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ABSTRACT

Hybridization is a common phenomenon that serves as an important evolutionary mechanism

by which diversity can arise. When two genetically divergent species hybridize, the resulting

admixture generates novel genotypic and phenotypic combinations. Depending on a host of demo-

graphic, genetic, and environmental conditions, hybrid zone evolution can have various evolution-

ary outcomes. Natural hybrid zones between two species can offer a unique opportunity to study

how hybridization impacts adaptive evolution in admixed populations due to their natural history

and ecological circumstances. In my dissertation, I use two freshwater species of fish, Xiphopho-

rus birchmanni and X. malinche, that form replicated natural hybrid zones to address how hybrid

populations evolve and to identify barriers that contribute to maintaining isolation between species.

To uncover how morphology evolves in hybrid populations, I measured sexually selected male

traits in three independent natural hybrid populations as well as three experimental, early gen-

eration hybrid populations located at different elevational treatments for approximately 5 years.

Principal component analysis revealed the two natural hybrid populations located at lower eleva-

tions to share similar morphology with the lowland parental species X. birchmanni, and that the

third natural hybrid population located at higher elevations shared more similarity with the high-

land parental species, X. malinche. Overall, I found in the lowland natural hybrid populations,

environment drives morphology to resemble the lowland parental species. In the highland natu-

ral hybrid population, morphology aligns with genome-wide hybrid index. These findings reveal

independent hybrid populations can exhibit similar morphometric combinations of traits despite

genome-wide ancestry composition, but that it is context dependent. In other cases, morphology

aligns with the genome-wide ancestry. Most notably, within the experimental hybrid populations, I

found more variation was shared between sites than within sites. Across each experimental hybrid

site, the amount of variation in morphology among replicates was relatively the same. Addition-

ally, I make use of whole genome-wide sequence data for a subset of the individuals in the study

and found the average hybrid index at each site trended in the direction that would be expected if

ii



environmental selection was driving genome-wide changes in ancestry.

When species hybridize along climate gradients, selection should favor the introgression of

alleles that mitigate the fitness cost of environmental change. Quantifying the introgression of

loci associated with fitness in hybrid zones is critical to predicting how hybridization aligns with

responses to climate change. To this end, we performed a QTL analysis on intercrossed experimen-

tal, early generation hybrids with the aim to identify genomic regions associated with interspecific

differences in thermal tolerance and found an underdominant QTL located on chromosome 22.

However, ancestry at this QTL did not significantly change over time in natural hybrid populations

nor was it considered a candidate for selection after performing geographic cline analysis among

two independent hybrid zone clines. Interestingly, however, I found several X. malinche heat-shock

protein alleles to be introgressing downstream in one of the river drainages.

Finally, despite abundant work on postmating-prezygotic sexual selection within the same

genus of fishes, little is known about how sperm competition and cryptic female choice may me-

diate gene flow between species. This is particularly important as premating isolating mechanisms

may be weak and are frequently susceptible to disruption of communication channels. I investigate

the postmating-prezygotic barriers to reproduction and found females inseminated with equal pro-

portions of conspecific and heterospecific sperm to bias fertilization towards the conspecific male

sperm. These findings suggest postmating-prezygotic process has the potential to mediate the cost

of hybridization.
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1. INTRODUCTION

Historically, hybridization was underappreciated as an important evolutionary process across

the tree of life. We now recognize hybridization is a ubiquitous process in nature. In hybridizing

species, gene flow can lead to novel genetic and phenotypic variation for selection to act upon

[1]. This mechanism enables genomic regions to introgress from one species into another, either

as a neutral or adaptive process [1, 2]. We often see remnants of introgressed haplotypes from

ancestral admixture in the genomes of extant species as a consequence [3]. In some instances,

if interbreeding populations have not accumulated enough differences to maintain reproductive

isolation and hybrids remain fit, then homogenization can lead to the reformation and merging

of populations [4]. When the hybridization event itself causes reproductive isolation between the

hybrid and parental species, then new hybrid species can form [5, 6]. On the other hand, when

genetic incompatibilities have accumulated to a sufficient degree, reinforcement of reproductive

barriers can be accentuated due to low hybrid fitness [7].

When two genetically divergent species hybridize, the resulting admixture generates novel

genotypic and phenotypic combinations that selection can act upon. Transgressive phenotypes

that arise by this process can outcompete parental phenotypes at intermediate habitats along the

environmental gradient if hybrids have a greater relative fitness with respect to the parental species

[2, 8, 9, 10, 11]. These hybrid zones are referred to as bounded hybrid superiority [12]. By

contrast, if genetic incompatibilities have accumulated in the genomic background, hybrids may

have reduced fitness. Hybrid zones following this motif, coined tension zones, are maintained by

a balance between dispersal of parental forms into the hybrid zone and selection against hybrids

[13, 14, 15]. Numerous examples of the two hybrid formations described above have been well

documented [16]. However, not all hybrid zones can be neatly categorized as one or the other.

After hybridization and the establishment of a hybrid population, the genomic contributions

from both parental species will segregate. During this time, recombination will decay linkage

blocks that are not identical-by-descent. This in turn effects the distribution of phenotypes for se-
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lection to act upon. However, hybrid zones are dynamic, complex systems driven by an interaction

between ecology, demography, and evolutionary history [17]. Population sizes, migration rates, the

strength of selection, and changes in local environments can all influence how hybrid populations

evolve. While the scientific community has uncovered many explanations to what governs hybrid

evolution, many questions remain. What is the interplay between selection and drift in driving

hybrid phenotypic and genotypic evolution? How do early generation hybrids either constrain or

promote phenotypic and genotypic variability? In other words, is there a large amount of variation

in hybrid populations or are hybrid populations constrained to certain genotypic and phenotypic

combinations. How are genotypes and phenotypes among hybrid populations changing over time

and across different environmental regimes? Is there more variation within or between hybrid pop-

ulations? Beginning to address these questions will provide novel insight into understanding the

evolutionary outcomes of hybridization and its importance in speciation.

To explore these questions, I make use of two closely related swordtail fish, Xiphophorus birch-

manni and X. malinche and the hybrid populations they form. The birchmanni-malinche system

offers a unique opportunity to study long-standing evolutionary questions regarding the conse-

quences of ecological selection on hybrid populations due to their unique natural history and eco-

logical circumstances. These fish are endemic to the Sierra Madre Oriental in Mexico [18], and

their distributions are in part determined by the thermal environment [19]. Populations of X. mal-

inche are found at high elevations in cooler water temperatures (7-25 °C), while X. birchmanni are

found at lower elevations in warmer waters (15-35 °C) – at intermediate elevations, hybrids form,

likely as a consequence of anthropogenic disturbances in the chemical environment [20]. Females

in this system rely heavily on the olfactory modality for conspecific mate recognition [21]. When

pheromonal communication becomes disrupted, females become incapable of discerning between

conspecific and heterospecific males. Hybrid formation subsequently ensues giving rise to novel

combinations of genotypes and phenotypes. Despite hundreds of genetic incompatibilities having

been identified in the system [22] and evidence that pure X. birchmanni females have larger brood

sizes when crossed with pure X. birchmanni males versus hybrid males [23], hybrids are still viable
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and can backcross and intercross successfully.

Multiple naturally occurring replicated hybrid zones that have experienced several generations

of selection have been explored over the past decade [18, 22, 24]. Consequently, we have gained

a tremendous amount of insight into the evolutionary dynamics of hybrid populations. For in-

stance, we find some populations are structured, while others are not [24], and interestingly, the

genomic cline between hybrid populations distributed along independent river drainages are cen-

tered at different elevations [25]. Access to reference genomes of both parental species and a robust

genotyping pipeline enables us to conduct whole genome analyses. In addition, we can maintain

them in a laboratory setting which allows us to breed and design controlled laboratory crosses for

experiments. This includes F1 and later generation backcrossed or intercrossed hybrids which we

can perform behavioral studies on that would difficult to conduct in the field. Together, by pairing

whole genome and phenotypic data from natural and experimental hybrid populations I am able to

address the inquiries proposed above.

In Chapter II of my dissertation, I investigate how phenotypic distributions of sexually se-

lected male traits change over time among independent natural hybrid populations. This chapter

is closely paired with Chapter III where I explore the evolutionary change in experimental, early

generation hybrid populations. Early generation hybrids between X. birchmanni and X. malinche

are infrequent in nature [24]. Nearly all populations are characterized by later generation hybrids

that have experienced several bouts of selection over the past several decades. To get a clear under-

standing of how these processes are shaping hybrid zones and the distribution of species-specific

alleles at functional loci during early generations of hybridization, it’s important to monitor these

populations using controlled experimental crosses.

The distribution of X. birchmanni and X. malinche are in part determined by their thermal en-

vironment [19]. As a consequence of local adaption to their respective thermal habitats, thermal

tolerance varies between X. birchmanni and X. malinche in natural populations [19]. In Chapter

IV, I aim to investigate putative loci under thermal selection and detect whether allele frequencies

at these regions significantly deviate from the genome-wide expectation over time in natural hy-
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brid populations. I use a combination QTL analysis and genomic cline analysis to investigate the

genomic architecture underlying ecological traits and how these genomic regions evolve in hybrid

populations. The genetic architecture of a trait will give insight into the evolutionary potential for

these alleles to introgress across hybrid populations.

In my penultimate chapter, I investigate the role of postmating-prezygotic sexual selection in

the birchmanni-malinche system. Specifically, I test whether females bias fertilization towards con-

specific males when inseminated with equal proportions of conspecific and heterospecific sperm

and whether sperm physiological traits correlate with fertilization success.
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2. MORPHOLOGICAL EVOLUTION OF NATURAL HYBRID POPULATIONS OF

SWORDTAIL FISH

2.1 Abstract

Hybridization is a common phenomenon that serves as an important evolutionary mechanism

by which diversity can arise. Specifically, admixture generates novel combinations of phenotypes

that selection can subsequently act upon. In this study, my aim is to characterize changes and dif-

ferences in morphology among three independent natural hybrid zones between hybridizing sister

species Xiphophorus birchmanni and X. malinche. Using a combination of univariate and multi-

variate approaches, I compare variation in male traits within and between populations. I found

significant differences among populations for most of the phenotypic traits measured. In addi-

tion, each population exhibited some sign of stabilizing selection as trait means remain relatively

unchanged while trait variance decreases. Principal component analysis revealed the two hybrid

populations located at lower elevations to share similar morphotypes with the lowland parental

species X. birchmanni, and that the third hybrid population located at higher elevations shared

more similarity with the highland parental species, X. malinche. Overall, I found in the lowland

populations, environment drives morphology to resemble the lowland parental species. In the high-

land hybrid population, morphology aligns with genome-wide hybrid index. These findings reveal

independent hybrid populations can exhibit similar morphometric combinations of traits despite

genome-wide ancestry composition, but that it is context dependent. In other cases, morphology

aligns with genome-wide ancestry.

2.2 Introduction

Hybridization is a common phenomenon, but there are still questions about how hybrid phe-

notypes continue to evolve after hybridization [26]. For instance, a major question is how the

stabilization of the hybrid genomes influences morphological trait evolution. Hybrid populations

may express morphological traits that skew towards the parent species it derives a majority of its
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genome from over time [27]. Alternatively, other selective regimes (e.g., sexual selection, ther-

mal selection) and evolutionary forces like drift may take precedence in governing the distribution

of phenotypes in hybrids [28]. Hybrid populations often resolve incompatibilities that arise as a

consequence of admixture by selecting for allelic combinations that align with the majority parent

ancestry genome-wide [22]. In turn, regions of the genome responsible for morphological varia-

tion should also have skewed ancestry, thereby effecting morphological trait variation. However,

sexual selection is a strong evolutionary force driving the differentiation of morphological traits in

this system that could act in opposition to selection against incompatibilities [21, 29]. Similarly, if

the parental species of a hybrid system are adapted to distinct thermal environments, thermal selec-

tion could yield comparable signals [30]. For example, if genes regulating morphology are linked

to loci governing thermal tolerance, then selection at the thermal tolerance loci can cause changes

in allele frequencies at morphological genes that oppose the direction of intrinsic selection.

In this chapter, my primary aim is to explore patterns of morphological variation among three

independent populations where hybrid swordtails between X. birchmanni and X. malinche naturally

occur. These include Acuapa (ACUA, 476 m), Tlatemaco (TLMC, 480 m), and Aguazarca (AGZC,

980 m). ACUA is characterized by individuals that have X. birchmanni-skewed ancestry ∼25% X.

malinche ancestry; [31]). TLMC is at a similar elevation as ACUA, but instead has X. malinche-

skewed ancestry (∼72% X. malinche ancestry; [24]). AGZC, on the other hand, is a structured

population. There are two clusters that live in sympatry, but do not interbreed [24]. One cluster

has X. malinche-skewed ancestry (∼95% X. malinche ancestry) and the other has X. birchmanni-

skewed ancestry (∼25% X. malinche ancestry). If intrinsic postzygotic selection takes precedence,

then I expect populations where the genome-wide ancestry is skewed towards X. malinche to re-

semble X. malinche-like morphology. In contrast, I expect populations where the genome-wide

ancestry is skewed towards the lowland species, X. birchmanni, to exhibit more X. birchmanni-like

morphology. Alternatively, morphology may be a function of environment, whereby hybrid popu-

lations located in environments similar to either parental species will express skewed morphology

in the respective direction. Because population sizes can be relatively low in this system, genetic
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drift may govern morphology trait distributions. In this case, I expect a reduction in variance over

time and trait distributions that don’t necessarily align with ecological expectations. Together,

these independent hybrid zones offer a unique opportunity to study how wild hybrid populations

are evolving on a seasonal and annual timescale.

I focus on male morphological traits. The two species are sexually dimorphic and are differ-

entiated by several characteristics. X. malinche males are characterized by pigmented extensions

of their caudal fins (“swords”), medium sized dorsal fins, and leaner body depths. Male X. birch-

manni lack the sword, have larger dorsal fins, and wider body depths [32]. Hybrids display a wide

range of intermediate and transgressive phenotypes as a result of admixture [32].

I conducted principal component analysis and analysis of variance tests on morphometric data

collected semiannually for four years to determine how hybrid populations compare to one another

and to the pure parental populations. In addition, I decomposed the time series data set and fit a

seasonally adjusted linear regression to changes in morphology for each hybrid population over

time to detect how morphology evolves over time.

I found significant differences among populations for most of the phenotypic traits measured.

In the ACUA population, sword length residuals decreased, and in the AGZC population, body

depth residuals increased over time. No traits significantly changed in the TLMC population.

