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Abstract

Axes of diversity and their implications in the unisexual Ambystoma complex

Evan Bare

Measuring biodiversity has become increasingly complex as biologists and
ecologists have gradually learned more about how biotic systems are structured and
interact. Given the wide range of tools, techniques and approaches now in use to quantify
biological diversity, it is useful to consider different “dimensions of diversity” to classify
these measurements and provide context for their interpretation. Even within the genetic
dimension of diversity alone, recent improvements in theory, technology, and statistics
has generated several approaches which can provide distinct insights into natural systems.
In this thesis, I use multiple “axes of diversity” to subdivide the dimension of genetic
diversity to better understand a complex ecological system - the unisexual Ambystoma
complex on Pelee Island, Ontario. By focusing on the genomotype axis, I found that the
composition of local unisexual Ambystoma assemblages generally reflects the current
relative abundance of the local sexual host populations. This suggests that sexual hosts
can be thought of as a keystone species for the complex not only because they are
required for unisexual Ambystoma to reproduce, but also because their relative abundance
governs the composition of entire unisexual Ambystoma assemblages. Comparatively,
when assessing the lineage axis of genetic diversity, unisexual Ambystoma assemblage
diversity patterns primarily reflected historic landscape structure, and spatial patterns of
increased lineage richness were linked to areas where both potential hosts were locally
available (currently or historically). Thus, while both of the investigated axes of diversity

are forms of genetic diversity, each revealed distinct factors that have shaped

il



contemporary diversity patterns across the landscape operating at different spatial and
temporal scales. Critically, our understanding of complex ecological systems is likely to
be broadened by including additional axes of diversity (e.g., allelic, loci, or chromosomal
structure axes), and such investigations are not limited to clonal hybrid systems. Overall,
this work illustrates the importance of combining insights from distinct conceptual and
analytical toolkits to generate a comprehensive understanding of the factors which have

shaped the patterns of diversity we observe today.
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Chapter 1: Introduction
General Introduction

Biological diversity has a multitude of meanings, often dependent on the system
being investigated or the scientific questions being asked. For instance, while community
or species diversity is typically used to describe what species are present within an
ecosystem %, functional diversity ** and structural diversity > can each be used to
specify how species interact within an ecosystem. Some have taken to referring to
“dimensions of diversity” in recognition of the numerous ways biologists categorize
diversity "8. Each dimension of diversity can be measured at various spatiotemporal

reference frames depending on the scale and resolution of interest 1

, with each category
being defined by different properties (e.g. richness, evenness, and heterogeneity) '"'2 and
scales >4, In this way, diversity can be encompassed by a multitude of metrics, each
with a specific interpretation that informs our understanding of ecological systems. As
biological and ecological theory advances and the list of analyses and interpretations
expands, collectivizing these metrics into separate dimensions of diversity has become
more challenging. To better catalog the progression of research and contextualize the
analyses, subdivisions of the various dimensions of diversity may be warranted.
Critically, while each of these dimensions and their aspects are used to explore
fundamentally different questions, they must be considered wholistically to fully

understand biodiversity !°, the multitude of ecological dynamics, and the processes

though which ecosystems function.



Community Diversity

Community diversity studies typically measure species variation within an
environment but in some cases there may be the need to examine patterns of diversity
within one or few related species that form “assemblages” '6. In theory, such measures of
diversity are valuable as they can help infer an ecosystem’s stability, maturity,
productivity, evolutionary time, interspecific pressures, and spatial heterogeneity !’
However, the term “diversity” has become a catch-all due to the varied and disparate
ways in which it has been measured, effectively making it a “nonconcept” '8. In order to
disentangle these meanings, The overarching concept may be classified into different

scales: a-, B-, and 8-diversity 1314,

Many have taken to classifying a-diversity indices into three forms of
information: richness, evenness/equitability, and heterogeneity !!. Richness is typically
based strictly on incidence data. While generally understood as how many species (N) are
within a community, researchers have long recognized that the realities of sampling
limitations invariably result in an underestimate of true richness '!. To compensate for
this, estimators relying on the number of species with one (Chaol) and/or two (Chao2)
incidence recordings in a sample were developed to project the true number of species

within a community .

Compared to richness, evenness (sometimes referred to as “equitability”)
measures are plentiful with varied interpretations and use cases. In brief, evenness indices
describe how uniform a community’s composition is 2° by measuring how equally
abundant species are within the community 2!. Despite its seeming simplicity, evenness

measurements have practically become a sub-discipline of ecological theory, to the point



where evenness may be defined distinctively from equitability 2> with some arguing for
necessary mathematical properties for a metric to be considered a true evenness index 2°.
While a multitude of evenness indices exist /"2, there are those that appear more

regularly in the literature such as Pielou’s J’?* or Simpson’s evenness index, V '%.

Heterogeneity can be thought of as the effective number of species >,
incorporating both species richness and evenness *2. Much like evenness indices,
heterogeneity measures are numerous, though the most common measures of
heterogeneity are the Shannon-Wiener index (Shannon diversity or Shannon entropy) or
some variant of Simpson index 2°. Each of these metrics have different biases based on
species rarity !, and therefore distinct interpretations. For instance, the Shannon-Wiener
index can be considered as the minimum number of yes/no questions, on average, needed
to identify a species ?/, while the Simpson index can be interpreted as the probability that
two independently chosen individuals from a population will be the same species 2°. Of
these metrics, Simpson’s reciprocal is most aligned to the “effective number of species”

definition of heterogeneity *’.

Up to now, this discussion of community diversity has been focused on the
assessment of diversity within a single community at one given time point, or a-diversity.
Where a-diversity can be considered diversity within a designated habitat, B-diversity
measures how alike two communities are. For this reason, B-diversity metrics are often
referred to as “distances”. However, not all are true mathematical distances but rather are
“dissimilarities” such as the widely used Bray-Curtis index 2%. A valuable attribute of p-
diversity is that it can be used to compare not only spatial, but also temporal patterns of

diversity. Each reference frame, spatial or temporal, will provide distinct information and



can be used to assess questions based in either geographic or temporal contexts

respectively.

Metacommunity theory, has become widely popular to address the interactions of
multiple communities on a landscape level 2%2°. In a metacommunity or meta-assemblage
context, temporal processes and spatial dynamics can have strong interactive effects 17>,
For instance, after an assemblage expands outwards and colonizes a new space, the
arrival order of species or lineages can prevent or limit successful colonization of
secondary dispersers leaving “priority effects” reflected in the assemblage’s structure >,
The complement to priority effects may be “legacy effects”, where past events or the
presence of a species in the past can leave impacts on contemporary systems >°. Legacies
can come in a multitude of forms, requiring the use of different dimensions of diversity to
fully explore their influences *¢. To properly assess the processes leading to contemporary

metacommunity structure, the system’s spatiotemporal dynamics must be recognized

when drawing conclusions from the data.

Habitat heterogeneity likewise influences spatiotemporal patterns of
metapopulation patch occupancy *’ and should be considered to have similar effects for
metacommunities or meta-assemblages. Interpatch distance and landscape resistance can
influence connectivity patterns across a landscape *%, though can shift over time as
suitable habitat patch size *°, landscape cover *°, and structure may change *'. However,
the impacts felt by habitat heterogeneity dynamism will vary depending on the species of
concern *’. As each species responds differently, this further suggests that interspecific

interactions may likewise shift in a dynamic fashion following spatiotemporal habitat



changes ** potentially leading to local extinction events as species become more or less

competitive with each other >*4.

Sexual Parasite Ecology

The study of alternative reproductive systems has greatly expanded in recent
decades as more non-sexually reproducing animal groups have been formally described
4346 However, research on the dynamics of these systems lags considerably when
compared to closely related sexual species *’**. Not only are these systems underutilized
resources for ecological and genetic study *°°, but their atypical reproduction often

interplays with other species resulting in modified ecosystem interactions °'~

or
evolutionary dynamics of more well-understood species **-**. To advance ecological
theory, and better address conservation concerns specific to these unique systems,
alternative reproductive systems require greater investigation into understanding their
genetic dynamics and the ecological implications of such dynamics.

Part of the challenge with alternative reproductive systems is the diversity of
modes and outcomes (reviewed in >°). While parthenogenesis (e.g. Daphnia sp. °°)
typically requires no partner for reproduction (though see pseudocopulatory behavior in
Aspidoscelis [Cnemidophorus] sp. °’), many other alternative modes of reproduction do
require an additional partner either for egg stimulation (gynogenesis: e.g. Poeciliopsis
monarcha %) or genome replacement (hybridogenesis: e.g. Pelophylax [Rana] esculenta
5%). The necessity of a viable sexually reproducing host leads to resource competition 2,

In particular, the competition for sperm between sexual and non-sexually reproducing

species has led some to label such groups as “sexual parasites” 4!, As many sexual



parasites are all female, they can have greater population growth rates %> which could lead
to the loss of the sexual host due to over competition 664,

Many studies have investigated the consequences of parasitism on host species
6566 and there is a growing consensus that parasite ecology is far more complex and
dynamic than previously appreciated, influencing not just the host but broader ecological
processes as well **7 For example, there are many indirect effects parasites may have on
the coexistence of multiple hosts. While one host may be a stronger competitor in
isolation, the presence of a parasite can give advantage to the weaker competitor if the
parasite has unequal influence on the two hosts . Additionally, sexual parasites with
multiple hosts exhibit a form of ecological fitting ® when encountering a novel habitat, as
they can rapidly incorporate the locally-adapted genetics of their new host population
0.7 Therefore, not only can parasites influence host populations >3, but they may also
be influenced by host diversity 747>

Furthermore, as hosts are a fundamental aspects of a parasite’s habitat, host
diversity, distribution, and dispersal can impact a parasite’s ecology and diversity ¢,
For example, host switching can allow the sexual parasite to broaden their range potential
beyond that of any single host 8#!_ Intriguingly, this can be reflected in divergent patterns
of genetic diversity between the parental haplomes within hybrid sexual parasites 8%,

once again highlighting how recognition of different dimensions of diversity can advance
our understanding of ecological dynamics.
Genetic Diversity

Genetic diversity is broadly understood as a measurement of the genetic variation

present within an individual or group of organisms %*. This dimension of diversity is often



88,89
5

used to assess a population’s stability 8%, disease and parasite resistance or

9091 among other uses (reviewed in °?). While usually

connectivity to other populations
reliant on seemingly simple allelic data, the measures of genetic diversity are numerous
8493 This is because of a variety of factors such as group size, type of loci, or type of
genetic material being assessed 3. However, this also means that studies into genetic

diversity can be highly tailored towards specific, yet expansive, questions **%°.

There is increased interest in not just measuring genetic diversity but also
assessing the ways in which it is maintained within and among populations. For instance,
landscape genetics has become a burgeoning field of study to investigate how landscape
structure can influence population genetics **°7. While local landscape modifications
certainly can impact local populations, broader changes in landscape structure and use

can impact connectivity pathways, altering gene flow 5%

and producing persistent
genetic legacy effects, including “founder effects” %192 However, these changes may
not leave an immediate impact on genetic structure, causing a lag between the inciting
incident and a measurable signal '%1%, Consequentially, there is growing interest in
investigating specifically how such time lags from past events, landscapes, or interactions
influence interpretation of genetic diversity #1919 Furthermore, landscape
modifications may result in changes to how populations interact with their environment,
leading to shifts in selective pressures that take time to be realized within a population’s
genetic structure *>1%7. Therefore, genetic diversity, much like community diversity, can

be influenced both by contemporary interactions and historic legacies. Importantly, the

signal of these distinct driving forces differ, allowing for hypothesis testing.



Dynamics of Clonality
In the past two decades, strides have been made to formalize and contextualize
genetic diversity in clonal systems '%. The use of multilocus genotypes (MLG) have

108,109 which can be

become a common way to identify genetically distinct individuals
refined depending on loci count and allelic diversity of loci used. However, due to
occasional mutation or scoring errors, individuals may be identified with different MLG
even though they are related via clonal reproduction ''°. In such cases, the use of a
multilocus lineage (MLL) %1 a5 an aggregation of closely related MLGs may be more
practical to avoid over-interpretation of potentially paraphyletic relationships ''°. While
individuals within a single MLL would be related by phylogeny, that is not necessarily
the case between individuals of two different MLL. In this way, MLL can be considered a
specific type of operational taxonomic unit (OTU). As a discrete OTU, metrics typical of
community diversity (e.g. alpha diversity and beta diversity) can be used to describe
clonal lineage diversity as well %112, The use of MLL can be further extended depending
on the sample size and allelic richness found within the loci used. For instance, within-
lineage genetic diversity could then be described and used to determine lineage age ''°,

4115 o1 colonization timelines ''®!''7 based on

connectivity patterns among sites
mutation rate estimations. While refined interpretations of such metrics require an

understanding of the dynamics of the clonal system in question, the use of MLL expands

the research potential for clonal systems.

Beyond the genetic consequences of clonality, clonal systems also must interact
with their local environment. Intriguingly, clonal lineages can have distinct niches

compared to their sexual counterparts due to the overall genetic variability within their



respective populations ''® making stable coexistence a complex endeavor 33!,
Compounding this, different lineages may exhibit distinct niches from one another '*°
resulting in more variable competition. Should lineage diversity patterns exist upon a
landscape, these divergent niches may also lead to variable competitive pressures among
assemblages '°!. In the case of sexual parasites, variable pressures within a meta-

assemblage could promote genetic diversity within the sexual hosts 2!,

Unisexual Ambystoma

Unisexual Ambystoma are a monophyletic clade of all-female sexually parasitic
nuclear hybrid salamanders that form mixed-ploidy assemblages composed
predominantly of genetic clones '?>!24, Mitochondrial genetic data supports a single
origin ~5 million years ago '*° from an ancestral population most closely related to A.
barbouri '?%. This group of unisexual hybrids ranges from the southern tip of Lake
Michigan to the east coast of the United States and Canada, including Prince Edward
Island, overlapping with the ranges of five known host species: 4. laterale, A.

Jjeffersonianum, A. texanum, A. barbouri, and A. tigrinum 127128,

As genetic hybrids, all unisexual Ambystoma simultaneously maintain genomic
representation from at least two different host species, invariably with at least one full
haplome derived from A. laterale '**'%’. Individuals are assigned “genomotypes”, a
genetic biotype category separate from a “species” classification, that reflects the
genomic contributions of each host species and their dosage '?%!1*°. For instance, a triploid
genomotype LTT indicates one complement of 4. laterale chromosomes and two

complements of 4. texanum chromosomes. To date, 25 genomotypes have been
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documented in the wild ranging from diploid to pentaploid with at least one tetraploid

also being a tetrahybrid (LTJTi) '?%.

Unisexual Ambystoma use a unique reproductive mode referred to as
“kleptogenesis” (“birth by theft”) as they are considered to “steal” sperm from a bisexual
host species to reproduce >*!3!. Much like gynogenesis, sperm from one of these hosts is
required for successful egg development *>!13%, While unisexual offspring are
predominantly clones of the mother, offspring produced by kleptogenesis occasionally
incorporate the haplome provided by the fertilizing host’s sperm (known as “ploidy
elevation”) or may exhibit genome replacement wherein one haplome from the mother is

13

replaced by the sperm-borne haplome !>, a process more similar to hybridogenesis.

Comparatively, genome replacement appears to be relatively rare '3>-136

and potentially
associated with a novel host **. A hypothesized fourth outcome predicts diploid hybrid
offspring being produced by symmetrical tetraploid unisexuals '*’, though has not been
empirically observed and symmetrical tetraploid individuals appear to be rare. Lastly,
some have suggested ploidy reduction as a fifth potential outcome, where the offspring
are produced from reduced eggs without the incorporation of the sperm-borne haplome
138-140 However, when the genetic *° or isozyme !*! data is reviewed, reported instances

appear more likely to result from genomotyping error induced by allele dropout or likely

hidden dosage effects '*! (E. Bare personal observation).

In the wild, unisexual Ambystoma populations tend to be heavily triploid biased
142,143 " perhaps suggesting that triploidy offers a balance of the numerous pros and cons to

polyploidy for this system, though diploid exclusive populations '*® and higher ploidy

level biased populations '*>"1% have been documented. Across their range, genomotypes
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vary in accordance with local host species availability '*>!*¢. Where multiple hosts are
present, such as in the Michigan and Ohio region of their range, unisexual Ambystoma
can have more varied assemblages with tri- or tetra-hybrid genomotypes 214, Even in
such cases though, triploid genomotypes are overrepresented and genomotype diversity is
minimal. Genotypic (MLG) diversity is also regularly quite low when compared to local

144,147,148

host populations , with much of the variation present likely being attributable to

single-step mutations in microsatellite loci or genome replacement 126134136,

Genomotypes seemingly take on intermediate niches based on host genomic

81196 reflective of their equivalent genome expression '¥°. Periodic bouts of

contributions
genomic introgression from host populations *° have seemingly allowed unisexual
populations to both rapidly adapt to local environments by “stealing” from the locally
adapted population, but also stave off the effects of Muller’s ratchet '°!152 by providing a
mechanism by which deleterious mutations may be purged. Introgression is likely
facilitated by a lack of sexual selectivity on the part of “pure” males, as documented in 4.
texanum and A. laterale by Licht and Bogart '*3. The fact that 4. texanum males deposit

fields of spermatophores accessible to all females further encourages genetic

introgression '**!3 (E. Bare personal observation; Figure B.1 and Figure B.2).

While quantifying the mechanics of such a complex system is daunting, it also
offers a unique opportunity to test various threads of ecological theory across a broad
range of disciplines. In the remaining chapters of this thesis, I will demonstrate how this
system can be used to explore various axes of genetic diversity and how each axis can

individually provide insight into different aspects of ecological theory.
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Pelee Island

In this thesis, I focus specifically on the unisexual complex of Pelee Island,
Ontario, Canada, located in the western basin of Lake Erie. Unisexual Ambystoma
assemblages on Pelee Island are distinct in being predominantly diploid '°*!*7, whereas

assemblages of unisexual Ambystoma are mostly triploid across their range >4

Additionally, Pelee Island has two known host species, 4. laterale and A. texanum >%-158

and is situated at the southern and northern extremes of their respective ranges 271>,
While 4. laterale is widespread on mainland Ontario, Pelee Island has the only
population of 4. texanum in Canada and is federally listed as endangered '%161,
Consequently, the unisexuals on Pelee Island, which are reproductively dependent on 4.

texanum, have now been listed as endangered as well 162163,

Pelee Island (41.8 km?) is the largest island in the western Lake Erie archipelago
and situated roughly 13 km south of mainland Ontario and 19.5 km north of mainland
Ohio. The island formed ~5000 years ago following isostatic rebound and the filling of
the Erie basin during the Nipissing Transgression *+166 Following the Erie basin filling,

Pelee Island was structured as four discrete dry uplands '6%16¢

with uplands separated by
one primary marshland (“Big Marsh”) and four smaller marshes (“Lighthouse Marsh”,
“Middle Marsh”, “South Marsh”, and “Marsh”; see Figure C.1 and Figure C.2) 7168,
Following increases in human settlement starting in 1867, the dry uplands of the island
that were heavily forested were almost entirely logged for agricultural purposes 170,

While records suggest that the marshlands dried up periodically '*°, the two largest

marshlands were permanently drained when an internal drainage system that was
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completed in 1889 '®. The drainage systems have remained active and were renewed in

2008 ',

Conservation and restoration efforts have brought Pelee Island back to 32%
natural cover !”? with multiple projects aimed at further wetland development and
restoration !73, Three significant ecological spaces of the island have also been
maintained for conservation !’*: Lighthouse Point Provincial Nature Reserve (maintained
by Ontario Ministry of Natural Resources and Fisheries, OMNRF), Fish Point Provincial
Nature Reserve (OMNRF), and the Stone Road Alvar complex (Essex Region
Conservation Authority, Ontario Nature, and The Nature Conservancy of Canada, NCC).
Additional land parcels have been acquired by the NCC and the Pelee Island Winery 74,
resulting in ~18% of the island as protected environmental lands and an additional ~10%
in environmental review '7°. Occasional winter storms have led to significant landscape
changes as well. For instance, the erosion of sandbanks that protect wetlands from Lake
Erie has been seen following the winter storms of 2018/19 and 2021/22 (E. Bare personal

observation) and has been of concern for decades 'S,

Goals of the thesis:

In this thesis, I investigate how genetic diversity can be further broken down into
deeper axes of diversity. These axes of genetic diversity offer new insights into unisexual
Ambystoma ecology and their interactions with their host species when viewing their
properties across different scales. In Chapter 2:, I focus on the genomotype (“biotype”)
axis of unisexual diversity and I show that unisexual genomotype diversity reflects host
availability at a local scale, impressing the notion that host species are akin to some

definitions of “keystone species”. In Chapter 3:, I demonstrate that the lineage axis in
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unisexual Ambystoma primarily reveals the impact of historic landscape structure, with
some additional contemporaneous influences. Chapter 3: also provides indirect evidence
supporting the mechanism of diploidization from symmetrical tetraploids, a previously
hypothesized reproductive outcome for unisexual Ambystoma. Throughout this thesis I
show that unisexual Ambystoma assemblage structure is associated with host diversity in
different ways depending on the genetics axis(es) that are examined. Lastly, I discuss how
the investigation of multiple axes of diversity can improve our understanding of the key

ecological processes at play.
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Abstract

Understanding processes that govern and sustain biological diversity is a central goal
of community ecology. Unisexual complexes, where reproduction depends on sperm
from males of one or more bisexual host species, are rare and the processes driving their
diversity and structure remain poorly understood. Unisexual Ambystoma salamanders
produce distinct biotypes (“genomotypes”) depending on which bisexual species they
‘steal’ sperm from. This reproductive mode should generate distinct assemblages

depending on the locally available bisexual host species. Yet, how availability and

Author Contributions: EAB, JPB, DLM, and TJH conceived and designed the study. EAB and JPB
conducted the genotyping work. EAB and TJH conducted fieldwork. JPB and CW provided advice on lab
techniques. EAB analyzed the data and TJH collaborated on statistical analysis. EAB and TJH wrote the
manuscript. All authors provided critical feedback and contributed to the final version of the manuscript.
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relative abundance of multiple bisexual hosts influences composition and diversity of
natural unisexual assemblages at local or regional scales remains unknown. We
hypothesize that host identity most directly drives local assemblage composition, with
host variation associated with increased beta and gamma diversity within unisexuals. We
collected genetic samples from Ambystoma salamanders across Pelee Island, Ontario,
Canada (2015-2022). Two host species were identified (4. texanum and A. laterale) with
nine sites having a single host and one site having both. Unisexual assemblages were
grouped into four clusters by similarity, with host identity being a key determinant.
Gamma diversity increased as a result of distinct host-specific assemblages forming at
different sites on the island (i.e., high beta diversity). Assemblage composition, but not
diversity, was correlated with relative host abundance, which may reflect matching niche
requirements between host and unisexual forms they produce. Our results demonstrate
that diversity and structure of unisexual assemblages are clearly shaped by their host(s)
and such systems may serve as models for studying how biotic interactions shape

ecological communities.

Key Words: Ambystoma, community ecology, kleptogenesis, keystone species, species

complex
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Introduction

A central goal of community ecology is to understand processes governing and
sustaining biological diversity. Fundamentally, ecological communities are composed of
members whose niche requirements are met by prevailing abiotic conditions as well as
biotic interactions within the ecosystem '’”!7®, Environmental variation undoubtedly
plays an important role in determining composition and diversity of ecological
communities, and more heterogenous environments may support higher species diversity
because they provide a wider range of available niches !”°. Biotic interactions among
community members can also have strong impacts on community composition and
diversity '8%18! Understanding how species interactions influence diversity, as well as the
processes driving variation in diversity along spatial and temporal scales, remains a top
priority in ecology %183, While environmental conditions may set some of the broad
patterns in ecological communities, presence and distribution of certain species across the
landscape can dramatically influence the structure of local communities %234, Thus,
quantifying the role of biotic interactions in driving community structure remains
essential to understanding patterns of diversity.

Broadly speaking, keystone species are recognized as having a disproportionate
role in shaping the diversity or structure of an ecological community or assemblage '*°.
The loss of such species is expected to cause a large shift in community structure, leading
to local extinctions and fundamental changes in biotic interactions across the system %
Yet, the effects of keystone species can be context-specific '*7, and distinct keystone
effects are generally not interchangeable '®8. Consequently, sympatry of multiple

keystone species can elevate species diversity through additive effects on the community
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189-191 'Tn addition, interactions among two or more members of a community can
produce ecosystem- or community-level effects that are greater than those of any
individual species (i.e. ‘keystone interactions’)!*?. Although diversity might also be

193,194

impacted by the abundance of a keystone species , it remains unclear whether

communities respond to variation in composition of keystone species !8%1931%4,
Unisexual salamanders of the genus Ambystoma (henceforth, ‘unisexuals’) are an
ancient monophyletic lineage of nuclear allopolyploid genomic hybrids which persist
over an extensive range in eastern North America by ‘stealing’ sperm from as many as
five sympatric, bisexual species of Ambystoma '**'% These all-female unisexual
salamanders are obligative reproductive parasites of the bisexual species they live

128 While the majority of unisexual offspring have a genomotype identical to

alongside
their mother, unisexuals may also produce offspring with a variety of distinct
genomotypes through genome incorporation from sperm provided by locally available
host(s) 1219 (Figure 2.1). All unisexuals possess nuclear genomes derived from at least
two contemporary bisexual species and range in ploidy from diploid (2N) to pentaploid
(5N) 124163 Consequently, unisexual assemblages are composed of individuals with a
diversity of ‘genomotypes’, which vary in chromosome number and composition '?°. The

81146 oiven that genomotypes

niche requirements of each genomotype may also vary
exhibit phenotypic variation reflective of differences in ploidy and proportional genomic
contributions of their host species #°. In treating each genomotype as an ‘ecological
species’ within the broader unisexual complex °%!%7 | this unique system provides an

exceptional case for studying the role of biotic interactions in governing patterns of

diversity and community composition.
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While the reproductive biology of this system is now reasonably well understood,
it remains unclear how these interactions are realized under natural conditions to
determine the diversity and composition of unisexual assemblages across the landscape.
Our contemporary understanding suggests that structure of unisexual assemblages should
be determined by identity of the locally available bisexual host, through production of
distinct (host-specific) genomotypes. Furthermore, when multiple hosts are available,
potential for additional genomotypes is unlocked and can thereby increase assemblage
diversity through additive effects (i.e., other host-specific genomotypes), as well as
interactive effects (i.e., genotypes which arise only when both hosts are present) (Figure
2.1). The loss of a bisexual host at a given site should halt production of certain
genomotypes and lead to a dramatic shift in unisexual assemblage composition over time,
and eventually, extirpation of the entire assemblage if no other host is available 3. Thus,
each bisexual host species has an ecological role analogous to a keystone host '8
promoting biological diversity by facilitating colonization, establishment, persistence,
and formation of several unisexual genomotypes.

