on of the following tetracycline doses:
10 mg/mL (high dose), 2 mg/mL (low dose), or 0 mg/mL (“control”) antibiotic tetracycline.
A range of doses was applied as we were considerate of the potential toxic effects of
antibiotics (Dedeine et al. 2001, Stouthamer and Mak 2002) in this species. To expose the
adult female bees (FO) to the antibiotic, tetracycline was dissolved in diluted commercial
honey (1:1) solution at the designated antibiotic concentration and presented ina 1 mL
transfer pipette positioned at the entrance of each nest following a week of fasting. Although
the volume of the solution was marked on the pipette tip to monitor the consumption by the
bees, the solution would often leak, and we could not reliably assess the volume consumed.
Every bee was marked on the scutum with enamel Testors® paint corresponding to their

dose; red paint was 10 mg/mL, blue paint was 2 mg/mL, and yellow paint was 0 mg/mL.

Nests were distributed at an outdoor compound at Flinders University Bedford campus and in
the gardens of three residential properties throughout the Adelaide Hills region. These
residential locations included Eden Hills, Belair, and Macclesfield, South Australia. Each
location contained the two treatment groups and control. All residential properties were

<200 m from native bushland reserves and all locations had diverse native flora on the
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property. The distribution of nests across multiple properties was to ensure that there were no
confounding local effects that would impact the entire experiment, such as unfavourable food
sources, local pathogens or predators, or weather events. Nests were positioned between 0.5
to 1.8 m off the ground under partial cover provided by surrounding vegetation and structures
at between 45° to 90° to prevent becoming waterlogged (Supp. Figure 1C.).

These nests were collected 10 days post-release and refed the antibiotic diluted honey
solution. However, we found that nest switching was common at all sites, resulting in cases
of nest abandonment and females of different doses taking up residences in other nests. As
such, the 0 mg/mL (“control”) nests were treated with 5 mg/mL tetracycline to ensure all bees
(FO) previously treated with antibiotics were exposed in the second treatment. Colony
members were fed for two days and were presented with antibiotics based on the original
dose prescribed for that nest, rather than who the current residents were — for example a
‘blue’ colony was treated with 2 mg/mL tetracycline in diluted honey solution regardless of
whether blue-painted individuals currently resided there. Completely abandoned nests were
removed from the experiment as they were usually superseded by other insects, such as ants
or Dermaptera.

Once nests were repositioned in their original locations in their outdoor plots, to limit stress
on the bees, risks of nest abandonment and nest swapping, bee activity was only monitored
visually upon their second and final treatment. These adult females (FO) were then
undisturbed during egg laying and provisioning of offspring from local nectar and pollen
sources in artificial nests with limited human interference for three months. The F1 progeny
were collected in early November 2016 and once food provisions were totally consumed,
juveniles were transitioned to Petri dishes where they were reared to adulthood under
controlled conditions. F1 adults (antibiotic treated) were then stored in 99% ethanol for
subsequent analyses. Due to the nest switching behaviour, and the loss of the experimental
“control” group (0 mg/mL tetracycline), a subsequent fieldtrip was conducted from 21 to
24" Nov 2016 to collect provisioned nests from the same sampling location in the
Dandenong Ranges, to serve as a replacement control group (labelled “W” for “wild type”).
These individuals (W1) were also reared to adulthood as above and then stored in 99%

ethanol.
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4.3.2 DNA Extraction
Total DNA was extracted from the tissue of a single hind leg of 29 antibiotic treated F1 (3

complete nests) and 17 untreated W1 (4 complete nests) individuals. Extractions were
completed using an adapted Gentra Puregene Cell Kit procedure (Qiagen) at the South
Australian Regional Facility of Molecular Ecology and Evolution (SARFMEE), following
the same protocols that were originally used to detect Wolbachia and mitochondrial
heteroplasmy (see Chapter 2 and 3). Only F1 offspring from the 10 mg/mL (red) tetracycline
treated nests were selected, and nests that yielded high numbers of offspring, contained male
and female progeny, and consistently had residing mothers marked with red paint were used
for this analysis. The adult females (FO) were not used for DNA analysis due to mass die off
following the end of their reproductive cycle and nest swapping behaviour that makes
assigning reliable parentage, with few surviving adult females, impossible with the applied
genetic techniques. Extracts were stored at 4°C prior to Polymerase Chain Reaction (PCR)

amplification.

4.3.3 PCR amplification and Sanger sequencing

PCR amplification of mitochondrial cytochrome ¢ oxidase subunit 1 (mtCOI), Wolbachia
COl-like gene, and Wolbachia surface protein (wsp) was carried out on the 46 F1/W1
individuals using the PCR conditions previously optimized for detecting heteroplasmy and
Wolbachia infection in A. morosus (Chapter 2 and 3). PCR amplification of all DNA
fragments was carried out in a total volume of 25 pL, as follows: 1x MRT Buffer (MgCl.),
primers (0.4 uM each), 1 U Immolase DNA Polymerase (Bioline 5 U/uL), and 2 puL template
DNA. Primer specifications summarised in Table 2.

PCR cycling conditions for primer sets COIF-PR115/COIR-PR114 and Lep-F1/Lep-R1were
one cycle (10 min at 95°C), 35 cycles (45 sec at 94°C, 45 sec at 48°C, 60 sec at 75°C) and one
cycle (6 min at 72°C, 2 min at 25°C). Conditions for primer set wsp-81F/wsp-691R were one
cycle (3 min at 95°C), 35 cycles (60 sec at 95°C, 60 sec at 55°C, 60 sec at 72°C) and one
cycle (30 min at 72°C) (Zhou et al. 1998). Visualisation of PCR product were shown on 1.5%
agarose gel and successful PCR reaction products then were purified using Multiscreen
PRC384 Filter Plate (Millipore) and re-suspended in 25 pL of 10 mM TRIS.

All visualised PCR products for Wolbachia genes indicated bacterial presence. To confirm
potential retention of Wolbachia co-infections across the experiment, amplicons from 17
individuals (both control, W1 (n = 7) and experimental, F1 (n = 10) treatments) were selected

141



and successfully Sanger sequenced for bacterial and mitochondrial gene regions by the
Australian Genome Research Facility (AGRF) in Adelaide, South Australia. Reaction
mixtures were in volumes of 12 uL. (11 pLL PCR product, 1 pL primers) and were sequenced
with Applied Bio-Systems 3730 and 3730 x| capillary sequencers. Only the forward
sequences were obtained and were edited and aligned using Geneious Prime 2020.1
(https://www.geneious.com) to confirm mitochondrial heteroplasmy and co-infecting
Wolbachia strains in each individual by looking for double peaks in the chromatograms
indicating heterogeneous bases.

4.3.4 Statistical analysis of nest activity

All statistical tests were performed in SPSS version 25.0 and as our data did not meet the
requirements of parametric tests, non-parametric tests were used (Figure 1). To assess the
composition of adult females during the experiment, Kruskal Wallis tests were performed.
These tests assessed whether the experimental antibiotic dose or location impacted (i) nest
occupation — the number of females per nest at each stage of the experiment and (ii) nest
switching — changes in the number of females per nest during the early stages of the

experiment (Figure 1A).

The impact of antibiotic dose and location of nests on brood production (number of brood
and sex ratios) was also assessed. Brood sex ratios were arcsine square-root transformed prior
to statistical tests. Kruskal Wallis tests were used to assess whether location or antibiotic dose
(control and each experimental antibiotic concentration) impacted (i) the number of adult
females remaining at the termination of the experiments, (ii) the number of brood produced in
occupied nests, or (iii) the (transformed) sex ratio of the brood produced (Figure 1B). For any
tests that indicated significant differences, Dunn-Bonferroni post hoc tests were conducted.
Mann-Whitney U tests were also used to assess if there was an overall difference in number
of adult females remaining, brood produced, in the experimental versus control (untreated)
nests and (transformed) brood sex ratio (Figure 1B). Additionally, a one-sample Wilcoxon
signed-rank test was used to estimate whether the sex ratio (untransformed) of the brood

significantly deviated from the expected median of 0.5 (Spessa 1999) (Figure 1B).
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4.4 Results

4.4.1 Evidence of partial removal of Wolbachia

Twelve individuals were successfully sequenced for both Wolbachia genes (COl-like and
wsp genes) and, of those, ten were reared F1 offspring from antibiotic treated FO mothers, and
two were control (untreated), W1 individuals. Five additional control W1 individuals were
also sequenced for the COI-like gene. Both gene sequences were assessed for double peaks or
ambiguous nucleotide sections at known regions of variation (Figure 2) identified in each
Wolbachia strain infecting Amphylaeus morosus, previously separated through cloning
(Chapter 3). These data suggested that of the ten F1 individuals that were assayed, both the
COl-like and wsp genes showed evidence of the loss or suppression of one of the Wolbachia
strains in six of these individuals. The sequences of the remaining four F1 individuals were
consistent with co-infected control samples (although one of these F1 specimens was
somewhat ambiguous, appearing suppressed in the wsp sequence, but showing some double
peaks consistent with a double Wolbachia infection in the COI-like gene). In all cases, the
same Wolbachia strain was “lost” (wAmor), suggesting partial removal or suppression of
Wolbachia where one strain is more suspectable to antibiotic treatment.

4.4.2 No effect on mitochondrial heteroplasmy

A total of 17 sequences from the same W1/ F1 individuals (control W1, n =7 and
experimental F1, n = 10) were obtained for the mt-COI (forward) fragment Sanger sequences,
with lengths of 609 bp. Every specimen exhibited double peaks throughout the mt-COI gene
which were comparable to those found in previous A. morosus samples. In total, 24
heteroplasmic sites were recovered for the mt-COI fragment, consistent with previous results
(see Chapter 2). There is no evidence that antibiotic treated F1 offspring that exhibited partial
removal of Wolbachia had any changes in the presence of heteroplasmic mitogenomes in one
generation. An additional novel heteroplasmic site (synonymous) in two untreated (control
group) specimens reared from the same nest (female and male) from the Dandenong Ranges,
VIC was identified. This is only the second novel nucleotide variant to be identified in all

A. morosus specimens sequenced for the 658 bp mt-COI fragment across Australia — the
other being from an individual from a nest collected in the Blue Mountains, NSW (Chapter
2).

4.4.3 Statistical analysis of female activity in artificial nests

Experimental nests only
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Location of artificial nests (four locations in Adelaide) nor antibiotic doses had any impact on
nest activity within the experimental cohort (Table 3). The initial number of adult females
(FO) per nest ranged between one and five individuals, and two weeks post-release, between
zero and six. Of the nests recovered at this stage, 46 of 112 no longer contained adult females
and multiple nests had a different number of females than the original nest arrangement.
Statistical tests demonstrated that these changes in the number of females per nest did not
vary significantly between locations nor antibiotic dose applied at the two-week re-feeding
period (Table 3). Upon the termination of the experiment, only 35 of the initial 207 adult
females (FO) remained. Thirty of the original 112 nests contained provisioned brood cells
(F1; 222 brood cells in total). Many nests had no resident FO females remaining, but 23
brood-containing nests still contained at least one resident female (an additional nest with no
brood contained a deceased female). At the termination of the experiment, there was no
significant different in the remaining number of adult females (FO) nor the number of brood

(F1) produced at each location or from any particular antibiotic treatment (Table 3).
Replacement control nests

A total of 31 nests were collected from the Dandenong Ranges, VIC to replace the control
nests lost in the experimental cohort due to nest switching behaviour. Of these, one nest
contained cellophane-like cell lining but was empty, three nests had a residing adult female
but no attempt at brood production and in the remaining 27 nests, brood production had
commenced to some degree. Of these 27 successful nests, the number of residing adult
females (WO0) ranged between zero and three at the time of collection. Brood cell numbers
ranged between one cell still being provisioned (not yet sealed) to 11 provisioned cells
(however, only eight W1 offspring survived to adulthood in this nest — the most productive
control nest). No parasitoids known to impact A. morosus nests in this region were reared
from these nests e.g. Gasteruption sp. (Hymenoptera: Gasteruptiidae), Ephutomorpha spp.
(Hymenoptera: Mutillidae) or Anthrax sp. (Diptera: Bombyliidae) (Spessa 1999, Hearn et al.
2019).