Principal component analysis revealed ACUA and TLMC share similar morphology with the low-

land species, X. birchmanni, and that AGZC shares more similarity with the highland species, X.

malinche.

2.3 Methods

2.3.1 Sample collection

We visited each natural hybrid site semiannually (January and June) to collect morphometric

data. These sites included AGZC, TLMC, and AGZC (Table 2.1). At each site, fish were collected

from the same pool using baited minnow traps. We sought to capture 50 mature males during

each collection. When we were unable to capture up to 50 males we recorded juvenile males to
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supplement. AGZC is a structured population that consists of a X. birchmanni-skewed cluster and

an X. malinche-skewed cluster that are reproductively isolated. The two clusters can be visually

distinguished by the presence or absence of a sword. Individuals that have a protrusion extend-

ing past the tangent of the caudal fin are considered sworded test (Figure 2.1). We photographed

each fish next to a ruler on both sides so morphological traits could be measured. For all males,

the dorsal fin, caudal fin, sword, and gonopodium were fully displayed. In addition, we collected

morphometric data of pure X. birchmanni from the Rio Coacuilco (COAC) and pure X. malinche

from the Rio Xontla (CHIC, Table 2.1). These two populations are characterized by nearly a mil-

lion fixed, ancestry informative markers genome-wide. Before handling, all fish were anesthetized

with tricaine methanesulfonate (MS-222). After handling, the fish were placed in fresh river water

until they regained equilibrium and were released back into the river.

Site Elevation (m) Latitude Longitude
ACUA 476 20.953 -98.568
TLMC 480 21.217 -98.790
AGZC 980 20.953 -98.568
COAC 183 20.552 -98.343
CHIC 1400 21.550 -98.352

Table 2.1: Elevation and coordinates of each natural hybrid population site and the parental species
populations.

2.3.2 Morphometric analysis

For all mature males across the natural hybrid populations, we took measurements on con-

tinuous traits including standard length, body depth, sword length, dorsal width, dorsal height,

gonopodium length, and peduncle height (Figure 2.1). Each trait was standardized by the stan-

dard length by fitting a linear model and the residuals were used for subsequent analysis. All

morphometric data was scored in ImageJ [33]. I conducted a one-way ANOVA followed by a

post-hoc Tukey honest significant difference test to determine significant differences in trait values
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Figure 2.1: Measurement guide of continuous traits: standard length, body depth, sword length,
dorsal fin width, dorsal fin height, peduncle height, and gonopodium length. Blue dash line in-
dicates cut-off for sworded (i.e. X. malinche-skewed) and non-sworded (X. birchmanni-skewed)
individuals. Individuals that have an extension past the line are considered sworded individuals.

between sites and fit decomposed seasonally adjusted linear models to determine how trait values

and variance were changing over time. A seasonal time series consists of a trend component, a

seasonal component and an irregular component. Decomposing the time series means separating

and estimating these three components. All statistics were conducted in R.

2.3.3 Principal component analysis and Bayesian ellipse overlap analysis

Principal components analysis (PCA) was conducted on all continuous traits using the prcomp

function in the R package stats. I calculated the 95% CI ellipse of each site and used the bayesianOverlap

function in the R package SIBER to calculate the area of overlap between two ellipses. This is done

pairwise between sites. This function returns the proportion of overlap between two ellipses, each

representing the values for a particular draw from the posterior estimates so that a posterior distri-

bution of the estimated overlap is obtained. The number of draws was set to 100. I use Kalman

smoothing to impute missing data for any traits that were not recorded in some collection dates

[34]. This fits the ellipses using an Inverse Wishart prior on the covariance matrix Sigma, and a

vague normal prior on the means. This will range from 0 when the ellipses are completely dis-
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tinct, to 1 when the ellipses are completely coincidental. The final set of posterior distributions are

concatenated and used to determine which sites share more variation with one another. In addition

to the continuous traits measured, I used the first two principal components (PC1 and PC2) in the

analyses comparing means between populations and changes through time since they can explain

most of the variance.

2.4 Results

2.4.1 Morphological change over time

I measured 7 morphological traits over time among 3 independent hybrid populations. After

decomposition of the time series dataset, I found sword length residuals (Estimate: -0.02614,

F(2,9) = 7.754, p = 0.011) to be significantly decreasing over time in the ACUA population (Figure

2.2). I found body depth residuals (Estimate: 0.105, F(2,8) = 8.439, p = 0.0107) to be significantly

increasing over time in the AGZC population (Figure A.1.D). While non-significant, sword length

residuals trended negatively in the AGZC population (Figure 2.2; Estimate: -0.578, F(2,8) = 3.356,

p = 0.087). No traits significantly differed from a slope of zero in the TLMC population (Figure

A.1).

Many traits exhibit a decrease in variance over time. In AGZC, variance in PC2 (driven primar-

ily by sword length; R2 = 0.4, p = 0.036), standard length (R2 = 0.63, p = 0.0036), body depth (R2

= 0.49, p = 0.017), sword length residuals (R2 = 0.39, p = 0.039) and peduncle height (R2 = 0.46, p

= 0.021) decreased over time (Figure A.1). While non-significant, both ACUA and TLMC exhibit

decreasing trends in variance for standard length, body depth, and peduncle height. Variance in

PC2 and sword length residuals remained constant in both ACUA and TLMC (Figure A.1.B,E).

Most of the signal from the AGZC population derives from X. malinche-skewed individuals. I

repeated the analysis within the AGZC population treating X. malinche-skewed and X. birchmanni-

skewed individuals as separate groups. Variance in standard length (R2 = 0.65, p = 0.0048), body

depth (R2 = 0.71, p = 0.0023), peduncle height (R2 = 0.64, p = 0.0053), dorsal width (R2 = 0.63, p =

0.0062), and dorsal height (R2 = 0.72, p = 0.0018) significantly decreased in X. malinche-skewed,
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but not X. birchmanni-skewed individuals. In all cases, variance remained unchanged over time

in the X. birchmanni-skewedindividuals. While non-significant, variance in sword length had a

decreasing trend in X. malinche-skewed, but not X. birchmanni-skewed individuals (R2 = 0.39, p =

0.054).

Figure 2.2: Distribution of sword length residuals for the natural hybrid populations over all col-
lection dates.

2.4.2 Morphological trait distributions

I conducted one-way ANOVAs followed by post-hoc Tukey HSD test to determine if residual

trait values significantly differed between hybrid and parental populations. For PC1 (F(4,1132)

= 10.06, p < 0.001) and standard length (F(4,1132) = 8.132, p < 0.001), AGZC was significantly

different from the other two hybrid populations, but not from either of the parental populations

(Figure 2.3.A,C). ACUA and TLMC did not significantly differ in PC1 values (Figure 2.3.A). All

groups significantly differed from each other for PC2 (F(4,1132) = 120.9, p < 0.001) and sword

length residuals (F(4,1132) = 120.5, p < 0.001), except ACUA and wild X. birchmanni (Figure

2.3.B,E). Wild X. malinche had the greatest residual sword length values followed by AGZC,
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TLMC, ACUA and wild X. birchmanni, respectively (Figure 2.3.E). The wild X. birchmanni popu-

lation had significantly greater body depth residual trait values among the different groups (Figure

2.3.D, F(4,1132) = 11.65, p < 0.001). No other populations differed from one another for body

depth residual trait values. AGZC and TLMC shared similar dorsal width residual trait values

and both were significantly different from all other populations (Figure 2.3.G, F(4,1132) = 93.39,

p < 0.001). ACUA did not significantly differ from either of the parental populations in dorsal

width residual trait values (Figure 2.3.G). TLMC had significantly different dorsal height residual

trait values than all other populations (Figure 2.3.F, F(4,1132) = 9.926, p < 0.001), while AGZC,

ACUA, and wild X. malinche shared similar trait values. Only ACUA significantly differed in

gonopodium length between populations (Figure 2.3.H, F(4,1132) = 7.599, p < 0.001). TLMC

had the lowest peduncle height residual trait values and significantly differed from all other pop-

ulations (Figure 2.3.J, F(4,1132) = 20.99, p < 0.001). ACUA and AGZC shared similar peduncle

height residual trait values and differed from all other groups (Figure 2.3.J).

2.4.3 Summer vs winter collections

In the ACUA population, summer and winter collections significantly differed in standard

length (Figure 2.3.C; t(302.48) = 2.7853, p = 0.005686), sword length residuals (Figure 2.3.E;

t(290.35) = -5.0964, p = 6.247e-07), and PC2 (Figure 2.3.B; t(280.02) = -6.1967, p-value = 2.054e-

09). Individuals collected in the winter had increased values. Standard length (Figure 2.3.C;

t(439.28) = 4.8757, p = 1.518e-06) and PC1 (Figure 2.3.A; t(444.37) = 5.4209, p = 9.745e-08)

were significantly different between summer and winter collections in TLMC. Only PC1 was sig-

nificantly different between seasons in AGZC (Figure 2.3.A; t(292.62) = 3.4727, p = 0.0005931).

2.4.4 Principal component analysis

I conducted a principal components analysis that included all morphometric data from the

three hybrid populations as well as the parental species. The first principal component explained

71.1% of the variance and was driven equally between all traits except for sword length (Figure

2.4). Principal component 2 explained 14.3% of the variation and was strongly driven by sword
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Figure 2.3: Distributions of A) PC1, B) PC2, C) standard length, D) body depth residuals, E) sword
length residuals, F) dorsal height residuals, G) dorsal width residuals, H) gonopodium length resid-
uals, and J) peduncle height residuals in the natural hybrid populations and parental populations
among all collection dates combined. Red and blue points represent individuals collected in sum-
mer and winter, respectively. Green point represents population mean.

length (Figure A.2). TLMC and ACUA cluster closely and overlap with each other as well as

with the X. birchmanni parent population. The parent X. malinche samples and the hybrid AGZC

population have the greatest variation (presumably due to high variation in sword length). I reran

the principal component analysis removing the lowland hybrid populations and separating AGZC

into two groups: X. malinche-skewed and X. birchmanni-skewed clusters (Figure 2.5, Figure A.3).

The X. malinche-skewed individuals contribute a majority of the variation present in AGZC. I also

analyzed each site independently treating each date as its own cluster. Across each hybrid site,
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variation in morphology is decreasing over time, as the area of 95% confidence interval of each

site gets smaller over time (Figure A.4).

Figure 2.4: Principal components 1 and 2 of all morphological data scored between the natural
hybrid sites and the parental species populations.

2.4.5 Pairwise overlap comparison

I conducted pairwise comparisons to calculate the percentage of overlap between principal

component ellipses (Table 2.2, Figure A.5). ACUA and TLMC overlapped with the X. birchmanni

samples (BIR) 26 and 20%, respectively. AGZC overlapped with BIR only 9%. AGZC was the

only population to overlap with MAL at 26%. ACUA and TLMC shared the greatest amount

of overlap of 46%. AGZC overlapped with ACUA and TLMC 23 and 32%, respectively. Pure

parental species did not share any overlap.

In the AGZC population, X. malinche-skewed individuals overlapped with BIR 12% and with

MAL 35% (Table 2.3, Figure A.6). Male X. birchmanni-skewed individuals overlapped with BIR
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Figure 2.5: Principal components 1 and 2 of all morphological data scored between the AGZC
hybrid clusters and the parental species populations.

43% and with MAL 0%. Male X. malinche-skewed individuals and X. birchmanni-skewed indi-

viduals shared 23% overlap.

2.5 Discussion

The primary objective of this study was to monitor phenotypic evolution across independent

natural hybrid populations and compare variation within and between sites. The three hybrid pop-

ulations consist of two lowland sites located at similar elevations yet differ in genome-wide hybrid

index, and a structured population located at higher elevations that consist of a X. malinche-skewed

cluster and an X. birchmanni-skewed cluster. Studies that track changes in morphology over time

in hybrid populations have found hybrid phenotypic distributions to fall intermediately between

parental distributions or express transgressive phenotypes that fall outside the boundaries of either

parental species [35]. However, these are continuous distributions that fall along a continuum, and

in nature, phenotypes can be distributed and centered anywhere along that continuum; that is, hy-
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Population 1 Population 2 Percent overlap
BIR ACUA 25.95
BIR AGZC 8.73
BIR TLMC 19.22
BIR MAL 0.00

ACUA AGZC 23.41
ACUA TLMC 47.71
ACUA MAL 0.10
AGZC TLMC 32.28
AGZC MAL 25.25
TLMC MAL 1.95

Table 2.2: Percent of ellipse overlap between all pairwise combinations of natural hybrid sites.

Population 1 Population 2 Percent overlap
BIR MC 11.85
BIR BC 42.58
BIR MAL 0.00
MC BC 23.29
MC MAL 34.94
BC MAL 0.00

Table 2.3: Percent of ellipse overlap between all pairwise combinations of AGZC hybrid clusters
and parental species. BIR = X. birchmmani, MAL = X. malinche, MC = AGZC X. malinche-cluster,
BC = AGZC X. birchmanni-cluster.

brid phenotypes can exhibit skew towards one parental species over the other and don’t necessarily

fall directly in between parental phenotypes. This pattern is demonstrated in Hyla arborea. Using

similar univariate and multivariate approaches to those conducted in my analysis, morphotypes of

both parental species and hybrids differed from one another and hybrids were neither intermediate

nor transgressive, but instead were skewed more towards one of the parental species over the other

[36].

To determine how much variation was shared within and between populations, I conducted a

principal component analysis on seven morphological traits in males and calculated the proportion

of principal component space each site shared among each other. ACUA and TLMC shared 26
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and 20% of principal component space with the X. birchmanni samples, respectively. Overall, I

found ACUA and TLMC to share the greatest proportion of principal component space among

any two sites. I expect this pattern if ecological selection were driving morphological evolution.

Conversely, AGZC shared only 9% with X. birchmanni, but 26% with X. malinche. Similarity to

the highland species in the AGZC population was driven by X. malinche-skewed males. When

I analyzed the AGZC population separately, I found X. malinche-skewed males (i.e. individuals

with genome-wide hybrid index skewed towards X. malinche) to share more principal component

space with X. malinche and vice versa for X. birchmanni-skewed males, suggesting in this hybrid

population, morphology aligns more with genome-wide hybrid index.