We investigate variation in the structure and diversity of unisexual assemblages at
breeding sites across Pelee Island, Ontario, Canada. Pelee Island provides a rare
opportunity to study a unisexual system with isolated assemblages occurring in sites that
vary in the number and identity of bisexual host species. Interestingly, historic data from
the island suggests substantial variation in assemblage composition, even among sites
with a common bisexual host %3162, We predict that the composition of unisexual
assemblages varies across the island, and that unisexual genomotypes present at each site

have more copies of the genome associated with the known bisexual host at the site (i.e.,
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have a host-associated ‘genome bias’). Accordingly, we expect to observe greater
variation in assemblage composition (beta diversity) between sites that differ in host
species composition. Further, we predict that assemblages with two bisexual hosts would
have the greatest diversity (alpha diversity) of unisexual genomotypes. Finally, we use
our unique dataset to explore the effect of bisexual host abundance on assemblage
diversity and evenness, to investigate the possible impact of host species abundance on
diversity. Overall, we seek to understand and quantify the extent to which patterns of
alpha, beta, and gamma diversity in unisexual assemblages are driven by biotic

interactions with their host(s).

Methods
Study System

Our study was conducted on Pelee Island (41.8 km?) in Lake Erie, Ontario,
Canada (41.6 N, -82.6 E). Amphibian populations on Pelee Island were isolated from the
mainland following the island’s formation after glacial retreat, around 4000 BP ¢4,
Unisexual populations on the island are found syntopically with either (or both)
Ambystoma texanum and A. laterale '*>1%2, Patches of suitable habitat consist of both
terrestrial and aquatic environments sufficient for foraging, dispersal, breeding, and
hibernation 62193, Across the island, patches are largely isolated from one another due to
habitat fragmentation arising from human development (i.e., agriculture, irrigation,
roads). Herein we use an existing ‘genomotype’ nomenclature where, for example, ‘LTT’
represents a triploid with a single set of 4. laterale (L) chromosomes, and two sets of
chromosomes from 4. texanum (T) '?®1?°. When unisexuals have greater number of

chromosome complements from one host species, we refer to it as having a ‘genome bias’
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favoring that host. For instance, an LT unisexual has no bias, but an LTT has a T-biased
genomotype. Previous work found diploid unisexuals (LT) to be abundant on the island
195 while diploid unisexuals are generally rare elsewhere across the unisexual Ambystoma
range 142143.199,

Unisexuals reproduce by ‘kleptogenesis’, a unique reproductive mode that has
four primary outcomes: 1) the offspring is a genetic clone of the mother; 2) the sperm
genome is incorporated into an unreduced egg to produce a ploidy-elevated offspring; 3)
genome replacement, resulting in an offspring of the same ploidy as the mother but with a
novel genotype and potentially different genomotype; and 4) an hypothesized mechanism
where symmetrical tetraploid (e.g. LLTT) mothers produce diploidized unisexual
offspring (e.g., LT) 128137, With this diversity of potential reproductive outcomes (see
Figure 2.1), multiple genomotypes can be derived in sifu and can live sympatrically. Note
that parental genomotypes (i.e., LL or TT) are never reconstituted from the unisexual
133,136

lineage

Salamander Sampling

Between Sept-2015 and Aug-2022, Ambystoma salamanders were sampled from
sites across Pelee Island (Figure 2.2) using a combination of opportunistic search,
coverboard surveys, and minnow trapping during the breeding season (March). Most sites
were located on protected lands, with additional sites located on private property where
access permission was granted. Two areas with known salamander populations were not
sampled because access permission could not be secured. We sought to be as
comprehensive as possible in our selection of sites across the island with sites having

variable habitat conditions 2%, but additional unsampled sites may exist. Nevertheless, we
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suspect that our sample includes >80% of Ambystoma breeding areas on Pelee Island. On
average, sampled sites were separated by 4.6 km (£ 2.8 SD, median: 4.4 km, range: 0.6
km — 10.9 km), and all sites were separated from one another by at least 1 km, except for
two pairs of sites that were separated by 600 m (D3.1 and D3.2) and 750 m (D3.2 and
C3). In all cases sites were separated by a distance greater than twice the reported
breeding migration distances for A. texanum (125 m) 2°! or 4. laterale (281 m) **2,
Further, distances between almost all site pairs were more than twice that of proposed
terrestrial buffer sizes for salamanders: 218 m 2% and 400-450 m for A. jeffersonianum
204 Neither host studied herein is reported to make breeding migrations of such distances,
and unisexual Ambystoma with elevated ploidy are thought to exhibit lower dispersal
capacity compared to their diploid bisexual hosts 1324205 Thus, while nearby sites could
periodically exchange individuals, we contend that our collection of samples from
distinct sites, as designated here, enabled us to sample distinct assemblages across the
island. We further validated this claim by testing for spatial autocorrelation in assemblage
composition (see below).

Tail tissue samples were collected and stored in 95% ethanol for DNA extraction
and genotyping. Individuals were uniquely marked with visual implant elastomer (VIE)
for a concurrent mark-recapture study and to prevent resampling of individuals. All
captured salamanders were released back to their point of capture, and all field equipment
was disinfected between sites 2°°. Morphometric variation is unreliable for species
identification '8, rendering investigators blind to the identification of salamanders at time
of sampling. Animals were handled in accordance with Animal Care protocols approved

by Trent University and Ontario Ministry of Natural Resources and Forestry (Protocols:
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23906, 25301, 25344). Land access permits, Wildlife Scientific Collector’s
Authorizations (1079527, 1082275, 1085623, 1088782), and a Notice of Activity under
the Ontario Endangered Species Act (Confirmation ID: M-102-3802796883, M-102-

9225853169, M-102-1254262277) were secured to conduct this work.

Genotyping for Taxonomic Assessment

Individuals were given a taxonomic assignment (genomotype) which reflects
ploidy and genome dosage based on multilocus genotypes (MLGs). Samples collected
between 2015 and 2018 were assessed using seven microsatellite loci (Atex74, Atex141,
AjeD75, AjeD94, AjeD346, AjeD283, and AjeD422) with tetranucleotide motifs that are
used in the unisexual Ambystoma complex (see protocols in Supplemental and locus
details in Table 2.S1 andTable 2.8) 2°72% | An additional seven microsatellite loci
(djeD23, Atex102, AmmH123, AmaD42, AmaD321, AmaD367, and AcroD315) were
included for samples from 2019 to 2022 29729211 A gubset of 2015-2018 samples (430 of
2202) were rerun with the full set of 14 loci to assess consistency in genomotype
assessment. Nine loci were diagnostic, amplifying in one host species or the other, and
were used to identify host species contributions: 4jeD346, AmaD367, AmaD42,
AcroD315, and AjeD94 for A. laterale; Atex74, Atex141, Atex102, and AmaD321 for A.
texanum. Five loci amplify microsatellite alleles in both A. laterale and A. texanum
genomes: AjeD23 and AjeD75 have unambiguous allele size ranges, such that alleles
derived from A. laterale and A. texanum can be distinguished; AjeD422 and AjeD283 had
alleles that could not be assigned reliably to A. laterale or A. texanum; and AmmH123
had only one ambiguous allele. Details for each locus and multiplex reaction are provided

in Table 2.S1 andTable 2.52. Ploidy for each sample was determined either based on the
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maximum number of unique alleles in an ambiguous locus (e.g., AjeD422 or AjeD283) or
by adding allele count from the two highest species-specific loci (see 24126141,
Occasional cases of A. texanum being identified as triploid or tetraploid (20/151) due
exclusively to AjeD283 resulted in the locus being dropped from use for ploidy
determination. Samples with low amplification success (>3 failed loci, n =23, 1.0% of
total) were not counted and those with ambiguity in assigning genomotype (n = 66, 2.5%

of total) were counted but excluded from analyses. One sample was excluded due to

DNA contamination.

Statistical Analysis

We identified ten sites that we considered discrete units supporting independent
assemblages of salamanders and assessed unisexual assemblage composition at both the
site and regional (i.e., whole-island) level. Samples were collected from two additional
locations on the island (within D2 and D6.2, Figure 2.2) but were excluded from site-
level analysis due to limited sampling (i.e., nine and six samples, respectively) and
unclear association with a breeding pond. Analyses were restricted to samples where
genomotype could be unambiguously identified (i.e., 97.5% of total samples). A 95%
confidence interval of relative abundance was calculated for each host and the four most
abundant genomotypes (LT, LTT, LTTT, and LLT) for each site using the prop.test
function in R 2'2. Additionally, probability of false absence for each site was estimated
using a binomial distribution model assuming unbiased sampling and true relative
abundances of 5%, 2%, 1%, and 0.5%.

We calculated several indices to quantify diversity patterns on the landscape.

Specifically, we calculated the observed unisexual genomotype richness (i.e., number of
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unique unisexual genomotypes, ) for each site. Next, we calculated Simpson diversity
(4), Simpson evenness (V), and Chaol index, as well as their bootstrap confidence
intervals, for each unisexual assemblage using the diversity ci function from the R
package poppr version 2.9.3 213214 Spearman rank correlation tests were then used to
assess whether relative abundance of bisexual hosts correlated with any of these diversity
metrics.

To evaluate beta diversity, we compared unisexual assemblages at each site by
calculating Bray-Curtis dissimilarity based on relative abundance of each unisexual
genomotype, with the vegdist function from the R package vegan >1°. Using these scores,
we then performed hierarchical clustering of these sites using the complete linkage
method to group sites with similar unisexual assemblage structure. A Principal
Coordinate Analysis (PCoA) was then conducted to better describe how each of the
unisexual assemblages varied in their composition. Biplots were constructed to visualize
how assemblages were differentiated based on genomotype composition, and to examine
whether clusters could be differentiated based on the relative abundance of the bisexual
host. Patterns of unisexual assemblage composition could be influenced by exchange of
individuals between sites, or by gradients in environmental features on the landscape. We
therefore assessed whether unisexual assemblage composition across the island was
spatially autocorrelated by conducting a Mantel test (with 9999 permutations) based on
the Bray-Curtis dissimilarity index and pairwise distances between breeding ponds, using
the mantel.rtest from the R package ade4 2'°.

Next, we set out to test whether unisexual genomotypes present at each site had

more copies of the genome associated with the bisexual host detected at that site (i.e., had
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a host-associated “genome bias’). Genome bias in this study reflects the relative genetic
input from each bisexual host species within a unisexual assemblage, and was calculated

separately for each assemblage and life stage using the following formula:

O/T—lzTi
0 _Tl - Ni
l

where 7 is the sample size (number of individuals sampled), 7; is the number of T
genomes in individual 7, and »; is the ploidy of individual i. Because all individuals have
at least one L and T genome, a normalization factor of 0.5 was subtracted from %T. In
this way, an assemblage of all symmetrical hybrids (e.g., LT or LLTT) would have a
value of 0, T-biased assemblages would be positive, and L-biased assemblages negative.
As an indicator of relative host availability at each site (i.e., dominant host), we
subtracted the proportion of 4. laterale in the total assemblage from the proportion of 4.
texanum 1n the total assemblage. In this index, a negative value indicates that A. laterale
1s more abundant, while a positive value indicates that 4. fexanum is more abundant. A
Spearman rank correlation was then used to test whether unisexual assemblage genome

bias was positively correlated with relative host bias. All analyses were conducted in R

212

Results
Overview

During 2015-2022, we collected 2646 adult salamander tissue samples, 2580 of
which were successfully genotyped. Bisexual species (4. texanum, n = 151; A. laterale, n
= 2) made up only 5.8% of all the individuals we sampled. Diploid unisexuals (LT) made
up 64.0% of the total sample (Figure 2.2, Figure 2.S1, and Table 2.S3). Nine sites had A.

texanum, while A. laterale was detected at only two non-neighboring sites (Figure 2.2
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and Figure 2.S7). Only one site (D3.1) had both 4. texanum and A. laterale. For all sites
except B3 we had >95% confidence that non-detection of a host indicated its true absence
from the community (Table 2.S4). In total, we observed eight different unisexual
genomotypes: LT, LLT, LTT, LLLT, LLTT, LTTT, LLTTT, and LTTTT (Figure 2.S1 and
Table 2.S3). Diploids (LT) were 69.8% of all unisexual Ambystoma at the island-level.
Within triploids, the LTT genomotype was more common than LLT (21.9% and 2.4% of
genomotyped unisexual assemblage, respectively). Tetraploids were present at each site
and comprised 5.2% (129/2493) of all unisexual Ambystoma, though no tetraploid
genomotype was present at all sites. Pentaploids were especially rare (~0.5%, 12/2493;
Figure 2.2 and Table 2.53).

Ninety percent (385/430) of the samples scored using both seven and 14
microsatellite loci approaches were identified as the same genomotype. Eight individuals
initially had ambiguous genomotypes (e.g., LLT or LTT) using seven loci, of which five
were assigned specific genomotypes when tested with 14 loci. Two samples were initially
identified as LL but were later found to be unisexual LT and LTT. When using the full 14
loci, thirteen samples (3%) were assigned a genomotype of a lower ploidy, and 22 (5%)
were assigned higher ploidy genomotypes, compared to when only seven loci were used.
Therefore, apart from modest differences in data resolution, use of seven loci provided
results that were comparable with more contemporary techniques with the 14 loci set.
Overall, 63 samples (2.5% of all unisexual samples) were excluded from our analysis
because they had an ambiguous genomotype. Thirty-six of these came from samples
genotyped using the 7 loci set (n = 858), and twenty-seven of these were samples

genotyped using the full 14 loci (n = 1635).
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Site Diversity

D3.1 was the only site where both host species were detected and also had the
highest number of observed unisexual genomotypes (S = 7, Figure 2.2 and Table 2.S3).
Overall, three sites (B3, D3.1, and D7) approached the theoretical maximum number of
unisexual genomotypes possible on the island based on the Chaol index (Figure 2.4). We
were able to confirm that 4. laterale was present at B3, and our analyses indicate that A4.
texanum could also be present at this site despite going undetected (Table 2.S4). Sites B3
and C3 had the highest Simpson diversity values (4), and C3 has the highest evenness
score (V; Figure 2.4 and Table 2.S5), consistent with its low richness in unisexual
genomotypes. None of the diversity metrics were correlated with relative host abundance
A:p=0.23,p=0.42; V: p=0.12, p = 0.53; Chao: p =0.51, p = -0.23; Figure 2.4).
Interestingly, we detected unisexual genomotypes that can only be produced with genetic
input from both bisexual hosts at seven of the 10 sites we examined (Figure 2.3 and
Figure 2.S1). The three sites lacking such genotypes (C3, D1.1 and D6.1) also had low
richness based on the Chaol index. Symmetrical tetraploids were detected at five of the
sites (B3, B6, B8, D3.1 and D7).

Assemblage composition was not influenced by geographic proximity to
neighboring communities based on our Mantel test of Bray-Curtis dissimilarity values (p
=0.69, Figure 2.S2). Bray-Curtis dissimilarities were used for hierarchical clustering
(Figure 2.S2) that identified four clusters reflecting unisexual assemblages that were
broadly similar in their composition (Figure 2.3 and Figure 2.5). Cluster 1 (site B3) was
characterized by a high proportion of LLTs (33%), few LTT (7%), and a modest amount

of LTs (53%). Cluster 2 (site C3) was characterized by a comparably high relative
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abundance of LTTT (26%), relatively few LT unisexuals (39%). Cluster 3 (sites D1.2,
D3.1, D6.1, D7) was characterized by an intermediate number of LT unisexuals (mean =
56%), and an elevated proportion of LTTs (28%). Cluster 4 (sites D1.1, B§, B6, D3.2)
was characterized by a large proportion of LTs (mean = 71%), and an intermediate
number of LTTs (mean = 16%). Notably, the site where A. laterale was the sole host
detected (site B3) had the most distinct unisexual assemblage composition, but the
assemblage composition at the site where both host species were detected (D3.1) was not
substantially different from other sites in Cluster 3 (Figure 2.3 and Figure 2.5). While 4.
laterale was not detected elsewhere, it remains possible that they were present and not
detected (Table 2.S4). However, if 4. laterale was present at these sites it would be at
lower relative abundance (Figure 2.3 and Table 2.S4), making A. fexanum by far the
dominant host (Figure 2.3) with unlikely exceptions being at sites B6 and D6.1.

The PCoA based on Bray-Curtis dissimilarities found only the first two
coordinates to be informative, explaining 46% and 32% of the variance, respectively
(Figure 2.5 and Figure 2.S3). PCoA Axis 1 corresponded with differences in the relative
abundance diploid vs. ploidy-elevated unisexuals in the assemblage (i.e., reflected mean
ploidy), whereas Axis 2 corresponded with differences in the genome bias of the
assemblage (Figure 2.5 and Figure 2.6). The relative abundance of 4. texanum
corresponded with a larger Axis 1 value and smaller Axis 2 value, indicating that
assemblages with more 4. fexanum also tended to have higher ploidy and T-biased

genomotypes (Figure 2.5B).
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Genome Bias

As predicted, unisexual assemblages had a genome-bias favoring their dominant
host (p = 0.83, p = 0.006; Figure 2.6). Site B3 was the only case where the unisexual
assemblage skewed towards L-biased genomotypes and was also the only site where 4.
laterale was the sole host we detected (Figure 2.3 and Figure 2.S7). Although site D3.1
had both bisexual hosts, 4. texanum was much more abundant than 4. laterale at that site
and the unisexual assemblage showed a strong genome bias favoring T-biased

genomotypes (Figure 2.6).

Discussion

We investigated patterns in the structure and diversity of unisexual Ambystoma
salamander assemblages across Pelee Island, Ontario, where the bisexual hosts on which
they are reproductively dependent vary in both abundance and identity. These
assemblages differ dramatically from analogous mainland systems in that they are
dominated by diploid unisexuals, have up to seven distinct genomotypes, and vary
substantially in composition across a relatively small regional scale. Consistent with
expectations, unisexual assemblage structure appears to be governed primarily by the
locally available host(s). Specifically, the genome bias of each unisexual assemblage
closely matches relative host availability at each site, and assemblages contrast most
among sites which differ in the identity and relative abundance of the host. However,
while the site where both hosts are present (D3.1) has very high richness in unisexual
genomotypes, two other sites (B3, D7) have comparably high richness despite only a
single host being identified. Further, we find no support for a relationship between

relative host abundance and any diversity metrics. Our work indicates that the diversity
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and composition of unisexual assemblages across local and regional scales is broadly
dependent on the identity of available bisexual hosts, following the contemporary
understanding of unisexual reproduction, but that unisexual assemblages may also be
shaped by underappreciated metacommunity dynamics, legacy effects of extirpated hosts,
and/or local selective pressures.

Unisexual assemblages are composed primarily of individuals with genomotypes
governed by relative abundance of the more prevalent host, resulting in an assemblage-
level genome bias that follows relative host availability. The nine assemblages where 4.
texanum is the dominant (or only) host take one of three forms (i.e., Clusters 2-4), and
clusters with more A. texanum also have fewer LT unisexuals and more T-biased
polyploid unisexuals. If warmer ponds are favorable to 4. texanum it could generate the
observed pattern as warmer breeding waters can also lead to higher rates of ploidy-
elevation 2!7. Alternatively, T-biased genomotypes (e.g., LTT, LTTT) might also have
higher relative fitness in habitats best suited for 4. fexanum. Indeed, the distribution of
unisexual Ambystoma across Ontario similarly indicates that environmental niche of
unisexual Ambystoma is governed primarily by their hybrid nuclear genome ®!. Further,
Greenwald et al. 1 found that unisexual Ambystoma in Ohio had greater niche overlap
with the host having closest genetic similarity. Quantifying specific patterns in
genomotype survival and reproductive output across variable habitats is a clear next step
towards understanding factors driving unisexual assemblage composition.

At several sites we detect unisexuals with genomotypes which, in theory, could
not have been produced in situ given contemporary host availability (e.g., LLT at a site

with only TT hosts, or LLTT where only one host was present). Three processes could
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explain these patterns: 1) sampling effort was insufficient to detect the alternate host, 2)
individuals immigrated from a site with one host to a site with the alternate host, or 3)
mismatched genomotypes are able to persist for a prolonged period after a host is lost
(i.e., legacy effects). We have reasonably high confidence that the hosts currently
available at each site were detected (Table 2.S4), apart from site B3 where we
acknowledge that A. fexanum may be present. Importantly, we contend that even if a host
species was missed it would be of such low relative abundance that its effect on the
overall unisexual assemblage structure would be limited due to the difference in
reproductive potential. Occasional immigration from neighboring sites may be possible.
For instance, sites B3 and C3 are both locations where artificial breeding sites were
constructed and subsequently colonized through natural immigration. It is conceivable
that assemblage structure at some sites (e.g., B3) is a consequence of differential
immigration rates between adjacent L-biased and T-biased source assemblages. However,
immigration is likely rare at most sites given the distance between them and the low
suitability of intervening landscape on Pelee Island *'8. Further, mismatched
genomotypes are largely L-biased polyploids at sites distant from assemblages where A.
laterale is likely to be present. Thus, we suspect that in most cases mismatched
genomotypes were produced in situ prior to recent extirpations of 4. laterale (i.e., legacy
effects), such as at site D6.1 which has the highest relative abundance of LLT outside of
B3, but have persisted due to the high rate of clonal reproduction. Such a scenario has
been proposed for a site in Ohio where 4. barbouri is the only known host for a J-biased
unisexual assemblage '?°. Indeed, 4. laterale were known to be present at both B6 and

D6.1 as recently as 1984-1991 '%°, but can no longer be found despite extensive sampling.
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Interestingly, sites C3, D3.1, and D3.2 are the closest neighboring assemblages we
sampled, connected by routes with relatively low resistance to dispersal (Smith et al., in
review), and yet each presents a distinct assemblage composition. This suggests that
while dispersal may play a role in structuring unisexual assemblages, assemblage
composition on Pelee Island is better explained as a consequence of host species relative
abundance. Furthermore, historical sampling on Pelee Island from over three decades ago
found an L-biased unisexual assemblage associated with a large relative abundance of A.
laterale (~16%) in the northwest corner of the island (region A2 in Figure 2.2) that we
were not able to sample '°°. Consistent with our results depicted in Figure 2.6, this
assemblage would have been even more L-biased than what we observed at B3 (i.e.,
genome bias of unisexual assemblage = -0.14). Future work will leverage our genetic
data to better understand historic and/or contemporary connectivity among sites across
the island, as well as possible changes in these assemblage compositions over time.

Theory holds that diploid unisexuals can only be produced clonally or by
symmetrical tetraploids (e.g., LLTT genomotypes) which requires genetic input from
both A. laterale and another suitable host '*’. Consistent with this, diploid unisexual
Ambystoma are uncommon elsewhere in their range where only a single host is available
143,144 The surprisingly high abundance of diploid unisexuals on Pelee Island, including
at sites where only one host was detected, may indicate that diploid unisexuals have
higher relative fitness than ploidy-elevated conspecifics and can therefore persist longer
and proliferate faster than other genomotypes once produced. This is consistent with
previous research showing that higher ploidy unisexual salamanders have lower survival

across all life stages 2!°, though the exact reason why is unclear. Future work is required
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to identify the specific mechanisms which might lead to survival and fitness differences
among unisexual genomotypes 130146220,

To our knowledge this is the first study to directly investigate the effects of multi-
host interactions on the composition and diversity of naturally occurring unisexual
assemblages. We report levels of diversity in unisexual assemblages on an isolated 42
km? island which are higher than any of the corresponding mainland systems investigated
to date. We attribute this primarily to the presence of multiple bisexual hosts on the island
following from our contemporary understanding of the kleptogenic reproductive mode
128.137.163 (Figure 2.1). Importantly, while the composition of unisexual assemblages
appears strongly influenced by host identity and correlated with relative host abundance,
the diversity of unisexual genomotypes within an assemblage does not appear to be a
function of relative host abundance. The processes which underpin additional temporal or
spatial variation in assemblage composition remain poorly understood and require further
investigation. More generally, it remains unclear how unisexual salamander assemblages
are maintained, or whether they are stable over the long term. These questions are beyond
the scope of this study; however, some proposed mechanisms related to extinction-
colonization dynamics or demographic costs analogous to the cost of producing males
offer partial explanation 42%°. More broadly, variation in host availability increased beta
and gamma diversity in a way that is analogous to a ‘keystone species’. Unisexual
complexes may therefore provide a valuable model for studying the role of biotic
interactions and facilitation in dictating the patterns of diversity that we observe in

natural systems.
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Tables and Figures
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Figure 2.1. Putative pathways for genomotype change in unisexual Ambystoma showing
hypothesized changes in ploidy level. Panel A) represents an assemblage with both A.
laterale (blue) and A. texanum (orange). Panel B) represents an assemblage with one or
the other host. These assemblages are unidirectional, remaining exclusive to either 4.
laterale (blue) or A. texanum (orange) with non-viable routes faded out. Solid
unidirectional arrows indicate genome incorporation, black bidirectional arrows indicate
genome replacement by alternative genome (L replaces T or T replaces L), and dotted
unidirectional arrow indicates hypothesized route of diploidization.
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Figure 2.2. Map of Pelee Island, Ontario, Canada, with each grid square representing a 2
km? area. Highlighted squares indicate the location of surveyed sites. Pie charts represent
community composition at each site. Sexual species (i.e., Ambystoma laterale (LL) and
A. texanum (TT)) are depicted in blue and orange respectively, and unisexuals are broken
up by ploidy (2N, 3N, 4N, and 5N; grayscale). Data from the whole island is presented in
the middle of the figure. Sample size and observed unisexual genomotype richness (R)
are provided within each circle plot.
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Figure 2.3. Dendrogram representation of unisexual assemblage composition of ten sites

across Pelee Island, Ontario, Canada, based on Bray-Curtis dissimilarity indices

calculated using the proportion of each unisexual genomotype within each assemblage.
Relative abundances and confidence intervals of each host and most influential
genomotypes are provided (for full assemblage compositions see Figure 2.S1 and Table
2.S3). Values provided for non-zero abundances for single site clusters (Clusters 1 and 2)
and average abundances for multi-site clusters (Clusters 3 and 4). Column colors are by
host (blue and orange for 4. laterale and A. texanum, respectively) and unisexual ploidy

level (grey scale).
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Figure 2.4. A) Richness, diversity (A), and evenness (V) across Pelee Island, Ontario
Canada. Diversity indices were calculated along with estimated error using a bootstrap
procedure based on minimum sample size. Richness point values are based on calculated
Chaol index, lower errors indicate identified genomotype richness, and high errors based
on Chaol bootstrap confidence up to a maximum of 10 (maximum number of theoretical
genomotypes for this system). Sites are arranged by cluster and assemblage similarity
shown in Figure 2.3. See supplementary material (Table 2.S3) for sample sizes and site
by site breakdown of genomotype and ploidy. B) The relationship between the relative
abundance of the bisexual host species, and diversity metrics for unisexual assemblages
across Pelee Island, Canada. Curves were generated using locally estimated scatterplot
smoothing (LOESS) fit, shaded areas represent 95% confidence regions. Clusters
indicated by point shape and colors shown in Figure 2.3.
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Figure 2.5. Principal Coordinate Analysis (PCoA) biplots based on unisexual assemblage
dissimilarities showing directional influence of A) most influential unisexual
genomotypes (e.g., LT, LLT, LTT, and LTTT) and B) correlated influence of host
influence. Relative overall explanatory value for each axis are provided. Ambystoma
laterale (LL) directionality aligns to that of unisexual genomotype LLT while 4. texanum
(TT) has an intermediate directional influence comparable to that of LTT and LTTT
suggesting correlation. Genomotype LT has an orthogonal influence compared to either
host and to the host-associated genomotypes (LLT, LTT, and LTTT). Clusters indicated
by point shape and colors shown in Figure 2.3 and Figure 2.4.
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Figure 2.6. The relationship between the relative host availability (i.e., the proportion of
the total salamander assemblage that is 4. fexanum minus the proportion that is 4.
laterale), and genome bias in unisexual assemblages across Pelee Island, Ontario,
Canada. ‘Genome bias’ reflects the total genomic contributions of each host per
individual within an assemblage. Assemblages with a positive value have more T-biased
genomes (e.g., LTT, LTTT, LTTTT, LLTTT), whereas assemblages with a negative
value are more L-biased (e.g., LLT, LLLT). Ambystoma texanum (TT) was the only host
available at most sites. 4. laterale (LL) was the only host present at site B3, and both
hosts were present at site D3.1. Clusters indicated by point shape and colors shown in
Figure 2.3 and Figure 2.4.
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Supplemental
Procedures
7-loci Amplification Procedure
DNA extractions were done using the protocol provided with a Promega Wizard
Genomic DNA Purification kit. Extracted DNA was re-hydrated in 100 pl of water and

stored at -20°C prior to being used for PCR amplification of microsatellite DNA alleles.

