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Abstract

A fundamental goal of evolutionary biology is to understand what processes have led to
the great diversity of organisms we see today. An important factor of diversification is an
organism’s environment. Abiotic factors can shape the evolutionary trajectory of species by
affecting fundamental mechanisms of evolution, including mutation, gene flow, genetic drift, and
natural selection. In my thesis, I investigated how abiotic factors, such as habitat and landscape,
have influenced the genetic diversification of catfishes (Siluriformes). More specifically, |
compared genetic data within and between species to understand how natural barriers have

shaped the origins and evolutionary trajectory of species.

In Chapter 1, | investigated whether habitat preferences and segregation of breeding
populations in lacustrine-like and fluvial habitats affected the genetic structure of a sympatric
population of channel catfish (Ictalurus punctatus). In Chapter 2, | elucidated the origins of cave
species within North American catfishes (Ictaluridae), determining whether they shared a
common ancestor or evolved in parallel from surface-dwelling ancestors. In Chapter 3, | tested
whether impermeable and semi-permeable boundaries between South American river basins
have restricted gene flow and resulted in potentially new species within the widespread ornate
pim catfish (Pimelodus ornatus). In Chapter 4, | determined whether orogenesis and river
capture corresponded with speciation events and cladogenesis within Neotropical long-

whiskered catfishes (Pimelodidae).

Throughout my thesis, | observed evolutionary patterns related to gene flow, vicariance,
and dispersal. Physical barriers imposed on populations often coincided with genetic
diversification and allopatric speciation. These barriers reduced gene flow, allowing populations

to genetically diverge in response to unique selective pressures. As these barriers changed over



time, dispersal opportunities may have further promoted diversification as species radiated into
new areas. | also observed that ecological gradients, such as water chemistry, may have
facilitated parapatric speciation; however, differences between habitats do not always restrict
gene flow. Given that patterns of genetic diversification and speciation are not uniform across
the tree of life, it is important for evolutionary biologists to document trends among different

taxa to elucidate macroevolutionary patterns.



Résumeé

Un objectif fondamental de la biologie évolutive est de comprendre quels processus ont
produit la grande diversité d'organismes que nous voyons aujourd'hui. Un facteur important a
considérer est I'environnement d'un organisme. Les facteurs abiotiques peuvent influencer la
trajectoire évolutive des especes en affectant les mécanismes fondamentaux de I'évolution,
notamment la mutation, le flux génétique, la dérive génétique et la sélection naturelle. Dans ma
these, j’ai étudié comment les facteurs abiotiques, tels que I'nabitat et la géographie, ont
influencé la diversification génétique des poissons-chats (Siluriformes). Plus précisément, j'ai
compare des données génétiques au sein et entre les espéces pour comprendre comment les

barriéres naturelles ont influencé les origines et la trajectoire évolutive des especes.

Dans le chapitre 1, j'ai étudié si les préférences d'habitat et la ségrégation des populations
reproductrices dans des habitats de type lacustre et fluvial affectaient la structure génetique d'une
population sympatrique de barbue de riviére (Ictalurus punctatus). Dans le chapitre 2, j'ai élucidé
les origines des espéces cavernicoles chez les poissons-chats nord-américains (Ictaluridae), en
observant s'ils partageaient un ancétre commun ou s'ils avaient évolué en parallele a partir
d'ancétres vivant en surface. Dans le chapitre 3, j'ai testé si les frontiéres imperméables et semi-
perméables entre les bassins fluviaux sud-américains ont restreint le flux génétique et ont
entrainé la création de nouvelles especes potentielles au sein du poisson-chat orné (Pimelodus
ornatus). Dans le chapitre 4, j'ai déterminé si I'orogenése et la capture en riviere correspondaient
aux événements de spéciation et a la cladogenése chez les poissons-chats antennes

(Pimelodidae).



Tout au long de ma these, j'ai observé des motifs évolutifs liés au flux génétique, a la
vicariance et a la dispersion. Les barrieres physiques imposées aux populations coincidaient
souvent avec la diversification génétique et la spéciation allopatrique. Ces barriéres ont réduit le
flux de génes, permettant aux populations de diverger génétiquement en réponse a des pressions
sélectives uniques. Au fur et a mesure que ces barriéres ont changé au fil du temps, les
possibilités de dispersion ont peut-étre favorisé la diversification a mesure que les espéces
rayonnaient dans de nouvelles zones. J'ai également observé que des gradients écologiques, tels
que la chimie de I'eau, peuvent avoir facilité la spéciation parapatrique; cependant, les
différences entre les habitats ne restreignent pas toujours le flux de génes. Etant donné que les
modeles de diversification génétique et de spéciation ne sont pas uniformes dans I'arbre de la vie,
il est important que les biologistes de I'évolution documentent les tendances entre les différents

taxons pour élucider les modéles macro-évolutifs.
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General Introduction

Within an ecosystem, both biotic and abiotic factors are intrinsically linked by the flow of
energy and matter (Tansley, 1935; Willis, 1997; Chapin Ill et al., 2011). An animal, for example,
must obtain these resources from other organisms and its physical environment, which includes
light, water, oxygen availability, heat, soil/water chemistry, weather, etc. (Herberstein & Fleisch,
2003; Bornette & Puijalon, 2011). These immediate environmental factors are in turn dependent
on large scale geographic features, such as topography, latitude, and climate (Thomas et al.,
1998; Klausmeyer & Shaw, 2009; Liu et al., 2014). Consequently, where an animal chooses to
live directly influences its survival and reproductive success (Rosenzweig, 1981; Huey, 1991;
Pulliam & Danielson, 1991; Camacho et al., 2015). A habitat provides an animal with basic life
necessities, such as shelter, food, and potential mates (Hutto, 1985; Morris, 2003; Hernandez
Cordero & Seitz, 2014). Animals should select habitats that maximize their fitness, balancing

survival with reproductive needs (Rosensweig, 1981; Pulliam & Danielson, 1991).

The interaction between animals and the physical environment, however, not only
impacts survivability, but also shapes their evolutionary trajectory. This is made possible when
abiotic factors directly affect the fundamental mechanisms of evolution. First, some abiotic
factors act as mutagens when they come into contact with animals (Chen & White, 2004;
Bolognesi & Hayashi, 2011). For example, solar radiation can cause cellular damage in exposed
organisms, resulting in DNA replication errors (Cleaver & Crowley, 2002; Cadet et al., 2005;
Hessen, 2008). Environmental metals, such as lead found in soil and water, may cause DNA
replication errors as well, reducing the accuracy of DNA polymerases (Johnson, 1998; Wozniak
& Blasiak, 2003). Naturally occurring arsenic is also known to cause chromosomal instability,

resulting in replication errors (Banerjee et al., 2008; Bustaffa et al., 2014). Thus, abiotic factors



acting as mutagens directly facilitate evolution by introducing novel genetic material within

populations of animals.

Second, abiotic factors can act as driving forces of genetic drift. Stochastic events, such
as destructive weather and geological processes may remove great numbers of individuals from a
given population (Howe, 1976; Brante et al., 2019). By chance, certain alleles disappear from the
gene pool, drastically reducing the genetic variability of the population, creating a bottleneck
effect (Menotti-Raymond & O'Brien, 1993; Peery et al., 2012). Pujolar et al. (2011) found
evidence of the direct link between abiotic factors and genetic drift while studying marble trout
(Salmo marmoratus) in river tributaries of the Adriatic Sea near Slovenia. The study area had
been experiencing an increase in rainfall, which was attributed to climate change. These intense
rains caused intermittent flash flooding events, which resulted in high mortality rates (56.4-
77.6%) for several trout populations. Using fin clippings collected between 2004-2008, Pujolar
etal. (2011) conducted microsatellite analyses, comparing the genetic structure of four sampled
trout populations before and after major flooding events resulting in mass mortalities. What they
found was that each of the four populations showed a moderate decrease in genetic diversity, and
a loss of nine rare alleles. Heterozygosity and allelic richness were also found to be low in each
population, with a mean of two alleles per microsatellite locus. Dramatic decreases in marble
trout population numbers may exacerbate further genetic variability loss; smaller populations are
statistically more likely to experience genetic fixation in response to additional stochastic events,
such as continued flash-flooding. As such, abiotic factors function as potent facilitators of

genetic drift.

Third, abiotic factors act as barriers that impede gene flow, facilitating genetic divergence

between populations of organisms (Barton, 1986; Steeves et al., 2003). In the absence of barriers,



gene flow acts as a homogenizing force that prevents genetic divergence of panmictic
populations (Lande, 1980; Slatkin, 1985; Crispo et al., 2006). Barriers, such as mountain ranges
and rivers, may restrict or eliminate reproductive opportunities between demes of a population
(Lande, 1980; Steeves et al., 2003; Weir & Price, 2011). As a result, the genetic composition of
isolated demes diverges over successive generations, caused by independent mutations,
stochastic phenomena, and selective pressures (Lande, 1980; Hoskin et al., 2005). For example,
Ni etal. (2011) investigated the genetic composition of Chinese surf clams (Mactra chinensis) in
Northern China. Using microsatellites from eight localities within the Bohai and Yellow Seas,
the researchers found significant genetic differences between clusters of sampled populations.
Some of these clusters correlated with physical barriers, such as ocean currents limiting larval
dispersal, and the Shandong Peninsula separating northern and southern populations. By
restricting or preventing gene flow between demes of Chinese surf clams, abiotic factors have

facilitated genetic variability within the species.

Finally, abiotic factors can function as selective pressures in the process of natural
selection. Factors including temperature, water availability, weather, water/soil chemistry, and
oxygen availability place demands upon animals that favour some individuals, owing to the
variability of heritable traits within a given population (Tauber & Tauber, 1981; Soares et al.,
2006; Bidau et al., 2012). For example, seasonal change in temperature places demands upon
animals, in which some are unable to cope and die as a result. Schultz et al. (1998) exposed
Atlantic silversides (Menidia menidia) collected from Nova Scotia, New York, and South
Carolina to a range of mild to low winter temperatures in the absence and presence of regular
feeding. They found that survivability was primarily linked with body size, but also intraspecific

differences in metabolic kinetics. Larger fish were more likely to survive as they possessed



larger energy reserves to offset the impact of reduced food availability in the winter. Cold
temperatures, they concluded, favour both larger individuals and those with faster growth rates

prior to winter weather.