Comparison of control and experimental nests

No effect of tetracycline dose (specific regimen or broadly grouped) was detected on the
number of adult females (WO/F0) remaining in nests at termination (Table 4). Location was

found to have a significant effect (Table 4) however, exploration of these differences (with
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Dunn-Bonferroni post hoc tests, Supp. Table 1) demonstrated that these significant
differences were driven the small ranges in the remaining adult females (between 0-3

individuals) across these treatments and small sample sizes within locations.

Location was found to have no significant impact on F1 brood production however,
tetracycline dose (specific regimen and broadly grouped) was found to have an effect (Table
4). These results were also explored further (with Dunn-Bonferroni post hoc tests, Supp.
Table 2 and within-group distribution of data, Supp. Figure 2). Overall, the experimental
nests produced significantly more brood (n = 31, X = 7.2, SD = 4.5) than the control
(untreated) nests (n =29, X = 4.4, SD = 2.7) (Table 4, Supp. Figure 2). Within treatment
groups, only antibiotic doses with the highest and lowest average number of brood (W1/F1)
produced were significantly different (i.e. 5 mg/mL versus control (untreated) respectively)
(Table 4). Again, these differences should be interpreted cautiously due to small sample sizes
within groupings. Location nor antibiotic dose (specific regimen or broadly grouped) had any
effect on the sex ratio of the brood (W1/F1) (Table 4). No deviation for an expected sex ratio
of 1:1 was detected in these brood (W1/F1) however, small sample sizes limit the reliability
of interpreting these sex ratio data.

4.5 Discussion

Our study attempted to assess the viability of antibiotic treatment to remove Wolbachia in a
non-model species. Within one generation, the Wolbachia infection was not completely
removed from this host. However, there is evidence that one strain may have been more
susceptible to antibiotic therapy than the other. Six of the tetracycline-treated F1 individuals
(n =10) assayed lacked (i) heterogeneous base calls in their Wolbachia COI-like sequences
and (ii) the ambiguous nucleotide sections at known regions of variation in wsp sequences
which are observed in the control (W1, untreated) samples (Figure 2). Upon comparison with
known isolates of each Wolbachia strain for each gene, these data suggest that the Wolbachia
strain wAmor is more susceptible to tetracycline treatment. The other strain, WAmHa was
present in the somatic (leg) tissues of all individuals. Other studies also provide evidence that
some Wolbachia strains may be antibiotic resistant or hosts may be unable to sequester the
antibiotic (Dyson et al. 2002). However, to assess the extent of antibiotic effectiveness in
Amphylaeus morosus, quantitative analyses (e.g. quantitative PCR) would need to be

conducted with a specific marker/probe developed for each Wolbachia strain.
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Additionally, no loss of mitochondrial heteroplasmy was detected in F1 progeny (within one
generation). The combination of methodology of antibiotic application and only one
generation of treated individuals limited our results. Amphylaeus morosus females (FO) were
treated with tetracycline with the intention of also removing bacteria from the oocytes in their
reproductive system (Ghedin et al. 2009). As heteroplasmic mitochondria (which is likely
maternally inherited in this species — Chapter 2) are probably present in the oocytes, it is
unlikely that heteroplasmy will be lost within such a short generation turn-over. Other studies
addressing the loss of mitochondrial heteroplasmy in model systems have demonstrated it
takes multiple generations to achieve shifts in mitochondrial inheritance patterns (e.g. Clark
et al. (2012), Ma et al. (2014)). Evidence of the facilitation of atypical mitochondrial
inheritance by Wolbachia in other taxa is not extensive. In the study systems where patterns
were initially supportive, these traits were subsequently found to be due to other mechanisms
mostly unrelated to Wolbachia (e.g. Marcadé et al. (2007), Doublet et al. (2012)).

Our antibiotic treatment methodology was purposely conservative, as we were cautious of the
health and reproductive effects that tetracycline may have on this bee species. Statistical
analyses of our data suggested that the dose of tetracycline had no significant effect on the
nesting behaviour in A. morosus. No difference in changes in composition of adult females
(FO) in nests nor brood production (F1) was detected between doses or nesting location in the
experimental nests (Table 3). Comparing control and experimental groups, some differences
in the number of remaining adult females (FO) and brood (F1) produced in nests at
termination were detected (Table 4). However, these differences were associated with the
control (untreated) versus specific cohorts within the experimental group and were

overinflated by small sample sizes.

Nests collected from the Dandenong Ranges as our replacement control group were less
developed (juveniles in earlier stages of development and some cells still being provisioned)
than those in South Australia, and this is likely due to climate differences and/or reduced time
spent on nest construction in South Australia as nests were artificial. Fewer brood and more
residing adult females still occupying nests in these less developed control (untreated) nests
were observed to drive the differences in the statistical analyses. Offspring sex ratios of brood
did not deviate from the expected ratio of 1:1 (Spessa 1999), indicating that treatment with
antibiotics has not severely disrupted sex allocation of offspring in this species (A. morosus

can control the sex of its offspring (Spessa 1999)), although low sample sizes limit the
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reliability of our sex ratio data. A brief discussion about our recommended amendments and
limitations of the methodology are included as Appendix 1. However, the major limitation of
antibacterial treatment on this bee species is the difficulty rearing multiple generations in a

controlled environment and we currently have no comprehensive solution to address this.

The addition of tetracycline to diets is the most common type of Wolbachia treatment,
followed by using rifampicin as an alternative antibiotic when tetracycline is not successful
(Li et al. 2014). However, exposure to antibiotics is known to cause disruptions to some key
biological functions in insects. In honeybees (Apis mellifera Linnaeus, 1758), routine
antibiotic treatment caused the depletion of numerous symbiotic bacteria resulting in the
dysfunction of the immune and digestive systems (Daisley et al. 2020). Antibiotic treatment
of host larvae was shown to reduce survivorship of reared endoparasitoid Pimpla turionellae
(Linnaeus, 1758) (Hymenoptera: Ichneumonidae), particularly those exposed to the highest
neomycin dose (0.5 g/100 g of diet) (Harmanci et al. 2019). Similarly to A. morosus, after
one generation of antibiotic treatment in the thelytokous wasp Encarsia formosa Gahan, 1924
(Hymenoptera: Aphelinidae), its Wolbachia infection was reduced but not totally removed
(Wang et al. 2017). Furthermore, tetracycline (at concentrations of 10 and 20 mg/mL) was
found to reduce longevity and oocyte load of F1 wasps compared to the untreated control
(Wang et al. 2017). The effects of a full course of antibiotics in A. morosus on the microbial,

molecular, and reproductive systems is unknown.

4.6 Conclusion

Although our methods of antibiotic therapy were unable to remove the Wolbachia co-
infection within this bee host within one generation, one Wolbachia strain (wAmor) showed
evidence of being reduced in some offspring of antibiotic-treated mothers. Outside of a few
agriculturally important bee species (e.g. Evans (2003), Palmer-Young et al. (2019)),
antibacterial treatment in bees has not been applied. A major challenge is that many wild bee
species are difficult to cultivate in controlled laboratory settings. Select insect taxa have been
extensively investigated for the impacts of Wolbachia infections however, in all cases, these
species are able to be kept as laboratory colonies for multiple generations (e.g. Drosophila,
numerous parasitic wasps, and pest Coleoptera and Lepidoptera etc). We have recommended
adjustments to our experimental procedures to increase the success of antibiotic therapy on
this novel host (Appendix 1). However, a major limitation remains difficult to overcome —

rearing multiple generations of A. morosus in captivity (especially considering this species in
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univoltine). However, to determine whether Wolbachia facilitates the occurrence and
maintenance of widespread mitochondrial heteroplasmy in this species, antibacterial

treatment is the most direct and convincing tool to start answering these complex questions.
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4.9 Tables

Table 1: Three proposed hypotheses that could explain the widespread occurrence of two consistent
co-occurring mitochondrial haplotypes (as heteroplasmy) and Wolbachia strains in

Amphylaeus morosus. Each hypothesis is summarized in three steps: (1.) initial condition, (2.)
characteristics of the transitional phase in this lineage, and (3.) the outcome — mechanism(s) that
continue to maintain present heteroplasmic patterns.

H1: The heteroplasmic founder hypothesis

Horizontal or
paternal transfer

0
Q

Initial condition

(1.) The ancestor of this lineage possessed two mitogenomes
(was heteroplasmic — see H3 (1.) for mechanisms) and a
single Wolbachia infection (which may have already swept
through the population).

(2.) A second Wolbachia strain entered this lineage (via
horizonal or paternal transfer) and spread to fixation within
the population, dragging along both mitogenomes and the
initial Wolbachia strain.

(3.) Heteroplasmy is maintained because of a mutualism
with one of the Wolbachia strains.

H2: The co-inheritance hypothesis

0
Q

Initial condition

Paternal
transfer

.*
*could also

have the other
Wolbachia strain

v

(1.) Two individuals from separate lineages mated: each with
a different Wolbachia strain and a single divergent
mitogenome.

(2.) Paternal transmission results in both mitogenomes and
Wolbachia strains being maintained in the progeny. These
co-occurring Wolbachia strains and their co-inherited
mitogenomes then swept through the population to fixation.
(3.) Each mitogenome is maintained by a mutualism with its
corresponding Wolbachia strain.

H3: The advantageous heteroplasmy
hypothesis

Horizontal or;

paternal transfer

Heteroplasmy =
advantageous
maintained by e.g.
Q balancing selection

Initial condition

(1.) Mitochondrial heteroplasmy had arisen in an ancestral
lineage (via either paternal leakage or intraindividual
variation maintained for multiple generations).

(2.) Wolbachia entered this lineage. A selective sweep via
either Wolbachia and/or an advantageous mutation
(heteroplasmy) could be responsible for the overall loss of
mitochondrial diversity.

(3.) The maintenance of mitochondrial heteroplasmy in

A. morosus is unrelated to either Wolbachia strain. One of
the two mitogenomes is never lost (post-fixation) because
heteroplasmy is advantageous over homoplasmy.

NOTE: The two different Wolbachia strains are represented by ovals (pink and blue), and heteroplasmic mitogenomes as
rings (orange and light blue) within the bee-head outline representing the founder(s) of a host lineage. The bacterium next
to a bee indicates a hypothesised initial infection condition and arrows indicate the transition of novel Wolbachia into this

host lineage.
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Table 2: Primer sets used got generate both host mitochondrial and Wolbachia loci used for DNA

analyses.
Locus Primer Name  Sequence Reference
mt-COl COIF-PR115 5-TCWACNAAYCAYAARGAYATTGG-3' Folmer et al. (1994)

COIR-PR114 5-ACYTCNGGRTGNCCRAARARYCA-3'

Wolbachia  Lep-F1 5-ATTCAACCAATCATAAAGATAT-3 Herbert et al (2004)
COl-like Lep-R1 5-TAAACTTCTGGATGTCCAAAAA-3'
Wolbachia  wsp-81F 5’-TGGTCCAATAAGTGATGAAGA-3' Braig et al. (1998);
wsp wsp-691R 5-AAAAATTAAACGCTACTCCA-3' Zhou et al. (1998)
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Table 3: Kruskal Wallis statistical test results for experimental nests only. The impact of nest
location (four Adelaide, SA properties) and antibiotic regimen (three doses — 2, 5, 10 mg/mL) on bee
activity within nests, specifically changes in the number of adult females (FO) and number of brood
(F1) produced during the experiment. No significant differences were observed in any of the

parameters compared.