Forward primers for each locus were fluorescently labeled with tetramethyl
rhodamine (TET). The 25.5 ul PCR reaction mix for each sample consisted of 1.5 pl of
the hydrated DNA extraction, 1.0 pl (10 pmol/ul) each of labeled forward and unlabeled
reverse primers, 0.6 pl ANTP (10 mM of each dNTP: Roche Diagnostics), 0.15 ul Taq
polymerase (New England Biolabs), 2.5 ul homemade PCR Buffer [each ml consisted of
25 ul 1M MgClp, 100 pl 1M Tris (pH 8.3), 500 pl 1M KCI, 80 pl Bovine Serum Albumin
(BSA: 10 mg/mL: Sigma), 50 pul 2% gelatin (Sigma), 245 pl water], and 18.75 pul water.
The PCR reaction was initiated with a 1 min denaturation at 94° C followed by 30 cycles
of 94°C (45 sec) / annealing temperature of 56°C [Atex102, Atex141], 57°C [AjeD94,
AjeD346, AjeD422, Atex74] or 58°C [AjeD283] (45 sec) / 72°C extension (30 sec). PCR
products were electrophoresed on vertical, 6 % denaturing polyacrylamide gels alongside
a Genescan'™-350 TAMRA size standard ladder. Gels were scanned with a Hitachi
FMBiollI imager and the PCR products (bands) were scored relative to the ladder using
Hitachi FMBiolll imaging software. PCR reactions of the same samples were repeated,
and the position of the samples on the gel was changed to minimize possible scoring

CITors.
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14-loci Amplification Procedure
DNA extractions were done following a standard ethanol precipitation procedure.
Extracted DNA was re-hydrated in 200 pl of water and stored at -20°C prior to being

used for PCR amplification of microsatellite DNA alleles.

In addition to the previous seven loci used in the 7-loci procedure, seven more
loci were chosen to further enhance genotype resolution. Of the additional loci, Atex102
and AmaD321 were A4. texanum specific; AmaD42, AmaD367, and AcroD315 were A.
laterale specific; AjeD23 and AjeD75 were monomorphic in 4. texanum and varied in 4.
laterale; and AmmH123 had multiple alleles for both hosts. AmaD321 appears to have
undergone a duplication event as diploid 4. fexanum regularly had three, and sometimes
four, distinct alleles. Atex141 was found to primarily have 2-bp long stutter bands with
some alleles having 4-bp stutter bands, though do not appear to be from different
locations on the genome — these traits were considered informative and identified for

each sample. Allele size ranges and overall allele richness are provided in Supp. 4.

Forward primers for each locus were fluorescently tagged with one of four labels:
NED, HEX, 6-FAM, or ROX. Four multiplex reactions (detailed in Table 2.S2) were
developed and optimized based on protocols provided by QIAGEN Multiplex Kit (cat.
206145) to avoid allele size overlap of loci with identical tags (Table 2.S1). All
multiplexes were initiated with a 15 min denaturation at 94°C, followed by 40 cycles of
94°C (30 sec) / annealing temperature of 53°C [multiplex 3], 55°C [multiplex 1], or 56°C
[multiplexes 2 and 4] (90 sec)/ 72°C extension (60 sec). A final extension step was run at
72°C for 30 min. PCR outputs were read using an Applied Biosystems 3730x1 sequence

analyzer with either GeneScan™ 500 ROX™ size standard [multiplexes 1 and 2] or



GeneScan™ 500 LIZ™ size standard [multiplexes 3 and 4]. Trace reads were screened

using Geneious 2022.2.
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Supplemental Tables and Figures

Host Unisexual
laterale || texanum 2M 3N 4N 5N
LL iy LT LLT LTT LLLT LLTT LTTT LLLLT | LLLTT | LLTTT | LTTTT
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Figure 2.S1. Relative abundances of both hosts (4. laterale, LL; A. texanum, TT) and the
unisexual genomotypes (LT, LLT, LTT, and LTTT) by site arranged in cluster groups.
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Mantel P-value:

Figure 2.S2. A) Corrplot of all Bray-Curtis similarities (1 - dissimilarity) displayed as pie
charts above diagonal and numeric values below diagonal. Site clusters are enclosed in
squares. B) Bray-Curtis dendrogram aligned to map along with geographic Mantel test
result. Site clusters are colored following the scheme from the corrplot (A).
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Figure 2.S3. Screeplot of PCoA proportion of explained variances (solid) and
comparative broken stick (dashed) with red line where explained variance fall below
broken stick indicating loss of informative value.
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Table 2.S1. Primer sets for multiplexes 1 and 2. Allele counts are listed by host of origin (T - A. texanum, L - A. laterale, X -
ambiguous). For Atex74 (an A4. texanum exclusive locus) alleles are categorized by motif size as determined by stutter band sizes. * 4-
bp alleles for Atex74 went beyond the 500-bp size standard. Any alleles above 500-bp were identified as 500+.

Atex74 - F TCAACGAAAGAGGTGTTGGGT 2-bp: 219, 221, 223, 225, 229, 231, 233, 237, 241 T-2bp: 9
4-bp*: 235,239, 243, 247, 251, 267, 271, 275, 279, 295, 307, 311,
HEX 315,319,323, 331, 335, 339, 343, 347, 351, 355, 359, 363, 367, _
Atex74 - R TCCAACGACAGCGGTATAAA 371,379, 393, 401, 405, 409, 413, 417, 421, 425, 429, 433, 437, T-4bp: 51+
441,445, 449, 471, 475, 479, 483, 487, 491, 495, 499, *500+
Atex102-F  TTCAGGTGGATTCACAGTGC 128, 132, 148, 152, 156, 160, 164, 168, 172, 176, 180, 184, 188, T: 18
NED
Atex102-R  CTGTGTTAGGGGGTTTCCTG 192, 196, 200, 204, 208
Atex141 -F  GCTTCTTTTGCTTGCCTGTT GFAM  220- 224,228,232, 236,240, 256, 260, 264, 268, 272, 276, 280, T: 19
Atex141 -R TTTCGCAATTGCTGATAAGG 284, 288,292, 296, 300, 304
AjeD% - F ATATCCCATTCCATTGTTTCTG | 146,150,154 L:3
AjeD9%4 -R  ATGGACATTCACATGATCACC
AjeD283 -F  TTGCACCCTTGGCAGATG NEp  116,128,132,136, 140, 144, 148, 152, 156, 160, 164, 168, 172, X:26
AjeD283 -R TGTAATGGGTCAGGCAATAATC 176, 180, 184, 188, 192, 196, 200, 204, 208, 212, 216, 220, 236
AjeD346-F  AGCAGGATTAGTGCTTAGATGC L: 10
: 6FAM 246,250, 262, 266, 270, 274, 278, 282, 286, 290
AjeD346 -R  TGGCAATGTTTACCTAAGAGAG
AjeD422-F  CAAGGTGCTCAAGTTACTGTTC o 202,206,210, 226, 230, 234, 238, 242, 246, 250, 254, 258, 262, X:21
AjeD422 -R CAAATTCTGTACCTGACTGCTG 2606, 270, 274, 278, 282, 286, 290, 302
AjeD75 - F TTATATGTAGTGCCTGGATGCC sFaM 102, 106, 110, 114, 118, 122, 126, 130, 134, 138 L: 10
AjeD75-R ATGTCAGTGCAGCTATTTTGC T: 150, 154, 158, 162, 166 T:5
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Table 2.S1 Continued. Primer sets for multiplexes 3 and 4. Allele counts are listed by host of origin (T - A. texanum, L - A. laterale,

X - ambiguous). One allele size (122-bp) in locus AmmH123 amplified in both A. texanum and A. laterale, all other alleles appear

unambiguous

AmaD321 -F  TGGTGCATCTATATTCCTCAAG GFAM 138 142,146, 150, 154, 158, 162, 166, 170, 174, 178, T: 19

AmaD321 -R GATGCCTTGAAACTTGTTCTTC 182, 186, 190, 194, 198, 202, 206, 210

AmaD367-F  TTCCTCTTAATGTTTTCCGTTG L:12

AmaD367 -R  GTCTTCTCTCCACATGGTTTTG HEX 138, 142, 146, 150, 158, 162, 166, 170, 174, 178, 186, 194

AmaD42 -F  TAACTAGCTGTCAATCGCTCTC Rox 166,170 174,178, 182, 186,190, 206, 210,218, 222,226, L: 13

AmaD42 - R GATGGAAAATCAATCAAGTGTG 230

AjeD23 - F GAACACAGGCTACTAACAACAGG 6FAM T: 174 T: 1

AjeD23 -R AAAACCTCTGGAGAAACATGAG L: 202, 210, 214, 218, 222, 226, 230, 234, 238, 250 L: 10

AmmHI123 -F ACAAACCCACTGACAACTTTGGAC T: 78, 82, 86, 90, 94, 98, 122 T:7
HEX :

AmmH123 -R  GGTTGCCTCCTGAGAACTTTATTTTC 119(}14’ 118,122,126, 130, 134, 138, 142, 146, 150, 162, L:12

AcroD315-F  AATACGTTTCTTTTGTTGTGAGC L:12
ROX 166,170, 174, 178, 182, 186, 198, 202, 262, 266, 270, 274

AcroD315-R AGAACAAATAACAGTGAAAGAGAGC
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Table 2.S2. Multiplex reaction mixtures: A) MP1; B) MP2; C) MP3; D) MP4. Mixtures
were calculated to 450 uL mixtures and dispense into 96 wells of 5 uL reactions. All
reactions start with a 15 min start at 94°C, followed by 40 cycles of 94°C for 30s, TA°C

temperature for 90s, 72°C for 60s, ending with 30min at 72°C.

A) Ta=55 Cycles =40 Per Well # Samples
QIAGEN multiplex UniSal MP1 100
Reagent Stock Units Desired Units Vol Total vol
ddH20 To fill 0.4 40
Q-Solution 5 1 1 100
Buffer 2 1 2.5 250

5 Atex74-F 10 | uM 0.2 | uM 0.1 10
= | Atex74-R 10 | uM 0.2 | WM 0.1 10
a Atex102-F 10 | uM 0.2 | WM 0.1 10
Z | Atex102-R 10 | uM 0.2 | WM 0.1 10
§ Atex141-F 10 | uM 02| uM 0.1 10
€ | Atex141-R 10 | uM 0.2 | uM 0.1 10
DNA ng/uL 0.5

5 450

B) Ta=56 Cycles =40 Per Well # Samples
QIAGEN multiplex UniSal MP2 100
Reagent Stock Units Desired Units Vol Total vol
ddH20 To fill 0.52 52
Q-Solution 5 1 1 100
Buffer 2 1 2.5 250

7% | AjeD94-F 10 | uM 02 | uM 0.05 5
T | AjeD94-R 10 | uM 0.2 | uM 0.05 5
a AjeD283-F 10 | uM 0.2 | uM 0.05 5
Z | AjeD283-R 10 | uM 0.2 | uM 0.05 5
Z | AjeD346-F 10 | uM 0.2 | uM 0.05 5
G AjeD346-R 10 | uM 0.2 | uM 0.05 5
E AjeD422-F 10 | uM 0.2 | uM 0.05 5
= | AjeD422-R 10 | uM 0.2 | uM 0.05 5

% AjeD75-F 10 | uM 0.16 | uM 0.04 4

e AjeD75-R 10 | uM 0.16 | uM 0.04 4
DNA ng/uL 0.5

5.0 450.0




Table 2.S2 Continued.
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C) Ta=53 Cycles = 40 Per Well # Samples
QIAGEN multiplex UniSal MP3 100
Reagent Stock Units Desired Units Vol Total vol
ddH20 To fill 0.84 84
Q-Solution 5 1 1 100
Buffer 2 1 2.5 250

é AmaD42-F 10 | uM 0.16 | pM 0.020 2

& | AmaD42-R 10 | uM 0.16 | uM 0.020 2

s AmaD367-F 10 | uM 0.24 | uM 0.030 3

= | AmaD367-R 10 | uM 0.24 | uM 0.030 3

% AmaD321-F 10 | uM 0.24 | uM 0.030 3

& | AmaD321-R 10 | uM 0.24 | uM 0.030 3
DNA ng/ulL 0.5

5 450

D) Ta=56 Cycles =40 Per Well # Samples
QIAGEN multiplex UniSal MP4 100
Reagent Stock Units Desired Units Vol Total vol
ddH20 to fill 0.86 86
Q-Solution 5 1 1 100
Buffer 2 1 2.5 250

% AjeD23-F 10 | uM 0.16 | uM 0.02 2

% | AjeD23-R 10 | uM 0.16 | uM 0.02 2

L?é AmmHI123-F 10 | uM 0.20 | uM 0.025 2.5

= | AmmHI123-R 10 | uM 0.20 | uM 0.025 2.5

é AcroD315-F 10 | uM 0.20 | uM 0.025 2.5

& | AcroD315-R 10 | uM 0.20 | uM 0.025 2.5
DNA ng/pL 0.5

5.0 450
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Table 2.S3. Total sample size, raw counts, and relative abundances provided. Relative
abundances provided in three forms under raw counts, from top to bottom: total relative
abundance, relative abundance within unisexuals, and relative abundance within ploidy
level. Host species are not provided relative abundance within unisexuals or within
ploidy level. The LT genomotype, as the only diploid unisexual, is not provided relative
abundance within ploidy level. As all unisexuals must maintain at least one L and one T
on Pelee, unknown unisexual samples must be at least LT, therefore unknown
contributions are labeled with '?'s based on ploidy level. Sites arranged by dissimilarity
and cluster order with the Island level (y-diversity) data on top. Island level data includes
all samples, including from sites removed due to sample size (i.e. D6.2 and D2).
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Table 2.S4. Probability of false absence (presented as percentages) assuming relative
abundances of 5%, 2%, 1%, and 0.5% of population. Calculated probabilities are listed
alongside indicator markers on bullet chart. Grey shading indicates levels of false
absence probability, with darker shades indicating lower probability. Operationally, we
inferred true absence when we achieved 95% confidence that the true relative abundance
of undetected hosts was <5% (indicated by the red line). Only site B3 does not meet the
threshold of <5% false absence probability given an assumed true relative abundance of
5%. Cases where the probability of false absence was >10% are marked with squares.

Proabability of False Absence

Assuming X% True Relative Abundance

Site N 5% || 2% || 1% || 0.5%

®c3 107 = 7y
—
®D1.1 91 B
(BT
®D1.2 104 e
ST

®D3.1 579 ()T g

’

®D3.2 340 g - g 2
EIESY
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Table 2.S5. Sample sizes, genomotype richness, and diversity values provided for unisexual assemblages at each site (See Table 2.S3
for Total counts including host samples). Chaol richness calculated value with upper range (95% confidence with max of 10)
provided, upper range not provided for site C3 as all bootstrap values were '3'. Calculated values with confidence intervals provided
under respective 'Observed' columns. Mean and standard deviation of bootstrap runs provided under 'Estimate’ columns. Bootstrap
value distributions provided as density plots for lambda and V. First quartile, median, and third quartile provided under distribution
figures. Sites arranged by dissimilarity and cluster order.

Lambda (Diversity)

V (Evenness)

N Genos Chaot QObserved Estimate Density Observed Estimate Density
ISLAND
Pelee 2427 8-10 0.46 = 0.10 0.46 = 0.05 AN 0.52 +0.14 0.53 + 0.07 AN
CLUSTER 1
B3 54 9-10 0.59 + 0.07 0.59 + 0.03 AN 0.62 + 0.08 0.68 + 0.04 Ao
CLUSTER 2
C3 a1 3— 0.64 + 0.04 0.63 = 0.02 A 0.94 + 0.06 0.93 + 0.03 A
CLUSTER 3
D1.2 a5 6-8 0.53 + 0.08 0.52 + 0.04 —-/k 061 +0.13 0.65 + 0.06 —/\'-—
D3.1 497 7-10 0.53 £ 0.07 0.52 + 0.04 A 0.60 + 0.11 0.62 + 0.06 A
D6.1 53 34 0.46 + 0.07 0.45 + 0.04 AN 0.64 + 017 0.70 + 0.10 AN
D7 137 9-10 0.50 + 0.07 0.50 = 0.04 AN 0.56 £ 0.12 0.61 + 0.06 AN
CLUSTER 4
D1.1 85 4-4 0.47 = 0.10 0.46 + 0.05 AN 0.58 + 0.15 0.58 + 0.08 AN
B8 364 5-7 032 x0.1 0.32 £ 0.05 NG 0.38 +0.16 0.37 + 0.08 A
B6 715 5-7 0.40 £ 0.1 0.40 = 0.05 N 0.50 + 0.14 0.46 + 0.07 AN
D3.2 321 5-7 0.38 £ 0.10 0.38 £ 0.05 A 046 + 0.16 0.47 + 0.08 AN
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Chapter 3: Lineage diversity in unisexual salamander
assemblages reveals the influence of historic landscape and

biotic interactions

Evan A. Bare!, Jim P. Bogart?, Chris Wilson!*, Dennis L. Murray'*#, Thomas J. Hossie'*

! Environmental & Life Sciences Graduate Program, Trent University, Peterborough,
ON, K9L 0G2

2 Department of Integrative Biology, University of Guelph, Guelph, ON, N1G 2W1

3 Aquatic Research and Monitoring Section, Ontario Ministry of Natural Resources and
Forestry, Peterborough, ON, Canada

4 Biology Department, Trent University, Peterborough, ON, K9L 178

Abstract

Background: Past environmental events and biological interactions can have long-lasting
impacts on biodiversity. Failing to consider how historic environments have shaped
contemporary patterns (i.e., legacy effects) hinders our ability to identify the ecological
factors which structure metacommunities and shape patterns of diversity, particularly in
long-lived organisms and communities with slow rates of turnover. Herein, we examine
how past landscape structure and interspecific interactions with sexual host species have
shaped diversity and distribution of clonal lineages in a unisexual salamander complex

across a heavily modified environment on Pelee Island, Ontario, Canada.

Author Contributions: EAB, JPB, DLM, and TJH conceived and designed the study. EAB and JPB
conducted the genotyping work. EAB and TJH conducted fieldwork. JPB and CW provided advice on lab
techniques. EAB analyzed the data and TJH collaborated on statistical analysis. EAB and TJH wrote the
manuscript. All authors provided critical feedback and contributed to the final version of the manuscript.
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Results: We genotyped a total of 1007 individuals, representing 36 distinct genetic
lineages. Sample sites clustered into four groups based on lineage composition, with site
clusters generally aligning with the boundaries of historic upland patches. Modeling also
found that co-occurrence in areas associated with historic upland patches explained beta
diversity patterns better than either geographic distance or landscape resistance.
Migration rate estimates suggest some contemporary connectivity between historic
uplands, but only in cases involving recently constructed or disturbed breeding sites.
Total and private lineage richness were remarkably high and best explained as a genetic
legacy of biotic interactions with both sexual hosts, with novel lineages produced through

the previously hypothesized mechanism of diploidization.

Conclusion: Despite prolonged and widespread disturbance, this small island supports
tremendous lineage diversity. Lineage distribution appears to reflect the pre-drainage
structure of the island landscape, although the distribution of specific lineages suggests a

deeper landscape legacy predating island formation.

Keywords: Landscape genetics, Ambystoma, species complex, lineage diversity,

clonality, historic ecology
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Introduction

Ecologists have long recognized that both the physical environment and local
interspecific interactions can strongly influence population dynamics, genetic diversity,
and community structure 33221222, In some cases, these effects on ecosystem structure and
composition persist long after the causal influence has ended *. Failing to recognize how
historic factors have shaped contemporary populations or communities (i.e., ‘legacy
effects’) limits our ability to accurately identify and understand the ecological processes
that shape natural systems '”’. This historical context is also critical for gaining a robust
understanding of contemporary patterns of habitat connectivity, genetic linkages among
populations, and genetic diversity **. Increasingly, uncovering the role of historic
processes has become important for understanding the impacts of habitat loss,
fragmentation, and range shifts on natural populations ****. Given the significant losses
of biodiversity occurring alongside rapid and dramatic changes to our ecosystems, it is
essential that ecologists seek to quantify the effects of both historic and contemporary
environments to better understand the key drivers of vulnerable ecological systems.

Historic environments and interactions can leave a variety of long-lasting effects
on populations and communities *°. For instance, legacies of historic diversity can have
conflicting influences on the richness of contemporary communities ¢, and past
inhabitants can enhance productivity of contemporary community members through
various feedback interactions within an ecosystem ***. Additionally, past events may leave
legacies that lead to extinction debts and immigration credits which are realized over
various timeframes ?*. Meanwhile, legacies arising from the population’s colonization

history can lead to founder and priority effects that can influence long-term genetic and
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community structure **. Importantly, the prolonged or time-lagged responses of legacy
effects on genetic diversity can continue to influence contemporary dynamics as a
consequence of systemic changes to a population °¢2%, In such cases, entire ecosystem
functions may be impacted ??’ or have delayed responses to ecosystem change 224
Therefore, understanding how and why the past influences present ecosystems is
imperative to the development of management policies #2**° and efforts to mediate
detrimental legacies »'.

A primary challenge to measuring the influence of historic processes is teasing
apart the signal of legacy effects from the backdrop of contemporary dynamics ', and
separating the impacts of distinct legacy effects from one another #2. For example, when
dispersal routes are dynamic it can be challenging to disentangle the effects of large-scale
historic disturbance on connectivity networks and gene flow from those arising due to
contemporary immigration and emigration #*#*4. Similarly, distinguishing between the
impacts of historic and contemporary biotic interactions is made difficult when hard-to-
detect " or extirpated constituents ***%** of the community have had an outsized impact on
community or assemblage structure. Having time series data documenting community
structure and a known history of landscape alterations are therefore key assets when
seeking to distinguish legacy effects from contemporary processes.

Pelee Island is one such case where key temporal changes in both the landscape
and assemblage structure are documented. This 42 km? island located in Lake Erie,
Ontario, Canada (41.6 N, 82.6 E) has been isolated from the mainland for ~ 4000-5000
years '°. A large central marsh once separated four distinct ‘sub-islands’ comprised of

upland habitat intermittently connected by sandbars '*”-!¢° (Figure 3.S5 and Figure C.2),

58



59

each of which may have supported discrete salamander assemblages. In the 1890’s
approximately 20 km? of marshlands were drained across the island leading to permanent
dry-land connections across all historic patches of upland habitat '°. In addition, the
island was extensively logged, with ~75% of the natural woodlands being cleared '7°.
Today, >60% of the island is used for agriculture with < 20% constituting protected
ecological space !”°. This island is home to a salamander complex composed of unisexual
Ambystoma and two sexual host species: small-mouthed salamanders (4. texanum) and
blue-spotted salamanders (4. laterale) '*'57. Ambystoma salamanders occur in legacy
habitat patches as well as newer areas with secondary succession forest and constructed
wetlands, suggesting that natural dispersal between patches may be occurring 13729,
These features make Pelee Island a valuable location to evaluate how legacy effects and
contemporary landscape structure have shaped contemporary patterns of diversity.

The unique reproductive biology of unisexual Ambystoma makes them an
interesting system for studying legacy effects. Specifically, unisexual Ambystoma are a
group of predominantly clonal salamanders that require sperm from a viable host species
in a fashion akin to gynogenesis **!28, Within this monophyletic group 2*®, distinct clonal
lineages are readily identifiable with microsatellite markers targeting their nuclear
genomes 34, Unlike gynogenesis however, new lineages can arise from a variety of
hypothesized reproductive outcomes *”157 (Figure 3.1). Contemporary theory predicts
that when unisexual Ambystoma can access sperm from multiple hosts there should be
increased opportunity for novel unisexual lineages to be produced through diploidization
(Figure 3.1; '*7). Two additional processes may also occasionally create new lineages

independent of which or how many host species are present (i.e., genome replacement '35,
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ploidy reduction '%?!%) (Figure 3.1). Due to presumed differences in lineage production
rate associated with each process, a genetic legacy of elevated unisexual lineage diversity
may be identifiable at sites where both A. laterale and one other host species (e.g. A.

texanum) were once present.

Herein, we examine the diversity and distribution of unisexual Ambystoma
lineages across Pelee Island to address whether legacy effects arising from historic
landscape structure and community composition help explain contemporary patterns of
unisexual Ambystoma diversity. Consistent with the diploidization hypothesis, we
predicted that sites with historic or contemporary presence of both sexual hosts would
have greater private lineage richness. Additionally, we test three potential hypotheses to
explain spatial patterns in the similarity of salamander lineage assemblages across the
landscape: similarity-by-distance, similarity-by-resistance, and similarity-by-upland. If
contemporary dispersal plays a primary role in governing lineage composition of
unisexual Ambystoma assemblages, then similarity among these assemblages should be
best explained by models of similarity-by-distance or similarity-by-resistance. However,
if a legacy effect from historic upland boundaries from the pre-drainage landscape has
shaped contemporary lineage assemblages, then the similarity-by-upland model should
provide the greatest explanatory power. Finally, support the null model would
demonstrate a lack of detectable spatial pattern in assemblage structure indicating an
absence of dispersal barriers across the historic inland marsh and/or high contemporary
lineage turnover rates across sites. After >100 years since the major wetland drainage

event, we predict that the contemporary composition of unisexual Ambystoma lineages
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remains aligned with historic upland structure, reflecting a legacy effect of the historic

landscape.