For PC1 and standard length, AGZC was significantly different from the other two hybrid pop-

ulations. ACUA and TLMC did not significantly differ in PC1 values. Since variance in PC1 is

explained equally among all continuous measured traits (with the exception of sword length) this

provides further evidence that these two independent hybrid populations are more similar to one

another and to the parental X. birchmanni species compared to the highland hybrid populations

and X. malinche. This pattern is observed in TLMC despite individuals in this populations having

a greater genome-wide hybrid index compared to ACUA samples. A near identical pattern was

observed in a 50 year long-term analysis of Helianthus bolanderi - H. annuus hybrids [37]. In

this population, hybrids expressed an initial bias towards H. bolanderi, but later shifted to a pre-

dominance of H. annuus-like plants. Moreover, morphological similarity was more pronounced

than neutral genetic markers. These results are consistent with lowland hybrid populations being

driven to express characteristics derived from the lowland parental species and vice versa in the

highlands.

The decomposed time series linear regressions models revealed how means and variance com-

ponents of various morphological traits were evolving over time. In ACUA, sword length signifi-

cantly decreased. This pattern matches what we would expect if ecological selection were respon-

sible for governing the evolution of the sword in this population. That is, as sword lengths decrease

is ACUA, they will resemble more X. birchmanni-like morphology. While non-significant, AGZC
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exhibited a negative trend for sword lengths that was driven primarily by the X. malinche-skewed

males in this population.

Interestingly, the X. malinche-skewed males in the AGZC population expressed larger body

depths over time. Larger body depths are associated with X. birchmanni relative to X. malinche

and other hybrids. The wild X. birchmanni population had significantly greater body depth trait

values among the different groups. No other populations differed from one another for body depth

trait values. In addition, over the course of my sampling period, the frequency of X. malinche-

skewed individuals in the AGZC population has decreased (Figure A.7). These findings suggest

the X. malinche-skewed cluster of males at AGZC is evolving phenotypes that resemble more X.

birchmanni-like characteristics (i.e. smaller swords and larger body depths). We expect high-

land hybrid populations effected by increasing water temperatures due to climate change to evolve

characteristics that more closely resemble X. birchmanni.

In the ACUA population, summer and winter collections significantly differed in sword length.

Individuals collected in winter expressed larger swords than those collected in summer. While

general water temperature is an important evolutionary driving forces for adaption in this system,

rapid fluctuations and hot and cold extremes are equally important [19]. Seasonal effects play

an important role in determining phenotypic distributions among many taxa (e.g. insects [38],

mammals [39], and birds [40]).

No traits significantly changed in TLMC over the course of the study suggesting strong stabi-

lizing selection in this population. Variance in several traits decreased over time in AGZC – which

suggest stabilizing selection may be an important evolutionary force in this population as well.

This signal was driven by population structure at AGZC. When separated into X. malinche-skewed

and X. birchmanni-skewed groups, only X. malinche-skewed individuals exhibited the decrease

in variance while the X. birchmanni-skewed individuals did not. While non-significant, the other

populations exhibited decreasing trends in trait variance – further evidence for stabilizing selection.

All groups significantly differed from each other for PC2 and sword length residuals, except

ACUA and wild X. birchmanni. Since sword length explains most of the variance in PC2, I expect
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ACUA and wild X. birchmanni to share similar values for sword lengths and PC2 if ecological

selection is driving trait evolution. Among the hybrid sites, AGZC had the greatest sword length

values followed by TLMC and ACUA, respectively. Since AGZC has a cluster of X. malinche-

skewed hybrids and is a highland hybrid site, this finding is consistent with ecological expectations.

However, we expect this pattern to attenuate over time since the X. malinche-skewed hybrids at this

site are exhibiting directional selection towards X. birchmanni phenotypes as well as decreasing in

frequency in general.

During speciation, trait divergence depends critically on the selective forces acting on the pop-

ulation. Populations under stabilizing selection increases transgression in hybrids and thereby

increases the possibility of novel adaptation [41]. Each population exhibited some sign of stabi-

lizing selection as trait means remain relatively unchanged while trait variance decreases. Overall,

I found lowland hybrid populations in this system to resemble the lowland parental species over

time and vice versa for the highland hybrid population.

Overall, I found in the lowland populations, environment drives morphology to resemble the

lowland parental species. In the highland hybrid population, morphology aligns with genome-wide

hybrid index. These findings reveal independent hybrid populations can exhibit similar morpho-

metric combinations of traits despite genome-wide ancestry composition, but that it is context

dependent. In other cases, morphology aligns with genome-wide ancestry. Together, this study

sheds insight into how independent replicated natural hybrid populations evolve over time.
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3. MORPHOLOGICAL AND GENOMIC EVOLUTION OF EXPERIMENTAL EARLY

GENERATION HYBRID SWORDTAIL FISH

3.1 Abstract

The incipient stages of hybridization and hybrid zone formation significantly influence how

hybrid populations evolve. Early generation hybrids can express greater trait variation compared

to parental species due to recombination generating novel combinations of phenotypes. How vari-

ation and mean trait values change and compare among treatments will yield valuable insight into

the way hybrid populations respond immediately after hybrid formation. Therefore, this project

aims to characterize changes and differences in morphology among replicated experimental hybrid

populations located at low, intermediate, and high elevations. Using a combination of univariate,

multivariate, and Bayesian approaches, I compare variation in male traits within and between pop-

ulations over time. Most notably, I found more variation was shared between sites than within

sites. Across each experimental hybrid site, the amount of variation in morphology among repli-

cates was relatively the same. Additionally, I make use of whole genome-wide sequence data for

a subset of the individuals in the study and found the average hybrid index at each site trended in

the direction that would be expected if environmental selection was driving genome-wide changes

in ancestry.

3.2 Introduction

The first few generations of hybridization can have a crucial impact on the distribution of mor-

phological traits, species-specific alleles, and the genome-wide ancestry of subsequent generations

[1, 42]. For example, F1 hybrids often have asymmetric fitness in one cross versus the other

[43, 44]. Further, in species with sex chromosomes, the heterogametic sex can suffer from reduced

fitness due to Haldane’s rule, whereby the heterogametic sex expresses recessive deleterious alle-

les on the X chromosome that cannot be rescued [45, 46, 47]. If hybrids are viable and survive

beyond the first few generations, recombination will generate novel combinations of alleles that in
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turn can produce extreme phenotypes that fall outside the distribution of either parental species, a

phenomenon known as transgressive segregation. Alternatively, hybrids may express phenotypes

that are intermediate between the parental species. In any case, these novel phenotypes may be

advantageous or deleterious with respect to natural or sexual selection [48], and different selective

forces can act on the same phenotype in opposition. For instance, some traits may be favored by

sexual selection, but suffer from intrinsic natural selection due to genetic incompatibilities. Of

course, a suite of environmental and demographic factors influence the evolutionary trajectory of

traits as well, particular migration rates and population sizes.

Early generation hybrids in the Xiphophorus birchmanni-malinche system are rarely found

in nature. The hybrid zones we monitor and sample from regularly are anywhere from 30-60

generations old. In this chapter, I am interested in exploring a similar set of questions as in chapter 2

but tested using replicated experimental populations of early generation hybrids. Specifically, how

do early generation hybrid phenotypes evolve during the incipient stages of hybridization across

different thermal environments? Do hybrids skew morphometrically and genotypically towards

the parental species it shares a common environment to? Is there more variation within or between

hybrid populations?

If ecological selection is playing a major role from generation to generation, then I predict

hybrids seeded in the highlands will evolve to become more X. malinche-like, both morphome-

trically and genotypically, while hybrids seeded in the lowlands will evolve to become more X.

birchmanni-like. Hybrids seeded at the intermediate site will evolve intermediate phenotypes and

genotypes (e.g. intermediate sword length relative to parentals and a hybrid index ∼0.5). If eco-

logical selection is driving differentiation between hybrids at highland vs lowland, I predict there

will be more variation between sites than within sites.

To this end, we generated F1 generation hybrid populations. We seeded replicated mesocosm

stock tanks at high, intermediate, and low elevations with the F1 hybrids. Each treatment experi-

ences divergent ecological selection with respect to water temperature. Semiannually, we collect

genotype and phenotype data from these experimental hybrid populations for the purpose of mon-
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itoring morphometric and genomic evolution through time. Specifically, we measure standard

length, body depth, dorsal width, dorsal height, sword length, gonopodium length, and peduncle

height in males. Female mating preferences for several of these traits have been characterized by

numerous studies [21, 29, 49, 50, 51, 52, 53, 54, 55].

We found the lowland experimental hybrid population to share slightly more principal compo-

nent space with the parental X. birchmanni population than the other two hybrid populations and

that more variation was shared between sites than within sites. Across each experimental hybrid

site, the amount of variation in morphology among replicates was relatively the same. After de-

composing the time series dataset, we found significant changes in several morphological traits

in the intermediate experimental hybrid population, but no others. The intermediate hybrid pop-

ulation also exhibited a significantly lower overall distribution of traits values among the hybrid

populations. While no sites significantly differed from a slope of zero, the average hybrid index

at each site trended in the direction that would be expected if environmental selection was driving

genome-wide changes in ancestry. Interestingly, in the lowland hybrid population, sword length

was positively associated with hybrid index. Individuals from the intermediate hybrid population

on average had the greatest lifespan followed by the highland and the lowland populations, respec-

tively. The intermediate population had larger growth rates for several morphological traits relative

to the highland and lowland populations, except for sword length, where the lowland population

had the greatest growth rate.

3.3 Methods

3.3.1 Design of experimental hybrid populations

Eight replicate 2000 L artificial mesocosm stock tanks were built at high (1514 m, 20°53’29.8"N

98°38’30.0"W), intermediate (980 m, 20°53’52.2"N 98°36’05.1"W), and low (186 m, 20°59’23.8"N

98°22’15.3"W) elevations near the CICHAZ field station in Calnali, Hidalgo, MX. These tanks

were fed by a constant low-rate flow of dechlorinated municipal tap water. Each replicate was

seeded with 10 male and 10 female F1 hybrids. To generate F1 hybrids, gravid female X. ma-
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linche were collected with baited minnow traps from the Chicayotla locality on the Rio Xontla

(20°55’27.24"N 98°34’34.50W) and housed in the mesocosms at the CICHAZ field station. Be-

cause females store sperm for several months in poecilid fishes [56, 57], we needed to rear virgin

females for the cross. Thus, after parturition, fry were removed from the adults and reared to ma-

turity in the absence of males to ensure virginity. Once mature, these females were then crossed

with wild X. birchmanni collected from the Rio Coacuilco (21°5’50.85 N, 98°35’19.46 W). The

progeny of this cross were used as the founding F1 population for each replicate across all sites.

These F1s were allowed to freely interbreed for the remainder of the experiment. We raised X.

birchmanni in a common garden at the same elevation as the intermediate population as a base-

line comparison between hybrid and parental phenotypes. We attempted to raise X. malinche in

a similar way, but all samples died prior to maturity, thus we only compare hybrid phenotypes to

the lowland parental species, X. birchmanni. Fish at all sites were fed the same diet daily (Ken’s

Premium Spirulina Pellets). Two HOBO temperature loggers were deployed at each stock tank site

that record the water temperature every 6 hours.

3.3.2 Sample collections

We visited each stock tank site semiannually to collect morphometric and genetic data. For

each replicate, all mature fish were sorted by sex and into either untagged or previously tagged

categories. Untagged fish (i.e. newly captured fish; fish born after the previous collection date)

were tagged with a unique color code elastomer ID (Northwest Marine Technologies) so that the

individual could be tracked in future collection dates. Next, we photographed the fish on both

sides so morphological traits can be measured. For mature males, the dorsal fin, caudal fin, sword,

and gonopodium were fully displayed for at least one of the two photographs. Finally, a 2 mm

fin clip is taken from the distal top quarter of the caudal fin and stored in 95% ethanol for future

genotyping. Previously tagged fish (i.e. fish that were collected in a previous season and have

already been ID’d) were only photographed to measure phenotypic growth through time. Before

handling, all fish were anesthetized with tricaine methanesulfonate (MS-222). After handling, the

fish were placed in an aerated recovery tank until they regained equilibrium and were returned to
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their respective stock tank.

3.3.3 Morphometric analysis

For all mature males in the experimental hybrid populations, we took measurements on con-

tinuous traits including standard length, body depth, sword length, dorsal width, dorsal height,

gonopodium length, and peduncle height (Figure 2.1). Each trait was standardized by the standard

length by fitting a linear model and the residuals were used for subsequent analysis. All morpho-

metric data was scored in ImageJ [33]. This dataset includes all males that have been collected

up to March 2021. If a male had been recaptured one or more times, I only used the first set of

scored morphometrics beginning at its maturity. I conducted a one-way ANOVA followed by a

post-hoc Tukey honest significant difference test to determine significant differences in trait values

between sites and fit decomposed seasonally adjusted linear models to determine how trait values

and variance were changing over time. A seasonal time series consists of a trend component, a sea-

sonal component and an irregular component. Decomposing the time series means separating and

estimating these three components. Lastly, I calculated the lifespan and growth rate of individuals

that survived at least one collection date. I calculate the minimum number of days each individual

survived as the last date collected subtracted by the first date collected. If an individual lived for

only two collection dates (e.g. collected at timepoint 0 as untagged and again at timepoint 1 as

previously tagged) then the growth rate was calculated as:

growth rate = phenotypet1 − phenotypet0/days alive

If an individual lived for more than two collection dates then the growth rate was calculated as

the coefficient of a linear model:

growth rate = coeff [lm(phenotype ∼ time)]

I conducted independent one-way ANOVAs to determine if site effects lifespan or growth rates.

All statistics were conducted in R.
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3.3.4 Principal component analysis and ellipse overlap

Principal components analysis (PCA) was conducted on the continuous traits using the prcomp

function in the R package stats. I calculated the 95% CI ellipse of each site and tank and used the

bayesianOverlap function in the R package SIBER to calculate the area of overlap between

two ellipses. This is done pairwise between and within sites. This function returns the proportion of

overlap between two ellipses, each representing the values for a particular draw from the posterior

estimates so that a posterior distribution of the estimated overlap is obtained. The number of

draws was set to 100. I use Kalman smoothing to impute missing data for any traits that were not

recorded in some collection dates [34]. This fits the ellipses using an Inverse Wishart prior on the

covariance matrix Sigma, and a vague normal prior on the means. This will range from 0 when the

ellipses are completely distinct, to 1 when the ellipses are completely coincidental. The final set

of posterior distributions are concatenated and used to determine whether there is more variation

within or between sites. In addition to the continuous traits measured, I used the first two principal

components (PC1 and PC2) in the analyses comparing means between populations and changes

through time since they can explain most of the variance.