Experimental nest activity

Location (4 properties in
Adelaide, SA)

Experimental antibiotic
treatment (2, 5, 10 mg/mL)

Initial number of females (FO) per nest

Re-checked (two weeks later) number of
females (FO) per nest

Difference between initial and re-checked
number of adult females (FO) per nest

Final number of adult females (FO) per nest

Number of brood (F1) produced per nest

Kruskal Wallis H3 = 5.277,
P =0.153

Kruskal Wallis H3 = 2.137,
P =0.545

Kruskal Wallis H3 = 1.300,
P=0.729

Kruskal Wallis H3 = 3.720,
P =0.293

Kruskal Wallis H3 = 0.475,
P =0.924

Kruskal Wallis H3 = 0.565,
P=0.754

Kruskal Wallis H3 = 0.307,
P =0.858

Kruskal Wallis H3 = 2.087,
P =0.352

Kruskal Wallis H3 = 3.276,
P=0.194

Kruskal Wallis H3 = 1.492,
P=0.474

154



Table 4: Test statistics and p-values for statistical comparisons of experimental and control

Amphylaeus morosus nests. The effects of nest location (control — Dandenong Ranges, VIC, and
experimental — 4 Adelaide, SA properties) and antibiotic treatment regimen (specific regimen —
untreated (control), 2, 5, 10 mg/mL, and broadly grouped — control versus all experimental

combined) were assessed for number of remaining adult females (WO0/F0), brood (W1/F1) produced
per nest and sex ratio of W1/F1 offspring in occupied nests at the termination of the experiment.
Statistical tests that were significant are bolded with an asterisk.

Complete nest activity at
termination

Location
(“wild’ (control)
and 4 Adelaide

properties)

Specific antibiotic
treatment

(0 (control), 2,5 or
10 mg/mL)

Broad antibiotic

treatment
(control vs
experimental)

Final number of females
(WO/FO0) per occupied nest
(excluding all nests with no adult
females AND no brood cells at
termination)

Number of brood (W1/F1)
produced per occupied nest
(excluding all nests with no adult
females AND no brood cells at
termination)

Sex ratio of offspring (W1/F1)

Kruskal Wallis H3 =
16.333, P = 0.003*

Kruskal Wallis H3 =
8.410, P =0.078

Kruskal Wallis H3 =
3.511, P =0.476

Kruskal Wallis H3 =
2.766, P = 0.429

Kruskal Wallis H3 =
13.242, P = 0.004*

Kruskal Wallis H3 =
3.339, P=0.342

Mann-Whitney U
372,P =0.208

Mann-Whitney U
281, P =0.012*

Mann-Whitney U
228.5, P =0.152
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4.10 Figures

A.

Initial number of adult females

Specific antibiotic treatment
(untreated (control), 2, 5 or 10
mg/mL)

Kruskal Wallis tests

Final number of adult females
(FO/WO) per occupied nest
(excluding all nests with no

(FO) per nest adult females AND no brood

cells at termination)

Experimental antibiotic
Re-checked (two weeks later)

treatment

(2, 5 or 10 mg/mL) number of adult females (FO)

per nest

Number of brood (F1/W1)
produced per occupied nest
(excluding all nests with no
adult females AND no brood
cells at termination)

Difference between initial and

Kruskal Wallis tests || re-checked number of adult

females (FO) per nest

_|

Brood sex ratio per nest

Broad antibiotic treatment
(control vs experimental)

Mann-Whitney tests

Final number of adult females

Location (FO) per nest

(4 Adelaide properties)

Kruskal Wallis test

Location
(4 Adelaide properties + wild
(control))

Number of brood (F1)
produced per nest

One-sample Wilcoxon test

Any deviation in experimental
dataset sex ratio from
expected 1:1?

Figure 1: Summary of the statistical tests performed on all parameters in SPSS version 25.0. The data
was subset into A. location and antibiotic treatment within the experimental nests only, and B.
location and antibiotic treatments (specific regimen and broadly grouped) for experimental and
control (untreated) nests. The impact of these parameters was assessed for (i) the number of females
per nest during specific stages of the experiment, (ii) the changes in the number of adult females
(WI/FOQ) per nest in the early stages of the experiment, (iii) the number of brood (W1/F1) produced per
nest, and (iv) the sex ratio of the brood (W1/F1) produced at the termination of the experiment.
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A.

Consensus |dentity

wAmor isolate FTTCCTCGTATGAATAATTT]
. / AL
wAmHaisolate ¢ G T T TCCTCGTATGAATAATT|GAGTT|ClGGI
A
F1 R27(5) M f\,W \/\ /S; ]
Treated(-+) G¢G[ TTCCTCGTATGAATAATT[GAGTTIC[GGI
A ™% | —r
i u 1) Y Y vy v,
Treated (- +) GEGITTCCTCGTATGAATAATTIGAGTTICfIGGIT
FrRac M oy e Y,
Treated (+ +) G TTCCTCGTATGAATAATTIAEGTTICIGGT
A
winete)F A S S VY,
Untreated(++) GEIA| T TCCTCGTATGAATAAT T [IMAGT T M| GGI

B.

Consensus ldentity

wAmorisolate CAGEf CTT Ti{AAAGHBM{GCTGTCAMT Gl CAA
AMAANN AN

wAmHaisolate CAfAfCTTTFGCAACf(GCTGTGAGTmMG[CARA

T m!

FiRore M ARV RN A

Treated(- +) CACAfCTTTEGCAACEGCTGTGAGTIRIGT CAA

F1 R18(11) M

Treated(| +) CACASCTTTEGCAACE(GCTGTGRGTHG] CAA

AR LNANY. VY

Treated(+ +) CAIM{CTTT FIAAAGIHRIJIENNT GGG AT GIAITERGE

W1 NE1(2) F ’,‘A

Untreated(+ +) C A ATGAT C AMm

Figure 2: Chromatogram evidence of a reduction of Wolbachia strain wAmor but persistence of
wAmHa in Amphylaeus morosus F1 offspring (male, “M” and female, “F”’) from tetracycline-treated
(10 mg/mL) FO mothers. Known isolates of each Wolbachia strain were used for comparison of the
range of outcomes, post-antibiotic treatment. An example of an antibiotic-treated F1 individual that
showed strong evidence of wAmor reduction (— +), an equivocal reduction (| +), no reduction (+ +),
and an untreated (control) W1 individual (+ +). Red boxes demonstrate examples of sites of variation
in A. COI-like Wolbachia gene where heterogeneous bases can be seen in co-infected individuals but
not in those “successfully” treated, and B. wsp gene where ambiguous sequence is prominent in co-
infected individuals, but not in “successfully” treated individuals (note that the wsp gene is difference
lengths in these Wolbachia strains, hence sequences overlap incongruently when both are present in
the sample).
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4.11 Supplementary Material

Supp. Table 1: Dunn-Bonferroni post hoc tests for the number of brood (W1/F1) produced in
occupied nests across each antibiotic treatment applied (untreated control and doses of 2, 5 and 10
mg/mL with n = 29, 8, 9, and 14 nests, respectively). Asymptotic significance (2-sided tests) values
adjusted by the Bonferroni correction for multiple tests are displayed where significant differences are
bolded, with an asterisk. Significant level is 0.05.

Sample comparisons Test statistic ~ Standard error Adjusted significance (Bonferroni
corrected)

0 vs 2 mg/mL -9.25 6.94 1.0

0 vs 5 mg/mL 23.76 6.63 0.002*

0vs 10 mg/mL -4.35 5.66 1.0

2 vs 5 mg/mL 14.51 8.45 0.515

2 vs 10 mg/mL 4.90 7.71 1.0

5 vs 10 mg/mL 19.41 7.43 0.054

Supp. Table 2: Dunn-Bonferroni post hoc tests for the number adult females (FO) remaining in
occupied nests at each location at the termination of the experiment. These sites include the control
(wild/untreated from Dandenong Ranges, VIC), and four properties in Adelaide, SA including Eden
Hills, Belair, Macclesfield, and Flinders University in Bedford Park. “(Integer)” indicates the label
given to each property in the analysis and for easier comparison between properties. Sample sizes of
nests (n) at each location was 29, 7, 8, 8, and 8, respectively. Asymptotic significance (2-sided tests)
values adjusted by the Bonferroni correction for multiple tests are displayed where significant
differences are bolded, with an asterisk. Significant level is 0.05.

Property comparisons Test statistic Standard Adjusted significance
error (Bonferroni corrected)

Control vs Eden Hills (1) -20.32 6.69 0.024*

Control vs Belair (2) -7.80 6.35 1.0

Control vs Macclesfield (3) 10.89 6.35 0.862

Control vs Flinders Uni (4) -5.36 6.35 1.0

Eden Hills (1) vs Belair (2) -12.52 8.23 1.0

Eden Hills (1) vs Macclesfield (3) -31.21 8.23 0.001*

Eden Hills (1) vs Flinders Uni (4) -14.96 8.23 0.690

Belair (2) vs Macclesfield (3) -18.69 7.95 0.187

Belair (2) vs Flinders Uni (4) -2.44 7.95 1.0

Macclesfield (3) vs Flinders Uni (4) 16.25 7.95 0.409
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Supp. Figure 1: Artificial nests developed for Amphylaeus morosus for controlled antibiotic treatment.
A. Layers of material for observation and protection of artificial nests with A. morosus colonies. B.
Frontal view of artificial nest appearance. C. Examples of antibiotic-treated artificial nests with active
A. morosus colonies distributed through vegetation at Adelaide properties for observation during
brood production.
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Supp. Figure 2: Boxplots of the number of brood (W1/F1) produced in occupied nests across each
antibiotic treatment applied. A. Broad antibiotic treatment — control/untreated (n = 29 nests) and
experimental/treated (n = 31 nests), and B. specific antibiotic treatments — control (untreated) and
doses of 2, 5 and 10 mg/mL with n = 29, 8, 9, and 14 nests, respectively.
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4.12 Appendix 1: Future amendments to the antibiotic treatment
methodology

I will discuss the limitations of the antibiotic treatment methodology used in

Amphylaeus morosus for Wolbachia removal. This will include both justifications for the
implemented protocols or proposed improved/alternative methodology. This content will be
discussed in the order that the methodology is presented. The extra information provided here

is specific but may provide insights for those interested in attempting a similar experiment.

4.12.1 Selecting nesting material and encouraging natural nesting behaviour

For successful reproduction in A. morosus (and other stem-nesting bees), using nesting
materials that are both structurally and compositionally similar to natural nests is
recommended. Originally, I used untreated pine dowels for nesting material due to its
durability, accessibility, and affordability. However, | would recommend using balsa wood or
another soft wood as an alternative. Females of this species naturally construct their own
nests (Spessa 1999) by using their mandibles to remove the softer pithy internal contents of
their natural nesting substrates (Cyathea australis and Xanthorrhoea spp.). | would
recommend pre-routing a nesting chamber as described, but females would now be able to
modify the length and the width of the nesting chamber. Additionally, the excess balsa
shaving removed by the females can be used as nest building material with which they create

‘plugs’ between some brood cells (Hearn et al. 2019).