Over time, genetic diversification of animal populations may result in speciation. Abiotic
factors feature as an essential component of speciation models; geography is used to differentiate
between sympatric, parapatric, and allopatric speciation (Templeton, 1980; Fitzpatrick et al.,
2009). Briefly, sympatric speciation occurs when populations differentiate from a common
ancestor within the same geographic area (Smith, 1966; Fitzpatrick et al., 2009). Allopatric
speciation, in contrast, occurs when populations that are geographically isolated from one
another differentiate from a common ancestor (Lande, 1980; Hoskin et al., 2005). Finally,
parapatric speciation occurs when populations differentiate from a common ancestor over a
geographic range that may have incomplete barriers, restricting gene flow (Gavrilets et al., 2000;
Yamaguchi & Iwasa, 2017). These modes of speciation will be discussed in greater detail
throughout this thesis.

Although the diversity we see is a product of habitat and geography among other factors,
it is ultimately controlled by genetics (Hughes et al., 2008). Variations in genotype resulting
from mutation and genetic recombination produce new phenotypes, which are in turn subject to
natural selection (Hughes et al., 2008). This includes pressures from the physical environment
and biotic interactions (Park & Lloyd, 1955; Van den Berghe & Gross, 1989; Hughes et al.,
2008). Therefore, it is of interest to understand how habitat and geography influence genetic
diversification of animals. The general purpose of this thesis is to investigate how landscape and

geography have influenced the genetic diversification and speciation of animals by altering gene



flow within and between populations. This thesis seeks to address this question using catfishes

(Siluriformes, Actinopterygii) as a study system.

The order Siluriformes is highly speciose, containing 4,000+ described species divided
into 36 families (Sullivan et al., 2006; Kappas et al., 2016). Catfishes are found on all continents,
including fossils discovered in Antarctica (Sullivan et al., 2006; Kappas et al., 2016). Catfishes
also inhabit a diversity of habitats, including both marine and freshwater: lakes, rivers, streams,
estuaries, and caves (Lundberg et al., 2011; Arce- et al., 2016; Nelson, 2016). Siluriformes have
previously been used to study biogeographical patterns and speciation, and therefore present an
excellent system for studying the interaction of landscape, gene flow, and genetic diversification

within this thesis (Sullivan et al., 2006; Kappas et al., 2016).

This thesis is composed of four chapters addressing how habitat and landscape have
facilitated the genetic diversification of catfishes. More specifically, how have the physical
environment and geological phenomena affected gene flow within Siluriformes, promoting
diversification and speciation? My four thesis chapters will each address one of the following

questions:

1. Does habitat segregation associated with breeding habitat preference affect the
genetic structure of a sympatric population of channel catfish (Ictalurus punctatus)?

2. Is cave specialization in North American catfishes (family Ictaluridae) a result of
shared ancestry, or independent parallel speciation?

3. How have impermeable and semi-permeable geographical barriers shaped the genetic
composition of the widespread Neotropical ornate pim catfish (Pimelodus ornatus)?

4. Have Andean uplift and subsequent river capture influenced cladogenesis and

speciation in Neotropical long-whiskered catfishes (family Pimelodidae)?



The thesis chapters were ordered using two criteria: 1) continent (North and South America) and
2) geographical scale. With respect to North American catfishes, the first chapter focused on one
sympatric population of channel catfish and the second chapter focused on the family Ictaluridae.
Shifting to South America, the third chapter focused on one widespread species across its entire
distribution and the fourth chapter focused on the family Pimelodidae. The chapters were meant

to provide complementary evidence for evolutionary patterns at both local and continental scales.

In the first chapter, | tested the hypothesis that habitat segregation potentially linked with
breeding site preferences has reduced gene flow and promoted genetic differentiation between
fluvial and lacustrine-like subpopulations in a sympatric population of channel catfish. I
predicted that channel catfish from the Ottawa River (lacustrine-like) would be genetically
distinct from individuals within its tributaries (fluvial). I collected genetic material from channel
catfish in Lac des Chats, and genotyped them using microsatellites. | then performed population
genetics analyses to characterize the genetic structure of the sampled population with and

without a priori assumptions.

In the second chapter, | tested the hypothesis that ictalurid cave species have evolved in
parallel from repeated invasions of subterranean habitats. | predicted that the troglobitic
ictalurids are not monophyletic and are each sister to surface-dwelling taxa. To test my
hypothesis, | created a multi-gene phylogeny of Ictaluridae including all but one species to assess
whether or not this clade was monophyletic. | also time-calibrated the phylogeny using fossil

data to provide historical context for the evolution of these species.

In the third chapter, | tested the hypothesis that both permanent and intermittent barriers
between major South American river basins have reduced or eliminated gene flow between

subpopulations of P. ornatus, resulting in distinct lineages that may represent new species. |



predicted the presence of at least three distinct lineages corresponding with the Essequibo,

Orinoco, and Amazon-Parana rivers, as observed in previous studies. To test this hypothesis, |
created a multi-gene phylogeny of Pimelodus ornatus and calculated uncorrected p-distances
between observed lineages within the phylogeny using cytochrome oxidase subunit 1 (col or

cox1) sequences, a commonly used gene for DNA barcoding (Herbert et al., 2004).

In the fourth chapter, | tested the hypothesis that speciation events within Pimelodidae
increased following vicariance caused by Andean uplift and river capture events. Furthermore, |
hypothesized that dispersal into new river basins via river capture also promoted speciation
within the family as pimelodids colonized new habitats. | tested these hypotheses by constructing
a time-calibrated phylogeny of Pimelodidae using the largest molecular dataset and most
comprehensive taxon-sampling of any study to date. | used first-occurrence fossil data to
estimate divergence times within the family. | then compared the timing of speciation events
between allopatrically distributed species pairs with the timing of known orogenic and river

capture events.



Chapter 1

Estimating the genetic diversity and potential influence of habitat segregation in channel catfish

(Ictalurus punctatus)

This chapter formed the basis of the following publication:

Janzen, F.H., & Blouin-Demers, G. 2023. Estimating the genetic diversity and potential
influence of habitat segregation in Channel Catfish, Ictalurus punctatus. Transactions of the

American Fisheries Society, in press.



Abstract

Animals select habitats that maximize their fitness. Individual habitat preference can reduce
intraspecific competition for resources, and may differ between age groups, sexes, and adult
phenotypes. The channel catfish Ictalurus punctatus is a widespread species occurring in a
diversity of freshwater habitats. This species displays breeding philopatry, returning to nesting
sites occupied in previous years. Larger catfish tend to nest in the main channels of large rivers,
whereas smaller catfish tend to prefer smaller tributaries. The purpose of our study was to
determine whether this habitat segregation potentially associated with habitat preference affects
the genetic structure of a sympatric population. We hypothesized that spatial segregation of
breeding sites in the Ottawa River and its smaller tributaries at Lac des Chats reduced gene flow
within the population, resulting in genetically differentiated demes associated with lacustrine-
like and fluvial habitats. Using microsatellite data for 162 channel catfish, we found little genetic
variation between the Ottawa, Mississippi, and Madawaska rivers. Furthermore, our analyses
suggested the sampled specimens comprised one panmictic population. Fish from one site in the
Ottawa River, however, were significantly differentiated from fish from a nearby site also in the
Ottawa River as well as from fish from the Mississippi River tributary. Given that fish from sites
further up the Ottawa River were not differentiated from fish from these sites, it is unlikely that
geography can account for the differences observed; rather, assortative mating may explain the
differentiation. We propose that panmixia within the population is caused by ontogenetic

changes in habitat selection, straying individuals, or sex-biased dispersal and philopatry.



Introduction

Where animals choose to live influences their survival and reproductive success
(Rosenzweig, 1981; Huey, 1991; Pulliam & Danielson, 1991; Camacho et al., 2015). A habitat
provides an animal with basic life necessities, such as shelter, food, and potential mates (Hutto,
1985; Morris, 2003; Hernandez Cordero & Seitz, 2014). Animals should select habitats that
maximize their fitness, balancing survival with reproductive needs (Rosensweig, 1981; Pulliam
& Danielson, 1991). Resources can vary spatially and temporally, demonstrating patchy
distribution over a given area or seasonal variation (Cahn, 1925; Beyer et al., 2010; Bowlin et al.,
2010; Zaniga et al., 2017). Animals often display preferences for certain habitats, increasing
their fitness by using some available areas disproportionately more than others (Johnson, 1980;
Beyer et al., 2010; McGarigal et al., 2016; Fieberg et al., 2021).

Intraspecific variation in habitat preference can occur within populations where
individuals differ in the habitats they select (Robinson et al., 1996; Violle et al., 2012; Dehnhard
etal., 2019). Individual habitat preference and specialization is a strategy that reduces
intraspecific competition for resources (Svanbéck et al., 2008; Violle et al., 2012; Dehnhard et
al., 2019). This habitat variation can occur between age groups, sexes, and polymorphic adult
phenotypes (Robinson et al., 1996; Marra & Holmes, 2001; Ward et al., 2006; Violle et al., 2012;
Mills et al., 2021). For example, Antarctic fur seals (Arctocephalus gazella) display sexual
segregation of foraging sites (Kernaléguen et al., 2016; Jones et al., 2020). Females forage closer
to pupping sites because they are constrained by parental care, whereas males travel further from
pupping sites, potentially seeking areas of high food density to support their larger body sizes
(Kernaléguen et al., 2016; Jones et al., 2020). Another example is the link between habitat

specialization and polymorphic adult morphology of Arctic charr (Salvelinus alpinus) (Snorrason
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etal., 1994; Kapralova et al., 2015). Arctic charr display four adult morphs partially determined
by genetics and environmental conditions (Snorrason et al., 1994; Kapralova et al., 2015).
Benthic and limnetic morphs differ in cranial, fin, and gill raker morphology, as well as
coloration linked with differences in diet and habitat use (Snorrason et al., 1994; Kapralova et
al., 2015).

Differences in intraspecific habitat preference can lead to habitat segregation and
subsequently influence the genetic structure of a population. If reproduction is restricted to
individuals occupying the same preferred habitats, gene flow will be constrained between
different habitats (Rausher, 1984; Hellberg, 1994; Stepien et al., 2009). These subpopulations,
also known as demes, may genetically diverge over time, thus increasing genetic diversity within
the population, further reinforced by selection for different traits between habitats (Rausher,
1984; Jaenike & Holt, 1991; Hellberg, 1994; Berner & Thibert-Plante, 2015). Genetically
distinct demes have been observed in many species that demonstrate intraspecific habitat
preference variation, such as American bullfrogs (Lithobates catesbeianus) (Cloyed & Eason,
2017), flour beetles (Tribolium castaneum) (Agashe & Bolnick, 2010), Arctic charr (Salvelinus
alpinus) (Adams et al., 2006), and great white sharks (Carcharodon carcharias) (Jorgensen et
al., 2010). As demes accrue genetic differences over time due to assortative mating, reproductive
isolation and speciation may occur within a population (Markert et al., 1999; Via, 2001; Berner
& Thibert-Plante, 2015; Igarashi et al., 2018).