3.3.5 DNA extraction, library preparation, and sequencing

I applied the multiplexed shotgun genotyping (MSG) approach for genome-wide genotyping

of hybrids [24, 58]. DNA was extracted using an Agencourt DNAdvance bead-based purification

kit (Beckman Coulter) following the manufacturer’s instructions except we used half reactions and

diluted to a 2.5 ng/µL. Each sample was sheared using the Illumina Tagment DNA TDE1 Enzyme

and Buffer Kits, and amplified in a dual-index PCR reaction with the conditions outlined in Table

3.1.

PCR products were pooled and purified with 18% SPRI magnetic beads (Beckman Coulter).

The library was quantified using a Qubit 3.0 fluorometer, run on a Agilent 4200 TapeStation to

assess the library size distribution, and finally sequenced on an Illumina Genome Analyzer (HiSeq

4000 PE 150 bp reads).
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Step Temp Time
1 68°C 3 min – Extend Tn5 transposon ends
2 95°C 30 sec
3 95°C 10 sec
4 55°C 30 sec
4 68°C 30 sec
5 Cycle to Step 3 12 times
6 68°C 5 minutes (final extension)
7 4°C Hold

Table 3.1: Polymerase chain reaction conditions for Illumina tagmentation library preparation.

3.3.6 Genome-wide genotyping

Raw reads were parsed by individual and then mapped to both the parental reference genomes

using BWA [59]. A hidden Markov model was applied to reads from each sample which assigns

ancestry probabilities at hundreds of thousands of fixed ancestry informative markers across the

genome. Hard calls are made at ancestry informative markers that pass a 95% threshold. The

hybrid index for each individual can be calculated as the number of X. malinche-called alleles

divided by the total number of alleles called genome-wide. I conducted one-way ANOVAs to

determine if there were significant differences in hybrid index between sites. In addition, I fit

linear models to determine if the hybrid index was significantly increasing or decreasing over time

and whether hybrid index was positively or negatively associated with morphological traits.

3.4 Results

3.4.1 Principal component analysis and pairwise overlap comparison

I conducted a principal components analysis that included all morphometric data from the three

experimental hybrid populations as well as the common garden parental X. birchmanni species.

The first principal component explained 75.2% of the variance and was driven equally between

all traits except for sword length (Figure 3.1). Principal component 2 explained 11.7% of the

overall variation and was strongly driven by sword length (77.4%, Figure B.1). The highland site

had the greatest amount of variation (i.e. the ellipse with the largest area), followed by the other
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two hybrid populations and then the parent X. birchmanni population. We also analyzed each site

independently with each replicate representing its own cluster. Across each hybrid site, the amount

of variation in morphology among replicates is relatively the same (i.e. each replicate has a similar

ellipse area, Figure 3.2).

Figure 3.1: Principal components 1 and 2 of all morphological data scored between the experi-
mental, early generation hybrid sites and the parental species, X. birchmanni.

The parent X. birchmanni samples shared the most variation with the lowland (38%) and the

intermediate (38%) populations (Table 3.2, Figure B.2). The parent X. birchmanni samples shared

only 32% of the principal component space with the highland hybrid samples. Interestingly, among

the experimental hybrid populations, the lowland and highland populations shared the most varia-

tion (80%). The intermediate population shared 71% and 72% with the lowland and highland ex-

perimental hybrid populations, respectively. Overall, we found more variation was shared between

sites than within sites when we concatenated pairwise ellipse overlap proportions from within sites
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Population 1 Population 2 Percent overlap
BIR LOW 37.52
BIR MID 38.03
BIR HIGH 32.35

LOW MID 71.49
LOW HIGH 78.98
MID HIGH 72.46

Table 3.2: Percent of ellipse overlap between all pairwise combinations of experimental, early
generation hybrid sites and the parental species, X. birchmanni.

Figure 3.2: Principal components 1 and 2 for all morphological data conducted among replicates
within A) LOW, B) MID, and C) HIGH. Numbered points represent an individual’s respective
tank.

and between sites (Figure B.2). That is, there was more similarity among sites than among repli-

cates within sites.

3.4.2 Morphological change over time

I measured 7 morphological traits for four years among 3 independent experimental hybrid

populations located at different elevations. After decomposition of the time series dataset, I found

season to have a positive effect on sword length residuals in the intermediate hybrid population

over time (Figure 3.4.E, F(2,4) = 16, p = 0.012). Individuals that were collected in the summer had

greater sword length values relative to individuals collected in the winter in the intermediate (t(57)

= 4.4333, p < 0.001) and highland (t(250) = 5.5181, p < 0.001) hybrid populations (Figure 3.5.E).
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Figure 3.3: Concatenated posterior probability distributions of pairwise ellipse overlap compar-
isons between versus within sites. Values closer to 100 indicade complete ellipse overlap and
values closer to zero indicate no overlap between ellipses.

While non-significant, both the lowland and highland populations exhibited decreasing trends

in variance for standard length (R2 = 0.46, p = 0.063, R2 = 0.49, p = 0.052), while the intermediate

site exhibited increasing trends (R2 = 0.56, p = 0.052). Variance in dorsal width significantly

decreased in the highland hybrid population (R2 = 0.51, p = 0.047). The variance for all other traits

across all hybrid populations did not significantly differ from a slope of zero. However, the overall

mean variance between sites for dorsal height (F(2,20) = 5.926, p = 0.0095) and width residuals

(F(2,20) = 5.351, p = 0.014) was significantly greater in the intermediate population compared to

the others.
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Figure 3.4: Distributions of A) PC1, B) PC2, C) standard length, D) body depth residuals, E)
sword length residuals, F) dorsal height residuals, G) dorsal width residuals, H) gonopodium length
residuals, and J) peduncle height residuals in the experimental, early generation hybrid populations
among all collection dates. Colored points represent population means.
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3.4.3 Morphological trait distributions

I conducted one-way ANOVAs followed by post-hoc Tukey HSD test to determine if residual

trait values significantly differed between hybrid and parental populations. For PC1 (F(2,936) =

16.58, p < 0.001) all hybrid sites were significantly different from one another, yet there were

no significant differences between populations for PC2 (Figure 3.5.A,B). Individuals from the in-

termediate hybrid population had the greatest standard length (Figure 3.5.C, F(2,1388) = 69.91,

p < 0.001) trait values among all hybrid sites, followed by the highland and lowland popula-

tions, respectively. The intermediate experimental hybrid population expressed smaller body depth

(F(2,1386) = 27.06, p < 0.001), dorsal height (F(2,1343) = 12.98, p < 0.001), gonopodium length

(F(2,1066) = 37.02, p < 0.001), and peduncle height (F(2,1383) = 19.89, p < 0.001) residual trait

values relative to the lowland and highland hybrid populations. Sword length and dorsal width

residual trait values did not significantly differ between populations.

3.4.4 Hybrid index

We calculated the average genome-wide hybrid index for each site for the first 2 years of the

experiment and fit linear model with hybrid index as the response variable and time as the predictor

variable to determine if hybrid index was significantly increasing or decreasing over time. While

no sites significantly differed from a slope of zero, each site trended in the direction that would

be expected if ecological selection was driving genome-wide changes in ancestry (Figure 3.6).

Over time, the hybrid index in 71% of the replicates in the highland hybrid population are trending

towards X. malinche ancestry and in the lowland hybrid population, the hybrid index is trending

towards X. birchmanni ancestry in 63% of the replicates. In the lowland hybrid population, sword

length was positively associated with hybrid index (R2= 0.03, p = 0.014). Individuals with more

X. malinche genome-wide ancestry expressed larger swords. Among replicates, 75% had positive

trends.
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Figure 3.5: Distributions of A) PC1, B) PC2, C) standard length, D) body depth residuals, E)
sword length residuals, F) dorsal height residuals, G) dorsal width residuals, H) gonopodium length
residuals, and J) peduncle height residuals for the HIGH, MID, and LOW populations among all
collection dates combined. Red and blue points represent individuals collected in summer and
winter, respectively. Green point represents population mean.

3.4.5 Lifespan

Individuals from the intermediate hybrid population on average had the greatest lifespan of 200

days followed by the highland (167 days) and the lowland population (91 days; Table 3.3, Figure

3.7). The lowland hybrid population had the greatest proportion of individuals that did not survive

at least one full season (0.68), whereas the proportion in the intermediate and highland sites were

each approximately 0.50. Moreover, as the density of males increased, the lifespan decreased in

the intermediate (R2 = 0.23, p = 0.0013) and lowland (R2 = 0.11, p = 0.012) hybrid populations.
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Figure 3.6: Change in hybrid index (i.e. proportion of X. malinche ancestry genome-wide) across
the three hybrid populations over time.

Figure 3.7: Lifespan for individuals among the experimental, early generation hybrid populations.
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Longevity Site
LOW MID HIGH

< 1 season 348 172 262
>= 1 season 164 170 280
mean (days) 91 201 167

Table 3.3: Number of individuals that were only collected once (i.e. less than one season) versus
individuals that survived at least one full season.

3.4.6 Growth rates

I calculated the growth rates of all continuous traits for individuals from each hybrid population

that had survived at least one full season (i.e. timespan between collection dates; ∼6 months).

The intermediate population had larger growth rates for standard length (F(2,439) = 29.649, p <

0.001), body depth (F(2,326) = 23.701, p < 0.001), dorsal width (F(2,490) = 57.567, p < 0.001),

dorsal height (F(2,498) = 31.448, p < 0.001), and peduncle height (F(2,396) = 21.567, p < 0.001)

relative to the highland and lowland populations. Unexpectedly, the lowland hybrid population had

the greatest growth rate in sword length followed by the intermediate and highland populations,

respectively (Figure B.7.C, F(2,511) = 8.8398, p < 0.001).

3.5 Discussion

In this study, hybrid phenotypes and genotypes were measured over the course of five years in

controlled experimental stock tanks. The primary aim was to monitor hybrid evolution in response

to different thermal environments during the incipient stages of evolution. Our primary findings

reveal there is more variation in morphology between replicates within hybrid populations than

between hybrid populations at different sites. We expect this pattern when ecological selection is

not the primary force governing morphological evolution. If selection were primarily responsible,

then we would expect two replicates chosen at random within sites to share more principal compo-

nent space than would any two sites chosen at random. Instead, genetic drift or arbitrary runaway

selection may have a greater influence in early generation hybrids with relatively small effective

population sizes [60]. However, the lowland population shared slightly more principal component
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space with the parental X. birchmanni population than did the highland population. While negligi-

ble, this pattern is consistent with ecological selection whereby morphology in the lowland hybrid

site is evolving to be more like the lowland parental species. The amount of variation in morphol-

ogy among replicates was relatively the same (i.e. each replicate has a similar ellipse area for PC1

and PC2). This suggests, elevation and thermal environment do not strongly influence the degree

of variation present within populations.

In the highland and intermediate hybrid populations, individuals that were collected in winter

expressed smaller swords than individuals collected in the summer. Because seasonal fluctuations

in water temperature act as a selective force in this system, we expect mature males collected in the

summer, but were born the season before and have already experienced winter thermal extremes to

skew towards X. malinche phenotypes since X. malinche are locally adapted to cooler water tem-

peratures [19]. We expect the opposite pattern during winter collections; mature males collected in

the winter that were born the season before should skew towards X. birchmanni phenotypes since

X. birchmanni are locally adapted to warmer water temperatures [19].

The intermediate population was the only population to exhibit an increasing trend in trait

variance over time, or to have overall greater trait variance relative to the highland and lowland

sites. This may be due to weakened constraints at intermediate regions among a hybrid zone

transect relative to populations situated closer to pure parental populations. If hybrid populations

located closer to either parental species are under greater ecological selective pressure to express

traits similar to the parental species it shares a neighboring habitat with, then we would expect

these populations to have decreased trait variance as directional selection, followed by stabilizing

selection constrains divergence from the optimal trait mean [36].

While no sites had a genome-wide index that significantly differed from a slope of zero over

time, each site trended in the direction that would be expected if ecological selection was driving

genome-wide changes in ancestry. In the highland hybrid population, there is a positive coefficient

that trends towards X. malinche ancestry. Conversely, the lowland population exhibits a negative

coefficient that trends towards X. birchmanni ancestry. The intermediate population, which has
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a similar thermal water temperature profile as the highland population also exhibits a positive

coefficient towards the highland species, X. malinche. If ecological selection takes precedence in

driving hybrid genotypic evolution, then we would expect to observe these patterns. However,

because we were only able to sequence and genotype the first two years of the experiment, we are

limited on what we can conclude with respect to genotypic evolution in early generation hybrids.

Sequencing each individual from our dataset would provide insight into how the hybrid index

evolve past the first few generations of hybridization and within more admixed genomes where

recombination has had time to resolve some genetic incompatibilities [61].

Interestingly, in the lowland hybrid population, sword length was associated with a X. birch-

manni-like hybrid index in six of the eight stock tank replicates. The sword is a trait expressed in

the parental species X. malinche but has been lost in X. birchmanni [21]. We expect individuals

with a greater hybrid index (i.e. more X. malinche ancestry) to harbor larger swords. Surprisingly,

no other traits were correlated with hybrid index. This suggests phenotypes do not necessarily cor-

respond to genome-wide ancestry patterns, but instead depend on genotypes at localized genomic

regions responsible for controlling trait variability, which don’t necessarily correlate with hybrid

index.

Individuals from the intermediate hybrid population on average had the greatest lifespan fol-

lowed by the highland and the lowland population, respectively. Moreover, they had larger growth

rates for several morphological traits relative to the highland and lowland populations. This finding

supports the model that hybrids perform best at intermediate environments relative to the environ-

ment of either parental species [12].

An important caveat to note about our study is that selection can only act on the variation

present. Since our initial populations were bottlenecked, the variation for which selection can act

upon is reduced from the start. This alone can constrain how hybrids subsequently evolve [62].

Additionally, because of limited resources and feasibility, we do not measure realized fitness values

or female preference during this study. Still, we are able to gain a tremendous amount of insight

into patterns of early generation hybrid evolution from this dataset. As such, the results from this
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study support the scenario that variation can be explained more within sites than between sites in

admixed populations.
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4. UNDERDOMINANCE, INCOMPATIBILITIES, AND PHYSICAL BARRIERS LIMIT

ADAPTIVE INTROGRESSION OF LOCI ASSOCIATED WITH THERMAL

TOLERANCE IN SWORDTAILS*

4.1 Abstract

Hybrid zones provide conduits for which alleles can introgress from one population to another.