4.12.2 Location of the experiment

Most Wolbachia researchers would expect antibacterial treatments for Wolbachia depletion to
be conducted under strict laboratory conditions, and | am not aware of any studies in which
antibiotic treatment for a Wolbachia infection was attempted under ‘open’ conditions.
However, unlike some other bee species (e.g. Maeta et al. (1985), Fauser-Misslin et al.
(2014)), A. morosus appears to be unable to be reared in confined conditions. When
attempted, A. morosus was consistently observed to agitatedly fly at parameter material until
exhausted and death followed, despite successes with other bee species within the same type
of confinement (Schwarz pers. comm.). It is possible that individuals who eclose within
confined conditions may behave differently, but this would need to be trialled. Additionally,
little is known about the food (floral) preferences of this species (Houston 1975), which

complicates assigning a containment protocol.
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4.12.3 Grouping the treatments and using individual identifiers

For this species, | would not recommend mixing treatment groups because females were
observed to switch nests. Although my intension was that by mixing treatment groups over
four treatment sites any local confounding effects on the experiment would be mitigated, |
would not recommend this procedure for this species in future. Furthermore, | would
recommend marking each specimen with an individual identifier to monitor their movement
between nests. | used enamel paints (three colours corresponding to each antibiotic dose) to
create a small mark on the dorsal side of mesosoma. However, this protocol became
problematic as some markings were lost and females were likely switching into nests with
both the same and different treatment colours. Numbered tags glued onto the mesosoma is a
possible option (like those used in honeybees (Switzer and Combes 2016)), however the tags
| trailed were too large for this species. Our group has since used combinations of two
colours of enamel paint placed side by side on the scutum of each individual which has been

successful.

4.12.4 Timing of antibiotic treatment

In laboratory settings, antibiotic therapy to remove Wolbachia with a feeding solution is
commonly performed on either larval or adults with variable success (Li et al. 2014).
Application of antibiotics at the larval stage in A. morosus could increase the successful of
completely removing Wolbachia, particularly in developing gametes. However, the lifecycle

of this hylaeine bee likely inhibits applying treatment in this development stage.

Firstly, hylaeine bees produce a water-resistant cell lining, in which liquid food provisions
are deposited from the crop of the mother and an egg is placed before the cell is sealed
(Almeida 2008). Once larvae have consumed all provisions and have reached their final instar
before pupating, these cells can be unsealed, and larvae can be reared to adulthood externally
with very low mortality rates. However, | have never successfully reared any hylaeine larvae
taken out of a sealed cell when wet provisions are still available, and these larvae appear very
sensitive to disruptions of their cell during their growth. Transferring antibiotics into the food
provisions of developing larvae via e.g. a needle injection, could be trialled, however natural
nests occur in hard, woody material and cell partitions would need to somehow be mapped
before application. Therefore, accessing the provisions to treat with antibiotics without

affecting larval development would be very difficult and could risk high rates of mortality.
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Secondly, if antibiotic therapy were applied during the larval stage, mating would need to
take place in captivity and females would need to then be encouraged to disperse within the
confinements of the provided artificial nesting sites where they will overwinter.

Amphylaeus morosus is very unusual for hylaeine bees, in that females overwinter as adults
(mating occurs in late summer — early autumn and then the males perish), whereas | have
observed most other hylaeine bees to overwinter as late-stage larvae. The potential female
dispersal events pre- and post-winter would leave the experiment vulnerable to mass loss of
individuals. Therefore, | suggest that the antibiotic treatment in A. morosus (and other
hylaeines) should take place soon after mating has occurred as adult females are establishing
their nests. In conclusion, careful investigation is needed into the most effective introduction
of antibiotics into this system as well as regimen of the treatment throughout the relevant

stages.

4.12.5 Mechanics of antibacterial treatment

Less commonly, extreme (high or low) temperatures are used to removed Wolbachia (Li et al.
2014). However, these temperature-based methods often take more generations to remove the
infection and it can be difficult to find an optimum temperature that is effective but does not
damage the host (Pijls et al. 1996, Kyei-poku et al. 2003, Li et al. 2014). Therefore, antibiotic
treatment is a preferable option. To treat adult females, antibiotics were presented in a diluted
honey solution, which | would not recommend. Australian honeybees (and therefore
Australian honey) are known to harbour pathogens (Giersch et al. 2009, Roberts et al. 2017)
but are not known to possess considerable Wolbachia infections (Wenseleers and Billen
2000). Exposing A. morosus or any other bee species to honey could present an opportunity
introduce honeybee pathogens (e.g. Purkiss and Lach (2019)), which could affect their
performance in these trials. | could recommend using a diluted sucrose solution (1:1 ratio) as

a delivery medium.

Individuals were observed to interact with the pipettes and although | attempted to monitor
the consumption of the treatment solution, I could not assess (i) whether each bee in the nest
consumed solution, (ii) how much solution each individual was consuming, and (iii) whether
the volume was reduced by evaporation or leaking. | recommend that a pilot study should be
conducted where the antibiotic solution is coloured with dye and these specimens are
destructively sampled to assess if they are imbibing the solution. Ideally, each individual

should be exposed separately to the antibiotic solution to better monitor their consumption.
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Our highest tetracycline concentration (10 mg/mL) did not appear to affect nesting behaviour
in this species; however, the sample sizes were low and the effects of the antibiotic on other
biological factors were not assessed. The above pilot study could be paired with a more
thorough assessment of the impact of different antibiotic doses on adult females (before
brood production). A quantitative assessment of Wolbachia depletion in somatic and gonadal
tissues, as well as differences in ovary size and survivorship between different treatment

regimens would establish which antibiotic concentration is the most suitable for this species.

4.12.6 Placement of nests and managing nest occupation

When placed in the experimental plots, | placed nest at 45° to 90° to prevent waterlogging. In
a natural setting, these nests would be vertical (180°), with entrances protected by canopy
vegetation. | recommend that artificial nests replicate this, rather than being placed
horizontally. The specimens used in this experiment were originally from the Dandenong
Ranges, VIC where they naturally nest in fallen fern fronds of Cyathea australis (R.Br.)
Domin. These large fronds cluster around the base of the fern and I usually observe multiple
A. morosus nests under the same tree. Therefore, future attempts should replicate these
natural conditions (consider that nest switching is likely). My previous research has
demonstrated that A. morosus are unable to recognition nestmates (Davies et al. 2021) and
individuals do not necessarily nest with close genetic relatives (Spessa et al. 2000).
Therefore, the consideration of which colonies to include in each cluster is not necessary,

however control and treatment groups cannot be mixed.

Additionally, nest supersedure by other invertebrates was a major problem for these artificial
nests (particularly by ants). Monitoring and intervention of these events is important to
discourage nest abandonment. Unfortunately, | did not record which nest placements were the
most successful however, generally nests closer to the ground (<1 m) were observed to be
invaded by ants. Including additional empty artificial nests in the area might alleviate the

impact of nest invasion or abandonment due to poor nest placement.

4.12.7 Maintaining multiple generations

Amphylaeus morosus, like many other wild bee species, is difficult to keep in captivity.
Additionally, this species is univoltine and only produces one set of brood per year under
natural climate conditions (Spessa 1999). Maintaining colonies for multiple generations,

particularly under controlled conditions would be an arduous task. It is likely that I did not
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observe any effect on the presence of mitochondrial heteroplasmy because changes to

patterns of mitochondrial inheritance would need to occur over multiple generations.

Keeping colonies of A. morosus even in an ‘open’ setting (outside of their home range to
prevent integration) would also be incredibility difficult but would likely be more successful
in rearing multiple generations compared to controlled, laboratory containment. It is worth
considering the risk that A. morosus may naturalize outside of an allocated ‘open’
experimental plot. However, this species is likely dependant on appropriate nesting substrate
(habitat) to persist (Houston 1975, Spessa 1999), which has been considerably reduced across
eastern Australia (Chapter 5). | do not believe this species can be successfully maintained in
over multiple generations in either a contained or ‘open’ captive setting (and isolated from
naturally occurring populations) without extensive development of appropriate animal

husbandry protocols.
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5.1 Abstract

The native hylaeine bee Amphylaeus morosus (Hymenoptera: Colletidae) occurs across the
eastern coast of Australia, spanning a north-south ~2,000 km geographical range. The
characteristics of this bees’ mitochondrial DNA (mtDNA) are unusual, possessing little
haplotype diversity across its entire distribution except for consistent, widespread
mitochondrial heteroplasmy (presenting as two mitogenomes in every single individual).
Amphylaeus morosus is also consistently infected with two strains of the insect endosymbiont
Wolbachia (Rickettsiales: Anaplasmataceae). The combination of ultra-conserved
mitochondrial heteroplasmy and a widespread Wolbachia co-infection is perplexing. These
traits could suggest either the loss of mtDNA variation is due to (i) a population bottleneck
followed by a massive range expansion or (ii) a historic species-wide mitochondrial selective
sweep facilitated by the Wolbachia infection(s). We used genome-wide single nucleotide
polymorphism data (SNPs) generated using the DArTseq™ platform for individuals collected
aross its geographical range to assess for evidence of population differentiation along its
distribution. We sampled 52 individuals from six locations, and found pronounced isolation
by distance, as well as strong genetic clustering indicating population structure from nuclear
(but not mitochondrial) DNA data. Furthermore, we used habitat modelling to show that pre-
European settlement in Australia, A. morosus habitats were better connect than at present.
These two pieces of evidence suggest that a lack of mtDNA diversity observed in this species
is more likely the result of a Wolbachia-induced selective sweep across the whole species’
distribution in the pre-European past, rather than a recent population bottleneck. This
provides further, but indirect, evidence that Wolbachia has played a key role in the evolution

the unusual A. morosus mtDNA traits.
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5.2 Introduction

Population genetic analyses are powerful tools for understanding patterns of gene flow and
the divergence of genetic lineages within species. However, several studies have shown that
traditional genetic methods are susceptible to several biases and weaknesses which can make
the generation of reliable results difficult (Bossart and Pashley Prowell 1998, Zwickl and
Hillis 2002, Teske et al. 2018). In animals, mitochondrial DNA (mtDNA) data has been
widely used to assess evolutionary relationships because, generally, mtDNA can be easily
amplified, establishing homology of gene sequences is often straightforward, inheritance
patterns are generally simple, and it usually exhibits higher evolutionary rates compared to
most nuclear markers (Moritz et al. 1987, Harrison 1989). However, mtDNA has limitations
to its utility including a small genome size which is susceptible to biased base composition,
occurrences of paralogous nuclear loci (Lin and Danforth 2004), and a lack of recombination
that regulates selfish genomes (those that have replication and transmission advantage over
other genomes) (Barr et al. 2005). Additionally, mtDNA can be influenced by independent
selective forces (e.g. co-inheritance with parasitic endosymbionts) causing a break-down of
linkage disequilibrium creating discrepancies between mitochondrial and nuclear DNA
lineages (Hurst and Jiggins 2005). In an attempt to overcome these limitations, high-
throughput, large-scale sequencing arrays have been used to generate multi-locus data which
densely span whole genomes (Melville et al. 2017) and can be widely applied to non-model
organisms (Ekblom and Galindo 2011).