Another example of a widespread species that occurs in a diversity of habitats is the
channel catfish, Ictalurus punctatus (Ictaluridae, Siluriformes). An economically important food
and sport fish, channel catfish are distributed throughout North America, occupying streams,

rivers, and lakes (Wellborn, 1988; Dames & Coon, 1989; Pellett et al., 1998; Hubert, 1999;
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Sotola et al., 2017). Channel catfish migrate between protective overwintering deep-water
habitats and shallow-water spawning sites with abundant food in the summer (Dames & Coon,
1989; Pellett et al., 1998; Hubert, 1999). These migrations are prompted by water temperature;
autumnal migrations coincide with water temperatures dropping between 10°C and 13°C (Pellett
etal., 1998). Temperatures associated with spring migrations are still unknown. On average,
channel catfish migrate ~8-16 km, but can migrate up to 100-500 km (Pellett et al., 1998; Sotola
etal., 2017). Channel catfish display breeding philopatry, an annual return to previously
occupied nesting sites (Greenwood, 1980; Pellett et al., 1998; Pearce, 2007; Hastings et al., 2017;
Sotola et al., 2017; Winger et al., 2019). During the summer, channel catfish return to previously
occupied territories, and rarely travel further than 5.7 km from this location (Pellett et al., 1998;
Sotola et al., 2017). About 30-40% of the population, however, strays throughout the river and its
tributaries (Pellett et al., 1998).

Site fidelity is related to fish size; fish of intermediate size (~280-380 mm) tend to roam
throughout tributaries of large rivers (Dames & Coon, 1989; Pellett et al., 1998). Both smaller
(<250 mm) and larger (>380 mm) fish tend to remain within 2-5.7 km of their nesting sites
throughout the summer, preferring large river channels (Dames & Coon, 1989; Pellett et al.,
1998; Sotola et al., 2017). Pellett et al. (1998) proposed that larger fish are better able to defend
high guality territories and thus have more incentive to return to those sites in following years.
Furthermore, they propose that smaller fish unable to establish territories due to competition are
forced into less desirable habitats, resulting in little incentive to return to those sites (Pellett et
al., 1998). Therefore, a smaller roaming fish that reaches a large size should eventually establish
a territory and return to that site annually. This hypothesis, however, has not yet been formally

tested. Conversely, breeding site fidelity and habitat preference may be influenced by
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intraspecific variation in habitat preference and genetics, reinforced by lower migration and the
separation of breeding populations between different spawning habitats (fluvial and lacustrine)
(Bolnick et al., 2009). Channel catfish as short as 170 mm and weighing 0.34 kg can spawn
(Wellborn, 1988; Hubert, 1999), indicating the possibility of a smaller adult subpopulation that
may prefer smaller tributaries to large lakes and rivers. These smaller fish can reproduce within
the tributaries, separated and protected from the larger fish in lakes and the main channels of
rivers. Genetic sub-structuring of populations has been observed between fluvial and lacustrine
habitats in freshwater fishes, such as three-spine sticklebacks (Gasterosteus aculeatus) (Bolnick
etal., 2009). Furthermore, the migratory Neotropical dorado or dourada (Brachyplatystoma
rousseauxii) exhibits differences between habitat-associated subpopulations within ~300 km
(Carvajal-Vallejos et al., 2014). Genetically distinct demes potentially linked with philopatry
occur within the Western Amazon River and the Upper Madeira, a tributary of the Amazon River
(Carvajal-Vallejos et al., 2014).

To date, few studies have investigated the potential influence of habitat preference and
segregation on the genetic structure of channel catfish populations. Understanding the link
between habitat preference and genetic diversity of this economically important food and sport
fish may prove useful in predicting how habitat fragmentation, for instance through hydroelectric
dam building, might impact the survival of the species. As genetic diversity decreases within a
species, the likelihood of extinction increases in response to changing environmental conditions
due to the species’ reduced adaptive potential (Parmesan, 2006; Exposito-Alonso et al., 2022).
Therefore, determining whether habitat segregation in channel catfish promotes genetic isolation
is useful for the protection and management of the species in response to climate change and

anthropogenic activities.
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The purpose of our study was to investigate whether breeding habitat preferences in
channel catfish translates into genetic differentiation within a population of the Ottawa River and
its tributaries. We hypothesized that habitat segregation potentially linked with breeding site
preferences has reduced gene flow and promoted genetic differentiation between shallow river
subpopulations and deep lake-like subpopulations in Lac des Chats. We predicted that channel
catfish from the Ottawa River would be genetically distinct from individuals within its
tributaries. Conversely, if segregation of breeding populations is not caused by habitat
preference, the population should not demonstrate genetic sub-structuring associated with habitat
type/river. To test this hypothesis, we collected channel catfish from Lac des Chats of the Ottawa
River and from the Mississippi, Madawaska, and Bonnechere rivers. Using microsatellite allelic
data, we estimated the relative genetic differentiation of each subpopulation sampled.

Materials and Methods

We collected channel catfish from Lac des Chats, an ~40 km reach of the Ottawa River
between Portage-du-Fort, Québec, and Chats Falls Generating Station during summer 2018
(Figure 1-1). Two hydroelectric dams delineate this portion of the river and prevent upriver fish
movements. This reach of the Ottawa River has become a reservoir lake due to the presence of
both dams. Three major tributaries meet the Ottawa River between the dams: the Mississippi
River, the Madawaska River, and the Bonnechere River. These smaller rivers, and the shallow
banks of the Ottawa River, offer ideal summer nesting sites for channel catfish that provide
cover, such as wood debris, large rocks, and undercut river banks (Hubert, 1999; Haxton &
Chubbuck, 2002). Throughout their distribution, channel catfish spawn as early as March and as
late as August, exhibiting latitudinal differences in exact spawning months (Hubert, 1999).

Northern American populations from South Dakota and Wyoming typically spawn from mid-
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June to July (June, 1977; Hubert & O’Shea, 1991; Hubert, 1999). Given the more northern
latitude of Ottawa, we collected catfish between June and August from five sites along the
Ottawa River and from one site in each tributary using a combination of angling and hoop nets.
We selected these sites based on two criteria: 1) even distribution throughout Lac des Chats and
its tributary rivers, and 2) empirically determined sites of high channel catfish abundance. We
measured total body length with a measuring board and weight with a spring scale. We collected
muscle tissue samples from each individual and stored them in 95% ethanol.

We extracted DNA from the muscle tissue samples with a homemade animal extraction
kit and a modified protocol from lvanova et al. (2006). We used the resulting extractions to
amplify 16 microsatellite loci (Table 1-S1) chosen from a pool of 30 available loci for channel
catfish (Vieira et al., 2016). We chose our loci based on successful amplification and allelic
length variation (Waldbieser & Bosworth, 1997; Waldbieser & Wolters, 1999; Tatarenkov et al.,
2006; Waldbieser & Bosworth, 2013). We used the following PCR recipe to amplify all
microsatellite loci: 1X Dream buffer containing 2 mM MgCl> (ThermoFisher Scientific), 0.2 mM
of deoxynucleotides (ANTPs), 0.05 uM of forward primer labelled with 5°-M13 or 5’-CAG tag
(Table 1-S1), 0.2 uM of reverse primer, 0.2 uM 5’-labelled tag primers with fluorescent dye
(FAM, VIC, NED, or PET; Table 1-S1), 0.75 U of Dream Taq, ca. 20-30 ng of template DNA,
and nuclease-free water to adjust the final reaction volume to 15 pL. Using a Mastercycler pro S
(Eppendorf Canada), we amplified our PCR products with the following heat cycling conditions:
initial heating to 95°C for 3 minutes, 35 cycles of denaturation (95°C for 30 seconds), primer
annealing (55°C for 30 seconds), and extension (72°C for 1 minute and 30 seconds) phases, and
a final extension phase at 72°C for 10 minutes. Samples that could not be amplified on the first

attempt were reamplified using an annealing temperature of 59°C.
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Once we amplified all 16 microsatellite loci, we combined the PCR products into two
pools per individual for genotyping. Each pool contained eight loci: two loci of non-overlapping
allelic size ranges for each of the four fluorescent tags listed above. The first pool for each
individual comprised BM1-37, IpCG18, IpCG11, IpCG14, IpCGO01, IpCG54, 1pCG08, and
IpCG195. The second pool for each individual comprised IpCG12, POMC, 71-59, IpCG71,
GY047KO03, IpCGO07, IpCG273, and BM1-33. Each genotyping reaction contained 8 uL. of PCR
product (1 puL per locus), 0.4 uL of fluorescent size standard ladder (LIZ), and 9.6 uL of HIDI
formamide. We genotyped each individual using a 3500 xL Genetic Analyzer (ThermoFisher
Scientific). Finally, we visualized and scored alleles using GeneMarker v2.6.4 (Hulce et al.,
2011).

Using Micro-Checker v2.2.3 (Van Oosterhout et al., 2004), we corrected allelic scoring
errors in our microsatellite dataset and assessed each locus for the presence of null alleles and
large allele dropout. Then, we used Arlequin v3.5.2.2 (Excoffier & Lischer, 2010) to estimate
basic indices of genetic diversity within the sampled subpopulations (the number of alleles per
locus (A), expected heterozygosity (He), and observed heterozygosity (Ho)), to test for Hardy-
Weinberg equilibrium (using a Bonferroni correction), and to test for linkage disequilibrium
between loci (Holm, 1979; Benjamini & Yekutieli, 2001; Excoffier & Lischer, 2010). We also
estimated allelic richness (Ar) and the inbreeding coefficient (Fis) per locus for each collection
site using HP-Rare v1.1 (Kalinowski, 2005) and FSTAT (Goudet, 1995; Goudet, 2002),
respectively. To test our hypothesis, we used Arlequin to calculate pairwise subpopulation
differentiation (Fst) using the sum of squared differences for 16,000 permutations and a
hierarchical analysis of molecular variance (AMOVA) using the sum of squared differences for

16,000 permutations. We performed the pairwise subpopulation differentiation and AMOVA
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analyses after excluding loci with evidence of null alleles and linkage. For these analyses, we
used nine loci: IpCGO01, IpCG54, IpCG195, IpCG11, IpCG14, GY047KO03, IpCGO7, 71-59, and
IpCG71. We assessed the statistical power of our differentiation analyses with NeEstimator (Do
etal., 2014) and POWSIM (Ryman & Palm, 2006) using the effective population size (Ne),
number of proposed subpopulations (two (fluvial vs lacustrine), three (Ottawa, Mississippi, and
Madawaska rivers), and seven (collection sites)), subpopulation size, number of microsatellite
loci, and allele frequencies per locus. Finally, we inferred the number of distinct genetic
populations (K) free of a priori assumptions using STRUCTURE (Pritchard et al., 2000; Falush
etal., 2003). We ran seven independent runs for each value of K = 1-8, each run for 100,000
replicates (10,000 burn-in replicates) using an admixture ancestry model and a correlated allele
frequencies model (Pritchard et al., 2000; Falush et al., 2003). Using STRUCTURE
HARVESTER (Earl & VonHoldt, 2012), we compared the probability of K = 1-8, identifying the
most supported value with the highest natural logarithm of the probability of K (In Pr(x|K) as the
number of genetic populations. We then plotted results for K =2 and K = 3 using STRUCTURE
PLOT (Ramasamy et al., 2014).
Results

We collected 162 channel catfish: 100 individuals from five sites on the Ottawa River
(~20 individuals per site), 40 individuals from the Mississippi River, and 22 individuals from the
Madawaska River (Table 1-1). We were unable to collect any channel catfish from the
Bonnechere River, possibly because it is too narrow and shallow between its mouth and the
Bonnechere Falls. Total body length ranged from 232-594 mm; sampled individuals comprised

small (<280 mm, n = 12), intermediate (~280-380 mm, n = 96), and large (>380 mm, n = 54)
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channel catfish as defined in previous migratory studies of the species (Dames & Coon, 1989;
Pellett et al., 1998; Table 1-S2).