Methods

Salamander Sampling

We collected salamander tissue samples between March 2019 and August 2022.
Focal sampling sites were separated by >600 m, which is >2x the maximum reported

202

breeding migration distances of 4. laterale *** and A. texanum *°!, each of which are

considered to have greater movement capacity compared to unisexual Ambystoma >*.
Sampled sites span the entire island but exclude two known Ambystoma breeding areas
(>1.4 km from other known sites) located in areas we could not access. Site naming
conventions follow those used in Bare et al. '7. Tail tissue was non-lethally collected
from captured salamanders and stored in 95% ethanol for DNA extraction 7. Individuals
were marked using visible implant elastomer, and field equipment was disinfected
between sites. Animals were handled in accordance with Animal Care protocols approved
by Trent University and Ontario Ministry of Natural Resources (Protocols: 23906, 25301,

25344). Samples were genotyped using 14 loci and assigned genomotypes based on their

multilocus genotype (MLG) (Table 3.S2) 7.

Lineage Assignment

Diploid LT unisexuals are the most abundant genomotype on Pelee Island (67.9%)
and comprise >50% of unisexuals at most sampled sites (range: 46% - 80% 7). By
focusing our analysis on LT diploids, we avoid ambiguity in lineage assignments for

polyploid unisexuals with minimal data loss. We defined a unique diploid lineage as any
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set of organisms sharing ancestry exclusively through reproductive outcomes, where the
entirety of the diploid set of chromosomes is passed from mother to offspring. To identify
diploid lineages, Manhattan genetic distances were calculated between each pair of
diploid LT individuals using modified code for the Bruvo.distance function used in the
meandistance.matrix function of the polysat R package **’. Diploid LT individuals were
clustered using the “single” algorithm of the hclust function 2! and assigned to
multilocus lineages (MLL) using the cutree function in the dendextend R package (ver.
1.17.1) 238 with a cut height of 2 determined by the first peak of the frequency distribution
of distances '° (Figure 3.S6 - Figure 3.S8). Accumulation curves were developed for
both MLG and MLL to assess sufficiency of available loci to distinguish unique MLGs
and MLLs using the genotype_curve function from poppr (ver. 2.9.4) 21324 For the
MLL genotype curve, we used the most prevalent MLG of each MLL as a representative
of the MLL. Two microsatellite loci were excluded from analyses: AmaD321 was
removed from distance calculations due to presence of apparent paralogs, and 4jeD283
was removed due to inconsistent amplification 7. Allele calls for Atex74 were modified
prior to distance calculations due to unforeseen complications (see Supplemental and

Figure 3.S1 - Figure 3.S4).

Statistical Analysis

Completeness and Coverage
Completeness curves for each site were constructed to ensure that our sampling
effort was sufficient to adequately assess lineage diversity. Rarefaction and extrapolation

239,240

curves were calculated using the INEXT function of the iNEXT R package , With an

endpoint of 300 samples. This analysis calculates estimated richness values, sample
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coverage of the total assemblage, and confidence intervals based on the sampling effort.

We then extrapolated these values to the endpoint sample size.

Diversity

To quantify lineage diversity at each site we used alpha diversity metrics
including MLL count, Chaol estimation of true MLL richness, the complement of
Simpson index (1 — A), and a lineage diversity index (LDI) (i.e., (MLL — 1)/(N — 1) from
Dorken and Eckert 2*!). Calculations and associated bootstrap confidence intervals were
obtained from the diversity ci function in the R package poppr (ver. 2.9.4) 213214 with
data rarefied to 30 samples. Further, we quantified the number of private MLL and
sample sizes of each private MLL at each site.

Among-site diversity (f diversity) was calculated using the Bray-Curtis index
based on lineage relative abundance data from each site 2. We then constructed statistical
models to examine whether dissimilarity in lineage composition was best predicted by
geographical distance between sites (calculated by the st as_sf function from the s/ R
package (ver. 1.0-14) 2*2, landscape resistance between sites based on modeling outputs
from Smith 2!®, or a binary variable identifying whether sites would have shared the same
historic patch of upland habitat. These candidate models and an intercept-only null model
were compared using AICc and the weight of support for each model was estimated by
calculating the AICc weight 2**. We considered models with AAICc < 2 to be statistically
indistinguishable 2#.

We further assessed site-level patterns in lineage composition using principal
coordinate analysis (PCoA) of the Bray-Curtis values for each site. The PCoA results

were then used to determine the optimal number of site clusters using the fviz_nbclust
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function from the factoextra R package (ver. 1.0.7) >* with the kmeans algorithm, and
methods set for both “silhouette” and “wss”. The hypothesized effect of historic
landscape influence would be supported if the optimal number of clusters matched
number of historic patches of upland habitat, and if sites clustered together based on
location of historic upland patches. To visualize spatial relation of identified clusters, an
unrooted neighbor-joining tree based on Bray-Curtis complement values was constructed

using the nj function from the ape R package (ver. 5.7-1) 246

and projected onto a map of
Pelee Island. Site C3 was excluded from modeling and PCoA because it was constructed
just prior to the end of our fieldwork in 2021 and was therefore uninformative for our
overarching goal of examining legacy effects.
Connectivity

We used a modified version of the divmigRate method 2%’ from the diveRsity R
package (ver. 1.9.90) 2*® to measure asymmetric patterns of connectivity among sites.
This method was originally designed for genetic data from sexually reproducing diploid
systems, but we used a version for haploid data developed by Kling and Ackerly %,
calculating Jost’s D metric of differentiation °*. Furthermore, this analysis used lineage

assignment rather than allele data to account for complete genetic linkage in this
predominantly clonal system.
Results
Overview

We used 1007 unisexual LT samples in our lineage assessment and identified 36
distinct MLL (Table 3.S1 and Table 3.52), of which 22 were private to specific sites

(Figure 3.2 and Table 3.S5). Histograms of MLG pairwise distances presented multiple
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distinct peaks suggestive of distinct lineages (Figure 3.S6 and Figure 3.S7), with all
within-MLL MLG pairs being within 7 mutation steps (Figure 3.S8). Nine MLLs had >10
total occurrences in our dataset, and only three had >100. Two sites had <20 samples
(D2: n=5; D6.1: n = 3) and were therefore excluded from further analyses; no identified
MLLs from these sites were private. A genotype accumulation curve demonstrated linear
increase in MLG with loci count (Figure 3.S9). Comparatively, MLL accumulation
plateaued at 36 MLL and showed that each MLL could be identified using a minimum of
5 loci, but up to 10 loci were necessary for all MLLs to be consistently identified
assuming random loci choice (Figure 3.S10). Completeness curves indicate that >95% of
all lineages, sampled and unsampled, belong to lineages represented in our sample set for
each site, except for B3 which had a coverage estimate of 91.6% (Figure 3.S11). Based
on these curves, any missing unidentified lineages are likely of low relative abundance
and unlikely to strongly influence our results.

Three of 10 sites had more than 10 identified MLLs, while only two had fewer than
five (Table 3.1). Notably, site B6 had 20 identified MLLs, but with correspondingly high
sampling effort. Six sites had multiple private MLLs, with two sites having sixteen and
five private MLLs (B6 and B8, respectively; Table 3.1). Furthermore, seven private
MLLs each had more than one representative sample and were exclusive to either B6 or

BS.

Lineage Diversity

LDI values ranged from 0.10 to 0.22 across all sites, with two sites (B6 and BS)

having LDI confidence intervals extending >0.25. Only three sites (D3.1, B6, and BS8)
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had an estimated lineage richness (Chaol) >9, with five sites (D3.1, D3.2, B6, B8, D7)
having an upper range of >14 estimated lineages (Table 3.S5).

While not monoclonal, sites typically appear to be dominated by relatively few
MLLs (Figure 3.2A). Southern sites (except for B6) had two dominant MLLs
(representing between 60-25% representation), with MLL-8 always being dominant.
Comparatively, northern sites each had one lineage with >60% representation (Figure 3.2
and Figure 3.3), except for sites D1.1 and C3 which were instead found to be highly
heterogeneous, with a Simpson index >0.75 (Table 3.S5). Only sites B3 and D3.2 had a
Simpson index < 0.4.

Both the silhouette and WSS methods for kmeans clustering optimally clustered sites
into four groups based on Bray-Curtis dissimilarity (Figure 3.S12). Sites grouped
together following expectations based on historic upland patches, except for site B6
which clustered with sites from the Eastern upland patch rather than the Southern upland
(Figure 3.3A). Site B3 was the most distinct from other sites, while sites D3.1, D3.2, and
B6 were more similar to one another than any other site groupings. Except for B6, these
clusters based on unisexual lineage composition align with the historic landscape

structure of Pelee Island.

Lineage Composition Dissimilarity

Our model selection exercise found that only the Upland model outperformed the
null model (AAICc > 2; Table 3.2) and best explained variation in MLL assemblage
dissimilarity (p = 0.039). By comparison, neither geographic distance nor landscape

resistance reasonably predicted MLL assemblage dissimilarity (Table 3.2). These results
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further support the hypothesized role of historic island landscape structure as having

influenced genetic structure of unisexual assemblages on Pelee Island.

Connectivity

Results from our connectivity analysis further illustrate that relatively high rates of
immigration occurred on sites D3.1, D3.2, and B6 (Figure 3.3B), all of which were also
grouped together by kmeans clustering. Additionally, sites D1.1 and D1.2 had moderate
connectivity while site B3 had the lowest connectivity of all the sites that we sampled;
this was consistent with our calculated Bray-Curtis indices. Contrary to prediction, some
site pairs from different uplands appear to be connected, specifically B6 to D7 and D7 to
D1.1. While these connections are relatively weak, they are still stronger than the
connection from D1.1 to D1.2 which are in close physical proximity and on the NW

upland (Figure 3.3B).

Discussion

Our analyses support the hypothesis that legacy effects have played a major role in
determining the diversity and distribution of unisexual salamander lineages across a
human-impacted landscape. Specifically, the distribution of diploid unisexual lineages
across Pelee Island was best explained by the location of historic patches of upland
habitat that occurred prior to extensive wetland draining >100 years ago. Importantly, the
observed patterns could not be explained by models of isolation-by-distance or isolation-
by-resistance, suggesting that contemporary dispersal has played only a secondary role.
In addition, the enhanced diversity of private unisexual lineages at sites where both
sexual hosts were historically present is consistent with the proposed mechanism of

diploidization '*’, and supports our hypothesis of a genetic legacy effect arising from past
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biotic interactions. Our analysis also suggests patterns of historic or contemporary
connectivity among some nearby populations given that some disturbed sites and sites

with constructed ponds demonstrate connectivity with sites on different historic uplands.

Legacy Effect of the Historic Landscape

The genetic structure of unisexual Ambystoma across Pelee Island supports our
hypothesis that historic upland habitat patches supported distinct populations,
characterized by distinct patterns in lineage diversity that remain detectable today. Across
Pelee Island, historic upland patches were each dominated by a different major LT
lineage (Figure 3.2). Additionally, lineage composition patterns clustered sites into
groups that aligned with the borders of pre-drainage upland patches, with exception of
one site (Figure 3.3A). This conclusion was also supported by the superior fit of a model
that explained assemblage dissimilarity based on historic upland patch (Table 3.2). These
results also make clear that contemporary gene flow, if present, has been insufficient to
dilute this historic legacy of a pre-drainage landscape.

Strong geographical structuring of clonal systems is not uncommon, often

230252 or founder effects '°0%332% However,

associated with location of lineage origin
similar studies often involve polyphyletic clonal systems or greater spatiotemporal scales
where mitochondrial lineages can provide sufficient resolution. The use of nuclear
genetic lineages in clonal systems provides greater resolution to address specific system
dynamics or more refined ecological processes over shorter time scales '°°2%3, While our

findings support the hypothesis of historically isolated patches of upland habitat, the use

of nuclear genetic lineages ensured that our inference was robust, and we contend that
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other means of quantifying genetic diversity would have been insufficient to rigorously
address our hypotheses.

Intriguingly, incidental departures from the overall trend related to historic upland
patches suggest important secondary influences. For instance, only site B6 fell outside of
their expected upland patch, grouping with Eastern upland sites located ~6 km away
instead of site B8 which was located on the same historic upland patch, was
geographically closer, and had traversable intervening forested habitat. We cannot rule
out incidental or purposeful human transplantation of animals as a possible explanation
233256 or that undocumented historical stepping-stone populations might have once
connected B6 to the Eastern upland. The presence of MLL-33 at opposite corners of the
island (Figure 3.2 and Figure 3.3A), as well as its occurrence at weakly connected sites
without shorter stepping-stones at intervening sites (Figure 3.3B), seem unlikely to have
resulted from contemporary dispersal. Rather, these patterns may suggest that some
lineages were historically more widely distributed across the island 2°7°%, Indeed, two of
the lineages we identified occurred at all sites, and five others occurred at half of the
sites. Similar patterns in other systems have been explained by phases of allopatric
divergence followed by secondary admixture 2°° or complex interactions of more ancient
geological changes 2%°. If the major salamander lineages we identified were present on
historical uplands prior to the flooding of the Erie basin '%, it stands to reason that they
could have been more widely distributed at the formation of Pelee Island. Thus, while our
study focused on a more recent landscape legacy left by the now-drained marshlands, an

underlying landscape legacy predating the island’s isolation from the mainland may

69



70

explain some of the observed patterns. Additional lineage-level study of salamanders

from other Lake Erie islands would shed light on this hypothesis.

Genetic Legacy Effects

Consistent with a legacy effect of historic biotic interactions, we found private
lineage richness was highest at the site where both sexual hosts were historically present,
but only one host currently remains (Site B6; Table 3.1). A species-hybrid complex in
cyprinid fishes (Squalius alburnoides complex) shows a similar pattern in that genetic
diversity of each genome is greater where both parental species are present 2°!. Both
systems illustrate an important synergistic effect for hybrid genetic diversity where
multiple paternal species are present. More generally, we identified 36 distinct unisexual
lineages across 10 sites in an isolated landscape less than 50 km?. This degree of MLL

] 250262

richness is high for clona or hemi-clonal systems 2%, and unprecedented in

unisexual Ambystoma 136264

, particularly given the comparable genetic resolution and
limited spatial scale of our study system. Taken together with the fact that diploids
currently make up 68% of all unisexuals on Pelee Island (i.e., a system with two sexual
hosts) this system provides strong indirect evidence in support of the diploidization
mechanism proposed by Bogart and Bi '*”. Importantly, the observed prevalence of
diploid unisexuals and diversity of LT lineages occurs despite a dramatic decline in the
apparent abundance and distribution of 4. laterale across the island *137. Thus,
contemporary assemblage structure on Pelee Island more broadly may reflect a genetic

legacy of biotic interactions with A. laterale from a time when that species was more

abundant and widely distributed on the island.
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Interestingly, site B8 showed high private lineage richness, despite the apparent
absence of 4. laterale in historic and contemporary sampling *®!>7. Historically, LLT
genomotypes were relatively abundant at this site (~12% of the unisexuals) as was 4.
texanum "®. Under these conditions, symmetrical tetraploid genomotypes (LLTT) could
theoretically be produced at a higher rate compared to other sites (Fig. 2 in '*7). Thus,
even the patterns we observed at this site are consistent with the proposed diploidization
mechanism. It seems likely that the LLTs at B8 were produced by historic biotic
interactions with A. laterale at a time prior to historic sampling, possibly reflecting the
long timescales through which biotic interactions can impact assemblage composition.

Notably, even without immediate sympatry or temporal separation of the sexual
hosts, diploidization may still occur across the landscape when triploid individuals
migrate between sites where alternate sexual hosts are present. Such is the case in
hybridogenetic water frogs (Pelophylax esculentus), where genetic variability for each
genome increased independently based on host proximity ®2. This highlights that spatial
separation of hosts is not necessarily an impediment to hybrid genetic diversity.
Therefore, while our genetic resolution is insufficient to conclusively discern the origins
of diploid lineages identified (Figure 3.1), the diploidization pathway is the only available
hypothesis consistent with the heightened level of lineage diversity observed on Pelee

Island as well as the observed richness of private lineages at specific sites.

Conclusion
Our findings support the influence of two distinct legacy effects occurring in
tandem. First, the high lineage richness of unisexual Ambystoma and distribution of

private novel lineages support the hypothesis of a prevailing genetic legacy resulting
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from historic biotic interactions with multiple host species. These results provide strong
indirect evidence of novel lineage formation through diploidization in unisexual
Ambystoma. Second, the contemporary lineage distribution we observed was best
explained by a landscape legacy effect reflecting the historic structure of Pelee Island as
four isolated upland patches. Additionally, the presence of at least two lineages at all the
sites we sampled may indicate a deeper landscape legacy from before the formation of
Pelee Island, but further investigation is required. Lastly, results suggest contemporary
connectivity between historic uplands, but this connectivity appears to have little
influence on assemblages in natural habitat patches. Critically, typical assessments of
unisexual Ambystoma diversity using genomotype-level analyses or allelic diversity
would not have been able to test our hypotheses. Our lineage-level analyses provide
unique and novel insight into the biology and ecological dynamics of a poorly
understood, and federally endangered, mixed-ploidy salamander complex, demonstrating
long-term persistence of lineage diversity on a heavily disturbed landscape with
important implications for the management of these animals. Future studies should
similarly capitalize on lineage-level analyses to assess contemporary connectivity

networks or interspecific interactions between unisexual Ambystoma and their hosts.
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Tables and Figures
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Figure 3.1. Three alternative proposed routes for novel diploid lineage formation in
unisexual Ambystoma. Diploidization (left) requires the presence of 4. laterale (LL) and
one other host (here A. texanum; TT) in order to produce a symmetrical tetraploid (e.g.
LLTT). The symmetrical tetraploid can then produce ploidy-reduced LT diploids
composed of a complete complement of randomly subset L and T chromosomes (e.g.,
LoTa, LgTp, LoTp, LpTa) '*7. Replacement (center) requires a progenitor LT diploid,
resulting in the complete replacement of one haplome while maintaining hybrid status
with an A. laterale haplome, L. To date, this has not been demonstrated to occur in
diploid unisexuals % nor has host genotype (e.g., LL, TT) reconstitution been successful
122265 Reduction (right) requires a progenitor triploid (LTT here) producing an
unfertilized reduced egg that has lost one complete, but randomized, haplome such that
the produced diploid maintains a hybrid nuclear genome. Reduced eggs have been
observed '*, but no ploidy-reduced offspring have been verifiably documented in family
studies. Note that only one host is necessary for the replacement and reduction routes.
Each mechanism outlined has been proposed in the literature, but no direct evidence is
currently available for any of these outcomes.
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Figure 3.2. Relative abundance of each multilocus lineage for Ambystoma salamander
breeding sites across Pelee Island, Ontario. Alphanumeric codes indicate site based on
location within a grid (see Figure 3.3) '7. Sites are grouped based on the historic upland
habitat patches with which they are associated (northwest, NW; northeast, NE; east, E;
and south, S). Lineages are arranged to display lineage presence and relative abundance
in a nested fashion.
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Table 3.1. Ambystoma salamander diversity measures for sites across Pelee Island Ontario, arranged by historic geographical upland
habitat patch (NW, NE, east, and south). Alphanumeric codes indicate site based on location within a grid (see Figure 3.3) 7. Values
indicate the total number of multilocus lineages observed, as well as number of private and shared lineage, along with number of
genotyped LT samples (N). MLL richness estimates (Chaol) are rounded up to whole numbers. Relative abundance of hosts as well as
unisexual genomotypes required for the diploidization cycle are presented from Bare et al. '>7, with historic values from Bogart and

Licht !% presented underneath where available.

Host

Multilocus Lineages Sample Size Presence Genomotype
Private Shared

Total Private Shared Chaol N MLL MLL LL T LLT LTT LLTIT

NW B3 4 0 4 5 22 0 22 1.8% 0% 32.7% 73% 1.8%
Historic 16.3% 0% 67.3% 0.4% 2.6%

NE D11 0 8 54 0 54 0%  3.3% 5.5% 14.3% 0%
DI1.2 6 5 43 1 42 0%  6.7% 1.0% 26.0% 0%
Historic 0% 78.9% 5% 5% 0%

E C3 6 0 6 6 37 0 37 0% 15.0% 0% 19.6% 0%
D3.1 10 9 12 169 168 02% 11.9% 1.0% 28.5% 0.3%

D3.2 8 1 7 16 103 1 102 0% 1.8% 0.6% 17.9% 0%

S B6 20 16 4 75 236 34 202 0%  0.4% 3.1% 18.1% 1.1%
Historic 0.3% 1.4% 31.1% 30.8% 4.0%

B8 13 5 8 21 225 15 210 0%  6.6% 1.3% 13.4% 0.5%
Historic 0% 28.1% 8.4% 28.8% 0%

Dé6.1 4 0 4 4 32 0 32 0% 10.2% 0% 28.8% 0%
Historic 1.0% 58.3% 4.2% 15.6% 0%

D7 8 1 7 16 78 1 77 0%  9.1% 0.6% 28.6% 0.6%
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Table 3.2. Results from selection of candidate linear models that predict Bray-Curtis dissimilarity of diploid unisexual lineage
composition among Ambystoma salamander breeding sites on Pelee Island, Ontario. The Upland model uses a binary variable
indicating whether two sites were located within the same patch of historic upland habitat, Geo uses a continuous variable reflecting
Euclidean geographic distance between sites, and Resist uses a continuous variable reflecting landscape resistance between pairs of
sites based on a resistance map derived from Smith '¥. Null reflects an intercept-only model.

Variables Model Selection Criteria

Geographic  Shared
Model Intercept Distance Upland Resistance K  AICc A AICce

*UPLAND (.70 *** - -017* -3 -10.13 0
<0.001 0.039

NULL 0.66 *** - - - 2 -7.94 2.19
<0.001

GEO 0.57 0.02 - -3 -7.28 2.85
<0.001 0.21

RESIST 0.62 *** - - 0.0094 3 -5.74 4.39
<0.001 0.68
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Figure 3.3. Maps depicting site distribution of diploid unisexual (LT) Ambystoma
salamander lineages across Pelee Island, Ontario. Boundaries of historic upland habitat
patches are represented in light green. A) Cluster map showing sites that group together
based on similarity of diploid unisexual lineage composition. Clustered sites are
connected by solid black lines. At each site, composition of multilocus lineages (MLLs)
is represented by pie charts with sample size and MLL count displayed underneath. Site
C3 is presented but was not included in the clustering analysis due to concerns over
founder effects. Samples from private lineages are pooled together under the “Private”
label for visualization. B) Map of inferred connectivity among sites based on divMigrate
analysis of diploid unisexual lineages across Pelee Island. Stronger relative rates of
connectivity (Jost’s D) are represented with thicker lines. Values of D < 0.1 are not
represented in this figure for the purpose of clarity.
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Supplemental

Details on Atex74

Atex74 appears to have alleles with either 2-bp motifs or 4-bp motifs. These alleles
appear to be of the same locus in the genome as there were never any instances of diploid
bisexual A. texanum having three Atex74 alleles. There were, however, instances of A.
texanum samples having two 2-bp motif alleles, two 4-bp motif alleles, and cases with

one of each.

To account for this complexity, all 2-bp motif alleles had their allele size dropped by
200 and then doubled when calculating Manhattan distances. By doing so we ensured that
all 2-bp motif alleles were treated as if they had 4-bp motifs but were distant enough from
the true 4-bp motif alleles that the calculated Manhattan distance would also be sufficient

to place them in distinct lineages.

Additionally, some 4-bp motif alleles for Atex74 were larger than our ladder (ROX
500) and were therefore coded as 500-bp, as accurate size could not be determined

beyond that.
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Figure 3.S1. Chroma images of two case examples of A. texanum individuals having two
Atex74 (green) alleles with one having a 2-bp motif and the second having a 4-bp motif.

Ladder (ROX 500, red) presented extends to 350 bp in image.
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Figure 3.S2. Two additional Chroma images of 4. texanum samples demonstrating a
235-bp allele for the 4-bp motif Atex74 (green) allele (top) and a sample with a 4-bp
motif allele but without any 2-bp motif allele (bottom). Ladder (ROX 500, red) depicted

out to 350-bp.
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Figure 3.S3. Four additional A. texanum samples with only 2-bp motif Atex74 (green)
alleles. Ladder (ROX 500, red) depicted out to 500-bp.
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Figure 3.S4. Four examples of Atex74 (green) 4-bp motif alleles extending up to and
beyond the 500-bp marker in the ladder (ROX 500, red).
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Figure 3.S5. Satellite imagery of Pelee Island (Mar 2020, Google Images) overlayed
with outlines of historic uplands (grey) using Google Earth. Upland outlines are based on
the 1867 Campbell map (Figure C.2). Sand bars, particularly in the SW and NE corners,
have shifted in the 150 years since the Campbell map was drawn.
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Frequency distribution of sample pairwise distances
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Figure 3.S6. Frequency distribution of pairwise distances between all sample pairs, includes samples with the same MLG. Black
represents the sample pairs that are identified as the same lineage. Samples were inclusively grouped together into the same MLL so
long as each sample was at least within two mutations steps of another sample in the same MLL. A single clonal lineage would be
demonstrated by a single peak near the start of the histogram while a purely sexually reproducing population would resemble a normal
curve 1%, Multiple peaks indicate multiple distinct lineages as samples of the same lineage would have a distance close to or at 0 while
sample pairs from two different lineages would consistently have similar distances from each other.
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Frequency distribution of MLG pairwise distances
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Figure 3.S7. Frequency distribution of pairwise distances between unique MLG pairs. Only one sample per MLG is represented in
these pairings. Six MLG pairs have a pairwise distance of 0 due to missing allelic data for the second allele of either AjeD422 or
AmmH123. Black represents the sample pairs that are identified as the same lineage. Samples were inclusively grouped together into
the same MLL so long as each sample was at least within two mutations steps of another sample in the same MLL.
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Figure 3.S8. Frequency distribution histograms of pairwise Manhattan distances among

all sample pairs for each MLL with more than one sample. Only four MLL have any

sample pairs with >6 stepwise mutation differences, all of which are among the five most
sampled lineages. Of the top 5 most sampled MLL, only MLL-7 has no sample pairs with
more than 3 stepwise mutation separation.
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MLG Accumulation Curve
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Figure 3.S9. Genotype accumulation curve of all LT genotypes, demonstrating a linear
increase in genotype richness with increasing number of loci. AjeD283 and AmaD321
were removed from this assessment, and the two different Atex74 motif alleles were
considered as a single locus (see above above).
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MLL Accumulation Curve
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Figure 3.S10. Lineage accumulation curves demonstrating that MLL richness plateaus at
36 MLL as loci count increases beyond 6 loci. At minimum, all MLL can be identified
using at least 5 loci, while not all MLL could be identified with two sets of 11 loci.
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Figure 3.S11. Completeness curves for each site based on rarefaction and extrapolation
calculations from iINEXT. Sample coverage estimates the proportion of the total number
of individuals in an assemblage that belong to lineages represented by our sample, such
that a value of 1 indicates that all individuals from an assemblage are represented by
lineages documented. Coverage values have been extrapolated for each site out to a
theoretical sample size of 300, with confidence intervals for the entire range of sample
sizes.
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Figure 3.S12. A) Silhouette widths calculated by kmeans clustering, identifying 4
optimal clusters. B) Total width sum of squares (WSS) calculated by kmeans clustering
identifying 4 optimal clusters.
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Table 3.S1. Counts for each Full MLG ID, Short MLG ID, and MLL ID in total and by site. Full MLG ID are based on all available

91

loci, while Short MLG ID do not consider AjeD283 or AmaD321 due to regular inconsistencies and uncertainties during genotyping.
Full MLG ID was determined prior to filtering samples with incomplete loci data.