The use of SNP markers is being increasingly applied to assessments of gene flow,
population structure, and delimiting boundaries of conservation relevance in wild species —
particularly those with large distributional ranges and where individuals occur at low
densities (e.g. Park et al. (2015), Viengkone et al. (2016), Torati et al. (2019), Di Santo and
Hamilton (2021)). A complicating factor is that genetic variation is expected to be influenced
by geographic distances between individuals or populations (Guillot et al. 2009). This
isolation by distance (IBD) is where geographic distance limits dispersal and thus reduces
mating probabilities between individuals, particularly in species with linear distributions
where heterogeneous gene flow cannot occur (Wright 1943, van Strien et al. 2015, Perez et
al. 2018). Isolation by distance is known to over-inflate the interpretation of genetic clusters
(i.e. population structure), termed the “cline versus cluster dilemma” (Guillot et al. 2009),

particularly in cases of linear geographical distributions. In datasets where IBD has been
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identified, usually by Mandel tests (Guillot et al. 2009), special consideration of appropriate
clustering models (models detecting population structure) needs to be made which consider
the impact of geographic distance on population assemblages (Frantz et al. 2009, Guillot et
al. 2009, Perez et al. 2018).

The Australian bee species Amphylaeus morosus (Hymenoptera: Colletidae) occurs in
highland wet-montane and lowland, sub-coastal heathland habitats across a ~2,000 km cline
along the eastern Australian coast (Houston 1975). Our previous data have indicated that
there is little mtDNA diversity (excluding mitochondrial heteroplasmy) in A. morosus across
its entire geographical range (Chapter 2), which is unexpected given its large population
range from southern Queensland to western Victoria. Amphylaeus morosus individuals also
possess a consistent co-infection of the common insect parasite Wolbachia. We have
hypothesised that this unusual lack of geographical variation in mtDNA is best explained by
(i) a mitochondrial selective sweep occurring throughout the whole species, possibly caused
by a widespread Wolbachia infection, rather than (ii) a population bottleneck in recent history

followed by a massive range expansion.

For Wolbachia (and the consistent heteroplasmic mtDNA ‘haplotype’) to occur in every
individual across the entire A. morosus distribution would require a well-connected,
widespread, single population or regular integration from adjacent populations with minimal
barriers to geneflow. Given that A. morosus appears to exhibit habitat specificity and
individuals are not readily encountered/collected throughout most of its fragmented
distribution (Houston 1975, Spessa et al. 2000, ALA 2020), high connectivity seems unlikely.
However, the ecology of A. morosus is largely unknown, it is difficult to infer its current
extent of occurrence, let alone its historic population characteristics. Here we use genome-
wide single nucleotide polymorphisms (SNPs) to explore geographical population genetic
structure in A. morosus and examine whether the pattern of mitochondrial uniformity across
this species’ range is concordant with nuclear DNA (nuDNA) variation. Using these data, we
infer the most likely history of the unusual uniformity observed in mtDNA across the

A. morosus distribution.
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5.3 Methods

5.3.1 Specimen collection

Amphylaeus morosus specimens were collected from six locations across the eastern coast of
Australia between 2013 and 2018 (Supp. Table 1). Specimens collected in the northern and
south-western limits (Tin Can Bay and Cobboboonee region, respectively) were collected in
dead Xanthorrhoea spp. flower scapes in coastal heathland. Specimens collected from the
central locations (north to south; Enfield State Forest, Blue Mountains, and Snowy
Mountains, and the Dandenong Ranges) were collected from nests of dead and excised fronds
of the tree fern Cyathea australis in wet montane forests. Any immature brood were reared in
Petri dishes at ambient room temperature to adulthood at Flinders University Bedford
Campus, South Australia and all resulting adults were stored in 100% ethanol at ~2°C prior to

DNA sequencing.

5.3.2 Specimen selection and preparation

DNA was extracted from head or thorax tissue of 96 A. morosus individuals, completed by
Diversity Arrays Technology Pty. Ltd. (Canberra, Australia). Approximately half of these
specimens (51) were adult females collected from six locations across the geographic
distribution (see below). Head tissue was used from adult females, each was selected from an
individual colony (i.e. no two individuals selected were collected in the same nest). The
remaining 45 A. morosus specimens were from the Dandenong Ranges (from complete nests,
including all resident female and male adults and pupae with DNA extracted from thoracic
tissue) and were included for a separate project addressing questions on colony pedigrees. Of
these additional 45 individuals, three adult females, each from separate colonies, were

included in this analysis of population structure.

A preliminary analysis using the DArTseq™ (Diversity Array Technology sequencing)
platform had been conducted by Diversity Arrays on five adult females from the Dandenong
Ranges comparing the similarity of SNP calls of the head versus thoracic tissues, and to
determine the risk of contamination of non-genomic DNA. Head/thorax tissues were used to
avoid potentially complicating inclusion of DNA from pollen in the gut. No significant
difference was identified between the two tissue types, therefore SNPs from individuals
generated from different tissues could be combined. Four of these preliminary individuals

(retained after filtering protocols) were included in the final dataset for this analysis.
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5.3.3 Genomic analysis

High-throughput microarray sequencing was used to call SNPs applying the protocols
described by Jaccoud et al. (2001) using the DArTseq™ platform, completed by Diversity
Arrays Technology Pty. Ltd. (Canberra, Australia). DNA was fragmented using the
restriction enzymes Pstl and Sphl which target low-copy DNA regions throughout the nuclear
genome to reduce genome complexity and identify DNA polymorphisms without the need for
prior DNA sequencing information (Kilian et al. 2012, Melville et al. 2017). This generated
sequences of approximately 69 bp containing an informative single nucleotide polymorphism
(SNP) in two alleles from loci across the genome, comparable across individuals (Shams et
al. 2019). These reads were processed using an in-house pipeline (Cruz et al. 2013) prior to
quality filtering and population analyses. Although to date, DArTseq™ has mostly been
applied to plant systems, many studies have also applied this method successfully to
numerous animal species (Grewe et al. 2015, Lambert et al. 2016, Melville et al. 2017,
Mulvena et al. 2020, van Deventer et al. 2020).

5.3.4 Sequence quality control and loci filtering

A total of 12,587 SNP loci were called across the combined samples and all collection
localities. Populations were not sorted by collection locality, but rather SNP quality filtering
was conducted on all 52 individuals selected for population analyses — those that met the
initial data quality requirements. Final sample sizes for most of locations were small (Tin Can
Bay, n = 4, Enfield State Forest, n = 4, Blue Mountains, n = 8, Snowy Mountains, n =1,
Dandenong Ranges, n = 30, and Cobboboonee, n = 5), but reflect the scarcity of sampled

A. morosus in most localities.

SNP loci were assigned the following DATrT scores: “0” = reference allele homozygote, “1” =
SNP allele homozygote, and “2” = heterozygote based on their allelic variation. All genetic
and population analyses were conducted using packages implemented in R version 3.6.3 (R
Development Core Team 2020) via RStudio version 1.3.1056 (RStudio Team 2020). Using
the R package dartR version 1.3.5 (Gruber et al. 2018), DArTseq raw data was filtered for
repeatability (100%), call-rate (>99%), minor allele frequency (>2%), all secondaries and

monomorphic loci removed, and Hamming distance >20%, with 1,364 loci retained.
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5.3.5 Analyses of population genetics

Due to low sample sizes in most collection localities, linkage disequilibrium was assessed in
two data groupings — combined dataset (n = 52) and Dandenong Ranges population only (n
= 30) with r>= 0.4 and 0.7, respectively, to reflect the estimated degrees of relatedness within
the samples. Linked loci that were shared in both the combined and Dandenong Ranges
samples were removed from the whole dataset. On these filtered data, we calculated mean
observed heterozygosity (Ho) and expected heterozygosity (Hs) using dartR, as well as the
inbreeding coefficient (Fis), calculated using the formula Fis = (Hs — Ho)/Hs (Wright 1931)
(Supp. Table 2). To assess for differences between mean observed and expected
heterozygosity, paired two sample t-tests with a Bonferroni correction were applied to each
collection locality dataset (Supp. Table 2). Because of the sample size limitations, Hardy-
Weinberg equilibrium was assessed using dartR for only individuals from the Dandenong
Ranges (n = 30) where no significant deviation was found within these data. Pairwise Fst‘s
were calculated using dartR, on the filtered dataset as a measure for genetic distances

between our six collection localities.

5.3.6 Non-spatial analyses of population structure

To visualise the genetic similarity between A. morosus individuals, we conducted a principal
coordinate analysis (PCoA) using a Euclidean distance model (Supp. Figure 1) in dartR
(Gruber et al. 2018) on the filtered dataset. We also conducted a discriminate analysis of
principal components (DAPC) (Jombart et al. 2010) in the package adegenet version 2.1.3
(Jombart 2008). This multivariant analysis attempts to find clusters (inferable without prior
group information by K-means) (Supp. Figure 2) that maximize the genetic differentiation
between groups, whist minimizing the effect of within group variation (Jombart et al. 2010).
Both analyses allow an estimation of the number of genetic clusters within the A. morosus

data, but do not consider the effect of spatial parameters driving genetic differentiation.

5.3.7 Population genetic structure with spatial parameters

To assess the degree of IBD (isolation by distance i.e. whether genetic distance is correlated
with geographic distance) of the A. morosus sampling localities, two Mantel tests were
performed. Both were run with 9,999 permutations; firstly using the R package vegan
(Oksanen et al. 2019) wrapped in dartR (Gruber et al. 2018) and secondly, in adegenet

(Jombart 2008). Because the Mantel tests determined that IBD is a significant factor in our
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dataset, to assess for population structure, we used methods that consider both spatial and

genetic data in their clustering analyses (Perez et al. 2018).

Markov chain Monte Carlo (MCMC) simulations were conducted using GENELAND
version 4.9.2 (Guillot et al. 2005a, Guillot et al. 2005b) in R to estimate genetic boundaries
across our A. morosus samples. The number of population clusters were estimated by running
ten MCMC iterations, modifying the following parameters: 100,000 MCMC iterations per
run, with thinning set to 100, and allowing K to vary between minimum K = 1, maximum K =
10. Of these ten MCMC runs, the run with the highest posterior probability was used to infer

the number of A. morosus populations.

We also used TESS3 version 1.1.0 (Caye et al. 2016) in R. Using the tess3 function which
uses graph-based non-negative matrix factorization to estimate the number of spatial
population clusters, we ran 10 replicates for each K (allowing K to vary between minimum K
= 1, maximum K = 8), with tolerance set to 1x10~" and maximum iterations set to 1,000,
using a projected least squares algorithm. Cross-entropy criterion were generated with 5% of
genotypes masked, and our optimal K-values for exploration were chosen based on cross-
validation scores (Caye et al. 2017).

5.3.8 Pre- and post-European habitat modelling

To model the potential habitat of A. morosus we combined our own records and those from
the Atlas of Living Australia (ALA 2020). We filtered Atlas of Living Australia records
following the methods of Dorey et al. (2020) by only including reliable (preserved
specimens, machine observations, and those from publications) and present records. These
records were then overlaid with both pre-1788 and more-recent vegetation maps of Australia
(NMD 2003b, a). All major vegetation subgroups (MVSs) inhabited by A. morosus were
identified (NMD 2003b, a). The geographic extent of these occurrences was then buffered by
20% for GIS analyses. Major vegetation subgroups were then mapped for both time periods
to visualise how habitat might have changed since European clearing. The GIS analyses and
visualisations were completed using raster package version 3.3-13 (Hijmans and Etten 2012)
and sp package version 1.4-4 (Pebesma and Bivand 2005, Bivand et al. 2013) as implemented
in R (R Development Core Team 2020). Fragmentation statistics of inhabited MV Ss were
calculated using SDMTools package version 1.1-221 (VanDerWal et al. 2014) in R.