This process has the propensity to lead to adaptation in the recipient population if the migrant al-

leles confer a fitness advantage. Yet studies monitoring changes in allele frequencies at genomic

regions associated with ecologically relevant traits over time in hybrid populations is rare. The goal

of this project was twofold. First, we sought to identify the genetic architecture of a trait associated

with thermal tolerance, critical thermal maximum (CTmax). We conducted quantitative trait locus

(QTL) mapping on CTmax and found a region on chromosome 22 to explain nearly 7% of the varia-

tion in hybrids. Moreover, this genomic region exhibited underdominance, whereby heterozygous

genotypes had markedly reduced CTmax values. Next, we tracked changes in ancestry and patterns

of introgression at genomic regions associated with this trait in natural hybrid populations. We

repeated our analyses at genomic regions harboring heat-shock protein genes and found ancestry

was significantly increasing towards X. malinche ancestry with respect to the genome-wide average

for a small portion of these genes (<5%) in a lowland, X. birchmanni-skewed natural hybrid zone.

Geographic cline analysis revealed several loci considered center and/or width outliers among two

independent river drainages, one among which expressed a bias for introgression of X. malinche

alleles downstream. Together, these findings draw attention to the difficulties of discerning the

impact hybridization has on trait evolution and adaptive introgression.

*Part of the data reported in this chapter is reprinted with permission from “Genomic insights into variation in
thermotolerance between hybridizing swordtail fishes” by Payne, Cheyenne, Richard Bovio, Daniel L. Powell, Theresa
R. Gunn, Shreya M. Banerjee, Victoria Grant, Gil G. Rosenthal, and Molly Schumer. 2022. Molecular Ecology,
Copyright 2022 by John Wiley and Sons.
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4.2 Introduction

Hybridization is increasingly recognized as an important evolutionary process [1]. It is of-

ten facilitated when genetically diverged species are distributed along an environmental gradient

such that a conduit for secondary contact and genetic exchange becomes established. Hybrid zone

formation consequently enables alleles to introgress along an environmental gradient. Under con-

ditions like these, hybridization serves as an important evolutionary mechanism by which diversity

and adaptation can arise in a process called adaptive introgression [1, 2].

Uncovering the genetic underpinnings of adaptive traits and how they evolve has been a long-

standing goal in evolutionary biology. This in turn requires characterizing the genetic architecture

of ecologically relevant traits and monitoring changes in allele frequency over time. However,

rarely do studies monitor how the allelic frequencies change over many generations typically due

to the difficulty of mapping and maintaining experimental hybrid populations in addition to sam-

pling from natural hybrid populations regularly.

A recent, and increasingly recognized source of variation for adaptation to occur arises when

closely related species hybridize [2]. If a conduit for genetic exchange exists across closely re-

lated species, then alleles can introgress from one population to another [63]. This can facilitate

adaptation on a shorter timescale than novel mutation alone [64, 65].

An ecologically relevant trait commonly used to assess how organisms respond to rising global

temperatures is thermal tolerance [66, 67, 68]. While several traits encompass an organism’s ther-

mal tolerance, I focus on critical thermal maximum (CTmax), the maximum temperature a fish can

withstand before it loses equilibrium and can no longer maintain balance [69, 70]. Critical thermal

maxima is a suitable metric since it is often used in studies to measure the thermal response of

organisms [71]. This makes our results generally comparable between studies. Moreover, it serves

as a predictor of the temperature individuals can withstand in the short term and can be measured

nonlethally. An important note is that CTmax measures acute heat stress over the short term, while

in the wild, shifts in thermal habitat occur at a slower rate. Because of this, CTmax is limited in the

predictive power of an organism’s actual thermal tolerance in the wild.
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Previous work in the birchmanni-malinche system has demonstrated the distribution of X.

birchmanni and X. malinche are in part determined by their thermal environment. X. malinche

lives in cooler (7-25 °C) streams at high elevations, while X. birchmanni lives in warmer streams

(15-35 °C) at low elevations [19]. As a consequence of local adaption to their respective thermal

habitats, CTmax and heat-shock protein (hsp) gene expression vary between X. birchmanni and X.

malinche in natural populations [19]. Across independent river drainages, there is a gradient of

low CTmax in the highlands and high CTmax in the lowlands. Moreover, when reared in a com-

mon garden, X. birchmanni maintained thermal equilibrium at warmer water temperatures than X.

malinche. Together, these results suggest that water temperature, and perhaps more importantly,

fluctuations in water temperature are likely primary driving forces underlying individual fitness

with respect to environment in this system. However, it’s unclear exactly which regions of the

genome contribute to interspecific differences in thermal tolerance or how effective these regions

introgress and serve as a mechanism for adaptation. Ultimately, this study set the stage for ex-

ploring the genetic architecture of a trait under ecological selection and the introgression, or lack

thereof, of species-specific alleles across hybrid populations.

To this end, I performed quantitative trait locus (QTL) mapping on intercrossed artificial hy-

brids generated in semi-natural mesocosm stock tanks to identify regions of the genome associated

with thermal tolerance. While the exact loci regulating thermal tolerance are unknow, it nonethe-

less is in part driven by hsp genes [72, 73, 74, 19].

Next, I leverage low-coverage whole genome data from two independent hybrid populations

we have sampled for nearly a decade to test how frequencies at hsp loci and the QTL for CTmax

change over time. I expect one of two putative scenarios to occur. Since water temperature is

increasing in both populations, selection may favor individuals harboring X. birchmanni alleles

capable of withstanding a greater CTmax across both hybrid zones. Alternatively, selection for the

major parent genome may outweigh selection at CTmax loci. Ancestry should become more X.

malinche-like in the highland and more X. birchmanni-like in the lowland.

Finally, I use geographic cline analysis across two independent river drainages to detect if these
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genomic regions deviated significantly from genome wide expectations and show patterns of intro-

gression [3, 75]. This analysis models the change in allele frequency over a spatial gradient using

a sigmoid function (and estimates the cline center and width [13, 76, 77]. Comparing the centers

and the widths of multiple loci, along with the average genome ancestry through the geographic

gradient, allows the detection of regions with differential introgression [78].

We detected a QTL on the chromosome 22 explaining 6.9% of variation in CTmax in hybrids

[79]. Individuals that are heterozygous for ancestry at the QTL have reduced CTmax. In addition,

there was an interaction between chromosome 22 and chromosome 15. Together the combined

additive and interaction effects explain up to 14.8% of the variation in CTmax. Most hsp loci

fell outside the genome-wide 95% CI interval, however ancestry did not skew towards one parent

more than another in any population. The geographic cline analysis yielded several loci considered

center and/or width outliers among the two river drainages.

4.3 Methods

4.3.1 Thermal tolerance trials

Artificial hybrid fry (n=240) from experimental mesocosm stock tanks described in chapter

3 were collected in summer 2019 and reared in a common garden environment with respect to

water temperature at the CICHAZ field station. Due to the difficulty of raising a sufficient number

of individuals in common garden conditions, our mapping population included individuals from

all sites ranging from F2-F4 generations. To measure the variation in CTmax in artificial hybrids,

thermal tolerance trials were conducted in January 2020 once the fish had developed to maturity.

Briefly, we tested CTmax by placing the fish (eight per test) in a pot of water set to the same

temperature as the stock tanks (20 +- 2 °C) and steadily increasing the temperature at a rate of 0.3

°C per minute until the fish lost equilibrium [70]. As soon as the fish lost equilibrium, I recorded

the time and temperature of initial loss of equilibrium and then immediately removed the individual

and placed it in an aerated recovery tank. In addition to CTmax time and temperature, we recorded

the sex and the site and tank of origin for each individual. No mortalities occurred during this assay.
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After the fish had recovered equilibrium, they were anesthetized in MS-222, photographed and fin

clipped. All fish were placed back in their respective common garden stock tank at the end of the

procedures. Trials followed procedures approved in Texas A&M IACUC protocol #2020-081. In

addition, we tested a subset of individuals from each stock tank site that were not acclimated to the

common garden water temperature to serve as a baseline for comparison. Baseline fish were taken

from their respective site, transported back to the CICHAZ field station and immediately tested for

CTmax. I used an ANOVA to test for the effects of site on CTmax and a post-hoc Tukey HSD test

to determine pairwise differences.

4.3.2 DNA extraction and library preparation

I applied the multiplex shotgun genotyping (MSG) approach for genome-wide genotyping of

hybrids [24, 58]. DNA was extracted using an Agencourt DNAdvance bead-based purification kit

(Beckman Coulter) following the manufacturer’s instructions except we used half reactions and

diluted to a 2.5 ng/µL. Each sample was sheared using the Illumina Tagment DNA TDE1 Enzyme

and Buffer Kits, and amplified in a dual-index PCR reaction with the conditions outlined in Table

4.1.

Step Temp Time
1 68°C 3 min – Extend Tn5 transposon ends
2 95°C 30 sec
3 95°C 10 sec
4 55°C 30 sec
4 68°C 30 sec
5 Cycle to Step 3 12 times
6 68°C 5 minutes (final extension)
7 4°C Hold

Table 4.1: Polymerase chain reaction conditions for Illumina tagmentation library preparation.

PCR products were pooled and purified with 18% SPRI magnetic beads (Beckman Coulter).

The library was quantified using a Qubit 3.0 fluorometer, run on a Agilent 4200 TapeStation to
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assess the library size distribution, and finally sequenced on an Illumina Genome Analyzer (HiSeq

4000 PE 150 bp reads).

4.3.3 Artificial hybrid QTL mapping sample sequencing and genotyping

Raw sequence reads were mapped to each of the parental species’ genome using the program

ancestryinfer [80]. This program records the number of reads matching each parental allele at

ancestry-informative sites between each parental genome. This information is subsequently used

in the program AncestryHMM [81]. This program is a local ancestry inference program that uses

a hidden Markov model to generate posterior probabilities of ancestry states genome-wide. This

analysis yields approximately 700,000 ancestry informative posterior probabilities. For down-

stream analysis, we converted posterior probability estimates greater than 0.9 for any particular

genotype into hard genotype calls. Estimates less than 0.9 were converted to NAs.

4.3.4 CTmax QTL mapping analysis

We used QTL mapping to identify regions of the genome that are associated with variation in

thermotolerance. We performed QTL mapping with R/qtl [82] to identify associations between

genotypes at ancestry-informative markers across the genome and the CTmax phenotype. For com-

putational efficiency, we thinned to approximately 30,000 markers. Loci where less than 80% of

samples were genotyped were filtered. Samples that had greater than 25% of markers genotyped

as NA were filtered. Lastly, markers were evaluated for segregation distortion. After filtering, 144

samples and 29,042 markers remained.

To select an appropriate model for mapping in R/qtl, we used the R step function to calculate

AIC for models incorporating a suite of possible covariates. These included tank origin, hybrid

index, heterozygosity, and sex. The model with the lowest AIC score yielded tank origin as a

significant covariate. We retained tank origin and hybrid index as covariates to the model. While

hybrid index was not included in the model with the lowest AIC score, we have experienced ar-

tifacts when it is left out. For this reason, we included it in downstream analyses. We performed

a genome-wide scan using the scanone function. We used a single-QTL model using the Haley-
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Knott regression method with tank origin and hybrid index as covariates [83]. The 5% (LOD =

4.72) and 10% (LOD = 4.33) LOD significance thresholds (p = 0.05) were estimated based on

1,000 permutations where CTmax phenotypes were shuffled onto genotypes and a QTL scan con-

ducted 1,000 times to create a null distribution of associations expected by chance. To identify

interacting QTL, we performed a second scan using the same method, but added genotypes at the

chromosome 22 QTL peak as an interaction term in the model (5% and 10% LOD thresholds of

9.63 and 8.96, respectively).

To obtain estimates of the effect size of the detected QTL, we used the drop-one-term analysis

from fitting a multiple QTL model with the R/qtl function fitqtl. Because of the Beavis effect,

whereby effect size estimates are often inflated due to low statistical power [84], we also performed

ABC simulations to obtain a confidence interval of possible effect sizes for the main effect QTL

on chromosome 22.

4.3.5 Heat-shock protein and CTmax QTL evolution through time

The X. birchmanni reference genome is not annotated. Therefore, to obtain the coordinates

of hsp genes, I searched for ’heat shock protein’ AND ‘xiphophorus maculatus’ in NCBI. This

resulted in 95 hsp genes. I blasted these regions against the X. birchmanni reference genome,

manually removed false positives, and extracted the X. birchmanni genomic coordinates. I used a

custom script to calculate the allele frequency for each hsp gene among two independent hybrid

populations, Acuapa (ACUA; 450 m, ∼25% X. malinche ancestry), and Tlatemaco (TLMC; 440

m; ∼75% X. malinche ancestry), across time. We have sampled and sequenced whole genome

data from ACUA between 2006 to 2018, and from TLMC between 2009 to 2017. Together, these

two independent hybrid zones provide a time series dataset whereby the change in ancestry can be

monitored over time.

I fit a linear model to change in ancestry of each hsp gene, the CTmax region, and the genome-

wide hybrid index for both populations and extracted the coefficients and FDR adjusted p-values.

I compare the regression coefficients of the genome-wide hybrid index to each hsp locus with

an ANOVA to determine if hsp loci are significantly changing with respect to the genome-wide
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average.

For each collection across both rivers, I examine the number of hsp loci that have skewed

ancestry towards either of the parental species (i.e. ancestry at hsp locus falls outside 95% confi-

dence interval of the genome-wide hybrid index). I use Wilcoxon signed rank test to determine if

loci are skewed in one direction or another. I repeat this same analysis in the experimental stock

tanks to identify patterns of selection as well. The most admixed individuals we have sampled and

sequenced to date are F3 and a few F4 individuals from the highland and lowland site.

4.3.6 Genomic cline analysis

I used the Metropolis–Hastings algorithm in the R package hzar [85], to fit the whole genome

hybrid index, the allele frequencies of each hsp locus, as well as the CTmax QTL region to a

geographic cline model [77]. To fit a cline, I used three models [86]. Model I estimated only the

center γ and width ω of the cline, assumed no tails (θ the rate in which the cline tail decays, and β,

the size of the cline, fixed to one and zero, respectively), and included fixed ends (Pmin and Pmax

fixed to zero and one, respectively). Model II estimated γ, ω, and Pmin and Pmax from the data and

assumed no tails. Model III was the same as Model II but with tail estimates and β allowed to vary.

Each model parameter was estimated using three independent chain runs using 100,000 MCMC

steps after a burn-in of 10,000 steps. The model with the lowest Akaike information criterion (AIC)

was selected. For each locus, hzar computes the estimated value and 95% confidence intervals for

each parameter, as well as the whole genome hybrid index from the Huazalingo and Pochula rivers.

Centers and widths for any locus were considered coincident (same γ) and concordant (same ω)

if their parameters overlap with the 95% confidence intervals of the genome-wide hybrid index.