Within the corrected allele dataset, the total number of alleles per locus ranged from 5-29
(Table 1-S3), averaging between 7.4-9.0 per sampling site over all loci (Table 1-1). Mean allelic
richness of all loci per sampling site ranged from 5.7-6.1, mean expected heterozygosity ranged
from 0.76-0.79, mean observed heterozygosity ranged from 0.72-0.77, and mean inbreeding
coefficient ranged from 0.001-0.058 (Table 1-1). We detected null alleles at two loci (IpCG08
and BM1-33), but we did not detect large allele dropout. Our sampled population was at Hardy -
Weinberg equilibrium: only four of 112 tests (per locus per sampling site) significantly deviated
from Hardy-Weinberg equilibrium after Bonferroni correction. In each of the four cases,
observed heterozygosity was significantly lower than expected heterozygosity for locus IpCG08
at the Mississippi River, Madawaska River, and two Ottawa River sites. We also found evidence
of linkage disequilibrium between some loci (Table 1-S4).

Pairwise differentiation tests revealed that catfish from most sites were not significantly
differentiated (Table 1-2). We detected minor, however statistically significant, differentiation
between catfish from: 1) Ottawa River site 1 and Ottawa River site 5 (Fst = 0.042, P <0.04), and
2) Ottawa River site 1 and Mississippi River (Fst = 0.033, P <0.02) (Table 1-2). When we
grouped catfish from our five Ottawa River sites and repeated the analysis, the catfish from the
Ottawa and Madawaska rivers showed no significant differentiation (Fst = 0.000, P >0.45), nor
did the catfish from the Ottawa and Mississippi rivers display significant differentiation (Fst =
0.012, P >0.06). When comparing the tributaries, we did not detect any significant differentiation
between the subpopulations (Fst = 0.004, P >0.22). Finally, when we grouped all Ottawa River

sites as the lacustrine-like subpopulation and the Madawaska and Mississippi sites as the fluvial
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subpopulation, we did not detect significant differentiation (Fst = 0.006, P >0.09). The statistical
power calculated for each of these comparisons is as follows: 1) lacustrine-like versus fluvial x?
=0.802, Fisher = 0.795, 2) three rivers y? = 0.678, Fisher = 0.642, and 3) each sample site y’=
0.610, Fisher = 0.585. The hierarchical AMOVA revealed that 99.3% of the variance was
attributed to differences within individuals, whereas only 0.7% of the variance was due to
differences between subpopulations collected from different rivers (Table 1-3). Finally, our a
priori STRUCTURE analysis identified K = 1 as the best supported K value, indicating the 162
sampled channel catfish form one panmictic population (Figure 1-S1). Bar plots for K =2 and K
= 3 provide visual depiction of population clustering (Figure 1-S2).
Discussion
Genetic structure of channel catfish subpopulations

Using channel catfish collected from the Ottawa River and its major tributaries at Lac des
Chats, our goal was to determine whether habitat segregation potentially facilitated by breeding
philopatry was linked with genetic differentiation within a population. We show that habitat type
(large river and tributaries) is not associated with distinct demes within the sampled population.
Therefore, we reject our hypothesis that spatial segregation of main river channel (lacustrine-
like) and smaller tributary (fluvial) breeding subpopulations has contributed to genetic
differentiation within the population. Our pairwise differentiation tests with microsatellite data
revealed that catfish from the Ottawa River subpopulation were not significantly different from
catfish from either the Madawaska River or the Mississippi River subpopulations. Fish from the
Ottawa River subpopulation, however, showed minor yet significant differentiation from fish
from the Mississippi River subpopulation. When observing differences between sampling sites, it

appears that significant differentiation occurred between catfish from both the Ottawa River site
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1 and Ottawa River site 5, and catfish from the Ottawa River site 1 and the Mississippi River.
Catfish from the Mississippi River subpopulation, however, were not significantly differentiated
from catfish from other Ottawa River collection sites further upriver, indicating that
differentiation is not strictly associated with each river subpopulation. Furthermore, our
hierarchical AMOVA indicated that almost all genetic variation within the sampled population
occurred within individuals, whereas little variation occurred between river subpopulations.
Finally, our STRUCTURE analysis indicated that a panmictic population was the most supported
scenario within the Ottawa, Mississippi, and Madawaska rivers.

Our study is one of few to investigate how habitat preference affects the genetic structure
of a population of channel catfish. Sotola et al. (2017) determined whether isolation by distance
facilitated by long-distance migration and breeding site preference and philopatry was associated
with genetic differentiation within a population of channel catfish from the Ohio and Wabash
rivers. They sampled catfish from five sites across ~380 km of uninterrupted river, as well as
from two sites separated by dams, and found evidence for isolation by distance. We did not find
evidence of differentiation between catfish from our eastern-most and western-most collection
sites, separated by ~25 km. The minimum distance between collection sites in Sotola et al.
(2017) was 53 km, more than double the distance in our study. The relatively short distance
encompassing all our sampling sites may account for the lack of differentiation between catfish
from our furthest collection sites. Our results also differ from those of Carvajal-Vallejos et al.
(2014) on the genetic structure of the Dorado, a migratory catfish from the Amazon River basin.
Within catfish collected from the Western Amazon River and Upper Madeira River, ~300 km in

distance, Carvajal-Vallejos et al. (2014) found three genetic clusters. They proposed that the co-
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occurrence of these distinct demes may be due to spatial segregation of breeding populations
associated with breeding site fidelity or temporal segregation of breeding populations.

One possible explanation for the observed panmixia within our sampled population is that
habitat selection changes over a channel catfish’s lifespan. As a catfish becomes larger with age,
it may be better able to establish and defend a high-quality summer territory (Pellett et al., 1998).
This suggests that fish of intermediate and larger sizes have similar habitat preferences for
summer breeding sites; differences in the competitive capability for these sites may explain why
each size category of channel catfish appears to select different habitats. We could test this
hypothesis by conducting a multi-year telemetry study, tagging individuals of various sizes to
characterize their seasonal movements and determine whether these movements and habitat
preferences change as the catfish grow. Ontogenetic shifts in habitat preference have been
observed in several animals, such as bluegills (Lepomis macrochirus) (Werner & Hall, 1988),
loggerhead sea turtles (Caretta caretta) (Turner Tomaszewicz et al., 2017), red and blue damsels
(Xanthagrion erythroneurum) (Khan & Herberstein, 2020), and common chameleons
(Chamaeleo chamaeleon) (Keren-Rotem et al., 2006). Changes in habitat preference over an
animal’s lifespan can occur due to reduced intraspecific competition, predator avoidance, food
availability, dispersal capability, etc. (Dahlgren & Eggleston, 2000; Keren-Rotem et al., 2006;
Nakazawa, 2015).

Another possible explanation for the observed panmixia within our sampled population
of channel catfish is that straying individuals may increase gene flow between catfish from
different breeding sites, effectively weakening possible genetic reinforcement of habitat
preferences (Dionne et al., 2008; Chen et al., 2020). Given that a significant proportion (~30-

40%) of channel catfish stray from previously occupied summer habitats (Pellett et al., 1998),
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subsequent gene flow may reduce the genetic isolation of breeding sites within the main river
channel and its tributary rivers (Homola et al., 2010; Chen et al., 2020). It is also possible that
philopatry might be sex-biased, as has been observed in blacktip sharks (Carcharhinus limbatus)
(Keeney et al., 2005), lesser kestrels (Falco naumanni) (Alcaide et al., 2009), ringed salamanders
(Ambystoma annulatum) (Williams et al., 2021), and several other animals. If one sex does not
display philopatry, sufficient gene flow may be maintained between breeding habitats by the
non-philopatric sex, genetically homogenizing the population (Blundell et al., 2002; Portnoy et
al., 2015). Channel catfish may display male-biased philopatry because males build nests alone,
mate monogamously, and provide uniparental care after driving off the female (Tatarenkov et al.,
2006). These conditions favour dispersal in females, potentially reducing breeding site fidelity
and habitat segregation (Greenwood, 1980; Portnoy et al., 2015). To test for sex-biased habitat
preferences, we could estimate the genetic structure of channel catfish populations using sex-
linked gene markers or observe differences between mitochondrial DNA (uniparental
inheritance) and nuclear DNA (biparental inheritance) (Lawson Handley & Perrin, 2007; Portnoy
etal., 2015).