Site Details

Full MLG

Short MLG

Site

HighGround Site Count

ID Count Site Count

ID Count Site Count

B6
B6
B8
B8
D7
D3.1
B3
B8
D7
D7
C3
D3.1
D3.1
D3.2
DI1.1
B8
B8
B8
Dé6.1
D6.1
D6.1
D6.2
D7

NUNNLNNNNNZOODOmHDRNLNVNZIDnNnnrnn

236
236
225
225
78
169
22
225
78
78
37
169
169
103
54
225
225
225
32
32
32
3
78

197
154
43
47
48
26
26
26
26
69
175
163
175
176
175
138
160
175
138
175
179
138
175
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89
68
10
13
13

1

1

1

1
27
77
77
77
78
77
60
77
77
60
77
77
60
77

1 1
1 1
1 1
4 3
4 1
5 1
5 1
5 2
5 1
1 1
32 5
32 10
32 10
1 1
32 4
5 1
32 3
32 3
5 3
32 8
32 8
5 1
32 2

MLL
ID Count Site Count
1 1 1
2 1 1
3 1 1
4 4 3
4 4 1
5 5 1
5 5 1
5 5 2
5 5 1
6 1 1
7 38 5
7 38 10
7 38 10
7 38 1
7 38 4
7 38 4
7 38 4
7 38 4
7 38 11
7 38 11
7 38 11
7 38 1
7 38 2
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Table 3.S1 Continued.

Site Details Full MLG Short MLG MLL
Site HighGround Site Count | ID Count Site Count [ ID Count Site Count [ ID Count Site Count
C3 E 371171 83 2 73 93 21 8 210 5
C3 E 37| 182 29 3 79 32 3 8 210 5
D3.1 E 169 | 136 18 1| 58 20 1| 8 210 15
D3.1 E 169 | 137 1 1| 59 1 1| 8 210 15
D3.1 E 169 | 142 9 1| 62 11 1| 8 210 15
D3.1 E 169 | 148 1 1| 66 1 1| 8 210 15
D3.1 E 169 | 167 1 1| 73 93 71 8 210 15
D3.1 E 169 | 171 83 6 73 93 71 8 210 15
D3.1 E 169 | 182 29 41 79 32 41 8 210 15
D32 E 103 | 171 83 2| 73 93 2| 8 210 2
DI1.1 NE 541 141 2 1| 62 11 21 8 210 10
DI1.1 NE 54 | 142 9 1| 62 11 2] 8 210 10
DI1.1 NE 541 145 1 1| 64 4 31 8 210 10
D1.1 NE 54| 146 3 2| 64 4 3 8 210 10
DI1.1 NE 54 | 147 1 1| 65 1 1| 8 210 10
DI1.1 NE 54 | 164 2 1| 73 93 1| 8 210 10
DI1.1 NE 541182 29 1 79 32 1| 8 210 10
D1.1 NE 54| 185 1 1| 81 1 1| 8 210 10
DI1.1 NE 541218 1 1103 1 1| 8 210 10
D1.2 NE 43 | 142 9 1| 62 11 1| 8 210 3
D1.2 NE 43 1171 83 2 73 93 21 8 210 3
B3 NW 22 | 136 18 1| 58 20 1| 8 210 1
B6 S 236 | 171 83 41 73 93 41 8 210 7
B6 S 236 | 182 29 21 79 32 2| 8 210 7
B6 S 236 | 187 1 1| 83 1 1| 8 210 7
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Table 3.S1 Continued.

Site Details Full MLG Short MLG MLL
Site HighGround Site Count | ID Count Site Count [ ID Count Site Count | ID Count Site Count
B8 S 2251 39 1 1 6 1 1| 8 210 121
B8 S 2251 134 1 1|58 20 91 8 210 121
B8 S 2251 136 18 8 58 20 9 8 210 121
B8 S 2251 140 1 1|63 2 21 8 210 121
B8 S 225 | 142 9 5| 62 11 51 8 210 121
B8 S 225 | 143 1 1|63 2 21 8 210 121
B8 S 2251 144 1 1| 61 1 1| 8 210 121
B8 S 2251 151 1 1| 67 8 8| 8 210 121
B8 S 225 | 152 6 6| 67 8 8 8 210 121
B8 S 2251 153 1 1|67 8 8| 8 210 121
B8 S 225 | 155 1 1|69 7 7 8 210 121
B8 S 225] 156 4 41 69 7 71 8 210 121
B8 S 225 | 157 2 2| 69 7 71 8 210 121
B8 S 2251 159 2 1|73 93 68| 8 210 121
B8 S 225 | 161 1 1|73 93 68| 8 210 121
B8 S 2251 162 1 1|73 93 68| 8 210 121
B8 S 225 | 168 1 1|70 1 1| 8 210 121
B8 S 2251 169 1 1|71 1 1| 8 210 121
B8 S 225 | 171 83 62 | 73 93 68| 8 210 121
B8 S 2251172 1 1|74 1 1| 8 210 121
B8 S 225 | 174 2 2| 76 2 2| 8 210 121
B8 S 225\ 177 2 2 (73 93 68| 8 210 121
B8 S 225|178 1 1|73 93 68| 8 210 121
B8 S 2251 182 29 7179 32 71 8 210 121
B8 S 225 | 186 1 1| 82 1 1| 8 210 121
B8 S 2251 190 1 1|85 10 71 8 210 121
B8 S 225 | 191 7 5185 10 71 8 210 121
B8 S 2251 193 1 1] 85 10 71 8 210 121




Table 3.S1 Continued.

Site Details Full MLG Short MLG MLL
Site  HighGround Site Count | ID Count Site Count | ID Count Site Count | ID Count Site Count
D1.1 NE 54 | 244 2 11123 38 71 9 49 7
D32 E 103 | 232 1 1114 1 1{ 9 49 13
D32 E 103 | 243 7 1122 7 1| 9 49 13
D32 E 103 | 247 34 11123 38 11| 9 49 13
DI.1 NE 54 | 245 1 1]123 38 71 9 49 7
D1.1 NE 54 | 247 34 51123 38 71 9 49 7
D1.2 NE 43 | 239 1 1[119 1 Il 9 49 6
D1.2 NE 43 | 246 1 11123 38 51 9 49 6
D1.2 NE 43 | 247 34 4123 38 51 9 49 6
B6 S 236 | 28 1 1 3 1 1|10 1 1
B6 S 236 | 220 1 1| 104 1 1|11 1 1
B6 S 236 | 230 1 1112 1 1|12 3 3
B6 S 236 | 231 2 2 (113 2 2112 3 3
B6 S 236 | 277 8 81145 8 8113 10 10
B6 S 236 | 278 1 1| 146 1 1|13 10 10
B6 S 236 | 286 1 1152 1 1|13 10 10
B6 S 236 | 225 1 1| 108 1 1|14 1 1
B6 S 236 | 223 5 51107 6 6115 7 6
B6 S 236 | 224 1 1] 107 6 6115 7 6
BS S 2251 222 1 1| 106 1 1|15 7 1
B6 S 236 | 40 6 6 7 6 6116 7 7
B6 S 236 | 41 1 1 8 1 1|16 7 7
B6 S 236 | 46 1 1 12 1 1|17 1 1
B6 S 236 | 37 1 1 4 1 1|18 1 1
B6 S 236 | 38 1 1 5 1 1|19 1 1
B6 S 236 | 195 2 2| 87 2 2120 3 3
B6 S 236 | 196 1 1| 88 1 1|20 3 3
D3.1 E 169 | 42 1 1 9 1 1|21 1 1
D32 E 103 ] 70 1 1] 28 1 1|22 1 1
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Table 3.S1 Continued.

Site Details

Full MLG

Short MLG

MLL

Site

HighGround Site Count

ID Count Site Count

ID Count Site Count

ID Count Site Count

C3
C3
C3
C3
C3
C3
C3
D2
D2
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1
D3.1

esliesliesliesMiesMiesMesMesMesleslesHeslesHeslieshiesiiesMiesiiesMiesMeslesiesMesMesNesiesles

37
37
37
37
37
37
37
5

5
169
169
169
169
169
169
169
169
169
169
169
169
169
169
169
169
169
169
169

67
85
89
90
107
108
124
67
89
45
62
63
65
66
68
73
75
84
86
89
90
94
105
106
107
108
109
115

2 1
2 1
164 6
7 2
17 1
101 2
1 1

2 1
164 1
5 3

2 1
2 2

1 1
19 1
9 4

6 6

1 1

1 1

2 2
164 51
7 2

1 1

1 1

1 1
17 8
101 11
2 1

1 1

25
34
37
38
42
43
51
25
37
11
20
21
23
24
26
31
37
33
35
37
38
37
40
41
42
43
44
43

2 1
2 1
181 6
7 2
17 1
112 2
1 1

2 1
181 1
5 3

3 1

2 2

1 1
19 1
9 4

6 6
181 53
1 1

2 2
181 53
7 2
181 53
1 1

1 1
17 8
112 12
3 1
112 12

23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23

428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
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14
14
14
14
14
14
14
2

2
104
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104
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104
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104
104
104
104
104
104
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Table 3.S1 Continued.

Site Details

Short MLG

MLL

Site

HighGround Site Count

ID Count Site Count

ID Count Site Count

D3.1
D3.1
D3.1
D3.2
D3.2
D3.2
D3.2
D3.2
D3.2
D3.2
D3.2
D3.2
D3.2
D3.2
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B3

B3
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43
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22
22

118
125
130
45
64
66
89
102
107
108
112
114
121
128
76
77
82
89
103
108
116
89
92
109
66

Full MLG
ID Count Site Count
1 1
2 1
3 3
5 1
2 2
19 16
164 17
1 1
17 8
101 26
1 1
6 6
1 1
25 1
1 1
1 1
3 3
164 2
1 1
101 1
1 1
164 1
1 1
2 1
19 2
164 1

89
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52
54
11
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37
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43
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50
54
37
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32
44
24
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1

2
28
5

2
19
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112
17
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1
28
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19
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Table 3.S1 Continued.

Site Details

Full MLG

MLL

Site HighGround Site Count

ID Count Site Count

ID Count Site Count

B6
B6
B6
B6
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Short MLG

ID Count Site Count
1 1

3 2

3 2

9 5

1 1

1 1

2 1
4 4
181 75
7 3

1 1
181 75
181 75
181 75
4 4
181 75
181 75
181 75
112 44
1 1
112 44
1 1
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Table 3.S1 Continued.

Site Details Full MLG Details Short MLG Details MLL Details
Site HighGround Site Count | ID Count Site Count [ ID Count Site Count [ ID Count Site Count
B8 S 2251 133 1 1| 57 1 1|23 428 4
D6.1 S 321 99 1 1| 37 181 1|23 428 4
D6.1 S 32| 108 101 2| 43 112 3 (23 428 4
D6.1 S 32| 111 1 1| 43 112 3 (23 428 4
D6.2 S 31 89 164 1| 37 181 1|23 428 2
D6.2 S 3] 108 101 1| 43 112 1|23 428 2
D7 S 78 | 45 5 1| 11 5 1|23 428 33
D7 S 78 1 80 1 1| 37 181 17 | 23 428 33
D7 S 78 1 81 1 1| 37 181 17| 23 428 33
D7 S 78 | 89 164 15| 37 181 17 ] 23 428 33
D7 S 78 | 108 101 13 ] 43 112 13123 428 33
D7 S 78 | 129 3 1| 55 4 2123 428 33
D7 S 78 | 131 1 1| 55 4 2123 428 33
B6 S 236 | 132 1 1| 56 1 1|24 1 1
B6 S 236 | 194 1 1| 86 1 1|25 1 1
B6 S 236 | 235 1 1|117 1 1|26 1 1
B6 S 236 | 226 2 2 (109 2 2|27 16 16
B6 S 236 | 227 1 1110 1 1|27 16 16
B6 S 236 | 228 13 13| 111 13 13| 27 16 16
C3 E 37| 56 19 3( 17 24 4|28 30 5
C3 E 37| 57 1 1| 18 1 1|28 30 5
C3 E 371 58 1 1| 17 24 41 28 30 5
D3.1 E 169 | 56 19 21 17 24 2128 30 2
D32 E 103 | 56 19 1| 17 24 1] 28 30 1
DI.1 NE 541 52 1 1| 16 1 1|28 30 5
DI1.1 NE 541 56 19 41 17 24 41 28 30 5
B3 NW 221 54 1 1| 17 24 13 ] 28 30 17
B3 NW 22| 55 3 3| 17 24 13 | 28 30 17
B3 NW 22| 56 19 91 17 24 13 ] 28 30 17
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Table 3.S1 Continued.

Site Details Full MLG Details MLG Details MLL Details
Site HighGround Site Count | ID Count Site Count [ ID Count Site Count [ ID Count Site Count
B3 NW 221 59 4 4 19 4 4128 30 17
D3.1 E 169 | 49 1 1| 14 2 2129 6 4
D3.1 E 169 | 50 1 1 14 2 2|29 6 4
D3.1 E 169 | 51 4 2| 15 4 2129 6 4
DI1.1 NE 541 51 4 1| 15 4 1|29 6 1
D1.2 NE 431 51 4 1| 15 4 1129 6 1
B8 S 2251 279 1 1| 147 1 130 5 5
B8 S 2251 280 1 1| 149 2 2130 5 5
B8 S 225 | 281 1 1| 149 2 2] 30 5 5
B8 S 2251 283 1 1| 148 1 1|30 5 5
B8 S 225| 284 1 1| 150 1 1|30 5 5
D1.2 NE 43 | 240 1 1120 1 1|31 1 1
B8 S 2251 250 1 1| 126 1 1|32 1 1
D2 E 51221 1 1105 1 1|33 115 3
D2 E 5| 265 64 1133 70 1|33 115 3
D2 E 51266 3 1134 3 1|33 115 3
D3.1 E 169 | 233 4 1[115 4 133 115 8
D3.1 E 169 | 251 1 1127 1 1|33 115 8
D3.1 E 169 | 253 4 21129 4 2133 115 8
D3.1 E 169 | 264 1 1132 2 1|33 115 8
D3.1 E 169 | 265 64 1133 70 133 115 8
D3.1 E 169 | 267 2 1135 2 133 115 8
D3.1 E 169 | 275 2 1| 143 2 1|33 115 8
D32 E 103 | 233 4 1[115 4 1|33 115 4
D32 E 103 | 262 1 1|132 2 1|33 115 4
D32 E 103 | 265 64 21133 70 2133 115 4
DI1.1 NE 541 233 4 1| 115 4 1] 33 115 15
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Table 3.S1 Continued.

Site Details Full MLG Details MLG Details MLL Details
Site HighGround Site Count | ID Count Site Count [ ID Count Site Count [ ID Count Site Count
DI1.1 NE 54| 234 1 1116 1 1|33 115 15
DI1.1 NE 54 | 252 1 1|128 1 1|33 115 15
DI1.1 NE 541253 4 1129 4 1|33 115 15
D1.1 NE 54| 254 1 1130 1 133 115 15
DI1.1 NE 54 1 258 1 1133 70 9133 115 15
DI1.1 NE 54 1 259 1 1| 136 1 1|33 115 15
DI1.1 NE 541 265 64 81133 70 9| 33 115 15
D1.2 NE 43 | 233 4 1| 115 4 1|33 115 29
D1.2 NE 43 | 253 4 1{129 4 1|33 115 29
D1.2 NE 43 | 265 64 221133 70 22| 33 115 29
D1.2 NE 43 1 266 3 2 (134 3 2 {33 115 29
D1.2 NE 43 | 267 2 1| 135 2 1|33 115 29
D1.2 NE 43 | 271 1 1{139 1 133 115 29
D1.2 NE 43 1274 1 1| 142 1 133 115 29
B8 S 225 | 249 1 1125 1 133 115 55
B8 S 225 | 256 1 1133 70 35| 33 115 55
B8 S 225 | 257 1 1133 70 351 33 115 55
B8 S 225 ] 260 1 1133 70 35| 33 115 55
B8 S 2251 261 1 1133 70 351 33 115 55
B8 S 225 263 1 1| 131 1 133 115 55
B8 S 225 265 64 30| 133 70 351 33 115 55
B8 S 225 ] 268 1 1133 70 35| 33 115 55
B8 S 2251269 1 1{137 1 1|33 115 55
B8 S 2251 270 13 13 | 138 13 13 ] 33 115 55
B8 S 2251273 1 1141 1 133 115 55
B8 S 225 | 275 2 1| 143 2 1|33 115 55
B8 S 2251 276 1 1| 144 1 1|33 115 55
B8 S 225 1 285 1 1151 1 1] 33 115 55
D7 S 78 | 272 1 1| 140 1 1|33 115 1
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Table 3.S1 Continued.

Site Details Full MLG Details MLG Details MLL Details
Site HighGround Site Count | ID Count Site Count [ ID Count Site Count [ ID Count Site Count
C3 E 37| 211 14 2 98 16 2| 34 46 4
C3 E 371213 9 21100 10 2134 46 4
D3.1 E 169 | 211 14 2 98 16 2| 34 46 5
D3.1 E 169 | 212 2 1 99 3 1|34 46 5
D3.1 E 169 | 213 9 21100 10 2| 34 46 5
D32 E 103 | 217 1 1{102 1 1|34 46 1
D1.1 NE 54| 205 2 1| 96 2 1|34 46 2
DI.1 NE 541211 14 1| 98 16 1|34 46 2
B6 S 236 | 211 14 41 98 16 41 34 46 4
B8 S 2251 198 3 31 90 3 3 (34 46 20
B8 S 225 199 1 1| 91 1 1|34 46 20
B8 S 2251200 2 1| 92 2 1| 34 46 20
B8 S 225 | 201 1 1| 93 1 1| 34 46 20
B8 S 2251 202 1 1| 94 1 1|34 46 20
B8 S 2251203 1 1| 95 2 2| 34 46 20
B8 S 2251204 1 1| 95 2 2] 34 46 20
B8 S 225 | 205 2 1| 96 2 1|34 46 20
B8 S 2251 207 1 1| 98 16 5134 46 20
B8 S 2251 209 1 1| 99 3 2| 34 46 20
B8 S 2251 210 1 1| 98 16 5134 46 20
B8 S 225 | 211 14 3 98 16 5|34 46 20
B8 S 2251 212 2 1| 99 3 2] 34 46 20
B8 S 225|214 1 1| 101 3 3|34 46 20
B8 S 2251 215 1 1| 101 3 3 (34 46 20
B8 S 225 | 216 1 1| 101 3 3| 34 46 20
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Table 3.S1 Continued.

Site Details Full MLG Details MLG Details MLL Details
Site  HighGround Site Count | ID Count Site Count | ID Count Site Count | ID Count Site Count
D6.1 S 321211 14 1] 98 16 1] 34 46 1
D7 S 78 | 200 2 1| 92 2 1] 34 46 9
D7 S 78 | 206 1 1| 97 1 1] 34 46 9
D7 S 78 | 208 1 1| 100 10 6| 34 46 9
D7 S 78 | 211 14 1] 98 16 1] 34 46 9
D7 S 78 | 213 9 5| 100 10 6| 34 46 9
B8 S 2251236 1 1118 1 1]35 1 1
B8 S 225 | 287 1 1153 1 1|36 7 7
B8 S 225 | 288 1 1154 1 1] 36 7 7
B8 S 2251289 2 2| 155 3 3136 7 7
B8 S 2251290 1 1]155 3 3136 7 7
B8 S 2251 291 1 1156 1 1|36 7 7
B8 S 2251292 1 1]157 1 1] 36 7 7
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103

Table 3.S2. Genotypes for each Full MLG per MLL. Loci are arranged by species association. Atex74 has alleles of two different
motif sizes, with 4-bp motif alleles designated by “sp”. Atex74 alleles larger than 500 were assigned 503, as it is the next largest allele
that would come after the 500-bp limit. Loci AmaD321 and AjeD283 were not used when determining lineage assignments as they are
presumed less accurate and are therefore italicized.

A. laterale A. texanum Both Hosts
AcroD315 AjeD23 AjeD75 AjeD94 AjeD346 AmaD42 AmaD367 | Atex74 Atex102 Atex141 AmaD321| AjeD283 AjeD422 AmmH123

MLL-1

197 I 270 234 122 150 270 186 186 | 2754, 176 228 158/170 | 152/180 238/274 86/122
MLL-2

154 I 182 226 106 150 278 166 170 | 223 200 228 162/170 | 172 234/254 94/118
MLL-3

43 I 182 226 106 150 278 166 170 | 223 172 228 162/170 | 172 234/274 94/118
MLL-4

47 182 226 106 150 278 166 170 223 180 228 162/170 | 172 234/270 94/118

48 182 226 106 150 278 166 170 223 180 228 162 172 234/270 94/118
MLL-5

26 | 182 226 106 150 282 166 170 ‘ 223 200 220 162/170 ‘ 172 234/278 94/118
MLL-6

69 I 182 226 106 150 278 166 170 | 223 184 228 162/170 | 172/180 234/278 94/118
MLL-7

138 182 214 106 150 278 166 174 223 196 228 162/170 | 172 234/274 94/118

160 182 214 106 150 278 166 174 223 200 228 162/170 | 152/172 234/274 94/118

163 182 214 106 150 278 166 174 223 200 228 162/170 | 168 234/274 94/118

175 182 214 106 150 278 166 174 223 200 228 162/170 | 172 234/274 94/118

176 186 214 106 150 278 166 174 223 200 228 162/170 | 172 234/274 94/118

179 182 214 106 150 278 166 174 223 200 228 162/170 | 176 234/274 94/118
MLL-8

39 182 226 106 150 274 166 170 221 200 228 162/170 | 172 234/274 94/118

134 182 226 106 150 278 166 170 223 196 228 162/170 | 172/176 234/274 94/118

136 182 226 106 150 278 166 170 223 196 228 162/170 | 172 234/274 94/118

137 186 226 106 150 278 166 170 223 196 228 162/170 | 172 234/274 94/118

139 182 226 106 150 278 166 170 223 196 228 162/174 | 172 234/274 94/118

140 182 230 106 150 278 166 170 223 196 228 162/170 | 148/172 234/278 94/118
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Table 3.S2 Continued.