Loci were considered outliers if they did not overlap with the 95% confidence intervals of the

genome-wide hybrid index cline γ and ω.
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4.4 Results

4.4.1 Thermal tolerance trials

The common garden tanks the fish were reared in are below ground 500 L tanks. The water

temperature among the common garden tanks were consistent with one another throughout the

course of the experiment (Figure C.1). Data from underwater temperature loggers recorded wa-

ter temperatures ranging from 11.334 to 27.075 °C. Critical thermal maxima values ranged from

32.118 to 37.824 °C, which corresponds with CTmax ranges published in previous studies (Figure

4.1; [19]). Origin site of each sample had a significant effect on CTmax values (F = 59.62, p <

0.001). Each site significantly differed from one another (Tukey HSD, p-values < 0.001). Hybrids

originating from the highland site had the greatest CTmax values, following by the lowland and

intermediate population, respectively. Critical thermal maxima values for unacclimated samples

from the high and lowland population that were immediately tested were not significantly different,

however samples from the lowland population trended towards higher CTmax values (Two sample

t-test; t = 1.6508, p = 0.053).

4.4.2 CTmax QTL mapping

We detected a single QTL associated with CTmax at a 10% false discovery rate threshold (Fig-

ure 4.2.A). The interval of the QTL spans ∼2.5 Mbs on chromosome 22. Surprisingly, the QTL

was not associated with species-specific differences in CTmax. Instead, individuals heterozygous

in this region were associated with an average reduction in CTmax of 0.3 °C (Figure 4.3.A). The

observed pattern is consistent with underdominance. Individuals homozygous for X. birchmanni

or X. malinche ancestry at the interval on chromosome 22 exhibit similar CTmax values, while in-

dividuals heterozygous in ancestry have reduced CTmax on average. We estimate the effect size of

this QTL to explain approximately 6.9% of the variation.

To determine if there were any interacting QTL, we repeated the same analysis but added the

genotype at the chromosome 22 QTL as an interaction term. We found a second QTL associated

with CTmax at a 10% false discovery rate threshold (Figure 4.2.B). The interval of this QTL spans
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Figure 4.1: Variation in CTmax among all intercrossed hybrids used for QTL analysis.

∼2.1 Mbs on chromosome 15. Individuals heterozygous at the chromosome 22 QTL and either

heterozygous or homozygous X. malinche at the chromosome 15 QTL have reduced CTmax (-0.4

°C) on average, but individuals homozygous X. birchmanni at the chromosome 15 QTL have an

inflated CTmax (+0.5 °C, Figure 4.3.B). We estimate that the combined additive and interaction

effects of the chromosome 22 and 15 QTL explain ∼14.8% of the total variation in CTmax in the

hybrids.

4.4.3 Ancestry patterns in natural hybrid populations at regions implicated in thermal tol-

erance

A total of 95 hsp loci were examined in addition to the CTmax locus. The genomic region of

the CTmax locus did not overlap with the genomic regions of any hsp genes. A majority of hsp

loci fell outside the 95% CI of the genome-wide hybrid index for each collection date across both

rivers (Table 4.2). However, the number of loci that skewed towards either of the parental species
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Figure 4.2: A) QTL associated with CTmax detected on chromosome 22 at a 10% false discovery
rate threshold (red line). B) A second QTL scan that included the region on chromosome 22 as an
interaction term reveals a putative interacting region on chromosome 15 at a 10% false discovery
rate threshold (red line).

at any collection dates did not differ significantly for either population (one-tailed Wilcoxon sign

test; p-values > 0.05).

I repeated the same analysis in the experimental stock tanks to identify patterns of selection

as well. The most admixed individuals we have sampled and sequenced to date are F3 and a

few F4 individuals from the highland and lowland site. While the number of loci that skewed

towards either parental species was not significant for either stock tank site, loci trended towards

the majority parent ancestry (i.e. X. malinche ancestry) in the highland site (25 loci X. birchmanni-

skew, 35 loci no skew, and 36 loci X. malinche-skew; one-tailed Wilcoxon test, p = 0.052; Figure

4.4). There was a significant difference in the genome-wide hybrid index between the lowland and

highland sites (one-tailed Student’s t-test, t = 133.92, p < 0.001). In addition, there was significant
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Figure 4.3: A) CTmax as a function of genotype at the peak associated with CTmax on chromosome
22 among common garden hybrids. Individuals that were heterozygous at this marker had a 0.3
C reduction in CTmax compared to individuals that were homozygous for either of the parental
species. Points represent the CTmax of individual hybrids. B) Interaction between the peak asso-
ciated marker of the chromosome 22 QTL (on the x-axis) and the peak associated marker of the
chromosome 15 QTL (in the legend). Bars and whiskers show the mean and 1 standard error.

difference in the number of hsp loci that had a greater allele frequency in the highland population

compared to the lowland population (75 loci have greater X. malinche ancestry in highland site;

two-tailed Wilcoxon signed rank test, p < 0.001; Figure 4.4).

I fit a linear model of the change in ancestry of each hsp gene, the CTmax region, and the

genome-wide hybrid index for both natural populations (Figure 4.5). I use the regression coef-

ficients and associated p-values from fitted models to test whether the ancestry is significantly

increasing or decreasing over time towards or away the genome-wide average. After correcting for

multiple comparisons there were 7 loci that deviate significantly from the genome-wide average

coefficient in the ACUA population (hspb7, LOC102225424, LOC102222412, LOC102221741,

LOC102221189, LOC111609415, LOC102225689, Figure C.2.A). The rate of change in ancestry

is significantly increasing towards X. malinche ancestry with respect to the genome-wide average

for each of these loci except LOC111609415, LOC102225689. For these, the ancestry is decreas-
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Population Year X. birchmanni-skew No skew X. malinche-skew
2009 31 34 31
2010 39 9 48

TLMC 2012 42 4 50
2013 43 4 49
2015 42 0 54
2017 43 0 53
2006 39 27 30
2008 48 1 35

ACUA 2013 54 2 40
2015 53 2 41
2018 52 0 44

Table 4.2: Distribution of ancestry for each hsp locus across all collection dates in the ACUA and
TLMC natural hybrid populations.

ing with respect to the genome-wide average. In the TLMC population, there were no loci with

regression coefficients that different significantly from the genome-wide expectation after correct-

ing for multiple comparisons (Figure C.2.B).

4.4.4 Geographic cline center and widths deviating from genome wide expectations

Loci considered center outliers have the center of their clines shifted towards one of the parental

species more than would be expected by chance. This indicates introgression of an allele from one

end of the transect to the other. Clines with steep slopes will have more narrow widths. This in-

dicates selection against hybrid genotypes, while wider widths can be the result of heterozygote

advantage or weak selective pressures along the environmental gradient. The center of the Huaza-

lingo genome-wide cline was 775.79 m (lower CI: 761.42 m, upper CI: 800.45 m) and the width

was 104.32 m (lower CI: 8.71 m, upper CI: 167.95 m; Figure 4.6). The center of the Pochula

genome-wide cline was 425.80 m (lower CI: 407.09 m, upper CI: 442.55 m) and the width was

159.07 m (lower CI: 108.53 m, upper CI: 230.86 m). From the 96 loci analyzed in Huazalingo,

the majority show coincident centers, with 1 being non-coincident (X. birchmanni-skewed center

outlier) and 3 non-concordant (width outliers all with narrower widths; Table 4.3). In Pochula,

most loci are also coincident, with 12 being center outliers (9 X. malinche-skewed and 3 X. birch-
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Figure 4.4: Distribution of hsp ancestry between the lowland and highland experimental stock
tanks. Each point represents the ancestry proportion of a single hsp gene. Lines connect the same
gene between populations. Blue lines represent a greater ancestry proportion in the highland site
and red lines represent a greater ancestry proportion in the lowland site.

manni-skewed) and 9 width outliers, all of which had narrower clines with the exception of one

(Table 4.4). There were 2 genes (hikeshi and hspa8) in the Pochula cline that are considered both

center and width outliers and 1 locus (dnajc16l) in the Huazalingo cline that was considered both

a center and width outlier. The hikeshi gene encodes an evolutionarily conserved nuclear transport

receptor that mediates heat-shock-induced nuclear import of hsp70s [87]. There were no genes

that were outliers in both river drainages. Only hsp loci were outliers; the CTmax QTL did not

significantly differ from the genome-wide expectations in either river drainage (Figure 4.6).
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Figure 4.5: Genome-wide hybrid index (light blue and light red) and ancestry proportion at the
QTL for CTmax (dark blue and dark red) at two natural hybrid populations, TLMC and ACUA.
TLMC is skewed towards X. malinche ancestry and ACUA is skewed towards X. birchmanni an-
cestry. Trend lines are coefficients of a linear model with ancestry as a function of time.

4.5 Discussion

In this study I made use of several whole genome datasets to explore whether genomic regions

considered to be putative targets of selection were introgressing or changing in ancestry over time.

While non-significant, baseline CTmax trials follow the expected pattern – lowland derived hy-

brids have greater CTmax than highland derived hybrids. These findings are consistent with studies

measuring CTmax in unacclimated hybrids derived from different elevations (unpublished data).

However, common garden CTmax trials did not follow the expected pattern. Interestingly, fish de-

rived from the highland site had the greatest CTmax values, followed by the lowland and midland

site, respectively. One explanation of this pattern is that selection coefficient at loci contributing

to variation in CTmax is not great enough to cause shifts in ancestry over the course of time we
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Figure 4.6: Geographic clines for select loci in the Huazalingo and Pochula cline. Loci are spec-
ified in the bottom right corner of each cline. Shaded vertical bars represent the 95% confidence
interval of the center of the cline for the genome-wide hybrid index (red) and the locus of interest
(blue and yellow). Black veritcal line represents the estimated center of the cline for the locus of
interest.

have been monitoring. In addition, the effective population size that the fish were collected from

was relatively small (∼50 or less), which will naturally decrease the strength of selection. Never-

theless, we expect a single QTL scan to return the QTL with the greatest effect. We expect traits

controlled by one or a handful of genes to be revealed as a single large effect QTL during this scan.

Whereas polygenic traits should result in a moderate or small effect QTL. Since the single scan

yielded a moderate effect (5-15%) and marginally significant QTL (at the 10% FDR significance

threshold), this indicates the trait is polygenic and that this would be the only QTL we be able to

mine from the dataset; a consequence of being underpowered. The multiple scan reduces power

further, though produced a qualitatively similar result (i.e. one peak significant at the 10% FDR
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Center outliers Direction of introgression Width outliers Relative width change
dnajc16l downstream dnajc16l wider

dnajc13 wider
hspa12b wider

Table 4.3: Genes with geographic clines that deviate significantly from the genome-wide hybrid
index in the Huazalingo cline. Loci in bold are both center and width outliers. Downstream =
X. malinche alleles introgressing downstream. Upstream = X. birchmanni alleles introgressing
upstream.

Center outliers Direction of introgression Width outliers Relative width change
LOC102225424* upstream hspb1 narrow
LOC102224270 upstream hspa9 narrow

LOC102222412* upstream hspa14 narrow
LOC102221741* upstream dnajc21 narrow
LOC102221189* upstream hspb11 narrow
LOC111609415* upstream usp19 narrow

hspd1 downstream Sacs narrow
LOC102225458 downstream hikeshi wider

dnajb1b downstream hspa8 narrow
hikeshi upstream
hspa8 upstream

dnajc14 upstream

Table 4.4: Genes with geographic clines that deviate significantly from the genome-wide hybrid
index in the Pochula cline. Loci in bold are both center and width outliers. Loci with stars are
outliers in the ACUA time series dataset.

threshold). One important limitation to QTL analysis is that it is impossible to determine the ex-

act number of genes that control a polygenic trait. With more power and larger datasets, a close

approximation can be made, but ultimately it is not feasible to recover every tiny effect region. A

further limitation of our dataset is that we cannot distinguish between true underdominance and

pseudo-underdominance generated by closely linked genes [88, 89]. The QTL for CTmax exhibits

underdominance. Underdominance is an unstable equilibrium and can lead to the fixation of al-

leles [90, 91, 92], however scenarios where underdominance can be stable do exist, for example,

in a spatially extended population by a selection–migration equilibrium [93]. Underdominance
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constitutes a barrier to introgression since individuals that harbor heterozygous ancestry at QTL

region on chromosome 22 will have markedly reduced thermotolerance. These findings infer the

selective pressures driving adaptive introgression of X. birchmanni alleles may not be sufficient

to offset the cost of hybridization and subsequently lead to higher thermotolerance in highland

populations. Such consequences can limit the success of genetic rescue. We also note that we did

not focus on cold tolerance in this study since cold tolerance does not significantly differ between

parental species reared in a common garden [19]. Regardless, studying the genetic architecture and

evolution of cold tolerance may provide useful insight into thermal adaptation in hybrid systems.

Natural hybrids from the ACUA and TLMC populations derive the majority of their genomes

from X. birchmanni and X. malinche, respectively, but both reside at X. birchmanni typical eleva-

tions. I analyzed how ancestry at hsp loci, as well as the CTmax QTL, changes over time relative to

the genome-wide average ancestry in two independent hybrid populations. While a majority of hsp

genes had mean ancestry that fell outside the hybrid index 95% CI, in neither population did they

skew towards one parent ancestry over another, inferring selection is not driving ancestry changes

in the same direction across all loci. However, 7 of 96 loci deviated significantly in the rate of

change in ancestry over time in the ACUA, but not TLMC, population. A majority of these were

increasing in X. malinche ancestry over time (5/7). ACUA is a lowland, X. birchmanni-skewed

hybrid zone. In general, selection should favor the major parent ancestry genome-wide to offset

the cost of genetic incompatibilities [94]. Particularly in the ACUA population, we expected an

increase in X. birchmanni ancestry given water temperatures are increasing in natural hybrid sites

and X. birchmanni alleles should confer greater CTmax values. One explanation is that the suite of

hsp loci I investigated are not responsible for governing thermotolerance, or at least the cumulative

effect size is relatively small and genetic drift has more influence. Alternatively, selection may too

weak to drive significant differences in the direction we expect. Incoming migrants from upstream

with greater proportions of X. malinche ancestry can drive the frequency of the hsp alleles to in-

crease. Aside from the underdominant CTmax QTL, one explanation for the lack of introgression

of X. birchmanni alleles into X. malinche populations is due to the geography these species inhabit.
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These streams contain many physical barriers to gene flow including waterfalls and dried up pools

that prevent X. birchmanni for migrating further upstream. This study demonstrates the complexity

of mapping and identifying the genetic architecture of polygenic traits.