Although we had strong statistical power when comparing lacustrine-like and fluvial
subpopulations, increased sampling at each site could increase the statistical power when
comparing each river and each individual site. Future studies should increase the number of
fishes collected at each site and could expand their scope to include several lakes and rivers
throughout the distribution of channel catfish. Furthermore, we used microsatellites to assess
fine-scale genetic differences within the sampled population. Although microsatellites can detect
fine-scale intrapopulation genetic differences (Coates et al., 2009; Lemopoulos et al., 2019;

Sunde et al., 2020), contemporary technologies assessing genome-wide single nucleotide
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polymorphisms, such as restriction-site-associated DNA sequencing (RADseq), can provide
added resolution for subtle sub-structuring within a population due to the increased number of
loci (Andrews et al., 2016; Lemopoulos et al., 2019; Sunde et al., 2020).
Genetic diversity indices

Genetic diversity within a population may be a useful predictor of the adaptive potential
and survival of a species when faced with climate change and habitat fragmentation due to
anthropogenic activities, such as dam construction (Reed & Frankham, 2003; Parmesan, 2006;
Exposito-Alonso et al., 2022). By assessing the genetic diversity across the distribution of
channel catfish, biologists can identify areas of lower diversity that may indicate a need for
conservation efforts (Reed & Frankham, 2003; DeWoody et al., 2021). We quantified the
genetic diversity of channel catfish at Lac des Chats and its tributaries, the northernmost
population assessed to date. Allelic richness of channel catfish from the Ottawa, Mississippi, and
Madawaska rivers (5.7-6.1) was higher than that from Alabama hatchery populations (2.8-4.1,
Lamkom et al., 2008), and within the range of American Midwestern wild populations (5.4-6.5,
Sotola et al., 2017). Hatchery populations (10.6-10.9) and wild populations (8.2-16.3) from
Tamaulipas, Mexico, however, were considerably more diverse than our study population (Parra-
Bracamonte et al., 2011; Lara-Rivera et al., 2019). This is unsurprising given that population
differentiation and speciation rates generally increase towards the equator (Mittelbach et al.,
2007; Freeman & Pennell, 2021).

The Hardy-Weinberg equilibrium is a useful metric when examining population genetics.
When a population has departed from this equilibrium, it may indicate non-random mating,
inbreeding, or genotyping error (Wittke-Thompson et al., 2005; Mayo, 2008; Chen et al., 2017).

In our study, expected and observed heterozygosity were similar at each sampling site. All four
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failed tests of Hardy-Weinberg equilibrium occurred at locus IpCG08. Thus, it is possible that
these deviations are related to the presence of null alleles detected at this locus, indicating
genotyping error rather than assortative mating (\Van Oosterhout et al., 2006; De Mee(s, 2018).
The mean observed heterozygosity at each sampling site was also within the range of those
observed in both American and Mexican populations (De La Rosa-Reyna et al., 2014; Sotola et
al., 2017). Our study population, however, had higher observed heterozygosity than some
Mexican farm populations (Perales-Flores et al., 2007; Parra-Bracamonte et al., 2011) and both
wild and domestic Alabama populations (Mickett et al., 2003; Simmons et al., 2006).

Channel catfish sampled from Lac des Chats and its tributaries displayed low levels of
inbreeding, as evidenced by low Fs values between 0.001-0.058, comparable to wild channel
catfish from the Ohio and Wabash rivers (0.008-0.115, Sotola et al., 2017) and rivers throughout
Mexico (0.006-0.065, Lara-Rivera et al., 2019). These low inbreeding levels indicate that the
installation of both dams bordering Lac des Chats have not yet negatively impacted the genetic
diversity of this population, even though they clearly prevent upriver movement. In contrast,
higher Fis values have been documented for Alabama hatchery populations (-0.012-0.370,
Lamkom et al., 2008) and Tamaulipas hatchery populations (0.140-0.320, De La Rosa-Reyna et
al., 2014). Inbreeding tends to increase in domesticated populations due to the few available
mates constrained over generations by hatchery space limitations (Waters et al., 2020). This
inbreeding leads to an increase in homozygosity within the population, consequently reducing
allelic diversity (Busack & Currens, 1995; Frost et al., 2006). Furthermore, selection for specific
traits that improve fitness in captivity may also homogenize farmed populations (Christie et al.,

2014).
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Conclusion

The purpose of our study was to investigate whether habitat segregation previously
observed in channel catfish was associated with genetic differentiation within a population. We
hypothesized that habitat preferences linked to breeding philopatry for the lacustrine-like Lac des
Chats and its fluvial tributary rivers would result in spatial isolation of breeding populations and
genetic differentiation of each habitat type subpopulation. Microsatellite genotyping of 162
channel catfish from the Ottawa, Mississippi, and Madawaska rivers revealed a panmictic
population, with little differentiation between river subpopulations. Further study is required to
determine whether habitat preference changes over a fish’s lifespan resulting from improved
ability to establish and defend high-quality nesting sites, or if sex-biased philopatry could explain
the observed gene flow. The logical next steps include estimating population structure with sex-
specific genetic markers and telemetry to observe potential differences between the sexes or

changes in movements over time, respectively.
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Tables

Table 1-1 Collection site information and basic genetic diversity indices for 162 channel catfish
captured from Lac des Chats. Site information includes river, site code, GPS coordinates, and the
number of individuals collected. Genetic diversity indices presented for each collection site are
averaged over 16 microsatellite loci. Diversity indices include number of alleles (A), allelic
richness (Ar), expected heterozygosity (He), observed heterozygosity (Ho), and inbreeding

coefficient (Fis).

River Site GPS Number of A Ar He Ho Fis
code coordinates individuals

Ottawa Oot1 N45°27'46.4" 21 744 565 0.768 0.736 0.043
W076°23'13.0"

Ottawa Oot2 N45°30'47.6" 19 744 571 0.764 0.760 0.006
W076°30'17.2"

Ottawa Ot3 N45°29'48.0" 20 7.88 595 0.763 0.720 0.058
W076°26'47.0"

Ottawa Ot4 N45°31'08.0" 20 750 565 0.766 0.750 0.022
W076°32'22.0"

Ottawa Oot5 N45°26'51.0" 20 769 580 0761 0.760 0.001
W076°19'04.2"

Mississippi ~ Mis N45°25'47.0" 40 9.00 587 0.773 0.763 0.013
W076°15'40.0"

Madawaska Mad  N45°26'32.9" 22 8.63 6.12 0.791 0.770 0.027
W076°20'54.9"
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Table 1-2 Pairwise differentiation tests (sum of squared differences) between channel catfish
collection sites along the Ottawa, Mississippi, and Madawaska rivers using data from 9
microsatellites after excluding linked loci and loci with null alleles. Fst values calculated
between each collection site are presented above the diagonal and P-values presented below.
Significant differences are indicated with an asterisk (*). Collection sites are labelled as follows:
Ottawa River = Ot1-Ot5, Mississippi River = Mis, and Madawaska River = Mad.

Collection Otl Oot2 Ot3 Oot4 Otb Mis Mad
site

ot1 0.0000 0.0000 0.0000 0.0418*  0.0330* 0.0000
Oot2 0.6985 0.0000 0.0000 0.0151 0.0191 0.0000
Ot3 0.3248 0.6091 0.0000 0.0069 0.0066 0.0000
Ot4 0.4167 0.5661 0.6578 0.0331 0.0303 0.0026
Ot5 0.0316*  0.2007 0.1882 0.1180 0.0000 0.0077
Mis 0.0154*  0.0984 0.1371 0.0547 0.8446 0.0040
Mad 0.4425 0.5765 0.4293 0.3446 0.2254 0.2165
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Table 1-3 Analysis of molecular variance (AMOVA) results using a sum of squared differences
in Arlequin v3.5.2.2 between three subpopulations of channel catfish (n = 162) collected from
the Ottawa, Mississippi, and Madawaska rivers.

Source of variation Sum of squares Variance Percentage variation
components (%)

Among rivers 3,363.17 7.31 0.68

Among individuals 165,844.53 0.00 0.00

within rivers

Within individuals 179,058.00 1,105.30 99.32

Total 348,265.70 1,112.61 100.00
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Figures

Figure 1-1 Aerial view of the ~40 km Ottawa River reach known as Lac des Chats, between Portage-du-Fort and Chats Falls
Generating Station at the border between Québec and Ontario, Canada. Bottom-left image depicts study location in Canada with a
white star. Collecting sites are indicated by white markers. Ottawa River collection sites are labelled Ot1-Ot5, Mississippi River




collection site is labelled Mis, and Madawaska River collection site labelled as Mad. Map data: Google Earth Pro, Maxar,
CNES/Airbus.
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Supplemental Material for Chapter 1

Table 1-S1 Primer sequences used for PCR amplification and genotyping reactions of microsatellite loci for 162 channel catfish

captured from Lac des Chats. Forward primers denoted with M13 are preceded by S>’TGTAAAACGACGGCCAGT3’ and forward

primers denoted with CAG are preceded by 5S’CAGTCGGGCGTCATCA3".

Locus Primer name Primer sequence (5°-3”) Fluorescenttag  Reference

BM1-37 BM1-37F-M13 GTCCGGACATGCCTACAGAATA FAM Tatarenkov, 2006
BM1-37R CATTTCACAGCAACCTCCC

IpCG18 IpCG18F-M13 GATCTTGTTACAAGAGATAATA FAM Waldbieser, 1999
IpCG18R GGGTTCGGCAACTTCAAG

IpCGO1 IpCGO1F-CAG GTACCACTGGTCAGTATCTCC NED Waldbieser, 1999
IpCGO1R GTTTCACCATCACCAGAGTCCAGG

IpCG54 IpCG54F-M13 CAAGGTCCAGGAGCTGTCAC NED Waldbieser, 2013
IpCG54R GTTTGTCCTGGGAACGCTCTGTGT

IpCGO08 IpCGO8F-M13 GTAGGGATGATATTGGTGG PET Waldbieser, 1999
IpCGO8R TGGCCTCTCTGTTGTTCTC

IpCG195 IpCG195F-M13 AACTGTCATTTACACACATTCATCTA PET Waldbieser, 2013
IpCG195R GCAGGTCTGTCGTCATCTAC

IpCG11 IpCG11F-M13 CACAGAGTTGGGACAGCA VIC Waldbieser, 1997
IpCG11R GATCTCTGAGTGATTTGTGTC

IpCG14 IpCG14F-CAG GGCCAGGATAAAGCAGTT VIC Waldbieser, 1997
IpCG14R GATCCACATATCAGGCCA

IpCG12 IpCG12F-CAG GGAGTTGATGTGTTTACTGG FAM Waldbieser, 1997
IpCG12R TCTGCTGACAAATTTGGG

POMC POMCF-M13 TGCTTTTACCACATCAGAAGACC FAM Waldbieser, 2013
POMCR GTTTGGTGGAGAATACAGGTAGC

GY047K03 GY047K03F-M13 CCCTCTATGCCTGTGATTGTTTATG NED Waldbieser, 2013
GY047KO03R GTTTGTCCACCAAGTCCCTGTGTAAC

IpCGO7 IpCGO7F-M13 CCTCTGCAGAACCATCTCTA NED Waldbieser, 1999
IpCGO7R GCATAAACGTCTGTAGCTC

IpCG273 IpCG273F-CAG CGTTTTACTTCCTCATACAGCAC PET Waldbieser, 2013

IpCG273R

GTTTCAAGAGACCTGTGACATCGC
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BM1-33
71-59

IpCG71

BM1-33F-CAG
BM1-33R
71-59F-M13
71-59R
IpCG71F-CAG
IpCG71R

TCAGGTTCGTCTTCAGACTTGAG
AGTGCAGCTCCAGTCAACATCA

PET

TGCTTAGGGTAAGTCAGTTATAGATTC VIC

GTTTCCATATTCACCAGGGTGTG
CGAAGGTTTATAACTAAGGAGCAGG
GTTTGTACCTGGCTGTGAAGACAC

VIC

Tatarenkov, 2006
Waldbieser, 2013

Waldbieser, 2013
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Table 1-S2 Specimen data for 162 channel catfish collected from Lac des Chats and its tributaries. Specimen data includes river name,
collection site code, GPS coordinates, collection date, and body measurements taken using a spring scale and measuring board.