104

A. laterale A. texanum Both Hosts
AcroD315 AjeD23 AjeD75 AjeD94 AjeD346 AmaD42 AmaD367 | Atex74 Atex102 Atex141 AmaD32]|AjeD283 AjeD422 AmmH123
MLL-8
141 182 226 106 150 278 166 170 223 196 228 162/170 | 152/172 234/278 94/118
142 182 226 106 150 278 166 170 223 196 228 162/170 | 172 234/278 94/118
143 182 230 106 150 278 166 170 223 196 228 162/170 | 172 234/278 94/118
144 182 222 106 150 278 166 170 223 196 228 162 172 234/278 94/118
145 182 226 110 150 278 166 170 223 196 228 162/170 | 172/176 234/270 94/118
146 182 226 110 150 278 166 170 223 196 228 162/170 | 172 234/270 94/118
147 182 226 110 150 278 166 174 223 196 228 162/170 | 172 234/270 94/118
148 182 226 110 150 278 166 170 223 196 228 162/170 | 172 234/274 94/118
151 182 226 106 150 274 166 170 223 200 228 162/170 | 140/172 234/274 94/118
152 182 226 106 150 274 166 170 223 200 228 162/170 | 172 234/274 94/118
153 182 226 106 150 274 166 170 223 200 228 162 172 234/274 94/118
155 182 226 106 150 278 166 170 223 200 228 162/170 | 144/172 234/270 94/118
156 182 226 106 150 278 166 170 223 200 228 162/166 | 172 234/270 94/118
157 182 226 106 150 278 166 170 223 200 228 162/170 | 172 234/270 94/118
159 | 182 226 106 150 278 166 170 223 200 228 162/170 | 144/172 234/274 94/118
161 182 226 106 150 278 166 170 223 200 228 154/170 | 164/172 234/274 94/118
162 | 182 226 106 150 278 166 170 223 200 228 162/170 | 164/172 234/274 94/118
164 182 226 106 150 278 166 170 223 200 228 162/170 | 172/176 234/274 94/118
167 182 226 106 150 278 166 170 223 200 228 162/166 | 172 234/274 94/118
168 182 222 106 150 278 166 170 223 200 228 162/170 | 172 234/274 94/118
169 182 226 106 150 278 166 170 223 200 228 162/170 | 172 234/274 94/114
170 178 226 106 150 278 166 170 223 200 228 162/170 | 172 234/274 94/118
171 182 226 106 150 278 166 170 223 200 228 162/170 | 172 234/274 94/118
172 186 226 106 150 278 166 170 223 200 228 162/170 | 172 234/274 94/118
173 182 226 106 150 278 166 170 223 200 228 162/170 | 172 234/274 94/122
174 182 230 106 150 278 166 170 223 200 228 162/170 | 172 234/274 94/118
177 182 226 106 150 278 166 170 223 200 228 162 172 234/274 94/118
178 182 226 106 150 278 166 170 223 200 228 166/170 | 172 234/274 94/118
181 182 226 106 150 278 166 170 223 200 228 162/170 | 168/172 234/278 94/118
182 | 182 226 106 150 278 166 170 223 200 228 162/170 | 172 234/278 94/118
183 182 226 106 150 278 166 170 223 200 228 162 172 234/278 94/118
184 182 226 106 150 278 166 170 223 200 228 162/170 | 172 234/282 94/118
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Table 3.S2 Continued.
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A. laterale A. texanum Both Hosts
AcroD315 AjeD23 AjeD75 AjeD94 AjeD346 AmaD42 AmaD367 | Atex74 Atex102 Atex141 AmaD321|AjeD283 AjeD422 AmmH123
MLL-8
185 186 226 106 150 278 166 170 223 200 228 162/170 | 172 238/274 94/118
186 182 226 106 150 282 166 166 223 200 228 162/170 | 172 234/274 94/118
187 182 226 114 150 278 166 170 223 200 228 162/170 | 172 234/278 94/118
189 182 226 106 150 278 166 170 223 204 228 162/166 | 148/172 234/274 94/118
190 182 226 106 150 278 166 170 223 204 228 162/170 | 172/176 234/274 94/118
191 182 226 106 150 278 166 170 223 204 228 162/170 | 172 234/274 94/118
192 182 226 106 150 278 166 166 223 204 228 162 172 234/274 94/118
193 182 226 106 150 278 166 170 223 204 228 162 172 234/274 94/118
218 182 226 106 150 278 166 170 223 196 232 162/166 | 172 234/270 94/118
MLL-9
232 266 214 126 150 278 218 146 223 172 276 142 172 238/262 86/150
239 266 214 126 150 278 218 146 221 172 280 142 172 238/262 86/150
242 266 214 126 150 274 218 146 223 168 280 142 172 238/262 86/150
243 266 214 126 150 278 218 146 223 168 280 142 172 238/262 86/150
244 266 214 126 150 278 218 146 223 172 280 142 144/172 238/262 86/150
245 266 214 126 150 278 218 146 223 172 280 142 148/172 238/262 86/150
246 266 214 126 150 278 218 146 223 172 280 142 172/176 238/262 86/150
247 266 214 126 150 278 218 146 223 172 280 142 172 238/262 86/150
248 266 214 126 150 278 218 146 223 172 280 142 172 238/262 86
MLL-10
28 I 270 234 122 150 270 186 186 241 132 224 158/170 | 152 242/274 86/122
MLL-11
220 I 270 234 122 150 274 222 170 221 188 272 158/170 | 140 238/254 86/138
MLL-12
230 270 234 122 150 270 222 170 235 188 272 158/170 | 140/176 238/270 86/138
231 270 234 122 150 270 222 170 235 188 272 158/170 | 140/176 238/274 86/138
MLL-13
277 270 226 122 150 274 186 170 221 176 284 158/170 | 140/176 238/274 86/138
278 274 226 122 150 274 186 170 221 176 284 158/170 | 140/176 238/274 86/138
286 270 226 122 150 274 186 170 223 176 288 158/170 | 140/176 238/274 86/138
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Table 3.S2 Continued.
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A. laterale A. texanum Both Hosts
AcroD315 AjeD23 AjeD75 AjeD94 AjeD346 AmaD42 AmaD367 | Atex74 Atex102 Atex141 AmaD321|AjeD283 AjeD422 AmmH123

MLL-14

225 | 270 234 122 150 274 186 170 | 223 188 272 158/170 | 140/176 238/274  86/122
MLL-15

222 270 234 122 150 274 186 170 223 184 272 158/170 | 140/176 238/254 86/122

223 270 234 122 150 274 186 170 223 188 272 158/170 | 140/176 238/254 86/122

224 270 234 122 150 274 186 170 223 188 272 158 152/176 238/254 86/122
MLL-16

40 270 234 122 150 270 222 170 223 132 228 158/170 | 152/176 242/274 86/122

41 270 234 122 150 270 222 170 223 132 228 158/170 | 152/176 242/274 86/126
MLL-17

46 I 274 234 122 150 274 222 170 | 223 176 228 158/170 | 140/176 238/274 86/122
MLL-18

37 [ 270 234 122 150 274 186 170 | 221 176 228 170 | 140/176 238/254 86/122
MLL-19

38 I 270 234 122 150 274 186 170 | 221 176 228 170 | 140/176 238/274 86/122
MLL-20

195 270 234 122 150 274 186 170 235 184 228 178 140/176 238/274 86/138

196 270 234 122 150 274 186 170 235 188 228 158/170 | 152/176 238/274 86/138
MLL-21

42 I 270 234 122 150 270 186 170 | 223 164 228 158/170 | 176 238/270 86/138
MLL-22

70 I 270 234 110 150 270 186 170 | 223 184 228 158/170 | 152/176 238/274 86/138
MLL-23

27 270 234 122 150 270 186 170 223 184 224 158/170 | 152/176 238/270 86/138

45 270 234 122 150 270 186 170 223 176 228 158/170 | 152/176 238/274 86/138

61 270 234 122 150 270 186 170 223 180 228 158/170 | 152/172 238/270 86/138

62 270 234 122 150 270 186 170 223 180 228 158/170 | 152/176 238/270 86/138

63 274 234 122 150 270 186 170 223 180 228 158/170 | 152/176 238/270 86/138

64 270 230 122 150 270 186 170 223 180 228 158/170 | 152/176 238/274 86/138

65 262 234 122 150 270 186 170 223 180 228 158/170 | 152/176 238/274 86/138
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Table 3.S2 Continued.
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A. laterale A. texanum Both Hosts
AcroD315 AjeD23 AjeD75 AjeD94 AjeD346 AmaD42 AmaD367 | Atex74 Atex102 Atex141 AmaD321|AjeD283 AjeD422 AmmH123
MLL-23
66 270 234 122 150 270 186 170 223 180 228 1587170 | 152/176 238/274 86/138
67 270 238 122 150 270 186 170 223 180 228 1587170 | 152/176 238/274 86/138
68 270 234 122 150 270 186 170 223 180 228 158/170 | 152/176 238/278 86/138
71 270 234 118 150 270 186 170 223 184 228 158 152/176 238/270 86/138
72 270 234 122 150 270 186 170 223 184 228 158/170 | 152/176 238/266 86/138
73 270 238 122 150 270 186 170 223 184 228 158/170 | 152/176 238/266 86/138
75 270 234 122 150 270 186 170 223 184 228 158/170 | 144/176 238/270 86/138
76 270 234 122 150 270 186 170 223 184 228 166 148/176 238/270 86/138
77 270 234 122 150 270 186 170 223 184 228 1587170 | 152/172 238/270 86/138
80 270 234 122 150 270 186 170 223 184 228 154/170 | 152/176 238/270 86/138
81 270 234 122 150 270 186 170 223 184 228 1587162 | 152/176 238/270 86/138
82 270 234 122 150 270 186 170 223 184 228 1587166 | 152/176 238/270 86/138
84 270 230 122 150 270 186 170 223 184 228 1587170 | 152/176 238/270 86/138
85 270 234 122 150 270 186 170 223 184 228 1587170 | 152/176 238/270 86/130
86 274 234 122 150 270 186 170 223 184 228 158/170 | 152/176 238/270 86/130
88 266 234 122 150 270 186 170 223 184 228 158/170 | 152/176 238/270 86/138
89 270 234 122 150 270 186 170 223 184 228 158/170 | 152/176 238/270 86/138
90 274 234 122 150 270 186 170 223 184 228 158/170 | 152/176 238/270 86/138
91 270 238 122 150 270 186 170 223 184 228 158/170 | 152/176 238/270 86/138
92 270 234 122 150 270 182 170 223 184 228 158/174 | 152/176 238/270 86/138
93 270 234 122 150 270 186 170 223 184 228 158 152/176 238/270 86/138
94 270 234 122 150 270 186 170 223 184 228 166/170 | 152/176 238/270 86/138
95 270 234 122 150 270 186 170 223 184 228 170 152/176 238/270 86/138
96 270 234 122 150 270 186 170 223 184 228 1587170 | 152/180 238/270 86/138
97 266 234 122 150 270 186 170 223 184 228 1587170 | 152 238/270 86/138
98 270 234 122 150 270 186 170 223 184 228 158/170 | 152 238/270 86/138
99 270 234 122 150 270 186 170 223 184 228 158/170 | 164/176 238/270 86/138
100 270 234 122 150 270 186 170 223 184 228 158/170 | 172 238/270 86/138
101 270 234 122 150 270 186 170 223 184 228 158/170 | 180 238/270 86/138
102 270 234 122 150 270 186 170 223 184 228 154/170 | 152/176 238/274 86/138
103 274 234 122 150 270 186 170 223 184 228 154/170 | 152/176 238/274 86/138
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Table 3.S2 Continued.
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A. laterale A. texanum Both Hosts
AcroD315 AjeD23 AjeD75 AjeD94 AjeD346 AmaD42 AmaD367 | Atex74 Atex102 Atex141 AmaD321|AjeD283 AjeD422 AmmH123
MLL-23
105 266 234 122 150 270 186 170 223 184 228 1587170 | 152/176 238/274 86/134
106 262 234 122 150 270 186 170 223 184 228 1587170 | 152/176 238/274 86/138
107 266 234 122 150 270 186 170 223 184 228 158/170 | 152/176 238/274 86/138
108 270 234 122 150 270 186 170 223 184 228 158/170 | 152/176 238/274 86/138
109 274 234 122 150 270 186 170 223 184 228 158/170 | 152/176 238/274 86/138
110 270 238 122 150 270 186 170 223 184 228 158/170 | 152/176 238/274 86/138
111 270 234 122 150 270 186 170 223 184 228 158/174 | 152/176 238/274 86/138
112 270 234 122 150 270 186 170 223 184 228 158 152/176 238/274 86/138
113 270 234 122 150 270 186 170 223 184 228 1587170 | 152/184 238/274 86/138
114 270 234 122 150 270 186 170 223 184 228 154/170 | 156/176 238/274 86/138
115 270 234 122 150 270 186 170 223 184 228 1587170 | 164/176 238/274 86/138
116 270 234 122 150 270 186 170 223 184 228 1587166 | 152/176 238 86/138
117 274 234 122 150 270 186 170 223 184 228 1587170 | 152/176 238 86/138
118 270 234 126 150 270 186 170 223 184 228 1587170 | 152/176 238/270 86/138
119 270 234 126 150 270 186 170 223 184 228 158/170 | 152/176 238/274 86/138
121 270 234 130 150 270 186 174 223 184 228 158/170 | 152/176 238/274 86/138
124 266 234 122 150 270 186 170 223 188 228 158/170 | 152/176 238/270 86/138
125 270 234 122 150 270 186 170 223 188 228 158/170 | 152/176 238/270 86/138
127 270 234 122 150 270 186 166 223 188 228 158/170 | 152/176 238/274 86/138
128 270 234 122 150 270 186 170 223 188 228 1587170 | 152/176 238/274 86/138
129 274 234 122 150 270 186 170 223 188 228 1587170 | 152/176 238/274 86/138
130 270 234 122 150 270 186 170 223 188 228 162/170 | 152/176 238/274 86/138
131 274 234 122 150 270 186 170 223 188 228 162/170 | 152/176 238/274 86/138
133 270 234 122 150 274 186 170 223 188 228 158/170 | 152/176 238/274 86/138
MLL-24
132 I 270 234 122 150 274 222 186 | 223 188 228 158/170 | 140/176 230/254 86/138
MLL-25
194 [270 234 122 150 270 222 186 [235 184 228 158/170 | 140/176 238/254 86/122
MLL-26
235 I 270 234 122 150 270 222 186 [ 233 148 276 158/170 [ 152/172 230/274 86/138
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Table 3.S2 Continued.
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A. laterale A. texanum Both Hosts
AcroD315 AjeD23 AjeD75 AjeD94 AjeD346 AmaD42 AmaD367 | Atex74 Atex102 Atex141 AmaD321|AjeD283 AjeD422 AmmH123

MLL-27

226 270 234 122 150 270 222 170 235 128 272 1587170 | 152 238/254 86/138

227 270 234 122 150 274 222 170 235 128 272 1587170 | 152 238/254 86/138

228 270 234 122 150 270 222 170 235 132 272 158/170 | 152 238/254 86/138
MLL-28

52 202 226 122 150 262 218 170 223 180 228 1587170 | 152/176 234/274 86/134

54 202 226 122 150 262 218 170 223 180 228 1587170 | 152/160 238/274 86/134

55 202 226 122 150 262 218 170 223 180 228 1587170 | 152/172 238/274 86/134

56 202 226 122 150 262 218 170 223 180 228 1587170 | 152/176 238/274 86/134

57 202 226 122 150 262 218 174 223 180 228 1587170 | 152/176 238/274 86/134

58 202 226 122 150 262 218 170 223 180 228 162/170 | 152/176 238/274 86/134

59 202 226 122 150 262 218 170 223 180 228 158/170 | 152/176 238/278 86/134
MLL-29

49 178 230 114 150 266 186 146 223 180 228 1587170 | 160/164 242/278 86/138

50 178 230 114 150 266 186 146 223 180 228 158/170 | 164 242/278 86/138

51 178 234 114 150 266 186 146 223 180 228 158/170 | 164 242/282 86/138
MLL-30

279 178 230 110 150 266 186 142 223 152 284 142 164 242/278 86/138

280 178 230 114 150 266 186 142 223 152 284 142 160/164 242/278 86/138

281 178 230 114 150 266 186 142 223 152 284 142/154 | 164 242/278 86/138

283 178 230 114 150 266 182 142 223 152 284 142 164 242/278 86/138

284 182 230 114 150 266 186 142 223 152 284 142 164 242/278 86/138
MLL-31

240 I 170 234 122 150 278 186 146 | 221 180 280 142 | 164/176 242/282 86/122
MLL-32

250 I 170 234 114 150 266 186 146 | 223 180 280 142 | 172 242/286 86/122
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A. laterale A. texanum Both Hosts
AcroD315 AjeD23 AjeD75 AjeD94 AjeD346 AmaD42 AmaD367 | Atex74 Atex102 Atex141 AmaD321|AjeD283 AjeD422 AmmH123
MLL-33
221 170 234 114 150 278 186 146 223 180 272 142 172 242/282 86/122
233 170 234 114 150 278 186 146 223 180 276 142 172 242/282 86/122
234 170 234 114 150 282 186 146 223 180 276 142 172 246/282 86/122
249 170 234 110 150 278 186 146 223 180 280 142 172 242/282 86/122
251 170 234 114 150 278 186 146 223 180 280 142 172 238/282 86/122
252 170 234 114 150 278 186 146 223 180 280 142 172 242/274 86/122
253 170 234 114 150 278 186 146 223 180 280 142 172 242/278 86/122
254 170 234 114 150 278 186 150 223 180 280 142 172 242/278 86/122
256 170 234 114 150 278 186 146 223 180 280 142 132/172 242/282 86/122
257 170 234 114 150 278 186 146 223 180 280 142 140/172 242/282 86/122
258 170 234 114 150 278 186 146 223 180 280 142 144/172 242/282 86/122
259 170 238 114 150 278 186 146 223 180 280 142 172/176 242/282 86/122
260 170 234 114 150 278 186 146 223 180 280 142/146 | 172 242/282 86/122
261 170 234 114 150 278 186 146 223 180 280 142/170 | 172 242/282 86/122
262 170 234 114 150 278 186 146 223 180 280 142/174 | 172 242/282 86/118
263 170 230 114 150 278 186 146 223 180 280 142 172 242/282 86/122
264 170 234 114 150 278 186 146 223 180 280 142 172 242/282 86/118
265 170 234 114 150 278 186 146 223 180 280 142 172 242/282 86/122
266 174 234 114 150 278 186 146 223 180 280 142 172 242/282 86/122
267 170 234 114 150 278 186 146 223 180 280 142 172 242/282 86/126
268 170 234 114 150 278 186 146 223 180 280 142 176 242/282 86/122
269 170 234 114 150 278 186 150 223 180 280 142 176 242/282 86/122
270 170 234 114 150 278 186 146 223 180 280 142 172 242/286 86/122
271 170 234 114 150 278 186 146 223 180 280 142 172 242/290 86/122
272 170 234 114 150 282 186 146 223 180 280 142/150 | 132/172 242/282 86/122
273 170 234 110 150 278 186 146 223 184 280 138/142 | 172 242/286 86/122
274 170 234 114 150 278 186 146 223 184 280 142/178 | 172 242/278 86/122
275 170 234 114 150 278 186 146 223 184 280 142 172 242/282 86/122
276 170 234 114 150 278 186 146 223 184 280 142 172 242/286 86/122
285 170 234 114 150 278 186 146 223 180 284 142 172 242/282 86/122

110



Table 3.S2 Continued.
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A. laterale A. texanum Both Hosts
AcroD315 AjeD23 AjeD75 AjeD94 AjeD346 AmaD42 AmaD367 | Atex74 Atex102 Atex141 AmaD321|AjeD283 AjeD422 AmmH123
MLL-34
198 178 238 122 150 278 218 162 4914, 204 228 1587170 | 140/180 230/278 86/138
199 182 238 122 150 278 218 162 4914, 204 228 158 140/180 230/278 86/138
200 178 238 122 150 278 218 162 4954, 204 228 158/170 | 140/180 230/278 86/138
201 178 238 122 150 278 218 162 4954, 204 228 158/170 | 140/180 230/278 86/142
202 178 238 122 150 278 218 162 4954, 204 228 158/170 | 140/180 230/282 86/138
203 178 238 122 150 278 218 162 4994, 204 228 158/170 | 140/180 230/278 86/138
204 178 238 122 150 278 218 162 4994, 204 228 162/170 | 140/180 230/278 86/138
205 178 238 122 150 278 218 162 5034, 200 228 158/170 | 140/180 230/278 86/138
206 178 238 122 150 278 218 162 5034, 200 228 158/174 | 140/180 230/278 86/142
207 178 238 122 150 278 218 162 5034, 204 228 1587170 | 140/176 230/278 86/138
208 178 238 122 150 278 218 162 5034, 204 228 1587170 | 140/176 230/278 86/142
209 182 238 122 150 278 218 162 5034, 204 228 1307174 | 140/180 230/278 86/138
210 178 238 122 150 278 218 162 5034, 204 228 1587162 | 140/180 230/278 86/138
211 178 238 122 150 278 218 162 5034, 204 228 1587170 | 140/180 230/278 86/138
212 182 238 122 150 278 218 162 5034, 204 228 158/170 | 140/180 230/278 86/138
213 178 238 122 150 278 218 162 5034, 204 228 158/170 | 140/180 230/278 86/142
214 178 238 122 150 282 218 162 5034, 204 228 158/166 | 140/180 230/278 86/138
215 178 238 122 150 282 218 162 5034, 204 228 158/170 | 140/180 230/278 86/138
216 178 238 122 150 282 218 162 5034, 204 228 162 140/180 230/278 86/138
217 178 238 122 150 278 218 162 5034, 208 228 158/170 | 140/180 230/278 86/138
MLL-35
236 | 178 210 114 146 282 218 138 3394, 180 276 162/166 | 160/184 242/282 86/138
MLL-36
287 174 210 114 146 282 218 138 3354, 180 288 162/166 | 160/180 242/282 86/138
288 178 210 114 146 282 218 138 3354, 180 288 166 160/180 242/282 86/138
289 178 210 114 146 286 218 138 3354, 180 288 162/166 | 160/180 242/282 86/138
290 178 210 114 146 286 218 138 3354, 180 288 166 160/180 242/282 86/138
291 174 210 114 146 282 218 138 3394, 180 288 162/166 | 160/180 242/282 86/138
292 178 210 114 146 286 218 138 3394, 180 288 162/166 | 160/180 242/282 86/138
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Table 3.S3. Table of all alleles per locus for each MLL. Loci names are separated and colored based on their host association: A.
laterale - blue, A. texanum - orange, Indeterminant - black. Loci in italics were not used when determining MLL due to

inconsistencies and regular uncertainties during genotyping.

Loci | Alleles [1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 |Total
170 11 112 114
174 3 5
178 1 6 4 0 1 59
182 1 1 4 5 1 37 206 1 4 260
= 186 13 4
% 202 30 30
2 262 2 2
266 49 23 72
270 |1 9 384 16 440
274 1 19 21
Total |1 1 1 4 5 1 38 210 49 10 428 16 30 6 5 1 1 115 46 1 7 ]1007
210 17 8
214 38 49 87
. 222 2 2
N 226 11 4 5 1 204 10 30 256
= 230 4 3 2 5 1 15
234 |1 415 16 4 1 1 113 582
238 10 1 46 57
Total [1 1 1 4 5 1 38 210 49 10 428 16 30 6 5 1 1 115 46 1 7 |1007
106 11 4 5 1 38 203 253
110 6 1 2 10
" 114 1 6 4 1 113 1 7] 133
= 118 1 1
= 122 |1 10 424 16 30 1 46 558
126 49 2 51
130 I 1
Total [1 1 1 4 5 1 38 210 49 10 428 16 30 6 5 1 1 115 46 1 1007
=4 146 1 8
2 1501 1 1 4 5 1 38 210 49 10 428 16 30 6 5 1 1 115 46 999
< | Total |1 1 1 4 1 38 210 49 10 428 16 30 6 5 1 1 115 46 1 7 |1007
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Loci | Alleles [1 2 3 4 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 |Total
262 30 30
266 6 5 1 12
2 270 |1 1 3 7 11 427 1 115 458
% 274 9 1 1 10 1 7 1 1 1 3 11 1 38
2 278 11 4 38 200 48 1 113 43 450
< 282 1 2 3 1 3 15
286 4 4
Total |1 1 1 4 38 210 49 1 1 3 10 1 7 7 1 1 1 3 1 1 428 1 1 1 16 30 6 5 1 1 115 46 1 7 | 1007
166 11 4 38 210 260
& 182 1 1 2
2 186 |1 1 10 1 7 1 1 3 1 1 427 6 4 1 1 115 581
g 218 49 30 46 1 7| 133
< 222 1 3 7 1 1 1 1 16 31
Total [1 1 1 4 38 210 49 1 1 3 10 1 7 7 1 1 1 3 1 1 48 1 1 116 30 6 5 1 1 115 46 1 7 | 1007
138 1 7 8
142 5 5
146 49 6 1 1 113 170
5 150 2 2
>4 162 46 46
g 166 2 1 3
< 170 11 4 207 1 310 1 7 7 1 1 1 3 1 1 42 16 29 727
174 38 1 1 1 41
186 |1 1 111 5
Total |1 1 1 4 38 210 49 1 1 3 10 1 7 7 1 1 1 3 1 1 48 1 1 1 16 30 6 5 1 1 115 46 1 7 | 1007
114 1 1
118 11 4 38 207 2 259
122 1 2 1 1 7 6 1 1 1 1 11 111 135
S 126 1 2 3
= 130 4 4
£ 134 1 30 31
g 138 1 3 10 301 1 423 1 1 16 6 5 3 1 7| 513
142 12 12
150 48 48
Total [1 1 1 4 38 210 4 1 1 3 10 1 7 7 1 1 1 3 1 1 48 1 1 116 30 6 5 1 1 115 46 1 7 |1006
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Loci Alleles 2 345 6 1 8§ 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 |Total
86 49 1 1 310 1 7 7 1 1 1 3 1 1 48 1 1 116 30 6 5 1 1 115 46 1 7| 747
94 1 1 4 5 1 38 210 260

Total 1 1 45 1 38 210 49 1 1 3 10 1 7 7 1 1 1 3 1 1 428 1 1 1 16 30 6 S5 1 1 115 46 1 7 ]1007
221 1 1 9 1 15
223 1 1 4 5 1 38 209 48 11 7 7 1 11 428 1 30 6 5 1 115 912
233 1 1
235 3 3 1 16 23
241 1 1

Total 1 1 4 5 1 38 210 49 1 1 3 10 1 7 7 1 1 1 3 1 1 428 1 1 1 16 30 6 S 1 1 115 952
275 1
335 5 5
339 1 2 3
491 4 4
495 4 4
499 2 2
503 36 36

Total 46 1 7 55
128 3 3
132 1 7 13 21
148 1 1
152 5 5
164 1 1
168 8 8
172 1 41 42
176 10 1 1 1 5 19
180 4 38 30 6 1 1 110 1 7] 198
184 1 1 2 1 348 1 5 359
188 1 3 1 6 1 37 1 50
196 5 42 47
200 1 5 33 157 3 199
204 11 42 53
208 1 1

Total 1 145 138 210 49 1 1 3 10 1 7 7 1 1 1 3 1 1 428 1 1 1 16 30 6 5 1 1 115 46 1 7 |1007
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Loci | Alleles |1 2 3 4 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 |Total
220 5
224 1 1 2
281 1 1 4 38 209 7 1 1 1 3 1 1 497 1 1 30 6 46 781
232 1 1
272 1 3 1 7 16 1 29
276 1 1 5 1 8
280 48 1 1 108 158
284 9 5 1 15
288 1 7 8
Total |1 1 1 4 38 210 49 1 1 3 10 1 7 7 1 1 1 3 1 1 48 1 1 1 16 30 6 5 1 1 115 46 1 7 |1007
130 1 1
138 1 1
142 49 5 1 1 114 170
154 1 9 10
158 |1 1 1 31 1 7 7 1 1 1 1 41 1 1 116 29 6 43 543
162 11 4 38 208 4 1 2 1 5| 2n
166 1 2 2 5
170 1 1 2 4
178 2 2
Total |1 1 1 4 38 210 49 1 1 3 10 1 7 7 1 1 1 3 1 1 48 1 1 1 16 30 6 5 1 1 115 46 1 7 [1007
142 1 1
146 1 1
150 1 1
154 1 1
162 1 1 2
166 7 4 1 1 5| 18
1701 1 1 3 38 194 1 1 310 1 6 7 1 1 1 1415 1 1 1 16 30 6 1 40 788
174 1 2 1 2 6
178 1 1
Total |1 1 1 3 38 202 1 1 310 1 6 7 1 1 1 1 42 1 1 116 30 6 1 6 4 1 5| 819
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Loci | Alleles |1 2 3 4 5 6 17 8§ 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 |Total
132 2 2

140 1 10 1 1 1 2 1 1 1 46 76

144 32 1 1 7

148 2 1 1 4

- 152 |1 1 2 7 1 1 416 1 16 30 478
2 156 6 6
g 160 1 1 17 10
-:?‘ 164 2 2 5 4 1 14
168 1 1 2

172 1 1 4 5 1 35 199 46 1 1 109 403

176 1 1 2 4

180 1 1

Total J1 1 1 4 S5 1 38 210 49 10 7 1 1 1 3 1 1 428 1 1 1 16 30 6 S 1 1 115 46 1 7| 1007

160 1 1

" 164 1 1 2
) 172 1 11 3 2 1 3 4 25
g 176 5 1 10 7 1 1 1 3 1 420 1 1 26 1 1 2 493
-:?‘ 180 |1 1 1 44 7 54
184 1 1 2

Total |1 1 1 16 4 10 7 1 1 1 3 1 424 1 1 1 30 1 1 1 S 46 1 7| 577

230 1 1 46 48

:% 234 1 1 4 5 1 38 209 1 260
Q 238 |1 1 49 10 1 1 1 3 1 1 428 1 16 29 1 556
2 242 7 6 S5 1 1 113 1 7 142
< 246 1 1
Total |1 1 1 4 5 1 38 210 49 10 7 1 1 1 3 1 1 428 1 1 1 16 30 6 5 1 1 115 46 1 7 |1007

254 1 1 1 1 16 28

262 49 49

266 7 7

E 270 4 13 1 210 229
Q 274 11 1 38 145 10 7 1 1 3 1 200 1 26 1 440
2 278 51 47 9 4 2 5 6 45 124
< 282 5 4 1 92 1 1 7 111
286 1 15 16

290 1 1

Total J1 1 1 4 S 1 38 210 49 10 7 1 1 1 3 1 1 426 1 1 1 16 30 6 S 1 1 115 46 1 7| 1005
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Table 3.S4. Overall allelic richness for each locus. AmmH123 and Atex74 are separated into two columns to distinguish species-

specific alleles and motifs for Amm123 and Atex74, respectively.