Geographic cline analysis revealed several loci that were considered width and center outliers in

both river drainages. However, there were no loci that exhibited the same pattern of introgression

between the two drainages. In addition, there were more outliers in the Pochula river drainage

compared to the Huazalingo drainage. Interestingly, most of the outliers in the Pochula cline were

skewed upstream (i.e. increase in X. malinche ancestry along the cline). Since it’s more difficult

for alleles to introgress upstream as a result of physical barriers in the river, this finding is not

unexpected. However, we still expect increases in X. birchmanni ancestry if ecological selection

favors increased thermotolerance. Together, these findings draw attention to the difficulties of

discerning the impact hybridization has on trait evolution and adaptive introgression.
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5. CONSPECIFIC SPERM PRECEDENCE IN NATURALLY-HYBRIDIZING SWORDTAILS

5.1 Abstract

Assortative mating is of primary importance to the origin and maintenance of reproductive iso-

lation. When hybrids have reduced fitness, selection favors the evolution of mechanisms that bias

fertilization towards conspecifics. A vast body of research has focused on premating barriers to

hybridization, particularly mate choice. However, theory suggests that mate choice is a weak bar-

rier to gene flow under the best circumstances. Postmating-prezygotic mechanisms have received

less focus in speciation studies but may play an equally important role in maintaining reproduc-

tive isolation between hybridizing species. For this project, I take advantage of a unique system

whereby assortative mating maintains isolation in structured populations, despite any evidence of

behavioral mating preferences in the chemical or visual modality. I propose that cryptic female

choice may play a role in preventing ongoing hybridization and maintaining population structure.

Uncovering whether these mechanisms are at play in recently diverged sister species is pivotal to

understanding patterns that contribute to speciation.

5.2 Introduction

When populations become isolated and begin to diverge in allopatry, independent substitutions

may accumulate among the genomic background of each lineage. Upon secondary contact, at-

tempts to hybridize between parental genomes will expose genetic incompatibilities and lead to

reduced hybrid fitness. As a result, reinforcement will drive the evolution of premating isolation

barriers as a response to postzygotic selection against hybrids [95]. Until recently, most studies

in speciation biology focused on premating and postzygotic isolation barriers as the primary bar-

riers preventing hybrid production and gene flows. However, when females mate with multiple

conspecific and heterospecific males, postmating-prezygotic barriers can reduce hybrid produc-

tion and evolve in a process similar to reinforcement [96, 97]. Females perform multiple bouts

of mate choice when they mate with multiple conspecific and heterospecific males, but when pre-
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mating barriers (e.g. mate choice) are incomplete or break down, postmating-prezygotic barriers

may be experienced to a severe degree to overcome the costs of mating, maintain isolation, and

prevent gene flow with heterospecifics [98, 99, 100, 101]. These types of barriers include isolation

mechanisms that act between the postmating and prezygotic stages of mate choice. The evolution

of conspecific sperm precedence, the disproportionate use of conspecific sperm by females when

conspecific and heterospecific sperm are competing simultaneously, can be an effective barrier to

reproduction [98]. This is often achieved by sperm competition [102] and cryptic female choice

[103, 104, 105].

Sperm competition occurs when sperm from more than one male compete within the repro-

ductive tract of the female to fertilize the ova. In species where females engage in multiple sexual

encounters and competition between sperm from more than one male exists, selection can favor

certain sperm and ejaculate characteristics. Traits most influenced by this competition include

sperm swimming velocity, morphology, viability, and longevity [106, 107, 108]. In guppies (Poe-

cilia reticula) and green swordtails (X. helleri), males with faster swimming sperm sire a greater

proportion of offspring than their competitors [109, 110]. Similarly, in X. nigrensis, males with

more viable sperm sire a greater proportion of the offspring [111]. Sperm swimming speed can

vary within and among ejaculates of the same male [108]. While associations between sperm traits

and competitive success have been demonstrated, sperm quality and the specific factors contribut-

ing to that success remains difficult to measure and reports in the literature are mixed. For instance,

faster sperm seem to increase fertilization success in many taxa [107], but in others, slower sperm

have increased longevity and thus a better chance of fertilization [108]. Generally, which combi-

nation of traits are under selection and contributing the greatest effect towards fertilization success

will be highly context-dependent and taxa specific.

Cryptic female choice within the reproductive tract provides another opportunity for selection

to take place. Seminal fluid components, sperm-egg surface interactions, and the ovarian fluid

present in the female reproductive tract provide mechanisms by which females can discriminate

against sperm between multiple males [112]. Here, females control competitive fertilization suc-
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cess by influencing the time of insemination, sperm transfer, sperm storage/dumping, and sperm-

egg attraction [113]. In guppies, females use ovarian fluid to discriminate against closely related

individuals [114]. This mechanism may be most important when females cannot prevent copu-

lation, mate with suboptimal males, or in broadcast spawners where premating barriers are weak

[115, 101]. However, in house sparrows, reproductive fluid components do not effect sperm per-

formance between conspecific and heterospecific males which could account for their tendency to

hybridize [100]. Assortative mating [116] and mate choice [117, 118] are by themselves insuffi-

cient to maintain premating isolation.

I take advantage of a unique system whereby assortative mating maintains isolation in struc-

tured populations, despite any evidence of behavioral mating preferences in the chemical or visual

modality [24]. Individuals in the Xiphophorus genus occupy shallow pools and streams which can

become isolated from other pools up and downstream for a period of time. In regions of species

overlap (i.e. hybrid zones) where females may become isolated from a larger pool of potential

mates, they may take on conspecific and heterospecific matings. In Xiphophorus, females are in-

ternal fertilizers. Males pass bundles of sperm (spermatozeugmata) to the female reproductive tract

via a modified anal fin called the gonopodium. Bundles dissociate once in the reproductive tract

and can be stored for several months (Constantz 1989). Gestation lasts approximately 25 days.

Female X. birchmanni exhibit reproductive skew for certain males over others in broods sired by

more than one conspecific male [23, 119]. Researchers have used guppies (Poecilia reticulata)

and swordtails (Xiphophorus spp.) to reveal high levels of sperm competition and cryptic female

choice within species [109, 110, 114, 120, 121, 122]. Although these studies have shed valuable

insight into intraspecific postmating-prezygotic sexual selection, whether females disproportion-

ately favor conspecific sperm during mating interactions between species has remained relatively

overlooked, despite a history of extensive hybridization [123].

Here, I investigate the postmating-prezygotic barriers to reproduction in recently diverged sis-

ter species X. birchmanni and X. malinche. First, I evaluate sperm performance metrics to test for

asymmetries in predictors of sperm competition between species. Second, I quantify fertilization
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bias in females that have been artificially inseminated by sperm from a conspecific and heterospe-

cific male.

If selection is acting against hybrid phenotypes, then females are expected to exhibit con-

specific sperm precedence such that a disproportional amount of conspecific sperm fertilizes the

female’s eggs [97]. If conspecific sperm precedence mediates hybridization in this way, then I

predict a greater proportion of embryos will be fertilized by the conspecific male. If there happens

to be no effect, it suggests biased fertilization is not responsible for maintaining isolation and that

other mechanisms should be considered.

5.3 Methods

5.3.1 Sperm bundle concentration

The species average sperm concentration per bundle had not been reported in these species.

Therefore, I needed to know the concentration of sperm per bundle in order to inseminate females

with equal proportions of sperm from competing males. I used the same 10 X. birchmanni and

10 X. malinche males in this experiment. Sperm bundles were stripped from anesthetized males,

plated in sperm extender solution (INRA 96), and photographed under a dissection microscope.

All bundles were pipetted into a tube to a final volume of 50 µL. The concentration of sperm/µL

was determined by counting cells under a hematocytometer and dividing by the number of bundles

collected. The number of bundles collected was determined by counting the number of bundles in

the photographs (Figure D.2).

5.3.2 Artificial insemination

All males and females were tagged, photographed and fin clipped before sperm extractions.

Sperm was stripped from a male and transferred to a microscope slide with sperm extender so-

lution where sperm remained quiescent. To activate the sperm, I transfered 2 µL containing 100

bundles to 16 µL sperm extender solution. This process was repeated for the second male, whereby

100 bundles were transferred to the same tube. I used a Drummond sequencing pipette (Sigma-

Aldrich) to inseminate virgin females with 3 µL of the sperm mixture. Before inseminating, I first
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punctured the gonoduct sinus with a sequencing pipette tip so that I can easily enter the gonod-

uct and inseminate sperm. All fish were anesthesized in MS-222 before handling. Embryos from

inseminated females will be dissected out and preserved in ethanol for genotyping 25 days after

insemination.

5.3.3 Sperm physiology

Sperm from each male was placed on a standard Leja 12 micron chamber slide containing

sperm extender solution. I measured the following sperm physiological traits: average path ve-

locity (VAP), straight path velocity (VSP), curvilinear velocity (VCL), straightness (VSL/VAP *

100), total motility, and progressive motility on a computer-assisted sperm analyzer (Figure D.3).

Total motility is the ratio of motile cells to the total cell concentration expressed as percentage.

Progressive motility is the number of cells that move with path velocity greater than medium VAP

cut-off and having straightness greater than 75%. VAP, VCL, and VSL are positively correlated

in many live-bearing fish [109, 110, 122]. To assess whether these variables were correlated in

this system, I constructed correlation matrices. Each trait was highly correlated with one another

(Figure D.1, R2 values range from 0.94 to 1). For this reason, I use VAP for the following analyses.

5.3.4 DNA extraction

DNA from dissected embryos was extracted using an in-house protocol. Briefly, ∼10 mg of fin

tissue was added to 600 µL of cell lysis solution (0.1 M Tris, 0.1 M EDTA, 1% SDS, pH 7.1) with 8

µL of proteinase K (20 mg/mL). All samples were incubated at 55 °C overnight on a plate agitator.

Samples were removed from incubator and cooled at room temperature for 15 minutes. I added

250 µL of protein precipitation solution (7.5 M NH4AoC), vortexed, and spun down at 13,000

rpm for 5 minutes. The resulting supernatant was added to 600 µL of ice cold 100% isopropanol.

Samples were mixed by inverting and spun down at 13,000 rpm for 10 minutes. The supernatant

was discarded and 70% EtOH was added to each sample. Samples were spun down at 13,000 rpm

for 10 minutes. The EtOH was discarded and the samples air dried for 15 minutes. I added 30 µL

of TE (1 mM EDTA, 10MM Tris, pH 8.0) and allowed the DNA to rehydrate at 4 °C overnight.
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Concentration of each sample was determined by a Qubit fluorometer 3.0 (Applied Biosystems)

and diluted to 5ng/µL. Samples were stored at -20 °C.

5.3.5 Library preparation, sequencing, and genotyping

Three nuclear markers were amplified and sequenced. These markers are species-specific and

have been used to diagnosis heterozygotes from homozygotes in preview studies (Culumber et al

2012). A single PCR reaction was conducted to amplify all markers simultaneously. The reaction

contained 5 µL 5X Q5 buffer (New England Biolabs), 2 µL gDNA (5 ng/µL), 0.5 µL 10 mM

dNTPs, 2.5 µL 10 µM primers, 0.25 µL Q5 Taq polymerase, and 14.75 µL dH20. Primers are a

mixture of all 6 primers (3 forward and 3 reverse) at 10 µM each. PCR amplification was performed

with cycling conditions as follows: 98 °C for 1 minute, then 32 cycles of 98 °C for 10 s, 58 °C for

20 s and 72 °C for 30 s, and finally 72 °C for 5 minutes. Samples were cleaned using Ampure XP

beads and eluted in elution buffer (EB) solution (10 mM Tris, pH 9.4; Qiagen).

The second PCR was similar, except primers included Illumina adapter sequences added at the

3‘ ends. Samples were clean as before. A final PCR was performed, again using the same condi-

tions, except we used indexing primers compatible with the Illumina primers used above. Samples

were cleaned for a final time as described above. Samples were pooled and sequenced on an Illu-

mina MiSeq Nano Sequencer (1 M 2X150 reads). Raw sequence reads were assessed for quality

using FastQC. Reads were mapped to the X. birchmanni reference genome using Burrows-Wheeler

Aligner (BWA; [59]) and BAM files were manually scored has homozygous or heterozygous on

Integrative Genomics Viewer (IGV; [124]).

5.3.6 Logistic Regression Analysis

To determine the relationships between male sperm traits and fertilization success, I used a

generalized linear model with a quasibinomial error distribution and a logit link function. A quasi-

binomial error distribution was used because the data were overdispersed. In addition, each sample

was weighted by the number of offspring in order to control for uneven brood sizes among sam-

ples. For each replicate, each male was arbitrarily labelled as ’A’ or ’B’. The response variable
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was determined as the number of fertilized embryos by male ’B’ divided by the total number of

offspring sired in each brood. Predictor variables included species, VAP, and which ejaculate was

collected first. Sperm swimming velocity was calculated as the difference in trait values between

the two putative sires (trait B-trait A). I constructed two reduced subsequent models, one including

only species and sperm swimming velocity as predictor variables, and the other only including

species.

I used ANOVA to check if the additional variables contribute to the predictive ability of the

model. Because the use of a quasibinomial error distribution does not produce an AIC value that I

could use to select the best model, I performed a likelihood ratio test (where the null model corre-

sponds to the reduced model) by calculating the probability for observing a chi-squared distributed

test statistic (i.e. the change in deviance) as extreme or more extreme. Adding additional terms did

not improve the model. I chose to report the model with the fewest predictor variables. Therefore,

the final model only included species as a predictor variable.

5.4 Results

5.4.1 Sperm bundle concentration and physiology

There was no evidence to suggest that the variance in bundle concentration is significantly

different for the two species (Levene’s test, p = 0.054). Moreover, the distribution of the data are

not significantly different from a normal distribution (Shapiro-Wilk normality test, W = 0.92, p =

0.363; W = 0.95, p = 0.671 for X. birchmanni and X. malinche, respectively). The concentration

of sperm per bundle was not significantly different between the two species (Figure 5.1, Student’s

two sample t-test, t(16) = -1.5628, p = 0.1377).

There were no significant differences in sperm physiological trait values between X. birchmanni

and X. malinche. (Figure D.5; MANOVA, motile: F = 2.8875, p = 0.0968; progressive: F = 1.2643,

p = 0.2674; straightness: F = 0.1282, p = 0.7221; VCL: F = 0.1259, p = 0.7246; VSL: F = 0.2232,

p = 0.6391; VAP: F = 0.4513, p = 0.5055). Sperm velocity variables VCL, and VSL are highly

correlated with VAP (both r-values > 0.94, p < 0.001). I used VAP for all remaining analyses to
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Figure 5.1: Number of cells per sperm bundle between X. birchmanni and X. malinche.

reduce the number of predictor variables and avoid multiple comparisons.