Fish # River Site Code GPS Coordinate Date Length (mm)  Weight (g)
N W
1 Mississippi Mis 45°25'47.0"  76°15'40.0" 07-06-2018 495 900
2 Mississippi Mis 45°25'47.0"  76°15'40.0" 07-06-2018 360 150
3 Mississippi Mis 45°25'47.0"  76°15'40.0" 07-06-2018 350 360
4 Mississippi Mis 45°25'47.0"  76°15'40.0" 08-06-2018 332 270
5 Ottawa otl 45°27'46.4"  76°23'12.9" 12-06-2018 292 180
6 Ottawa otl 45°27'46.4"  76°23'12.9" 12-06-2018 444 400
7 Ottawa otl 45°27'46.4"  76°23'12.9" 12-06-2018 376 355
8 Ottawa otl 45°27'46.4"  76°23'12.9" 12-06-2018 413 490
9 Ottawa otl 45°27'46.4"  76°23'12.9" 12-06-2018 380 390
10 Mississippi Mis 45°25'47.0"  76°15'40.0" 04-07-2018 306 180
11 Mississippi Mis 45°25'47.0"  76°15'40.0" 04-07-2018 309 210
12 Mississippi Mis 45°25'47.0"  76°15'40.0" 04-07-2018 347 200
13 Mississippi Mis 45°25'47.0"  76°15'40.0" 04-07-2018 307 190
14 Mississippi Mis 45925'47.0"  76°15'40.0" 05-07-2018 400 550
15 Mississippi Mis 45°25'47.0"  76°15'40.0" 05-07-2018 308 230
16 Mississippi Mis 45°25'47.0"  76°15'40.0" 05-07-2018 331 280
17 Mississippi Mis 45°25'47.0"  76°15'40.0" 05-07-2018 380 430
18 Mississippi Mis 45°25'47.0"  76°15'40.0" 05-07-2018 311 220
19 Mississippi Mis 45°25'47.0"  76°15'40.0" 05-07-2018 309 190
20 Mississippi Mis 45°25'47.0"  76°15'40.0" 09-07-2018 515 1300
21 Mississippi Mis 45°25'47.0"  76°15'40.0" 09-07-2018 426 700
22 Mississippi Mis 45°25'47.0"  76°15'40.0" 09-07-2018 464 780
23 Mississippi Mis 45°25'47.0"  76°15'40.0" 09-07-2018 439 890
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144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

Ottawa
Ottawa
Ottawa
Ottawa
Madawaska
Madawaska
Madawaska
Madawaska
Ottawa
Ottawa
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska
Madawaska

Oot5
Oot5
Ot5
Ot5
Mad
Mad
Mad
Mad
Ot5
Ot5
Mad
Mad
Mad
Mad
Mad
Mad
Mad
Mad
Mad
Mad
Mad
Mad
Mad
Mad
Mad
Mad
Mad

45°26'51.0"
45°26'51.0"
45°26'51.0"
45°26'51.0"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'51.0"
45°26'51.0"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"
45°26'32.9"

76°19'04.2"
76°19'04.2"
76°19'04.2"
76°19'04.2"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°19'04.2"
76°19'04.2"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"
76°20'54.9"

09-08-2018
09-08-2018
10-08-2018
10-08-2018
13-08-2018
13-08-2018
13-08-2018
13-08-2018
14-08-2018
14-08-2018
15-08-2018
16-08-2018
16-08-2018
16-08-2018
16-08-2018
20-08-2018
20-08-2018
20-08-2018
20-08-2018
20-08-2018
20-08-2018
20-08-2018
23-08-2018
23-08-2018
23-08-2018
23-08-2018
23-08-2018

358
368
378
417
299
336
308
339
408
410
297
295
344
381
310
344
275
397
311
319
264
305
303
307
309
325
356

345
370
400
535
170
250
200
270
565
600
185
170
295
430
215
265
145
445
200
240
125
230
170
210
210
225
315
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159
160
161
162

Ottawa

Ottawa

Ottawa
Madawaska

Ot5
Ot5
Ot5
Mad

45°26'51.0"
45°26'51.0"
45°26'51.0"
45°26'32.9"

76°19'04.2"
76°19'04.2"
76°19'04.2"
76°20'54.9"

24-08-2018
24-08-2018
24-08-2018
18-09-2018

410
524
500
345

480
1000
1050

295
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Table 1-S3 Number of alleles per microsatellite locus of 162 channel catfish collected at Ottawa
River, Mississippi River, and Madawaska River sampling sites. Site labels are as follows: Ottawa

River = Ot1-0t5, Mississippi River = Mis, and Madawaska River = Mad.

Locus ot1 Oot2 Ot3 Oot4 Otb Mis Mad Total
BM1-37 10 9 11 9 11 13 11 13
IpCG18 8 9 10 6 10 11 10 12
IpCGO1 6 8 8 8 5 9 8 9
IpCG54 15 18 17 14 15 23 19 29
IpCG08 6 4 6 7 5 6 5 7
IpCG195 8 7 7 7 8 7 7 9
IpCG11 6 6 6 5 6 6 6 6
IpCG14 6 6 9 8 8 10 8 13
IpCG12 8 6 4 6 7 8 8 9
POMC 6 6 8 6 8 8 9 9
GY047K03 7 8 6 8 7 7 6 9
IpCGO7 5 5 5 5 5 5 5 5
IpCG273 7 7 8 6 5 6 8 8
BM1-33 9 9 9 12 10 12 13 17
71-59 6 6 6 6 6 7 7 8
IpCG71 6 5 6 7 7 6 8 9
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Table 1-S4 Significant linkage disequilibrium between microsatellite loci (P <0.05). Locus
numbers are: 1) BM1-37, 2) IpCG18, 3) IpCGO01, 4) IpCG54, 5) IpCGO08, 6) IpCG195, 7)
IpCG11, 8) IpCG14, 9) IpCG12, 10) POMC, 11) GY047KO03, 12) IpCG07, 13) IpCG273, 14)
BM1-33, 15) 71-59, and 16) IpCG71. Linked loci are designated by an asterisk (*).

lLocus 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 - - - - - - - - - - - * * - -
2 - - * - - - * - * - - - - - -
3 - - - - - - - - - - - - - - -
4 . - - - - - - - - - - - -
5 - - - - - - - - - - - - - - -
6 - - - - - - - - - - - - - - -
7 - - - - - - - * - - - * - - -
8 N - - - - - - - - - - - -
9 - - - - - - * - * - - - - - -
10 - * - - - - - - * * * - - - -
11 - - - - - - - - - * - - - - -
12 - - - - - - - - - * - - - - -
13 * - - - - - * - - - - - - * -
14 * - - - - - - - - - - - - - *
15 - - - - - - - - - - - - * - -
16 - - - - - - - - - - - - - * -
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Figure 1-S1 Mean estimates of the natural log of the probability of K (In Pr(x|k)) for the number
of distinct populations (K) of 162 channel catfish collected from the Ottawa, Mississippi, and
Madawaska rivers. Seven independent runs were averaged for each value of K. Standard
deviation bars are presented above and below each data point. Data summarized from all
independent runs using STRUCTURE HARVESTER (Earl & VonHoldt, 2012).
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Figure 1-S2 Bar plots of Q estimate values from STRUCTURE analysis of 162 Channel Catfish
from Lac des Chats. Panels depict results for: a) K= 2 with the population grouped by habitat
type (Lac = lacustrine-like, Flu = fluvial), b) K = 2 with the population grouped by collection site
(Ot1-0t5 = Ottawa River, Mis = Mississippi River, Mad = Madawaska River), ¢) K = 3 with
populations grouped by habitat type, and d) K = 3 with the population grouped by collection site.
Bar plots created using STRUCTURE PLOT (Ramasamy et al., 2014).
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Chapter 2

Phylogenetic relationships of the North American catfishes (Ictaluridae, Siluriformes):

investigating the origins and parallel evolution of the troglobitic species

This chapter formed the basis of the following publication:

Janzen, F.H., Pérez-Rodriguez, R., Dominguez-Dominguez, O., Hendrickson, D.A., Sabaj, M.H.,
& Blouin-Demers, G. 2023. Phylogenetic relationships of the North American catfishes
(Ictaluridae, Siluriformes): Investigating the origins and parallel evolution of the troglobitic

species. Molecular Phylogenetics and Evolution 182: 107746.
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Abstract

Insular habitats have played an important role in developing evolutionary theory,
including natural selection and island biogeography. Caves are insular habitats that place
extreme selective pressures on organisms due to the absence of light and food scarcity.
Therefore, cave organisms present an excellent opportunity for studying colonization and
speciation in response to the unique abiotic conditions that require extreme adaptations. One
vertebrate family, the North American catfishes (Ictaluridae), includes four troglodytic species
that inhabit the karst region bordering the western Gulf of Mexico. The phylogenetic
relationships of these species have been contentious, and conflicting hypotheses have been
proposed to explain their origins. The purpose of our study was to construct a time-calibrated
phylogeny of Ictaluridae using first-occurrence fossil data and the largest molecular dataset on
the group to date. We test the hypothesis that troglodytic ictalurids have evolved in parallel, thus
resulting from repeated cave colonization events. We found that Prietella lundbergi is sister to
surface-dwelling Ictalurus and that Prietella phreatophila + Trogloglanis pattersoni are sister to
surface-dwelling Ameiurus, suggesting that ictalurids colonized subterranean habitats at least
twice in evolutionary history. The sister relationship between Prietella phreatophila and
Trogloglanis pattersoni may indicate that these two species diverged from a common ancestor
following a subterranean dispersal event between Texas and Coahuila aquifers. We recovered
Prietella as a polyphyletic genus and recommend P. lundbergi be removed from this genus. With
respect to Ameiurus, we found evidence for a potentially undescribed species sister to A.
platycephalus, which warrants further investigation of Atlantic and Gulf slope Ameiurus species.
In Ictalurus, we identified shallow divergence between 1. dugesii and I. ochoterenai, I. australis

and I. mexicanus, and I. furcatus and 1. meridionalis, indicating a need to reexamine the validity
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of each species. Lastly, we propose minor revisions to the intrageneric classification of Noturus
including the restriction of subgenus Schilbeodes to N. gyrinus (type species), N. lachneri, N.