174



5.4 Results

5.4.1 Genetic diversity analyses

The filtered dataset consisted of 1,243 loci retained for 52 adult female Amphylaeus morosus,
sampled across six locations along the eastern coast of Australia. Paired two sample t-tests
demonstrated that the observed heterozygosity was significantly different from the expected
heterozygosity in all locations south of the Blue Mountains (Supp. Table 2). Inbreeding
coefficients (Fis) ranged from -0.140 for specimens from Cobboboonee (indicating a slight
excess in heterozygotes in this sample), to 0.000 in Enfield State Forest, and 0.053 in the
Blue Mountains (Supp. Table 2). Pairwise values of Fst ranged from 0.035 (Enfield State
Forest versus Blue Mountains) to 0.500 (at the geographic margins; Tin Can Bay versus
Cobboboonee) (Table 1).

5.4.2 Non-spatial analyses of genetic clustering

Our PCoA results of the filtered SNP data formed distinct clusters (Figure 1A), with the first
principal coordinate explaining 15.6% of variation detected and the first three principal
coordinates combined explained 24.4% of the total variation. Data clusters along the first
principal coordinate reflected the latitudinal gradient of the sampling localities, and likely
represent geographic distance between the genetic clusters. All localities sampled formed
distinct clusters along the first principal coordinate, with the exception of the Blue Mountains
and Enfield State Forest (i.e. five clusters were recovered from the six sampling localities)
(Figure 1A).

The DAPC was also able to recover distinct clusters within the A. morosus dataset. Although
the BIC plot displayed the lowest value a K = 2, BIC scores were not informatively different
for K =2 to 4 (Supp. Figure 2). Clustering models were visualised for all K, with K = 4 being
the most biologically informative (Figure 1B). The four genetic clusters identified were
distinct, with the northern-most locality (Tin Can Bay) and south-western-most
(Cobboboonee) distinct from the central localities that that clustered into two additional
groups; Enfield State Forest + Blue Mountains, and Snowy Mountains + Dandenong Ranges,

respectively (Figure 1B).

5.4.3 Incorporation of spatial parameters maintains population structure

Mantel tests to assess IBD were performed in dartR (Gruber et al. 2018) and adegenet

(Jombart 2008) found significant evidence of genetic divergence associate with geographic
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distance (r = 0.72, P-value = 0.0069, and r = 0.66, P-value = 0.027, respectively). IBD is not
compatible with programs that are not spatially explicit, such as STRUCTURE, because it
can cause overinflation of genetic clustering (Perez et al. 2018). Therefore, we used
alternative programs which included spatial parameters to estimate the number of genetic

clusters.

With the incorporation of spatial information, our analyses retained evidence of distinct
genetic clusters (population structure). Highest log posterior probabilities generated across
the ten simulations in GENELAND indicted five genetic clusters across our A. morosus
dataset (Supp. Figure 3). These five clusters reflected the same groupings which were
recovered in our PCoA, with all localities forming distinct groupings, except for Enfield State
Forest and Blue Mountains (Figure 2). Alternatively, cross-validation scores generated in
TESS3 indicated K = 4 as the most informative number of clusters (Supp. Figure 4) and
reflected the groupings recovered by the DAPC analysis; northern- to southern-most clusters
being Tin Can Bay, Enfield State Forest + Blue Mountains grouped, Snowy Mountains +
Dandenong Ranges grouped, and Cobboboonee (Figure 3). Ancestry proportions of
individuals from each locality to their designated cluster were generally distinct, except for
the Snowy Mountains individual which also shares ancestry with the Enfield State Forest +
Blue Mountains cluster (Figure 3), indicating potential connectivity between these central

regions.

5.4.4 Modelling of Amphylaeus morosus habitat

The MVSs in which A. morosus were found have reduced in total area by ~39% since
European settlement (from 11.4x10° km? to 7.0x10° km?; Figure 4). This habitat has also
become more fragmented with the number of patches increasing by a factor of ~4 (from
1.1x10° patches to 4.3x10° patches) and mean patch size decreasing by ~85% (from 10.9x10*
km? to 1.6x10* km?; Figure 4). The landscape shape index also increased by a factor of ~1.8
(from 377 to 675; Figure 4).

5.5 Discussion

Our study highlights that patterns of population structure can appear different when
conflicting selective forces shape the evolution of mitochondrial and nuclear DNA. All
analyses conducted on these Amphylaeus morosus SNP data (non-spatial and spatial)

indicated that there is strong nuclear genetic clustering. We have interpreted this as evidence
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of population structure but are aware that our dataset is strongly influence by IBD (Frantz et
al. 2009, van Strien et al. 2015, Perez et al. 2018). We selected clustering models that
consider spatial parameters (Guillot et al. 2005a, Guillot et al. 2005b, Caye et al. 2016, Caye
et al. 2017), however sampling of specimens from areas between these locations (if such
populations still exist) may dissolve some of these ‘distinct’ population boundaries.
Nonetheless, the patterns of population assemblages as demonstrated by mtDNA and nuDNA
are discordant. Genomic data reflects distributional patterns that would be expected in a
species with a vast geographical range, such as A. morosus.

Wolbachia has been shown to obscure or mislead patterns of population structure when using
mtDNA markers (Suchackova Bartotiova et al. 2021). The lack of mtDNA variation across
the geographical range of A. morosus, as well as a widespread Wolbachia infection, might
first suggest that this species forms a single, large population with few or no barriers to
mitochondrial gene flow. However, genomic SNP markers demonstrate clear genetic
clustering across the A. morosus distribution. In contrast to population bottlenecks, nuclear
genes are not expected to be affected by spreading Wolbachia infections, because continuous
gene flow should be maintained as mating remains successful between uninfected males and
infected females (Sinkins and Godfray 2004) — unless Wolbachia induces parthenogenesis
(Rokas et al. 2001). Our study further highlights that the use of mtDNA can be unreliable for
understanding population differentiation (e.g. Bensch et al. (2006), Adams et al. (2013),
Teske et al. (2018)), and potentially misinform conservation management of species.

SNP analyses are yet to be widely applied to bee species for population genetic analyses,
particularly outside of honeybees. Population structure assessed using microsatellites in the
wide-ranging bumble bee, Bombus ephippiatus, (Hymenoptera: Apidae) was found to
correspond with habitat specificity and body colour variation across the Mesoamerican region
(Duennes et al. 2012), but these patterns were not consistently reflected in the mtDNA data.
Many studies have identified limited to no population structure in numerous wide-ranging
bee species using microsatellite data, including Amegilla dawsoni (Beveridge and Simmons
2006), Andrena vaga (Exeler et al. 2008, Cerna et al. 2013), Euglossa cordata (Boff et al.
2014), Osmia rufa (Neumann and Seidelmann 2006), and numerous Bombus species (Estoup
et al. 1996, Lozier and Cameron 2009, Cameron et al. 2011, Francoso et al. 2016). Except in
examples where populations were geographically isolated by mountain ranges or oceans

separating landmasses (e.g. Widmer et al. (1998), Widmer and Schmid-Hempel (1999), Shao
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et al. (2004)), dispersal by long-ranging males (particularly in relatively large species) has
been proposed to explain the lack of broad population structure (Francoso et al. 2016).
However, the geographical extent of A. morosus exceeds that of most species in the above
studies. Little is known about the biology and ecology of A. morosus; however, reliance on

particular nesting substrates and floral resources are likely major barriers to dispersal.

Amphylaeus morosus is unusual, being the only known social species in the family Colletidae
— with colonies ranging from solitary, to up to six females together in a single tubular nest
cavity (Spessa et al. 2000). Spessa et al. (2000) proposed that limitations in available nesting
material — Cyathea australis and Xanthorrhoea spp. (Spessa 1999) — is the main driver
behind the unusual social behaviour of A. morosus. Our PCoA results suggest that the main
driver of genetic divergence in A. morosus might be geographic distance, because clusters
along PCol (15.6%) coincide with the latitudinal gradient. PCo2 (5%) further separated our
marginal sampling locations — Tin Can Bay and Cobboboonee — from the central samples.
These populations nest in Xanthorrhea spp. and occupy sub-tropical and warm temperate
coastal habitats, respectively. In these locations, other similarly sized hylaeine species were
collected more frequently. This might indicate niche competition and marginal habitat for A.
morosus. Environmental differences and competition could be driving selection and
divergence from the central localities. However, we did not assess the influence of isolation
by environment (IBE) — isolation due to restricted niche tolerances, e.g. climate or habitat,
independent of geographic distance (Wang and Bradburd 2014) — as we do not have

sufficient environmental data.

Across the four central localities (where A. morosus occurs in montane forests, nesting in C.
australis), our analyses of population structure demonstrated some inconsistencies when
classing clusters. All analyses were unable to distinguish between individuals sampled from
the Enfield State Forest and Blue Mountains (which are ~300 km apart, the same
approximate distance as all localities in our study) (Figures 1-3). Pairwise Fst values
between all central localities were <0.132 (Table 1) and might indicate that these montane
habitats have some historic connectivity. Although, we did not address fine-scale population
structure in our dataset, further research would be beneficial to better-understand the historic
population conditions of this species and its role in facilitating the spread of Wolbachia,

particularly in these montane habitats. To further understand the selective process(es) that
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have homogenised the heteroplasmic mtDNA in A. morosus, historical demography studies

should be conducted to investigate the role of population declines or expansions.

Understanding population connectivity is important for informing conservation management
and disease (or parasite) susceptibility (Kool et al. 2013, Lilley et al. 2020). We present three
avenues of evidence that support high levels of habitat connectivity for A. morosus across its
~2,000 km range in the recent (post-Pliocene) past. Firstly, the lack of mitochondrial
diversity (Chapter 2) in A. morosus implies that the event that led to the homogenisation of
mitochondrial heteroplasmy was able to occur throughout the entire species. Secondly, that a
widespread Wolbachia co-infection could reach fixation in A. morosus (Chapter 3) also
supports historically, high levels of habitat connectivity. Finally, our habitat modelling
supports high pre-European habitat connectivity (Figure 4). However, our fragmentation
analyses indicated a major reduction in habitat area (39%) and connectivity (four-fold
increase in number of patches with mean patch size decreasing by ~85%) since European
settlement in Australia (Figure 4). The landscape shape index (a measurement of patch
aggregation) demonstrates A. morosus patches have become more disjunctive and could be an
indication that it will be more difficult for individuals to move between patches — inhibiting
gene flow and replenishment of ‘sink’ populations (Howe et al. 1991). Given the possible
habitat dependency of this species and habitat loss across its range, it seems unlikely that
population connectivity is currently maintained. The value of A. morosus habitats should be

considered when making development and conservation decisions.