Total Richness
Alleles

A. laterale
AcroD315 AjeD23 AjeD75 AjeD94 AjeD346 AmaD42 AmaD367 AmmHI123.L
10 7 7 2 7 5 9 9
170 210 106 146 262 166 138 114
174 214 110 150 266 182 142 118
178 222 114 270 186 146 122
182 226 118 274 218 150 126
186 230 122 278 222 162 130
202 234 126 282 166 134
262 238 130 286 170 138
266 174 142
270 186 150
274

117

117



118

Table 3.S4 Continued. Overall allelic richness for each locus. AmmH123 and Atex74 are separated into two columns to distinguish
species-specific alleles and motifs for Amm123 and Atex74, respectively. *Alleles larger than 500-bp for the 4-basepair motif alleles
of Atex74 are all categorized as 503 as they go beyond the ladder size and 503 is the next largest allele size after the 499-bp allele (e.g.
alleles of size 507 or 531 would be classified as 503).

Total Richness
Alleles

A. texanum Indeterminant
AmmHI123.T Atex74.bp2 Atex74.bp4 Atex102 Atex141l AmaD321 AjeD283  AjeD422
2 5 7 15 9 11 13 14
86 221 275 128 220 130 132 230
94 223 335 132 224 138 140 234
233 339 148 228 142 144 238
235 491 152 232 146 148 242
241 495 164 272 150 152 246
499 168 276 154 156 254
*503 172 280 158 160 262
176 284 162 164 266
180 288 166 168 270
184 170 172 274
188 174 176 278
196 178 180 282
200 184 286
204 290
208
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Table 3.S5. All diversity measures calculated including MLL:N ratios for all samples, private MLL, and shared MLL. Confidence

intervals based on 1000 bootstraps of 30 samples per site (excluding B3) are provided under observed diversity metrics.

Multilocus Lineages Sample Size MLL : N
Private Shared

Total Private Shared Chaol Total MLL MLL Total Private Shared

NW B3> 4 0 4 5 22 0 22 5.50 - 5.5

NE D11 8 0 8 9 54 0 54 6.75 - 6.75
(6, 13)

D1.2 6 1 5 7 43 1 42 7.17 1 8.4
4,11)

E C3 6 0 6 6 37 0 37 6.17 - 6.17
(6, 6)

D3.1 10 1 9 12 169 1 168 16.90 1 18.67
(4, 18)

D3.2 8 1 7 16 103 1 102 12.88 1 14.57
(3, 15)

S Bé6 20 16 4 75 236 34 202 11.80 2.125 50.5
(5, 35)

B8 13 5 8 21 225 15 210 17.31 3 26.25
(4, 25)

D6.1 4 0 4 4 32 0 32 &.00 - 8
(3, 4)

D7 8 1 7 16 78 1 77 9.75 1 11
3,15)
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Table 3.S5 Continued. Simpson diversity (lambda), evenness (V), Beta Pareto, and the Lineage Diversity Index (LDI) measures as

suggested by Arnaud-Haond et al.!®. Confidence intervals based on 1000 bootstraps of 30 samples per site (excluding B3) are
provided under observed diversity metrics. Relative abundance values are provided for hosts and unisexual genomotypes (from

157)

which required for the diploidization cycle proposed by Bogart and Bi 3. *Historic relative abundances of hosts and genomotypes
from Bogart and Licht '*® provided underneath contemporary genomotype and host relative abundance values.

Diversity Metrics *Host Presence *Genomotype
lambda \4 Pareto LDI A. laterale (LL) A. texanum (TT) LLT LTT LLTT
NW B3+ 0.38 0.26 0.48 0.14 1.8% 0% 32.7% 7.3% 1.8%
- - - - 16.3% 0% 67.3% 0.4% 2.6%
NE D11 0.82 0.89 0.66 0.13 0% 3.3% 5.5% 14.3% 0%
(0.77,0.84)  (0.77,0.90)  (0.53,1.39)  (0.17,0.24) - - - - -
DI1.2 0.51 0.47 0.55 0.12 0% 6.7% 1.0% 26.0% 0%
(0.39, 0.60) (0.27,0.59) (0.45,0.64) (0.10,0.17) - - - - -
E c3 0.78 0.87 1.40 0.14 0% 15.0% 0% 19.6% 0%
(0.74,081) (0.78,091)  (0.71,1.96)  (0.17,0.17) - - - - -
D3.1 0.59 0.61 0.53 0.05 0.2% 11.9% 1.0% 28.5% 0.3%
(0.40,0.73)  (0.20,0.72)  (0.47,0.82)  (0.10,0.24) - - - - -
D3.2 0.38 0.33 0.44 0.07 0% 1.8% 0.6% 17.9% 0%
(0.18,0.52)  (0.10,0.51)  (0.33,0.60)  (0.07,0.21) - - - - -
S B6 0.48 0.40 0.60 0.08 0% 0.4% 3.1% 18.1% 1.1%
(0.24,0.65) (0.02,049)  (0.42,0.76)  (0.10,0.31) 03% 1.4% 31.1% 30.8% 4.0%
B8 0.64 0.65 0.51 0.05 0% 6.6% 1.3% 13.4% 0.5%
(0.48,0.74)  (0.39,0.75)  (0.44,0.80)  (0.10,0.28) 0% 28.1% 8.4% 28.8% 0%
Dé6.1 0.62 0.74 0.44 0.10 0% 10.2% 0% 28.8% 0%
(0.59,0.63)  (0.69,0.82)  (0.44,0.74)  (0.07,0.10) 1.0% 58.3% 42% 15.6% 0%
D7 0.66 0.68 0.46 0.09 0% 9.1% 0.6% 28.6% 0.6%
(0.56,0.71)  (0.57,0.85)  (0.31,0.72)  (0.07,0.21) - - ; - ;
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Table 3.S6. Results from model selection exercise comparing linear models which seek to predict Bray-Curtis dissimilarity of diploid
unisexual lineage composition among sites on Pelee Island, Ontario. The Upland model uses a binary variable indicating whether or
not two sites were located within the same patch of historic upland habitat, Geo uses a continuous variable reflecting geographic
distance between sties, and Resist uses a continuous variable reflecting landscape resistance between pairs of sites based on a
resistance map derived from Smith 2!8. Null reflects an intercept-only model. Two sets of models are presented, depending on if site
B6 is included or not. This is done because lineage composition at site B6 conforms least to our hypothesis but may be the result of
alternative explanations that we were unable to test. Site C3 was removed from modeling due to concerns of founder effects.
Additionally, model selection criteria, residual values, and F-statistics are all included in this table for complete model representation.

Variables Model Selection Criteria
Geographical Shared Model AlCc Cumulative Log-
Intercept Distance Upland Resistance K AlCe A AICc Likelihood Weight Weight Likelihood
Complete
* UPLAND 0.6985 *** - -0.1695 * -
0.039 ot ) o039 ) 3 -10.133 0 1 0.591 0.591 8.441
NuLL 0.6608 *** - - - 2 -7.944 2.189 0335 0.198 0.789 6.154
- 3.83E-20 -
GEO 0.5664 *** 0.0178 - -
0,199 -+ oE08 o109 3 -7.333 2.8 0.247 0.146 0.934 7.041
RESIST 0.6174 *** - - 0.0094
0.677 2 ATEG ] ] 0677 3 -5.744 4389 0.111 0.066 1 6.247
Without B6
k%
UPLAND 07158 *** - 03273 % - 3 22537 0 | 0.996 0.996 14.768
0.000 6.94E-19 - 0.000
.GEO 0.5250 *** 0.0248 . - -
073 pp P 3 -10.059 12.478 0.002 0.002 0.998 8.53
NuLL 0.6573 *** - - - 2 9.06 13.477 0.001 0.001 1 6.77
- 1.49E-16 -
ksksk - -
RESIST 0.6021 0.0118 3 6.81 15.727 0 0 1 6.905
0.62 2.03E-05 - - 0.62

Variable significance: . P <0.1, * P <0.05, ** P <0.01, *** P <0.001).

121



122

Table 3.S6 Continued.

Residual Values Model F-Statistic
Standard Degrees of Adjusted Numerator Denominator
Error Freedom R? R? F-Value df df
Complete
" UPLAND 0.197 34 0119 0.093 4.607 1 34
NULL 0.207 35 0 0 ] ) ]
G
e 0.205 34 0.048 0.02 1.718 1 34
RESIST
i 0.209 34 0.005 -0.024 0.176 1 34
Without B6
TUUPLAND 0,148 26 0435 0.413 20.036 1 26
v 0.185 26 0.118 0.084 3.482 1 26
NuLL 0.193 27 0 0 ] ) )
RE
ot 0.196 26 0.0l 20.028 0.252 1 26

Variable significance: . P <0.1, * P <0.05, ** P <0.01, *** P <0.001).
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Chapter 4: Discussion

Axes of Diversity

In this thesis, I build on the notion of “dimensions of diversity” arguing that there
are different “axes” that can be used to further understand patterns of biodiversity. In
Chapter 2: I argue that sexual hosts of an obligative reproductive parasite can be thought
of as keystone species given that the structure and diversity of unisexual Ambystoma
assemblages are underpinned by the identity and relative abundance of their available
host(s). This empirically supported result follows directly from predictions drawn from
our contemporary understanding of unisexual Ambystoma reproduction but could only
have been tested using the genomotype axis of genetic diversity. Notably, even
assemblages in close proximity and connected by habitat apparently conducive to
emigration exhibited significant differences in genomotype structure, further reinforcing
the primary role that the underlying reproductive biology of this system plays in driving
assemblage structure. In Chapter 3: I demonstrate that unisexual Ambystoma lineage
structure across the landscape has been shaped by legacy effects brought about from
historic landscape structure and past interactions with multiple sexual hosts. Fortunately,
knowledge of Pelee Island’s landscape history and assemblage structure allowed me to
build and test these hypotheses, demonstrating the value of long-term datasets. Critically,
these patterns of diversity could not have been meaningfully investigated using the
genomotype axis due to the ecological factors at play at the time scales involved.
Therefore, each of these explored axes of diversity provide fundamentally different
interpretations on what ecological factors have shaped diversity patterns across different

time scales.
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In this discussion I will review the findings of this thesis in the context of two
specific axes of genetic diversity: genomotype (biotype) diversity and lineage diversity.
However, other axes do exist. For instance, the wide diversity of marker types and loci
come with their own distinctive features and implications. Likewise, chromosomal
structure can also vary in unisexual Ambystoma due to intergenomic recombination
events 2642, Therefore the “allelic” and “chromosomal” axes may be considered as

separate forms of genetic diversity as well and are explored in the Appendix.

Genomotype Diversity

Unisexual Ambystoma genomotypes can be considered as a particular form of
biotype '3, one that is explicitly based on the ploidy and the proportional genetic
contribution from each parental species. Genomotypes vary in two key aspects: genome

dosage and ploidy level. While these components are certainly linked, each comes with

distinct implications in terms of how it affects key traits including vital rates 2!°2%7,

268,269 146

morphology , and habitat selection *°. Much like different biotypes in other systems

120270271 "ynisexual Ambystoma genomotypes have differing niche requirements and

limitations 314 likely influenced by their genetic make-up '*°. However, it is unclear the

degree to which these factors influence distribution patterns.

Genome dosage effects are well-known to occur in the system, and growing
evidence has shown that the number of chromosome compliments from specific sexual
hosts have detectable impacts at the molecular '*°, ecological '*°, and physiological 2"
levels in unisexual Ambystoma. Transcription rates appear to be equal across genomes in

149

trihybrid individuals ' suggesting dosage effects likely play a significant role in niche

differences between triploid genomotypes '*®, though it is unclear how such dosage
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effects might vary across ploidy level. Work in hybrid polyploid Cobitis fish has likewise
found evidence of dosage effects, but which differ between germline and somatic cells
suggesting hybrid phenotypes may be biased by dominance of individual genes rather
than simple additivity 2. Dosage effects in unisexual Ambystoma have also been
suggested to affect key reproductive interactions with their sexual hosts '>*, such that host
males are more likely to court unisexual females which have greater genomic bias. In the
Pelophylax esculentus complex, dosage effects have been implicated in mating success
variation 274273, though it seems to be contextually dependent on host-genotype density
patterns 2’6, Additionally, a greater genome dosage may help limit some genetic
consequences of clonality, namely that of Muller’s ratchet 2’7, as the consequences of
deleterious mutations can be more readily controlled with greater genetic dosage 2"%27.
Similarly, genome replacement, as seen in the hybridogenetic P. esculenta, can also
alleviate such pressures 2*°. Moreover, the dramatic size of salamander genomes **! and

the number of paralogs present in their genomes 2822%* likewise may play a similarly

protective role 2%, though more research is necessary.

Polyploidy likewise can have costs and benefits. For instance, in polyploid unisexual
Ambystoma, cell sizes are generally larger, but cell count appears to decline, mitigating

2 2 .
265299 One obvious consequence appears

large changes in body size across ploidy levels
in pentaploid animals which have a far higher rate of spinal deformation 2> (E. Bare
personal observation,

Figure B.3). Others have noted lower survivorship in higher ploidy animals across

life stages /*?%”, independent of stress associated with metamorphosis “*’. The exact

cause of this is unclear and may be due to several intrinsic factors, genetically influenced
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behavioral factors, or ecological factors 2'°. For instance, cellular complications are well-

known in polyploid systems “%%7%7

and can likewise influence behavior. In polyploid
newts, reduced reaction time and learning capacities are likely a result of interaction
limitations among enlarged neurons “**?*’. Phenological differences among genomotypes
also exist in unisexual Ambystoma which are believed to stem from ploidy level variation

130.290" and could lead to reduced access to sperm. Lastly, hydroperiods can play an

important role in larval development rates **/

. While salamander larvae are highly plastic
in their response to hydroperiod “°, higher ploidy unisexuals also tend to lay eggs later in
the season '*°. However, higher ploidy animals maintain larger body sizes throughout
larval development and metamorphosis compared to their lower ploidy conspecifics 2
making them more competitive.

The intrinsic complexities surrounding unisexual genomotypes make it
challenging to derive robust ecological predictions for this allopolyploid system. This is
further complicated by poorly understood interactions with extrinsic factors, including
the abiotic environment and species interactions. For instance, host switching is not
uncommon among allopolyploid systems and often leads to expansive ranges 883261,
This can serve as a form of ecological fitting and promote genomotype diversity at a local
scale %70, Unisexual Ambystoma can switch among an assortment of hosts '?”1?%_ In one
such documented case, LJJ unisexual Ambystoma were able to utilize A. barbouri as a
sexual host despite the lack of an A. barbouri haplome '%°. On Pelee Island, while all
unisexual Ambystoma appear to have contributions from both potential hosts on the island

(A. laterale and A. texanum), genomotypes that have a genetic bias favoring a site’s

missing host are not uncommon (Chapter 2:). In many cases it is unclear whether this is
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due to the historic presence of the missing host (i.e. a legacy effect), an unidentified host
population, or immigration. In this situation, analysis comparing predictions associated
with each axis of genetic diversity is necessary to disentangle the relative influence of
these different explanations. However, for recently established assemblages where
salamanders were previously not found, immigration seems most likely. Immigration
likewise lends itself towards enhancing lineage diversity (Chapter 3:) at a regional scale
by having sites with two different hosts effectively sharing triploid genomotypes. While
one site in isolation may not develop the symmetrical tetraploids needed for
diploidization, two connected sites with alternative hosts could develop them in tandem
293 To more effectively assess this potential, more fine-scaled research would be
necessary to genetically link genomotypes across and within lineages, thereby examining

the genetic dimension across two axes of diversity simultaneously.

In Chapter 2:, I show how genomotype distribution over a relatively small spatial
scale is closely linked to the distribution of their sexual host(s) despite close proximity to
sites with alternative hosts. However, this is likely an incomplete explanation for the
variation seen given the implications of genome dosage effects and polyploidy.
Furthermore, unlike across much of their range, unisexual Ambystoma on Pelee Island are
predominantly diploid '*>!'*3. While I argue that novel diploid lineage formation is likely
occurring on the island (Chapter 3:), it is unlikely that this process is the primary driver
for diploid dominance as the relative abundance of diploids varied by site cluster.
Diploids, in theory, should not suffer the limitations imposed on higher ploidy level
individuals as their genome dosage is unbiased and they maintain smaller cell sizes

within the normal range for diploid sexual species from this genus. Furthermore,
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survivorship has been found to be negatively impacted by ploidy level across life stages

219 Why is it then that diploids appear so

suggesting a survival advantage for diploids
infrequently across most of the unisexual Ambystoma range? In the P. esculenta complex,
the selective advantage hypothesis was tested as an explanation for assemblage variation
but could not be confirmed in either adults or their offspring 2°*. Rather, population
stabilizing mating strategies varied based on which species the hybrid crossed with,
suggesting a role for reproductive plasticity contextualized by host availability 2°.
Further research in the P. esculenta complex identified that survival rates of particular
tadpole genomotypes depends on the genomotypes of the parents, suggestive of some
form of postzygotic barrier °°. On Pelee Island, the unique context of having two
available hosts may resolve this dilemma as differential reproductive strategies or
unrecognized postzygotic barriers could result in a distinct genomotype distribution
compared to regions with only one host, assuming the complex on Pelee Island is stable.
A similar contextualization could explain the prevalence of LJ populations in southern
Ontario where A. laterale and A. jeffersonianum are sympatric or parapatric 27, Further
research is needed to assess these hypotheses in each region. With its abundance of
diploid unisexuals, and diversity of other naturally occurring genomotypes, Pelee Island
shows great promise to serve as a natural laboratory to explore the causes and

consequences of ecological diversity across unisexual assemblages and compare those

results to mainland systems and other species complexes.

Lineage Diversity

In sexually reproducing systems, examination of mitochondrial 2°*?%° and

chloroplast 2* lineages, or haplotypes, serves as a form of genetic diversity even though
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these genetic structures are clonal. Indeed, use of lineage diversity and distribution
patterns of such structures to examine historic **° and contemporary ''7 events is not
uncommon and can effectively be used in conjunction with nuclear genetic data in sexual
species as a method to examine temporal changes in gene flow (reviewed in *!). In
clonally reproducing systems, similar strategies can be employed for the same purposes
even though such systems are traditionally thought of as having low genetic diversity
277301 However, it is not uncommon for these systems to develop novel lineages through
multiple hybrid origins (Cobitis sp. 2%%; Phoxinus sp. >*°; Darevskia [Lacerta] sp.3?) or
regular introgression/genome replacement by allochthonous parental genomes
(Pelophylax sp. **%; Squalius sp. 3°*). In fact, investigations into lineage diversity can be

used to age various migration events or connectivity timelines 2>

. More intriguingly,
tracking of individual haplome lineages can even reveal divergent patterns of genetic
diversity %1%, So, while less commonly investigated than species diversity, studies of
lineage diversity are also highly informative, particularly when considering the statistical
limitations imposed by clonal reproduction such as limited allelic diversity and the breaks
from conventional assumptions of genetic analyses.

Aside from examining genetic diversity, lineage-level analysis also seems to
provide information about diversification trends at different time scales compared to
other axes of genetic diversity. In Chapter 2:, I demonstrated a key role for the host
species in determining community diversity. That work identified a likely factor, namely
local host identity, in determining contemporary assemblage demographics aligning itself

most closely to the temporal scale of landscape genetics °>3%. In Chapter 3:, I highlight

the importance of appreciating lineage diversity to examine historic community

129



130

connectivity. From this work, I found that lineage composition on Pelee Island appears to
be primarily influenced by the historic structure of the island, but unique interspecific
interactions may play a role at local spatial scales. Given the timescales involved,
lineage-level analyses appear to examine deeper timescales than traditional landscape
genetics and yet are shallower than the temporal scale of phylogeography 7. Indeed,
lineage-level analyses of clonal systems may provide a way to examine an intermediary
temporal scale bridging landscape genetics and phylogeography in asexual groups with
potential implications for our understanding of historic distributional dynamics in
congeneric sexual species as well 2°13%,

This capacity of the lineage axis of diversity to provide novel insight about
ecological and evolutionary processes may, at least in part, result from dynamics that act
evenly among lineages and thus appear “neutral”. For instance, clonal populations readily

10L102 or high-density blocking 1%, each of which can

display persistent founder effects
effectively maintain assemblage structure **%. Assuming temporal habitat stability, these
two traits work in concert to both emphasize historic structure while muting noise in
genetic data due to contemporary immigration rates, resulting in a contemporary genetic
“patchiness” despite dispersal potential 2>"*%°. However, population decline following
significant habitat disturbance opens the possibility for migrants of a novel lineage to
colonize along contemporary migration routes *'%3!!. As clones, migrants from novel
lineages would maintain their lineage identity and be distinct from historically present
lineages. While some time lag concerns may persist, such an extinction debt due to

228,230

disturbance or an age class gap in the colonizing lineage slowing population growth

312 it is only until carrying capacity is once again reached, at which point demographic
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shifts would almost exclusively be due to neutral dynamics %!, However, it is unclear
if selective pressures do act evenly among lineages and further study would be needed to

determine whether this is the case.

In other clonal systems with distinct lineages, selective pressures have been found to
favor some lineages over others '°%'4. For instance, lineages that share a particularly
flexible base genotype may experience greater ecological fitting capacity *°. Should a
lineage have a particularly broad tolerance, it may even outperform its sexual progenitors
315, Following the “Frozen Niche Hypothesis” !?°, individual lineages may display narrow
niches within which they are more competitive against their hosts. While one or a few
lineages may be able to persist alongside their host, having multiple lineages, each with
their own distinct niche, may result in a highly diversified niche space for the host(s),
potentially destabilizing coexistence **. This hypothesis may partially explain the

t 63,316

proposed Clanton effec as extreme unisexual-to-host ratios, or even lack of hosts,

often appear in range overlaps between A. laterale and other potential hosts 48317,
Indeed, similar destabilizing dynamics have been documented in traditional parasite-host
systems ®®. While niche variability is known among unisexual Ambystoma genomotypes
146 no work has been done to assess if such variation exists among distinct unisexual
Ambystoma lineages or if there are interactions between lineage-based and genomotype-
based niche trends. However, the relationship between ecosystem stability and diversity
is highly complex and further research is necessary to establish if lineage niche diversity

impacts host population dynamics 3'831°,

The presence of many lineages across Pelee may also be a consequence of a

deeper legacy. The origins of these lineages are uncertain, though the wide distribution of
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some lineages suggests they may have been present prior to the flooding of the Erie
Basin. Prior to the Nipissing event that isolated Pelee Island, a land bridge existed
connecting what are today Point Pelee and mainland Ohio !°. During this time, some
lineages may have been more widely distributed, suggesting some lineages found on
Pelee Island today may also be present on other islands in Lake Erie. Unpublished results,
using samples collected by James Bogart, support this hypothesis revealing that two
diploid lineages known from Pelee Island are also present on Kelley’s Island and at least
one other found on Middle Bass Island (Bare, unpublished). Future work on unisexual
Ambystoma should account for the genetic, and potentially ecological, diversity that
lineage-level analyses can ascertain, while recognizing the ways that historic landscapes
or interactions can influence such dynamics.

When investigating clonal systems, assessment of lineage diversity can prevent
misinterpretation of allelic diversity. While clonal systems from monophyletic origins
may experience divergence through mutation (Poecilia formosa **°; P. monacha-
occidentalis 3*'), it is also quite common for multiple hybridization events to produce
multiple clonal lineages >°*3?, In the former case, a single lineage may diversify in allelic
representation as demonstrated with the diploid lineages found on Pelee Island. Over
time, and after periods of diversification and isolation, a single monophyletic lineage may
appear to be multiple lineages as they get more genetically distant. Such within-lineage

variation can be used to track colonization dynamics !!7-263-323

or estimate lineage age
230321324 "I some cases, even lineages with seemingly low genetic diversity can be

investigated with karyotypic/chromosomal structure diversity **°. Similar work has been

done in unisexual Ambystoma, showing hybrid chromosomal structures can be tracked
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across populations allowing for the inference of colonization pathways 232, Indeed, this
karyotype diversity serves to reinforce the importance of viewing assessing the genetic
dimension of diversity along various axes. Conceivably, the “karyotype axis” could
connect different lineages to one another as the unique structure of a chromosome may

persist across lineages connected through recent ancestry.

Conclusion

From parasite ecology to landscape genetics, or community diversity to legacy
effects, unisexual Ambystoma provide a model system that be interrogated to explore a
wide breadth of ecological and evolutionary theory. While certainly a unique system due
to their distinct reproductive mode of kleptogenesis, unisexual Ambystoma are still
subject to the same ecological processes that drive broader biodiversity patterns. My
work further demonstrates that unconventional reproductive systems are an untapped
resource of ecological knowledge and warrant further exploration *°. Indeed, this system
led me to expand on the concept of “dimensions of diversity” described by others "¢,
providing the conceptual distinction of different “axes of diversity” as a framework that
subdivides dimensions based on the methods used to measure diversity and the distinct

interpretations of each method.