leptacanthus, and N. nocturnus.
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Introduction

Insular habitats have played an important role in advancing our understanding of
evolutionary processes (Darwin, 1859; Brown, 1978; Schluter, 1988; Losos & Ricklefs, 2009;
Lescak et al., 2015). Insular habitats are suitable for the persistence of adapted organisms, but are
surrounded by habitat that is unsuitable for those organisms (Brown, 1978; Acosta, 1999). Using
oceanic islands as an example of insular habitats, MacArthur and Wilson (1967) developed one
of the most influential theories in evolutionary biology, The Theory of Island Biogeography
(Whittaker et al., 2008; Patifio et al., 2017). They proposed that species richness on oceanic
islands is a function of island area and distance from the continent through their effects on rates
of immigration and extinction (MacArthur & Wilson, 1963; MacArthur & Wilson, 1967). Owing
to the central role of islands in the development of the theory of island biogeography, insular
habitats have proven invaluable for better understanding how processes including colonization,
habitat complexity, habitat connectivity, and extinction influence species diversity (MacArthur &
Wilson, 1967; Whittaker et al., 2008).

Islands are not the only example of insular habitats. Mountain peaks, ponds, lakes, caves,
and natural habitats fragmented by anthropogenic activities may also function as insular habitats
(Brown, 1971; Whittaker et al., 2008). Caves differ markedly from other insular habitats because
their abiotic conditions are unique, relatively uniform among cave systems, and temporally stable
(Culver, 1970; Salin et al., 2010; Ferreira & Pellegrini, 2019). For example, cave temperature,
light availability, and humidity exhibit low variation in comparison with surface habitats (Salin
etal., 2010; Ferreira & Pellegrini, 2019). Similar abiotic conditions in different cave systems
have resulted in convergent evolution of troglobitic species spanning the kingdom Animalia

(Barr & Holsinger, 1985; Mammola & Isaia, 2017). These animals possess similar traits, such as
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unpigmented skin and non-functional eyes (Christman et al., 2005; Culver & Pipan, 2015).
Dispersal into caves and selection for traits required to live in these extreme environments are
driving forces of speciation, ecologically isolating these populations from their surface-dwelling
relatives (Christiansen, 1961; Barr & Holsinger, 1985; Strecker et al., 2012). Owing to their
insular nature and to the relative uniformity of selective pressures, caves provide an excellent
opportunity to improve our understanding of colonization, convergent and parallel evolution, and
speciation (Culver, 1970; Culver, 1976; Culver & Pipan, 2010).

One vertebrate family containing several troglobitic species is the North American
catfishes, Ictaluridae (Lundberg, 1970; Lundberg, 1992; Walsh & Gilbert, 1995; Burr et al.,
2020). This monophyletic family occurs from Southern Canada to Guatemala (Figure 2-1),
inhabiting a wide diversity of lentic and lotic habitats, such as creek riffles, large river channels,
lakes, and subterranean pools (Arce H. et al., 2016; Nelson et al., 2016; Burr et al., 2020). Fossils
extend the historical distribution of ictalurids to the Pacific Northwest of the United States
(Lundberg, 1992). Ictaluridae comprises seven genera, including four surface genera (Ameiurus,
Ictalurus, Noturus, and Pylodictis) and three cave genera (Prietella, Satan, and Trogloglanis)
(Figure 2-1; Walsh & Gilbert, 1995; Wilcox et al., 2004). There are currently 50 recognized
extant species in the family, of which four are troglobitic: Prietella lundbergi, Prietella
phreatophila, Satan eurystomus, and Trogloglanis pattersoni (Wilcox et al., 2004; Arce H. et al.,
2016; Nelson et al., 2016; Burr et al., 2020). These four troglobitic species exhibit similar
morphological adaptations to subterranean life observed in other aquatic cave fauna, such as non-
functional eyes, achromatism, reduced swim bladder size, and fragmented lateral-line systems

(Walsh & Gilbert, 1995; Arce H. et al., 2016).
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Troglobitic ictalurids are found in the karst region surrounding the Gulf of Mexico, from
southern Texas, USA, to southern Tamaulipas, Mexico (Figure 2-1; Wilcox et al., 2004; Sharp et
al., 2019; Burr et al., 2020). Satan eurystomus and Trogloglanis pattersoni co-occur in the San
Antonio Pool of the Edwards Aquifer to depths of at least 300 m below sea level (Langecker &
Longley, 1993; Walsh & Gilbert, 1995). Prietella phreatophila occurs in underground streams in
deep caves in northern Coahuila, Mexico, as well as in two caves in Amistad National
Recreation Area north of the Rio Grande (Walsh & Gilbert, 1995; Hendrickson et al., 2001;
Hendrickson et al., 2017; Krejca & Reddell, 2019; GBIF.org, 2022). There are hydrological
connections between some of these localities, but the extent of connectivity between collection
sites is still largely unknown (Hendrickson et al., 2001). Prietella lundbergi occurs further south
than other troglobitic ictalurids, specifically in two subterranean springs in the Tamesi River
drainage in southern Tamaulipas (Walsh & Gilbert, 1995; Hendrickson et al., 2001). The cave
systems that P. phreatophila and P. lundbergi inhabit are separated by approximately 600 km
and extensive mountain ranges (Hendrickson et al., 2001; Wilcox et al., 2004). These cave
systems are in two karst regions, the Coahuila and Sierra Madre Oriental karsts, respectively
(Espinasa-Perefia, 2007). As such, it is highly unlikely that there are hydrological connections
between them (Hendrickson et al., 2001; Wilcox et al., 2004). Prietella phreatophila, S.
eurystomus and T. pattersoni, however, all occur in aquifers developed in the Edwards
Formation that underlies much of southwestern Texas and northern Coahuila (Sanchez et al.,
2016; Sanchez et al., 2018a). That parts of this broad complex of variably interconnected
aquifers, all recharged by runoff from the Edwards Plateau, are international is now well
demonstrated, as are subterranean aquifer interconnections that extend far west of the ranges of

S. eurystomus and T. pattersoni (under San Antonio) to very near the Texas P. phreatophila
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localities (Boghici et al., 2004; Sanchez et al., 2016; Lundberg et al., 2017; Sanchez et al., 2018a;
Sanchez et al., 2018b).

The phylogenetic positions of the four troglobitic ictalurids have always been
contentious. Despite their convergent cave adaptations, Prietella, Satan, and Trogloglanis share
traits with surface-dwelling genera (Hubbs & Bailey, 1947; Langecker & Longley, 1993; Wilcox
etal., 2004). This caused confusion in early morphological classifications, which disagree with
respect to intergeneric relationships. Prietella was often considered to be most closely related to
Noturus (Taylor, 1969; Lundberg, 1970; Lundberg, 1982; Walsh & Gilbert, 1995); however,
Suttkus (1961) proposed that Ictalurus + Ameiurus were close relatives of Prietella. The
phylogenetic position of Trogloglanis varied widely between studies. Upon its description,
Eigenmann (1919) proposed T. pattersoni shared a common ancestor with Noturus. As additional
morphological and anatomical data were collected, the phylogenetic position of Trogloglanis
changed, being grouped with Ameiurus (Hubbs & Bailey, 1947) or Ictalurus (Taylor, 1969),
placed sister to all ictalurids except Ictalurus (Lundberg, 1970; Lundberg, 1982), or placement
uncertain (Lundberg, 1970). Unlike Prietella and Trogloglanis, morphological studies
consistently agreed that S. eurystomus and Pylodictis olivaris formed a sister pair (Hubbs &
Bailey, 1947; Taylor, 1969; Lundberg, 1982; Lundberg, 1992; Lundberg et al., 2017) due to
several shared internal and external traits, such as a flattened head, flaring adipose fin, and a
broadly-forked mesethmoid (Hubbs & Bailey, 1947; Suttkus, 1961; Taylor, 1969; Lundberg,
1970; Lundberg, 1982; Lundberg et al., 2017).

More recent studies have included molecular data for phylogenetic analyses of Ictaluridae
(e.g., Hardman & Hardman, 2008); however, to date, only P. phreatophila and P. lundbergi have

been included in molecular phylogenies (Wilcox et al., 2004; Egge & Simons, 2009; Arce H. et
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al. 2016). Similar to morphological studies, molecular analyses disagree on the phylogenetic
position of both Prietella species. Maximum Parsimony (MP) analyses of molecular sequence
data support Prietella as monophyletic (Wilcox et al., 2004; Arce H. et al., 2016), whereas
Bayesian Inference (Bl) and Maximum Likelihood (ML) analyses place each species of Prietella
sister to a surface-dwelling genus (Wilcox et al., 2004). Arce H. et al. (2016) combined fossil,
morphological, and genetic data (one nuclear and four mitochondrial genes). This time-calibrated
MP phylogeny included representatives of all extant and extinct ictalurids, except for three
Ictalurus species (Arce H. et al., 2016). Genetic data were analyzed for the two Prietella species,
but Satan eurystomus and Trogloglanis pattersoni were included in the phylogeny based only on
morphological characters. In contrast to previous phylogenies, Arce H. et al. (2016) found that
the four cave species comprised a monophyletic Troglobites clade, sister to all other ictalurids;
this placement was further supported by Lundberg et al. (2017) with morphological characters.
This unexpected result implied that these four species descended from a common ancestor,
despite their allopatric distribution (Satan and Trogloglanis excepted). Arce H. et al. (2016)
mention that the putative dispersal events require further investigation, given that hydrological
connections are largely unknown between cave locations.