The Hylaeinae are highly ecologically successful, occupying all habitat types within
Australia, and are one of the most species-rich bee subfamilies in the world (Michener 2007).
However, many Australian hylaeine species are likely threatened by anthropogenic activity
due to their specific nesting requirements and floral-food preferences (Houston 1975, 1981,
Almeida 2008). Amphylaeus morosus is only one of four species in its genus, making it a
phylogenetically-interesting species. Our results indicate that A. morusus might have
undergone major declines (due to reduced habitat availability and quality) since European
arrival and that the remaining habitat has become increasingly fragmented and dispersed.
Following the revision by Houston (1975), no further assessment of the current extent of

occurrence has been conducted for this species.
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5.6 Concluding remarks

Amphylaeus morosus provides an opportunity to assess population structure in a species
lacking mtDNA variation across a wide geographical range, and also raises questions about
parasite and disease susceptibility. We have hypothesized that the lack of mtDNA in

A. morosus is the result of a species-wide, mitochondrial selective sweep, induced by
Wolbachia (Chapter 3), rather than a massive population bottleneck event. Examination of
past demography in each population could be applied to further understand the selective
process(es) that have homogenised the heteroplasmic mtDNA in A. morosus. These analyses
could also investigate the degree to which past clearing has impacted A. morosus and provide
insight into how other wild bees cope with massively anthropogenically-damaged landscapes.
Nonetheless, these results indicate a historic, species-wide spread of Wolbachia is a feasible

explanation for the usual mtDNA patterns observed in A. morosus.
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5.9 Tables

Table 1: Comparison of pairwise Fsr values of filtered SNP data of Amphylaeus morosus collected at

the six localities across its distribution along the eastern coast of Australia. All Fst statistics were

significant (P-values < 0.0001).

Tin Can

Enfield

Blue

Snowy

Dandenong

LOCATION Bay State Forest Mountains  Mountains  Ranges Cobboboonee
Tin Can Bay -

Enfield State 0.206 i

Forest

Blue

Mountains 0.177 0.035 -

Snowy 0.277 0.108 0.075 -

Mountains

Dandenong 57 0.125 0.132 0.065 -
Ranges

Cobboboonee 0.500 0.391 0.341 0.434 0.117
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5.10 Figures
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Figure 1: Non-spatial analyses of filtered SNP markers of Amphylaeus morosus individuals (n = 52)
collected across the eastern coast of Australia. A. Scatterplot of principal coordinate analysis (PCoA)

with individuals coloured by collection location, where the first two principal coordinate explain
~20% of the total variation. B. Scatterplot from discriminant analysis of principle components

(DAPC) indicating four genetic clusters (captured with inertia ellipses). Individuals (dots) were not

predefined by location, and the collection locality of individuals in each cluster is given.
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Figure 2: Baysian analysis of population structure in GENELAND (Guillot et al. 2005a, Guillot et al.
2005b) incorportating spatial data as a parameter. Ten simulations were performed with the clustering
estimate from the simulation with the highest prosterior probability taken; this simulation suggested
five genetic clusters across the Amphylaeus morosus distribution. Note: this model has incorrectly
extrapolated equivilant populations towards central Australia where A. morosus does not occur.
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Figure 3: TESS3 analysis (Caye et al. 2016) of population structure, with A. a barplot of proportions of genetic ancestry for four genetic clusters assigned to n
=52 individuals from across the Amphylaeus morosus geographical range, and B. the geographical boundaries of the four genetic clustered determined for
these individuals, sampled along the eastern Australia coast (black dots). Note: as with Figure 2 this model has incorrectly extrapolated equivilant populations

towards central Australia where A. morosus does not occur.
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5.12 Supplementary Material

Supp. Table 1: Location and dates of collection for each of the 52 Amphylaeus morosus female
specimens collected from six localities from between southern Queensland to south-western Victoria,
Australia used in the population structure analyses.

Location Specimen  Latitude Longitude Collection Date
1 -25.9301 152.9942 10-Dec-13
. 2 -25.9301 152.9942 10-Dec-13
Tin Can Bay
3 -25.9301 152.9942 10-Dec-13
4 -25.9412 152.9837 29-Jun-16
5 -31.335 152.0076 22-Dec-18
. 6 -31.335 152.0076 22-Dec-18
Enfield State Forest
7 -31.335 152.0076 22-Dec-18
8 -31.336 152.0015 22-Dec-18
9 -33.6642 150.2712 25-Jul-17
10 -33.666 150.2707 25-Jul-17
11 -33.7205 150.4502 24-Jul-17
. 12 -33.7234 150.4495 24-Jul-17
Blue Mountains
13 -33.7261 150.3734 25-Jul-17
14 -33.7264 150.3734 25-Jul-17
15 -33.7307 150.4502 24-Jul-17
16 -33.7358 150.4796 24-Jul-17
Snowy Mountains 17 -36.5922 149.4444 8-Dec-17
18 -37.4897 145.4628 8-Nov-14
19 -37.5328 145.5093 8-Nov-14
20 -37.5362 145.5098 5-Aug-18
21 -37.5365 145.5762 8-Nov-14
22 -37.5456 145.505 8-Nov-14
23 -37.5457 145.505 5-Aug-18
24 -37.5476 145.5078 5-Aug-18
25 -37.8619 146.3877 9-Nov-14
26 -37.8835 146.3816 9-Nov-14
27 -37.8942 146.3838 9-Nov-14
28 -37.9041 146.4511 9-Nov-14
Dandenong Ranges 29 -37.9078 145.3649 4-Aug-18
30 -37.924 145.5042 26-Dec-16
31 -37.924 145.5042 26-Dec-16
32 -37.924 145.5042 3-Jan-17
33 -37.924 145.5042 31-Dec-16
34 -37.924 145.5042 3-Jan-17
35 -37.924 145.5042 6-Dec-17
36 -37.924 145.5042 6-Dec-17
37 -37.924 145.5042 6-Dec-17
38 -37.924 145.5042 6-Dec-17
39 -37.924 145.5042 6-Dec-17
40 -37.924 145.5042 6-Dec-17
41 -37.924 145.5042 6-Dec-17
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42 -37.9815 146.3713 9-Nov-14
43 -37.9849 146.3683 9-Nov-14
44 -37.9859 145.5394 2-Aug-18
45 -37.9927 146.3156 7-Nov-14
46 -37.9977 146.3686 7-Nov-14
47 -38.0281 146.3517 7-Nov-14
48 -38.2072 141.5477 2-Feb-17
49 -38.2151 141.5624 2-Feb-17
Cobboboonee 50 -38.2151 141.5624 2-Feb-17
51 -38.2151 141.5624 2-Feb-17
52 -38.2151 141.5624 2-Feb-17
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Supp. Table 2: Mean observed heterozygosity (Ho), mean expected heterozygosity (Hs), results from two sample t-tests comparing for significant differences

between Ho and Hs in each collection locality, and inbreeding coefficient (Fis) of Amphylaeus morosus individuals collected across six locations along the

eastern coast of Australia. A significant difference between mean Ho and Hs (significance level 0.05) for all locations south of the Blue Mountains, NSW was

detected. Note () only one specimen was collected in the Snowy Mountains, NSW and although reported, results for this specimen are not interpretable.

Location No. No. Observed Expected Test statistic P-value Inbreeding
individuals  loci heterozygosity (Ho)  heterozygosity (Hs) coefficient (Fis)

Tin Can Bay 4 1243  0.136 0.140 tioa2 =-1.214 0.225 0.029

Enfield State Forest 4 1243 0.156 0.156 t1242 = -0.0812 0.935 0.000

Blue Mountains 8 1243  0.178 0.188 tioap =-3.787 1.63x104* 0.053

Snowy Mountains 1 1243 0.1917 0.095™ tigr = 17.11 <2.2x10°16™ -1.0117"
Dandenong Ranges 30 1243  0.208 0.216 t1242 = -5.802 8.33x109* 0.037
Cobboboonee 5 1243  0.122 0.107 t1242 = 4.674 3.23x10°¢* -0.140
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Supp. Figure 1: Percentage of total variance in Amphylaeus morosus SNP data explained by each of
the principal components in the PCoA.
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Supp. Figure 2: A. Cumulative variance (%) explained by the principal components (PCs) and B.
Bayesian informative criterion (BIC) for each value of K (number of clusters) for DAPC analysis of
Amphylaeus morosus SNP data.
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Supp. Figure 3: Bayesian analysis in GENELAND to estimate the number of clusters (K = 1-10) from
10 runs of 100,000 MCMC per run. Barplots of the cluster results for the run with the highest
posterior probability, indicating five genetic clusters as the most probable in these Amphylaeus
morosus SNP data.
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General Discussion

This thesis explores the complex connection between unusual mitochondrial traits and
heritable endosymbionts in their insect hosts from an evolutionary and ecological context.
These factors have broad implications for invertebrate research, particularly in studies of
parasite-host interactions and the use of mitochondrial markers for population differentiation,
species delineation, and to infer phylogenetic relationships.

In this thesis, | described widespread and conserved mitochondrial heteroplasmy in the
hylaeine bee, Amphylaeus morosus (Smith, 1879) (Hymenoptera: Colletidae). In A. morosus,
mitochondrial heteroplasmy is present as two conserved mtDNA haplotypes over the species’
entire range which has not been documented for any other animal species. Furthermore, the
ubiquitous presence of two co-occurring supergroup A strains of Wolbachia (Rickettsiales:
Anaplasmataceae) in A. morosus raises the possibility that they may play some role in the
unusual heteroplasmy occurring in this host. Using molecular based methods, | have explored
the incidences of these two sets of co-occurring genomes across the A. morosus distribution. |
have also investigated the utility of different experimental approaches to demonstrate the
relationship between Wolbachia and the mitogenomes of this non-model host. Below, |

discuss the specific research findings and the broader implications of this complex system.
Key research findings
Mitochondrial heteroplasmy is not as uncommon as once thought

My comprehensive literature review (Chapter 1) captured the extent of mitochondrial
heteroplasmy reports in animal taxa. Once thought to be uncommon, heteroplasmy occurs
widely across multiple phyla. Different taxon groups generally preferentially exhibit specific
forms of heteroplasmy; with chordates predominantly described as having length
heteroplasmy and invertebrates in general with site heteroplasmy. Furthermore, extensive
forms of heteroplasmy, where all individuals in a population are heteroplasmic, are being
increasingly reported across multiple phyla. This challenges the idea that heteroplasmy is a

transient condition that may arise sporadically only in some individuals.

Additionally, heteroplasmic systems may have evolved in some specific taxon lineages, such

as bivalves, bees, fishes, and mammals — however in the three latter cases, taxon sampling
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bias and molecular techniques may have over-inflated the significance of these groups in
relation to other taxa. Although bivalves are the most thoroughly interrogated heteroplasmic
system (exhibiting doubly uniparental inheritance, DUI) little is understood about the
mechanisms nor evolutionary origins this system (Doucet-Beaupré et al. 2010, Breton et al.
2014). In mammals and fishes, broad taxonomic sampling of heteroplasmy has been
conducted, but an organised approach to better understand these currently loose patterns is
yet to be conducted. Bees present a similar conundrum, except with even fewer taxa assessed

and the experimental protocols applied have been more limited.