Arguably, this is analogous to work conducted in conventional sexual systems,
where analyses of mitochondrial DNA and nuclear DNA are often associated with
different spatiotemporal scales and classified as either “phylogenetics” or “landscape
genetics” 397377 In this thesis I have also argued that the different genetic diversity axes,
tested and described herein, can likewise be used to test various hypotheses at differing

spatiotemporal scales. These axes of diversity can be aligned along a continuous sliding
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scale of spatiotemporal resolutions, each providing their own distinct insight into the
history and processes driving biodiversity. Consequentially, systems with unconventional
reproductive modes provide significant opportunities for studying ecological theory as
they provide a wide range of distinct axes of genetic diversity that can be explored.
Continued examination and comparison of these unique systems with more refined

266,328 y1se of more loci that

strategies such as the use of fluorescent in situ hybridization
are chromosomally unlinked (see Appendix A: Mapping of microsatellite loci to the
axolotl (4. mexicanum) genome), or examination of intra-lineage genetic diversity, will

help ecologists develop novel insights into fundamental ecological processes that are

difficult or impossible to investigate in contemporary diploid sexual systems.
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Appendix A: Mapping of microsatellite loci to the axolotl (4.
mexicanum) genome

Introduction

Within the Ambystoma genus of salamanders there is a highly complex lineage of
unisexual individuals that exhibit a unique reproductive mode known as ‘kleptogenesis’
124 This group consists of an all-female, nuclear hybrid, mixed ploidy, obligative sexually
parasitic, monophyletic lineage (based on mtDNA) that is only able to reproduce by
‘stealing’ sperm from viable male hosts 2. To date there are five known sexual species
(4. laterale, A. texanum, A. barbouri, A. jeffersonianum, and A. tigrinum) that can play
host to this unisexual complex '?°. Through their unique mode of sexual reproduction
these unisexual animals can have up to four reproductive outcomes: 1) clonal offspring,
wherein the offspring are full genetic clones of the mother !4, 2) ploidy elevation 24134,
wherein the egg incorporates the allochthonous haplome from collected sperm, 3)

t 134136 where one full set of chromosomes are discarded and

genome replacemen
replaced by the haplome of the sperm, or 4) a hypothesized track where symmetrical
tetraploids, individuals possessing two A. laterale haplomes and two chromosome sets
from one other host, produce diploids that maintain one 4. laterale haplome and one
haplome of the other donating species '*”. Due to this complexity, individuals are
assigned ‘genomotypes’, monikers that indicate the species and number of haplome
copies from each species '%°. For example, ‘LT’ indicates a diploid animal with one

haplome derived from A. laterale (L) and one from A. texanum (T), while ‘LJJ’, indicates

a triploid animal with one derived haplome from A. laterale and two from A.
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Jjeffersonianum (J). To date, animals have been found up to pentaploid ploidy level, and as

tetrahybrids (maintaining haplome sets from four unique sperm donors) ',

Today, Ambystomatids are genotyped most frequently using co-dominant
microsatellite loci, though can also be identified using a single nucleotide polymorphism
(SNP) assay *%°. Compared to SNPs, microsatellite markers provide the benefit of having
high allelic diversity with alleles based on length rather than sequence **°. Additionally,
microsatellites have a high rate of mutation caused by slippage in the central region of
repeat motifs during DNA replication, making them suitable for analysis at short time
intervals **. The diversity associated with these regions is capable of discerning minute
genetic differences between individuals even within the same sub-lineage of animals,
with some having species-specific allele size ranges or amplification success in select
species due to mutations in primer binding regions 2. Use of microsatellites has proven
valuable for work with unisexual Ambystoma and the sexual hosts on which they rely
because this method allows for the identification of ploidy and identity of the genome(s)
of origin from the chromosomes an individual possesses . This strategy has high
efficacy when compared to flow cytometry and has a better accuracy when compared to
allozyme assessment that had been used originally '#!. Subsequent work documenting
intergenomic exchange within unisexual Ambystoma raises concern for this strategy
264266 During such events, homeologous chromosomes crossover producing chimeric
chromosomes that are comprised of genetic material originating from two different
species 2%6326_In such cases, it is possible that genomotyping based on microsatellite
markers may produce faulty results due to two loci on the same chromatid indicating two

different species of origin (Figure A.1).
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To assess the potential for this possibility, this work aligns all published
microsatellite primer sets derived from Ambystoma species to the fully sequenced
Ambystoma mexicanum genome (strain DD151, project accession PGSH02000000) 3!,
While not known to be a potential sperm donor to the unisexual complex, A. mexicanum
is the only fully sequenced Ambystoma genome to date (32 Gb) and is within the tigrinum
complex of Ambystoma which does have at least one confirmed viable sperm donor
species (4. tigrinum). Additionally, this work exists as an exercise to test coalescent
theory, from which we might predict that primer sets derived from close relatives to A.
mexicanum will have greater sequence matching compared to primer sets derived from

more distantly related species 332332,

Methods

Data Collection

Primer sequences were collected from available literature sources including
theses, dissertations, and published agency reports (Table A.1). The full genome
sequence for A. mexicanum was downloaded from NCBI GenBank (chromosomes only,
accession #’s CM010927-CM010938, CM030316-CM030331) but is also freely
available from axolotl-nomics.org (includes chromosomes and supercontig sequences).

Microsatellite sequences were also downloaded from NCBI GenBank.

Genome Mapping

Microsatellite sequences were aligned to the A. mexicanum genome using a the
NCBI nucleotide BLAST software (Figure A.7). The minimum word limit was reduced
to 15 to accommodate high variability of repeat region size and high potential for

mutations within these neutral loci. Resulting subject sequences were filtered for total
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query coverage (>= 70%) for each chromosome, percentage of microsatellite sequence
aligned per subject sequence (>= 30%), and score (>= 140). Values were reduced as
subject sequences often did not fully align along the repeat region, causing query

sequences to be sectioned (
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a. Score: 337.21 (182), E value: 5.95x10°'%, Identity: 209/222 (94.1X), Gaps: 1/2

Query 3 CAGACTCCCAGTTGCAGCATTTTTTGAGGGCACCATCTGGACCCATAGTTTGTGA

FECEREEREEE CREEEE e e e e e e e e e e e vee veeeeeeery
Subject 345729890 CAGACTCCCAGGTGCAGCATTTTTTGAGGGCACCATCTGAACCTATAGTTTGTGA
345729803

Query 91 TAGCCTCCGACTTGAGCCAATT-CATTTTGTAGCTGGAAAATCGTCCAAACATGT
FEEREREREEERr e r e vee Ceree b ee e e e e ey
Subject 345729882 TAGCCTCCGACTTGAGCCAATTTCATCTTGTAGCTGGAAAATCGTCCAAACATGT
345729715
Query 178 TTAGGTCCTGCAGCACTAATAAGAAGTCGTCCACATACAACCATAG 223
PEREREEREE Rt e e en e veer e ey
Subject 345729714 TTAGGTCCTGTAGCACTAATAAGAAGTTGTCCACATACAACCATAG 34572966
b. Score: 257.81 (139), E value: 4.76x10 “, Identity: 176/193 (91.2X), Gaps: 6/1
Query 216 AAC-CATAGCTTCTGCATCACGCCATTGAATTGAACCCCTTTTATATTCTCCTCA
PEEPRERREreeen e ve vener berrrr e e e e e e et
Subject 345728590 AACACATAGCTTCTGCATGACACCATTAAATTGAACCCCTTTTATATTCTCCTCA
345728503
Query 303 AGAACAAATAACAGTGAAAGA-G--AGCGATCG-TCTATCTATCTATCTATCTAT
L L O R RN R RRARRRRNRARRNR
Subject 345728502 AGAACAATTAA-AGTGAAAGAGGTCATCTATGTATCTATCTATCTATCTATCTAT
345728416
Query 387 TACCTATCTATCTATCT 403
O FEEEEeneen
Subject 345728415 TATCTTTCTATCTATCT 345728399
c. Score: 167.32 (98), E value: 8.26x10°*, Identity: 155/185 (83.8%), Gaps: 9/18

Query 333 TCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCT--ATCTATCTAT
PEOEE EEREEre e e e e e e e UL
Subject 345728397 TCTAT-TATCTATCTATCTATCTATCTATCTTTCTATCTATCTGTGTTTTTGTAT
345728312
Query 414 ACAACAAAAGAAACGTATTGACAAAGAACAAGCCAAGATTAAACAGCAGGGGAAA
PEEERRERRERRr e beneen e veereene peerrree et
Subject 345728311 ACAACAAAAGAAACGTACAGACAAAGACCAAGCCAAGGTTAAACAGCAGGGGAAA
345728224
Query 582 CTTAGTAGA 510
RRRRRY]
Subject 345728223 CTTAGTAGA 345728215
d. Score: 159.93 (86), E value: 1.38x10'*, Identity: 149/176 (84.7%), Gaps: 17/1
Query 517 AGCATTCATCATCACATATGCAGTAGGGCCGGTGTACAAGAGTTTGACCCACCTC

L PEEREREEER e verr e e e e e ey

Subject 345721088 AGCGTTCATCATCACATATGAAGTAGGGCCGGTGTACAAGCGTTTGACCCACCTC
345721001

Query 605 GTCAAGAACAGGGAGTCCCAATTAATGATTTCTTAGCATCCAAGGAAATAGCAGC

LEEREEEE 1l | L I N e AR RN AR RN AR AR
Subject 345721080 GTCAAGAA-ATG----C----TT--T--TTT---AGCATCCAAGAAATTAGCAGC
345720929

Figure A.5 andFigure A.7B). Final aligned sequences were chosen from the remaining

filtered set based on lowest e-value, highest score, and longest aligned sequence length

for each locus. Loci were then mapped to their respect chromosome based on their start

position in R 21,

Primer Alignment Potential

Reference genome sequences aligned to microsatellite sequences were extracted

and filtered by total query coverage (>= 70). These sequences were then developed into a

searchable database and aligned to published primer sequences (Figure A.7). Matches

were extracted such that only alignments where primers matched to their associated

microsatellite sequence aligned reference sequences were kept. Alignments were filtered

such that only the top alignment by % identity match and query coverage length were
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kept. Instances where primer sequences could align to multiple points on the subject were
removed, along with any instances where only a single primer form a set could be
aligned. This filtering left only those primer sets that had sufficient alignment quality.

(Full flow chart of procedure provided in Figure A.6)

Results

From the initial set of 389 microsatellite loci found in the literature and on
GenBank, 206 were able to be mapped to the axolotl reference genome (Figure A.2, and
Table A.1 and Table A.2). Furthermore, 11 of 14 microsatellite loci currently used for
this thesis were also able to be successfully mapped (Figure A.3). With these 11 loci, 3
chromosomes (chr 3, 5, and 6) can be identified with multiple loci and therefore are of
concern for causing misidentification of genomotype via intergenomic crossover in
unisexual Ambystoma being studied.

Of those loci that were mapped to the axolotl reference genome, 39 primer pair
binding sites could be successfully identified. For some loci, there is no published
microsatellite sequence, and therefore I could not align them at all (Table A.1). Others
lacked any alignment of high confidence, primarily due to low query coverage. Lastly, a
small set of loci could not be reliably placed due to multiple alignments having equal
alignment scoring (e.g., Amb08 R), suggesting the potential for multiple points for
primer alignment that could produce amplified results during PCR. From mapped primer
pairs, quality of sequence alignment tended to be lower in more distantly related species
(based on *3%). Percent identity and count of mismatched base pairs showed the strongest

trend (Figure A .4,
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Table A.3).

Discussion

The purpose of this study was two-fold: 1) identify likely locations of published
Ambystoma microsatellite loci within a reference Ambystoma genome, and 2) determine
if primer set alignment fidelity follows phylogenetic distance. I was able to map most
published microsatellite sequences onto the axolotl genome, with most that are not
mapped having unpublished sequences to be matched with. Furthermore, primer sets with
high degree of sequence alignment also followed general expectations of coalescence
theory, namely that primer sets derived from more closely related species will tend to
have greater alignment capacity >*>3*3. For research purposes, especially for unisexual
Ambystoma, this information should prove to be of significant use to account for potential
of intergenomic crossover events.

During the data collection process there were a significant number of loci that
did not have published sequences in the NCBI GenBank. Without official sequences to
work with, this mapping procedure cannot be effectively done. In the future, such primer
sets may want to be avoided for use in unisexual Ambystoma studies for concern that
their use limits the potential for accounting for intergenomic crossover events which may
lead to misidentification of animals. While unisexual Ambystoma are primarily clonal '?%,
avoiding meiosis II when crossover would occur, the cloning of these chimeric
chromatids can make their signature persist within populations 3?°. As such, the tracking
of these chimeric chromosomes can prove to be quite useful for landscape genetic studies

or connectivity studies. By recognizing where specific microsatellite markers are located

within the genome, investigators may be able to control for misidentification of
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genomotypes while simultaneously increasing robustness of analysis by including
chimera tracking in the analysis.

For bisexual Ambystoma species, these results provide similar benefits for
analyses. Namely, by identifying location of loci within the reference genome,
investigators can better account for allele linkage in population genetics studies **>. Due
to the higher rates of mutation in microsatellites, it can be hard to determine if alleles are
identical-by-state or identical-by-descent. Recognizing allele linkages can provide for
more refined assessments and greater precision in results as linked microsatellite markers
can help tease out instances of identical-by-state vs identical-by-descent. In unisexual
Ambystoma for instance, thanks to their clonal nature, all loci are considered highly
linked. Consequently, independent genetic lineages can be tracked across a landscape to
assess connectivity and intralineage genetic diversity '**2°°. In other cases, hybridization
events can likewise be tracked and aged >*-336337,

Furthermore, linkage to microsatellites has long been used as an indirect
method for tracking genetic diseases or other genetic markers **%33°, While the axolotl
genome has been published, the process of identifying effective primers for genotyping
can still be laborious as it typically requires either bacterial cloning or next-generation
sequencing of the species in question as an initial step with both procedures requiring
significant time and funding. Use of primer sets already designed can expedite the initial
phase of research. If tracking specific genes, use of pre-designed primers for closely
linked loci may skip the need to designing such primers in the first place. By using the

genome map designed here, in conjunction with the published and annotated axolotl
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genome, Ambystomatid researchers can target their desired gene of interest by
identifying its nearest microsatellite neighbors instead.

As genetic technology and sequencing capabilities advance, microsatellites have
generally been falling out of favor as neutral genetic markers. However, their high rates
of diversity lend them to being used for studies investigating population diversification
over short time periods. Moreover, in highly clonal groups, microsatellites continue to
prove to be useful for identifying population structure and connectivity. Microsatellite
mapping can prove useful in these endeavors for both clonal and non-clonal populations.
However, great care should still be taken when deciding which loci to use as primer
binding sequences may significantly differ between species, particularly when primers
were designed for more distantly related species from the target. In sexually reproducing
species, one should aim to target loci for which primers were designed from either the
same species of interest or closely related species. However, in hybrid complexes, the
strategy becomes different depending on the research interest. Generally, having primers
that bind to either species of origin will have greater chances for amplification, but it is
no guarantee that allele size ranges won’t be ambiguous leading to potential confusion
during analysis. On the other hand, having primers that only amplify in one genome
limits the precision of analyses. Therefore, it is advised that a suite of primers is used
such that some pairs can target all genomes present, while others only target one. In this
way, the ambiguity of one can compensate for the lack of detail provided by the other and
vice versa. Until full-genome sequencing becomes cheap and widely available,
microsatellite loci will continue to have use in research. It therefore remains essential that

users understand, recognize and acknowledge both their strengths and their limitations.
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Tables and Figures

A) !l !I

B)
Locus 1: LT Locus I' TT Locus 1: LT
Locus 2: LT Locus 2: LT Locus 2: LT
G: LT G:LTT G: LT
N:2 N:2 N:2

Figure A.1. A) Diagram of intergenomic crossover process. Within a symmetrical
tetraploid (blue = A. laterale, orange = A. texanum), the hypothesized diploidization
process could result in four outcomes dependent on if intergenomic crossover occurs
between homeologous chromatids. In three outcomes, at least one chromatid is chimeric,
possessing regions originating from two different species. B) Assuming two targeted loci
map to the same chromosome (Locus 1 — green band, Locus 2 — red band), each of the
four offspring have distinct genomic outcomes. Two outcomes (middle) represent a
misidentification of genomotype (G) due to one locus signaling two copies from one
species and the second locus signaling one copy from each species. One outcome
represents a correct genomotype (right) but two chimeric chromatids. The last offspring
(left) is a ‘true’ LT with intact chromatids.
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Table A.1. List of citations and associated accession numbers for recognized Ambystoma
microsatellite loci primer sets.

Count Accession #
Ambystoma (Non-specific)
Savage, 2008 I -
Williams et al., 2009 1 -
annulatum
Peterman et al., 2013a 22 -
Peterman et al., 2015 2 -
bishopi
Wendt, 2017 84 KP289040-123
californiense
Savage, 2008 21 EU442375-95
cingulatum
Wendt, 2017 32 KP289124-55
Jjeffersonianum
Denton et al., 2015 15 -
Julian et al., 2003b 20 AY091793-812
laterale
Denton et al., 2015 15 -
Denton et al., 2016 1 -
Denton et al., 2019 1 -
macrodactylum
Shields and Liss, 2003 12 AY234810-21
Savage, 2009 14 EU557031-44
Savage, 2009* 3 AY234812,
AY?234817,
AY?234819
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Table A.1 Continued.

Count Accession #

maculatum

Peterman et al., 2013b 18 -

Peterman et al., 2015 1 -

Armstrong, 2012 3 -

Julian et al., 2003a 15 AF520747-61

Wieczorek et al., 2002 16 AF108913-20;
AF452178-84;
AY122051

opacum

Croshaw et al., 2005 8 AY667611-7;
AY733034

Nunziata et al., 2011 12 -

talpoideum

Croshaw et al., 2005 10 AY667618-23;
AY733035-38

Love et al., 2013 31 -

texanum

Williams and DeWoody, 2004 10 AY362347-56

tigrinum complex

Mech et al., 2003 10 AY157747-56

Parra-Olea et al., 2007 11 EF062516-25
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Figure A.2. Karyotype of the axolotl (4. mexicanum) genome. Microsatellite loci are mapped with color depicting species from which
loci were originally identified from. Not all loci could be effectively placed due to either low confidence in mapping or multiple
placements of equal support. Centromeres are marked as black bars. Chromosome arms are arranged g-arm on the left of the

centromere and p-arm to the right.

147



148

chrid- [ | |

chri3- [ | |

Species

chri2- | | | jeffersonianum
macrodactylum

B maculatum
texanum

chrit- [ |

chr1o- [ |

chrd- | I

chré - | I

chr? - | I

Chromosome

chré - | I I

chrb - | I |

chrd - | I ‘

chr3- | I ‘

chr2- | I |

chr1- | I |

0 1,000,000,000 2,000,000,000 3,000,000,000
Region (bp)

Figure A.3. Loci locations for 11 of 14 loci used in this PhD thesis. Loci AmmH123 and H123b are the same locus but different
primer sets derived from the same published microsatellite sequence. Three loci were unsuccessfully mapped: Atex74 (more than one
region with 100% query coverage), AjeD422 (no significant alignment), and AmaD42 (no significant alignment). Chromosomes 5 and
6 each have three loci mapped to them, chromosome 3 has two loci, with chromosomes 10, 9, and 1 each having one locus each.
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Table A.2. Locus count per chromosome arm and species where associated accession
sequence could be reliably aligned to the axolotl genome.

Species

tig. calif. bish. cing. jeff. tex. macro. op. macul. talp. | G. Total

chrl 1 2 8 3 4 2 1 1 22

p 2 4 1 2 2 1 12

q 1 4 2 2 1 10

chr2 2 2 4 1 1 1 12

p 2 1 1 1 6

q 1 1 3 1 6

chr3 2 10 1 1 1 3 2 1 21

p 1 3 1 1 7

q 1 7 1 1 1 2 1 14

chr4 4 1 6 3 1 2 1 1 3 22

p 3 3 2 1 1 3 13

q 1 1 3 1 1 2 9

chrs 2 5 10 3 1 1 1 2 25

p 3 5 1 2 11

q 2 2 5 3 1 1 14

chré 2 4 3 2 1 5 1 19

p 2 2 1 1 7

q 1 2 3 2 4 12

@ chr7 1 6 1 2 7 17
g P 4 1 1

£ ql 1 2 1 6 11

£ chrs 1 2 1 4 8

o p 2 1 1 4

q 1 3 4

chr9 5 2 1 1 1 10

p 2 1 1 4

q 3 1 1 1 6

chrl0 3 3 4 2 1 5 2 20

p 2 2 2 1 4 2 13

q 1 1 2 1 7

chril 1 2 3 2 2 1 11

p 1 1

q 1 2 2 2 2 1 10

chri2 2 1 4 1 1 10

p 1 1 1 3

q 1 1 3 1 1 7

chr13 3 1 4

p 1 1 2

q 2 2

chri4 2 1 2 5

2 5

q 1 2
Total 18 18 68 22 18 5 24 4 24 5 206
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Figure A.4. Sequence alignment quality measures of matched primer sequences for loci
where primer pairs were successfully matched. Species order from left to right goes from
closest relative to most distant relative of A. mexicanum ***. More distant relatives had

comparably fewer primer pair alignments, with primer pairs derived from the most

distant relatives (4. talpoideum and A. maculatum) generally having lower identity match
and higher numbers of mismatched base pairs.
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Table A.3. Total number of primer sets and average alignment metrics for each species.

Species Primer Sets  Identity (%) Mismatch Gaps Coverage (%)
tigrinum 11 97.78 0.45 0.00 98.68
californiense 8 96.82 0.69 0.06 98.44
bishopi 1 97.06 0.50 0.00 92.50
Jeffersonianum 4 98.32 0.38 0.00 95.38
texanum 2 93.86 1.00 0.25 96.25
macrodactylum 7 98.86 0.21 0.07 96.43
maculatum 5 93.98 1.10 0.10 98.10
talpoideum 1 90.97 2.00 0.00 100.00
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Table A.4. Successfully aligned loci listed by species of origin. Chromosome arm and
alignment statistics provided for each primer. Species ordered by phylogenetic distance

331 Loci used in this thesis are identified (*).

Species  Locus Arm  Direct. Identity (%) Mismatch Gaps % Coverage
tigrinum
At52.2 4q F 95.00 1 0 87
R 96.15 1 0 100
At52.10 4p F 96.43 1 0 100
R 100.00 0 0 100
At52.20 10p F 100.00 0 0 100
R 100.00 0 0 100
At52.6 12q F 100.00 0 0 100
R 95.45 1 0 100
ATS4-11 7q F 100.00 0 0 100
R 94 44 1 0 100
ATS4-25 10p F 100.00 0 0 100
R 100.00 0 0 100
ATS5-6 1q F 90.00 2 0 100
R 100.00 0 0 100
ATS10-7 6q F 100.00 0 0 100
R 100.00 0 0 100
ATS12-3 5q F 100.00 0 0 100
R 94.74 1 0 100
ATS13-1 12p F 94.74 1 0 100
R 94.12 1 0 100
ATS14-3 10q F 100.00 0 0 90
R 100.00 0 0 94
californiense
AcalB142 5p F 96.00 1 0 100
R 95.65 1 0 100
AcalD001 6p F 100.00 0 0 100
R 100.00 0 0 90
AcalD012 10p F 100.00 0 0 100
R 100.00 0 0 100
AcalD019 5q F 96.43 0 1 100
R 90.91 2 0 100
AcalD021 5q F 95.45 1 0 100
R 100.00 0 0 90
AcalD031 1lq F 96.00 1 0 100
R 100.00 0 0 100
AcalD071 10q F 92.00 2 0 100
R 92.00 2 0 100
AcalD108 10p F 100.00 0 0 100
R 94.74 1 0 95
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Table A.4 Continued.

153

Species  Locus Arm  Direct. Identity (%) Mismatch Gaps % Coverage
bishopi
Amb05 10q F 94.12 1 0 85
R 100.00 0 0 100
Jeffersonianum
AjeD23* 9q F 100.00 0 0 95
R 95.65 1 0 100
AjeD108 11q F 100.00 0 0 86
R 100.00 0 0 82
AjeD162 9p F 100.00 0 0 100
R 90.91 2 0 100
AjeD448 2q F 100.00 0 0 100
R 100.00 0 0 100
texanum
Atex63 2p F 91.30 1 1 100
R 100.00 0 0 100
Atex102*  6p F 94.12 1 0 85
R 90.00 2 0 100
macrodactylum
AcroD231 2p F 100.00 0 0 74
R 100.00 0 0 100
AcroD327 1p F 100.00 0 0 100
R 89.66 2 1 97
F104 6q F 100.00 0 0 100
R 100.00 0 0 100
H20 Tp F 94.44 1 0 100
R 100.00 0 0 100
H29 9p F 100.00 0 0 100
R 100.00 0 0 95
H120 6q F 100.00 0 0 100
R 100.00 0 0 84
H123b* 5q F 100.00 0 0 100
R 100.00 0 0 100
maculatum
Ama2C2 7q F 95.45 0 1 100
R 94 .44 1 0 100
Ama4-10 7q F 94.12 1 0 100
R 100.00 0 0 100
Amab1l 9q F 94 .44 1 0 90
R 90.00 2 0 100
AmaC40 5p F 95.00 1 0 91
R 90.91 2 0 100
AmaD184 3q F 90.00 2 0 100
R 95.45 1 0 100
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Table A.4 Continued.

Species  Locus Arm  Direct. Identity (%) Mismatch Gaps % Coverage
talpoideum

Atal7 4p F 94.44 1 0 100
R 87.50 3 0 100
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Figure A.5. Some microsatellite sequences would have complete coverage, but in sections along a localized region. AcroD315 for
example was separated into four sections that aligned along adjacent sequences, with some (sections b and c) having small degrees of
overlap along the repeat region. While the repeat region of interest is fully identified, sections a and d are separated from it by a few
hundred bp. Given the close proximity, one might postulate a large insertion event between sections a and b, and a translocation event
separating subsection d upstream from the other three subsections. Alignments provided by SequenceServer **°, figure generated by

155



156

aligned ref seqs.

Make FASTA

all_micro_seqgs.fasta BLASTh BLASTh

active_micro_primers

all_micro_primers
fasta

Filters:

Covs . :
micro_seqs :cnre primer_aligns
.blastn.out blastn.out

% query len

Outfmté: ]
Data outimtO:

Filters:

Gaps qcovs
Identity% score
% query len

Primer

Data Table

Figure A.6. Project flow chart detailing file inputs (grey), outputs (black), intermediary data files (green), data processing steps
(orange), data management steps (yellow), and functions (blue).
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A) Repeat Region Microsatellite Sequence
Reference Sequence Extract aligned
g sequence of reference
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Figure A.7. Depiction of the general process for this project. A) Microsatellite sequence (gray) from GenBank accession is aligned to
the reference genome (black), with the sequence to which the microsatellite is aligned is then pulled out and used as a reference for the
alignment of the primer set (green) for that locus. B) Quite commonly, the microsatellite sequence would break alignment along the
repeat region (orange) that the primer set is trying to target. Consequently, only a single primer from the pair could properly align. In
these situations, the primer set would be removed from consideration in the final analysis because the complementary primer
alignment could not be evaluated.
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Appendix B: Field observations
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Figure B.1. Collection of spermatophores presumptively left by an 4. texanum male at
site D3.1, found on March 23, 2019. These “sperm gardens” can be found in ponds
during breeding season.
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Figure B.2. Additional image of a “sperm garden” left by an Ambystoma texanum male
on March 23, 2019, situated in a shallow pit left behind by a treefall.
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Figure B.3. Image of a salamander with presumed skeletal deformity found on May 10,
2019 on Pelee Island, Ontario. This individual never straightened out and maintained
distorted spinal arrangement when mobile.
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Appendix C: Historic maps of Pelee Island, Ontario

Figure C.1. Survey map of Pelee Island, Ontario by P. D. Salter in 1847 . The first
known survey map of Pelee Island identifying historic uplands and inland marshes. A
‘Big Spring’ is identified in approximately the same location as site B6 used in this
thesis.
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Figure C.2. Survey map of Pelee Island, Ontario by Campbell in 1867 '%”. Historic
upland demarcations of this reference map, outlined in green, were used in Chapter 3 to
identify which sites were associated with each upland.
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