Figure 5.2: A) Percent motile and B) average path velocity (VAP) between X. birchmanni and X.
malinche males used for artificial insemination.

5.4.2 Artificial insemination

A total of 23 artificial inseminations were conducted. Of these, 9 females had fertilized em-

bryos for a 40% success rate. The null hypothesis is that each male has an equal chance of fer-

tilizing eggs when sperm compete within the female reproductive tract. Among the 9 successful
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artificial inseminations, all females showed a bias towards conspecific males (Figure 5.3; mean

proportion X. birchmanni = 0.85, sd = 0.16, one-tailed binomial sign test, p = 0.002). Species had

a significant effect on determining the proportion of offspring sired by male ’B’ (Logistic regres-

sion, t = -3.319, p = 0.0451). Among individuals used for artificial insemination, there was no

difference in sperm performance metrics VAP or motility between species, with numerical trends

favoring X. malinche. There were no significant differences in sperm trait values between males

that successfully fertilized and those that did not for either species.

Figure 5.3: Paternity success of X. birchmanni versus X. malinche males in the artificial insemina-
tion assay.

5.5 Discussion

Postmating-prezygotic sexual selection such as conspecific sperm precedence can have im-

portant biological implications by facilitating species divergence via a reinforcement-like process

[96, 97, 98]. If hybrids are less fit and premating isolation is weak or incomplete, selection can
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favor discrimination against heterospecifics within the reproductive tract of a female and lead them

to mate assortatively [125, 126, 127]. In cases like these, fitness is higher for females that fa-

vor conspecific sperm when mated with conspecific and heterospecific males [128]. Even in the

absence of selection, postmating-prezygotic preferences for conspecifics can arise simply due to

divergence of female and male reproductive traits between lineages, particularly as a consequence

of sexual conflict [129].

This project was motivated by recent findings that show near-perfect reproductive isolation

between genetically divergent hybrid clusters in the swordtail fish X. birchmanni and X. malinche

[24]. While the two parental species have strong conspecific preferences based on pheromone

profiles, hybrids have no detectable behavioral preference for homotypic mates. This suggests

cryptic choice may be the mechanism preventing gene flow. Both the premating and postzygotic

barriers between X. birchmanni and X. malinche have been well characterized [21, 22, 29, 32], but

whether females disproportionately favor conspecific sperm during mating interactions between

these species remains unknown. This is particularly important as premating isolating mechanisms

are frequently susceptible to disruption of communication channels or other environmental context,

yet ongoing hybridization is extremely rare [18, 19, 24]. The fertilization success of heterospecific

males is not always low, but typically decreases considerably when in competition with conspecific

gametes [130]. In Xiphophorus, many species are capable of producing viable and fertile hybrid

offspring [131].

Here, I investigate the postmating-prezygotic barriers to reproduction in recently diverged sis-

ter species X. birchmanni and X. malinche. My primary aim was to quantify fertilization bias in

females that have been inseminated by equal proportions of sperm from conspecific and heterospe-

cific males. I found none of the sperm physiological traits to significantly differ between the two

species. I did not expect to see large differences in these traits considering they are closely re-

lated (99.9% genome-wide similarity) and exhibit similar mating strategies where males compete

among each other to maximize reproductive fitness by mating with as many females as possible.

Most notably, the two species did not have an equal probability of fertilizing eggs when competing
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within the reproductive tract simultaneously. Conspecific males had significantly greater fertiliza-

tion success. This pattern held regardless of the species the sperm was collected from first. Since

females mate multiply, this may constitute an important barrier to gene flow between these species.

Moreover, it demonstrates postmating-prezygotic sexual selection has the propensity to attenuate

hybridization.

This work is the first step to grasping the way postmating-prezygotic processes mediate how

individuals avoid fitness costs of hybridization in an environment where premating signals are un-

reliable. Future studies, such as conducting the reciprocal experiment to test for asymmetries in

conspecific sperm precedence would be necessary to understand the full impact of postmating-

prezygotic selective pressures in this system. Moreover, studies investigating sperm physiology

within ovarian fluid would shed novel insight into the degree to which females mediate fertiliza-

tion success. Finally, to better understand how postmating-prezygotic selection is associated with

hybridization, a comparative analysis between sperm traits within the entire Xiphophorus genus

could be correlated with rates of hybridization among lineages.
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6. CONCLUSIONS

Uncovering how hybrid populations evolve is critical to understanding the speciation process.

This requires measuring many aspects of a hybridizing system, including genotype frequencies,

morphological changes, mating interactions, environmental selective pressures, and population

demography. Perhaps more important is how variation in these factors contribute to the evolution

of hybrid populations and the evolutionary consequences it has on speciation. In my dissertation,

I investigate how hybrid populations evolve and how barriers to reproduction, or the lack thereof,

mediate hybridization in nature.

In the second and third chapters of my dissertation, I monitor how morphological characteris-

tics change in natural and experimental hybrid populations, respectively. In Chapter II, I measure

morphological variation in male traits between three independent natural hybrid populations. Two

of the hybrid populations are located in the lowlands at similar elevations yet differ in genome-wide

hybrid index. The third hybrid population is a structured population located at higher elevations

that consist of a X. malinche-skewed cluster and an X. birchmanni-skewed cluster of individuals

that are reproductively isolated. I used a combination of univariate and multivariate analyses to

reveal the lowland hybrid populations were more similar in morphology compared to the highland

hybrid population. Moreover, they are more similar to the lowland parental species, X. birchmanni,

than were individuals from the AGZC population. However, this signal is obscured due to pop-

ulation structure. When I partition individuals in the AGZC population into X. malinche-skewed

and X. birchmanni-skewed, I found the X. birchmanni-skewed individuals to be more similar to

X. birchmanni morphotypes. Male X. malinche-skewed individuals were more like X. malinche

morphotypes. A major question I am testing is whether elevation and thermal environment are

driving morphological evolution or if morphology depends more heavily on genome wide hybrid

index. My findings suggest in the lowland populations, environment drives morphology to re-

semble the lowland parental species. In the highland hybrid population, morphology aligns with

genome-wide hybrid index. These findings reveal independent hybrid populations can exhibit sim-
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ilar morphometric combinations of traits despite genome-wide ancestry composition, but that it is

context dependent. In other cases, morphology aligns with genome-wide ancestry.

I pair Chapter II closely with Chapter III where I explore evolutionary change in experimental

early generation hybrid populations. In addition, I make use of whole genome data in subset of

my samples to monitor changes in hybrid index over time. The primary aim was to monitor hybrid

evolution in response to different thermal environments during the incipient stages of evolution.

We seeded eight replicate populations of F1 generation hybrids at three different elevations. Our

primary findings reveal there is more variation in morphology between replicates within hybrid

populations than between hybrid populations at different sites. We expect the breadth of variation

to be larger in these early generation hybrids relative to the natural populations whereby selection

and genetic drift have had time to fix alleles. Empirical studies reveal phenotypic variation can

decrease within only a few generations in early generation hybrids [132]. While non-significant,

standard length traits variance decreased in the lowland and highland populations (p = 0.065, p =

0.052, respectively) and increased in the intermediate hybrid population (p = 0.052) over the 4-5

generations we monitored. We expect hybrid populations closer to the parental species habitats to

experience selective pressures that shape trait evolution towards the respective parental morphol-

ogy [36]. In early generation hybrids, this will manifest as divergent selection towards the optimal

trait values followed by stabilizing selection around the mean. Increase in variance at the interme-

diate population may be due to weakened constraints at intermediate habitats. Season influenced

sword variability over time in two of the three experimental hybrid populations. This effect is

likely driven by seasonal fluctuations in water temperature that selects for X. birchmanni alleles

during the summer and X. malinche alleles during the winter [19]. The genome-wide hybrid index

among populations trended in the direction expected if ecological selection were driving changes

in ancestry. In only the lowland hybrid population was sword length positively associated with a

hybrid index. Surprisingly, no other traits were correlated with hybrid index. This suggests phe-

notypes do not necessarily correspond to genome-wide ancestry patterns, but instead depend on

genotypes at localized genomic regions responsible for controlling trait variability.
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In Chapter IV, I aim to investigate putative loci under thermal selection and detect whether

allele frequencies at these regions significantly deviate from the genome-wide expectation over

time in natural hybrid populations. I use a combination QTL analysis and genomic cline analysis

to investigate the genomic architecture underlying thermal adaptation and how these genomic re-

gions evolve in hybrid populations. We detected a QTL on the chromosome 22 explaining 6.9%

of variation in CTmax in hybrids. Individuals that are heterozygous for ancestry at the QTL have

reduced CTmax. Due to the underdominant nature of this locus, it constitutes a barrier to introgres-

sion since individuals that harbor heterozygous ancestry at QTL region on chromosome 22 will

have markedly reduced thermotolerance. As such, adaptive introgression of X. birchmanni alleles

may not be sufficient to offset the cost of hybridization. Such consequences can limit the success

of genetic rescue of cold-tolerant, highland populations exposed to warming waters.

Ancestry at hsp genes distributed across the genome did not skew towards one parent more

than another in any population. Less than 5% of hsp loci examined significantly increased in X.

malinche frequency in the ACUA hybrid population. This was contrary to what we predicted. If

water temperatures are increasing and X. birchmanni alleles confer a greater thermal advantage

than we expect an increase in X. birchmanni hsp alleles. There are several explanations to this

pattern. First, the suite of loci I investigated may not be responsible for controlling a large enough

proportion of variance in thermotolerance. Alternatively, selection may simply be too weak to

drive significant changes in the direction we expect. Instead, genetic drift may take precedence.

Incoming migrants from upstream with greater proportions of X. malinche ancestry can drive the

frequency of the hsp alleles to increase as well. Due to the geography these species inhabit, it is

more feasible for alleles to flow downstream since the river contains many physical barriers that

hinder alleles to introgress upstream.

The geographic cline analysis yielded several loci considered center and/or width outliers

among the two river drainages. Interestingly, most of the outliers in the Pochula cline were skewed

upstream (i.e. increase in X. malinche ancestry along the cline). Since it’s more difficult for

alleles to introgress upstream as a result of physical barriers in the river, this finding is not unex-
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pected. However, we still expect increases in X. birchmanni ancestry if ecological selection favors

increased thermotolerance.

In my penultimate chapter, I investigate the role of postmating-prezygotic sexual selection has

on mediating fertilization bias between hybridizing species. Specifically, I tested whether females

bias fertilization towards conspecific males when inseminated with equal proportions of conspe-

cific and heterospecific sperm and whether sperm physiological traits correlate with fertilization

success. I found conspecific males to have a greater probability of fertilization success relative

to their heterospecific competitors. Since females mate multiply, this may constitute an impor-

tant barrier to gene flow between these species. Moreover, it demonstrates postmating-prezygotic

sexual selection has the propensity to attenuate hybridization.

Together, this dissertation illuminates the complexity of hybrid evolution and despite similar-

ities between independent hybrid zones, heterogeneity in how these populations evolve clearly

exist. This highlights the need for further investigation of hybrid zone evolution in order to fully

understand how hybridization mediates the speciation process.
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APPENDIX A

CHAPTER II

Figure A.1: Distributions of A) PC1, B) PC2, C) standard length, D) body depth residuals, E)
sword length residuals, F) dorsal height residuals, G) dorsal width residuals, H) gonopodium length
residuals, and J) peduncle height residuals in the natural hybrid populations among all collection
dates. Colored points represent population means.
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Figure A.2: Contributions of each trait among the first two dimensions for the PCA plot of the
natural hybrid sites and the parental species populations.

Figure A.3: Contributions of each trait among the first two dimensions for the PCA plot of the
AGZC hybrid clusters and the parental species populations.
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Figure A.4: PCA of A) ACUA, B) TLMC and C) AGZC over time.

Figure A.5: Pairwise posterior ellipse overlap distributions between the natural hybrid populations
and the parental species.
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Figure A.6: Pairwise posterior ellipse overlap distributions between the AGZC hybrid clusters and
the parental species.

Figure A.7: Frequency of the X. birchmanni and X. malinche skewed clusters in the AGZC hybrid
population over time.
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APPENDIX B

CHAPTER III

Figure B.1: Contributions of each trait among the first two dimensions for the PCA plot of the
experimental, early generation hybrid sites and the parental species populations.
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Figure B.2: Pairwise posterior ellipse overlap distributions between the experimental, early gener-
ation hybrid populations and the parental species, X. birchmanni.
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Figure B.3: Pairwise posterior ellipse overlap distributions between replicates within the HIGH
experimental, early generation population.
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Figure B.4: Pairwise posterior ellipse overlap distributions between replicates within the MID
experimental, early generation population.
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Figure B.5: Pairwise posterior ellipse overlap distributions between replicates within the LOW
experimental, early generation population.
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Figure B.6: Distibution of X. malinche ancestry for all ancestry informative markers among the
most admixed individuals sequenced from the HIGH and LOW experimental, early generation
hybrid populations. Dotted lines represent mean ancestry proportion among all individuals.
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Figure B.7: Distribution of growth rates for A) stanard length, B) body depth residuals, C) sword
length residuals, D) dorsal height residuals, E) dorsal width residuals, F) gonopodium length resid-
uals, and G) peduncle height residuals in the experimental, early generation hybrid populations.
Red points represent trait mean.
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APPENDIX C

CHAPTER IV

Figure C.1: Temperature profile of common garden tanks separated by site of origin.
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Figure C.2: Distribution of FDR adjusted p-values among natural hybrid populations A) ACUA
and B) TLMC indicating whether the change in ancestry at hsp loci was significantly different
from the genome-wide expectation.

Figure C.3: Distribution of genome-wide hybrid index among natural hybrid populations A)
ACUA and B) TLMC over time.
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APPENDIX D

CHAPTER V

Figure D.1: Correlation matrix of sperm physiology velocity metrics.
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Figure D.2: Example photo of sperm bundles under a dissection scope. Each white dot represents
a sperm bundle.

Figure D.3: Diagram of sperm physiology velocity metrics. VAP = average path velocity, VCL =
curvilinear velocity, VSL = straight path velocity.
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Figure D.4: Example of X. birchmanni and X. malinche genotypes at DNA Ligase I. The three X.
malinche samples have a species-specific SNP. On the right is an example of a dissected embryo
that was scored as a heterozygote at this locus.

Figure D.5: Proportion of paternity sired as a function of A) which ejaculate was collected first, B)
percent motility, and C) average path velocity.
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