In this thesis | present an extreme example of naturally occurring, extensive heteroplasmy in
the Australian native bee species, Amphylaeus morosus (Chapter 2). Two conserved mt-COlI
haplotypes occur in every individual across the ~2,000 km range, and shotgun sequencing
data further suggests that these heteroplasmic sites occur throughout the mitogenome. The
combination of widespread heteroplasmy and conserved mtDNA haplotypes is unusual, and

the mechanisms maintaining these traits are currently unknown.
Wolbachia co-infection is widespread but its impact is challenging to investigate

Amphylaeus morosus is consistently infected with two distantly related strains of supergroup
A Wolbachia across its distribution (Chapter 3). Because Wolbachia are known to be able to
influence mitochondrial inheritance in their host, we hypothesized that Wolbachia could be
enabling the maintenance of conserved mitochondrial heteroplasmy (Chapter 3). However,
producing experimental evidence of changes to mitochondrial inheritance in response to
Wolbachia presence/absence is difficult. Antibacterial treatment to remove Wolbachia and
assess changes to mitochondrial inheritance, post-infection, is one of the most common, and
convincing tools to demonstrate this relationship. | assessed the utility of antibiotic treatment
methods to remove Wolbachia from this host and the practicality of maintaining this system
over multiple generations (Chapter 4). However, A. morosus, like other wild bee species, is
difficult to maintain in closed, captive settings. This is made even more difficult because

A. morosus is univoltine, such that modifications to experimental treatments can only be
made once a year. Furthermore, | found that females of A. morosus frequently switch nests,
so keeping differently dosed or control populations separate is logistically very challenging.
Without extensive efforts trialling animal husbandry for this species, maintaining captive

populations of A. morosus over multiple generations is not possible. However, antibacterial
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treatment remains the most convincing tool to conclusively support the impact of Wolbachia

on the inheritance of heteroplasmic mitogenomes in A. morosus.
Evidence of Wolbachia’s influence on this hosts mitogenome(s)

Because antibiotic treatment was not a feasible experimental tool to investigate the
relationship between heteroplasmic mtDNA and maternal inheritance of endosymbionts in A.
morosus, | explored other avenues of evidence to address the relationship between these
genomes. The process(es) that led to the lack of mtDNA variation is A. morosus are an
important component to investigate. The lack of variation could be the result of either a
severe population bottleneck or a mitochondrial selective sweep induced by Wolbachia.
Investigating patterns of diversity in nuclear DNA can be used to distinguish these
hypotheses, because genomic variation is not affected by Wolbachia inheritance, as long as
sexual reproduction is retained (Rokas et al. 2001) — but would be affected by a population
bottleneck. I produced genome-wide single nucleotide polymorphisms (SNPs) using the
DArTseq™ platform for individuals of A. morosus collected across its geographic range
(Chapter 5). These results showed strong patterns of geographic divergence, indicating that a
single, large population (as possibly suggested by the mtDNA) that has expanded recently
from a severe bottleneck is unlikely. Furthermore, habitat modelling showed that pre-
European settlement in Australia, A. morosus habitats were better connected, making a
Wolbachia sweep across the whole species more plausible.

Discussion of the research findings

The combination of the lack of mtDNA variation and Wolbachia infection is compelling,
because Wolbachia has been shown to induce mitochondrial selective sweeps in some host
taxa (e.g. Jiggins (2003), Raychoudhury et al. (2010), Schuler et al. (2016)), removing
mtDNA variation. A Wolbachia-induced selective sweep might explain the lack the mtDNA
variation within A. morosus, however the persistent of widespread heteroplasmy is very
puzzling. It would be expected that even if the initial infection occurred in a heteroplasmic
host lineage, without selective processes favouring heteroplasmy, homoplasmy would be
restored in some subsequent lineages as one mitochondrial haplotype is lost to genetic drift

among the various lineages.
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In this thesis, | presented three hypotheses (Chapter 3) that could explain the widespread and

consistent mitochondrial heteroplasmy occurring in A. morosus.

(i)

(i)

(i)

The heteroplasmic founder hypothesis (H1): An A. morosus individual already
possessed two mitogenomes (was heteroplasmic) and a single Wolbachia infection
(which could have already swept through the population). A second Wolbachia
strain entered this lineage (via horizonal or paternal transfer) and spread to
fixation within the population, dragging along both mitogenomes and the initial
Wolbachia strain. Mitochondrial heteroplasmy is maintained because of a
mutualism with one of the Wolbachia strains (probably the ancestral infection).
The co-inheritance hypothesis (H2): Two A. morosus individuals with different
Wolbachia strains mated (each with a single divergent mitogenome), and both
mitogenomes and Wolbachia strains were maintained in the progeny via paternal
transmission of both a mitochondrial and bacterial genome. These co-occurring
Wolbachia strains and their co-inherited mitogenomes then swept (via maternal
inheritance) through the population to fixation. Each mitogenome is maintained
by a mutualism with its corresponding Wolbachia strain.

The advantageous heteroplasmy hypothesis (H3): The maintenance of
mitochondrial heteroplasmy in A. morosus is unrelated to either Wolbachia strain.
A selective sweep via either Wolbachia and/or an advantageous mutation
(heteroplasmy) could be responsible for the overall loss of mitochondrial
diversity. However, one of the two mitogenomes was never lost (post-fixation)

because heteroplasmy has a fitness advantage over homoplasmy.

There is increasing evidence that Wolbachia can interact closely with mitochondria; for

example influencing oxidative phosphorylation activity (Uribe-Alvarez et al. 2019), mtDNA

density (Ballard and Melvin 2007), and the production of mitochondria-derived ROS

(reactive oxygen species) (Kremer et al. 2009). However, the molecular processes that might

enable Wolbachia to maintain the two (heteroplasmic) mtDNA haplotypes in A. morosus are

currently unknown. The experimental protocol to assess these potential interactions in this

host species would be challenging given the current limitations of maintaining captive host

populations. Nonetheless, the impact of Wolbachia on A. morosus appears highly complex

and presents a unique system to explore these potential molecular interactions.
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It is important to note that although Wolbachia is a strong candidate for the mechanism
maintaining the unusual mtDNA traits observed in A. morosus, other explanations remain.
Maintenance of widespread heteroplasmy could be caused by other selective processes, such
as mechanisms similar to heterozygote advantage as seen in nuclear genomes, positive or
balancing selection. For example, in Drosophila it has been demonstrated that some mtDNA
haplotypes have selective advantages when host individuals are exposed to different thermal
conditions (Camus et al. 2017, Lajbner et al. 2018). These patterns of temperature-dependant
selection have also been demonstrated in other taxa, such as the seed beetle

Callosobruchus maculatus (Immonen et al. 2020) and yeasts in the genus Saccharomyces
(Baker et al. 2019). Amphylaeus morosus occupies areas susceptible to extreme temperature
ranges; for example, temperatures in the Dandenong Ranges, VIC, can range between from
-2.7°C to0 46.1°C (Bureau of Meteorology 2020). Therefore, maintenance of two mtDNA
haplotypes could potentially occur through balancing selection under these extreme thermal
conditions. However, in regions that have lower seasonal temperature variation, such as sub-
tropical heathlands, the maintenance of heteroplasmy via temperature-dependent selection
seems unlikely. Given these two mtDNA haplotypes are present across the entire distribution
of A. morosus, the selective driver maintaining heteroplasmy would need to be in operation in
all habitat and climate conditions. Identifying such a driver (beyond the hypothesized

Wolbachia) is challenging.
Future research directions

This thesis describes the correlation of a widespread co-infection of Wolbachia and
conserved mitochondrial heteroplasmy across the A. morosus distribution. Furthermore, |
presented hypotheses that could explain the maintenance of this unusual mitochondrial
system. This research is the first to analyse the co-occurrence of heteroplasmic mtDNA and
Wolbachia across a species’ distribution and these results present challenging considerations
for our understanding of mitochondrial-endosymbiont-host relationships. Although | have
endeavoured to provide strong evidence of the characteristics of these traits, there are
numerous future research directions that can be applied to better understand this complex

system.

Although numerous other controlled experimental protocols could provide convincing
evidence towards characterizing the impact (if any) Wolbachia has on this hosts

heteroplasmic mtDNA, protocols previously used in similar (but model) systems (e.g.
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Reynolds et al. (2003), Dean (2006), Ilinsky (2013)) have limited application in this bee
species because of the difficulty maintaining captive populations. Therefore, genetic and
genomic sequencing as well as microscopy and micro-imagery techniques of wild-caught
individuals are the most realistic experimental approaches to further explore these traits in

A. morosus and similar non-model systems.

lon Torrent shotgun sequencing data provided insights into the heteroplasmic variation
beyond the mt-COI region, and whole mitogenome sequencing using newer next generation
approaches would be beneficial to expand this research. Furthermore, obtaining both whole
mitogenomes and Wolbachia genomes from A. morosus individuals across the geographic
range will allow more in-depth exploration of (i) geographic patterns of minor variation
within both types of genomes, (ii) potential geographic origins of each bacterial infection,
and (iii) potential functional differences in these genomes. Additionally, mitochondrial
heteroplasmy was detected in all genes recovered in our lon Torrent data, suggesting that
functional differences in A. morosus are operating at a whole genome level. In this research, I
have only sampled for heteroplasmy (and Wolbachia) in muscle tissue in the leg and | did not
explore tissue specificity of heteroplasmy. If heteroplasmy is being maintained because of
selective retention of functional differences, these mtDNA haplotypes could be serving
tissue-specific roles, or whole-body responses. Exploring tissue specificity of this
heteroplasmy and the Wolbachia infection could provide more insights into the roles of these

genomes in this host.

This research explored the distributional pattern of nuclear DNA across the range of

A. morosus and shows population structure contrary to a ‘panmictic’ population indicated by
mtDNA. This retention of genomic DNA structure as well as habitat modelling

demonstrating pre-European habitat connectivity provide evidence that Wolbachia could
have induced a selective-sweep across this hosts distribution — rather than the loss of
MtDNA diversity being the result of a population bottleneck. However, this conclusion is
broadly inferred and more specific analyses to better describe the mechanisms responsible for
the traits observed in all genomes analysed should be implemented. Historical demography
studies of nuclear DNA markers for A. morosus should be applied to provide more conclusive
evidence that a population bottleneck followed by a range expansion is not responsible for the
loss of mtDNA.
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Intriguingly, widespread heteroplasmy has also been reported in a remarkable radiation of
hylaeines in Hawaii (>80 species within ~700,000 years; Magnacca and Danforth (2006)),
but unfortunately that study did not attempt to characterize within-species patterns or explore
if they were linked to Wolbachia infections or other reproductive parasites. Furthermore,
heteroplasmy has been reported in numerous other bee species from five of the world’s seven
bee families (Songram et al. 2006, Magnacca and Brown 2012, Francoso et al. 2016, Ricardo
et al. 2020). Given that hylaeine bees originated in Australia and Australia contains all their
deepest divergences (Kayaalp et al. 2013), explorations of the extent and origin of
heteroplasmy in this bee group should focus on Australian taxa. Australia has an estimated
500 species of hylaeine bees (Michener 2007) and the taxonomy of this group was last
addressed by Houston (1975, 1981) and now needs a comprehensive phylogenetic treatment.
However, with increased affordability of DNA sequencing technologies means that
documenting (using e.g. next or third generation sequencing DNA barcoding (Shokralla et al.
2014, Laforest-Lapointe et al. 2016, Hebert et al. 2018)) mitochondrial heteroplasmy and
endosymbiont infections across this diverse taxon group is feasible. Furthermore, these

techniques can be broadly applied to most animal taxa to investigate these traits.
Conclusion

This thesis is the first step in describing the association between widespread mitochondrial
heteroplasmy and the co-infecting Wolbachia strains in the bee host A. morosus. The results
are concordant with the notion that Wolbachia has played a role in producing the unusual
mitochondrial traits observed in A. morosus — but verifying or eliminating that possibility
will be very challenging. Nevertheless, this bee-Wolbachia system presents a remarkable
opportunity to explore the complex interaction between endosymbionts and host
mitogenomes, but future studies will need to develop methodologies that have not been
previously applied to other model systems. An understanding of the roles of these unusual
mitochondrial systems, as well as the interactions of hosts with endosymbionts are becoming
increasingly relevant, and DNA sequencing technologies enable broad and rapid
identification of these traits in natural systems. These complex systems challenge the long
stranding traditional views of the roles of mtDNA and intracellular bacteria in their hosts and

will enable a greater understanding of the generally poorly described biology of invertebrates.
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