Due to the phylogenetic contradictions concerning troglobitic ictalurids in previous
studies, we aimed to determine the evolutionary origins of these species. We elucidated the
evolutionary history of Ictaluridae by creating a species-level molecular phylogeny using the
largest molecular dataset of any study to date, as well as the first inclusion of genetic data for
Trogloglanis pattersoni. We then time-calibrated the phylogeny using the earliest fossil
occurrence data of ictalurid and siluriform outgroups to determine when cave colonization events

may have occurred. Using our time-calibrated phylogeny, we tested the hypothesis that ictalurid
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cave species have evolved in parallel from repeated invasions of subterranean habitats. We
predicted that the troglobitic ictalurids are not monophyletic and are each sister to surface-
dwelling taxa, as observed in other troglobitic fishes (Wilkens, 2001). Given the distance and
geological barriers between their known locations, we also predicted that P. phreatophila is
sister to Ameiurus and P. lundbergi is sister to Ictalurus, as observed in previous molecular-only
phylogenies (Wilcox et al., 2004; Egge & Simons, 2009).
Materials and methods
Taxon sampling and gene selection

To construct our species-level phylogeny of Ictaluridae, we used muscle and fin tissue
samples from museum-deposited and field-collected specimens. When possible, we included two
voucher specimens per ingroup species from different localities. We obtained all nominal extant
species except Satan eurystomus. Satan eurystomus is a rare species that has not been collected
since 1984 and no useable tissue samples are available from formalin-fixed specimens (Wilcox
etal., 2004; Lundberg et al., 2017). We selected 17 outgroup species from closely-related
families within Siluriformes (infraclass Teleostei, class Actinopterygii) to root the tree,
representing Austroglanididae, Bagridae, Clariidae, Claroteidae, Cranoglanididae, Mochokidae,
Pangasiidae, and Sisoridae (Betancur-R et al., 2017; Schedel et al., 2022). Lastly, we included
eight potentially undescribed ictalurid species in our phylogeny. We used at total of 118
specimens (Table 2-S1).

We selected nine protein-coding genes to construct our phylogeny, including two
mitochondrial genes and seven nuclear genes. We also downloaded mitochondrial sequences
from GenBank (Clark et al., 2016) composed of 12S ribosomal RNA, tRNA-Val, and 16S

ribosomal RNA for as many available catfish species as possible. These genes were chosen
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based on three criteria: (1) inclusion of a combination of quickly-evolving and slowly-evolving
genes to provide phylogenetic resolution for both interspecific and intergeneric relationships
(Lovejoy, 2000; Le et al., 2006), (2) single-copy genes to prevent biases associated with
sequencing gene paralogs (Lovejoy & Collette, 2001; Li et al., 2007; Chen et al., 2008; Hughes
etal., 2018), and (3) inclusion of previously published sequences from rare species when genetic
tissue samples were unavailable. The two mitochondrial genes we selected for phylogenetic
analyses were cytochrome c oxidase subunit 1 (col) and cytochrome b (cyt b). The seven nuclear
genes we selected for phylogenetic analyses were early growth response protein 1 (egrl),
ectoderm-neural cortex protein 1 (encl), glycosyltransferase (glyt), recombination activating
gene 1 (ragl), recombination activating gene 2 (rag2), rhodopsin (rhl), and zinc finger protein
of cerebellum 1 (zicl).
DNA sequencing and alignment

We extracted DNA from muscle and fin tissues stored in 95% ethanol at -20°C using a
homemade kit for animal extractions following a protocol adapted from Ivanova et al. (2006).
Each extraction was amplified for nine of the selected genes (as described above) using the
polymerase chain reaction (PCR). We used previously published primers to amplify col (Ward
etal., 2009) and cyt b (Palumbi et al., 1991), and designed primers to amplify each nuclear gene.
For col and cyt b, we used the same primers for amplification and sequencing. For all nuclear
genes, we designed internal primers for sequencing to avoid non-specific PCR products
amplification (Table 2-S2).

To amplify cyt b, encl, rag2, and zicl, we used the following PCR recipe for each
reaction: 1X Dream buffer containing 2 mM MgCl;, 0.2 mM of dNTPs, 0.25 uM of forward and

reverse primers, 0.75 U of Dream Taq, ca. 20-30 ng of template DNA, and nuclease-free water to
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adjust to the final reaction volume of 15 pL.. We used a Mastercycler pro S (Eppendorf Canada)
to amplify our PCR products with the following heat cycling conditions: initial heating to 95°C
for 3 minutes, 35 cycles of denaturation (95°C for 30 seconds), primer annealing (55°C for 30
seconds), and extension (72°C for 1 minute and 30 seconds) phases, and a final extension phase
at 72°C for 10 minutes. For col, egrl, glyt, ragl, and rh1, we used the following PCR recipe: 1X
Q5 buffer containing 2 mM MgCly, 0.2 mM of dNTPs, 0.5 uM of forward and reverse primers,
0.45 pL of dimethyl sulfoxide (DMSO), 0.3 U of QS5 polymerase, ca. 20-30 ng of template DNA,
and nuclease-free water to adjust to the final reaction volume of 15 uL. Cycling conditions for
amplification were as follows: initial heating to 98°C for 30 seconds, 34 cycles of denaturation
(98°C for 10 seconds), primer annealing (56°C for 30 seconds), and extension (72°C for 30
seconds) phases, and a final extension phase at 72°C for 5 minutes.

PCR products were visualized using gel electrophoresis and products were subsequently
diluted with a volume of nuclease-free water dependent on the strength of the band. Strong bands
were diluted with 60 pL of water, medium bands were diluted with 30 pL of water, and weak
bands were diluted with 15 pL of water. Diluted products were then used in sequencing
reactions, each containing 0.9X ABI buffer, 0.5 uM of primer, 0.5 pL of BigDye containing
dideoxynucleotides (ddNTPs), 1 uL of diluted PCR products, and nuclease-free water to adjust to
the final reaction volume of 10 uL. Sequencing reactions were then run through the Mastercycler
pro S using the following cycling conditions: initial heating to 95°C for 3 minutes, 25 cycles of
denaturation (96°C for 30 seconds), primer annealing (50°C for 20 seconds), and extension
(60°C for 4 minutes) phases. Sequencing reactions were then purified using an EDTA-NaOH-
ethanol precipitation protocol provided by the manufacturer. DNA pellets were resuspended

using HIDI formamide and sequenced using a 3500 xL Genetic Analyzer (ThermoFisher
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Scientific). Each individual gene was aligned with the Clustal Omega plugin 1.2.2 (Sievers et al.,
2011) in Geneious Prime 2022.0.2. Gene alignments were then concatenated using
SequenceMatrix 1.8 (Vaidya et al., 2011).
Phylogenetic analyses

We constructed a species-level phylogeny of Ictaluridae using a ML analysis. We first
partitioned the concatenated alignment by gene and codon position, resulting in 30 partitions.
Using PartitionFinder2 2.1.1 (Lanfear et al., 2017) on the CIPRES Science Gateway (Miller et
al., 2011), we selected the best substitution model for each partition with the Corrected Akaike
Information Criterion (AICc). Unlinked substitution models that best fit each partition were
selected from those available for IQ-TREE (Nguyen et al., 2015; Table 2-S3). Using the
substitution models of best fit, we then performed a ML analysis to construct our phylogeny
using the 1Q-TREE web server (Trifinopoulos et al., 2016). The analysis was run for 100
likelihood searches and branch support was calculated using the ultrafast bootstrap (BS)
approximation for 1000 replicates (Minh et al., 2013). Finally, we used FigTree 1.4.4 to visualize
the output tree file (Rambaut, 2009).
Fossil-based divergence-time estimation of Ictaluridae

To construct a time-calibrated phylogeny of Ictaluridae, we performed a Bl analysis
using the CladeAge package (Matschiner et al., 2017) in BEAST?2 2.6.3 (Bouckaert et al., 2019).
First, we created the necessary XML file in BEAULi2 2.6.3 (Bouckaert et al., 2019) to time-
calibrate our phylogeny using fossil-record information available for ingroup ictalurids and
outgroup siluriforms. The concatenated gene matrix was partitioned by gene and codon position,
resulting in 30 partitions. The substitution models that best fit each partition were determined

with the bModelTest package (Bouckaert & Drummond, 2017) in BEAST2 using a reversible
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jump Markov chain Monte Carlo (MCMC). For the clock models, we selected an uncorrelated
lognormal relaxed molecular clock model (Drummond et al., 2006) for the mitochondrial genes
and for the nuclear genes separately. We used a birth-death process model for the tree prior
(Kendall, 1948), specifying teleost-specific net diversification rate parameters (A-u; 0.041-
0.081), turnover rate parameters (ui*; 0.0011-0.37), and fossil sampling rate parameters (\;
0.0066-0.01806) based on previous studies (Foote & Miller, 2007; Santini et al., 2009;
Matschiner et al., 2017); our ML phylogeny was used as a starting tree prior for the analysis.
CladeAge accounts for clade age estimation uncertainty by inferring the optimal shape of
calibration densities of each clade, combining sampling rates, diversification rates, and first-
occurrence fossil ages (Matschiner et al., 2017).

We included 17 first-occurrence catfish fossils to time-calibrate clades using their
minimum and maximum age estimations. Ictalurid fossils from Arce H. et al. (2016) were used
to calibrate ingroup clades and first-occurrence outgroup fossils were selected using Database of
Vertebrates: Fossil Fishes, Amphibians, Reptiles, and Birds database (B6hme & Ilg, 2003), the
Paleobiology Database (Paleobiology Database, 2018), and original species descriptions. We
calibrated Ameiurus using the oldest known fossil species belonging to the genus, fAmeiurus
pectinatus from the Late Eocene, 34-34.2 million years ago (mya) (Lundberg, 1975; Lundberg,
1992; Hardman & Hardman, 2008; Arce H. et al., 2016). This fossil lineage is considered a
member of Ameiurus given its synapomorphies, including an anteroventral crest of the dentary,
broad snout, and broad premaxillae (Lundberg, 1975). We calibrated Ictalurus using the oldest
fossil species, Tlctalurus rhaeas from putatively Late Eocene deposits 30-37 mya of the Cypress
Hills Formation (Cope, 1891; Lundberg, 1975; Hardman & Hardman, 2008; Arce H. et al.,

2016). This species is classified as Ictalurus based on shared pectoral spine anatomy with other
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Ictalurus species (Lundberg, 1975), although Divay & Murray (2015) could not confirm the
presence of Ictalurus in Eocene deposits of the Cypress Hills Formation. Fossil Ictalurus also
have been identified from the Brule Formation of South Dakota, which is similar in age, 30-32
mya (J.G. Lundberg pers. comm. 2022). Fossil records of all extant Ameiurus species (except
Ameiurus platycephalus), Ictalurus dugesii, Ictalurus furcatus, Ictalurus punctatus, and
Pylodictis olivaris were used to calibrate each respective species. These fossils were listed in
Lundberg (1975, 1992) and used by Arce H. et al. (2016) to construct their phylogeny.
According to Murray & Holmes (2021), TEomacrones wilsoni, from Late Paleocene
deposits (56.0-59.2 mya) in Africa, represents the oldest species belonging to Bagridae based on
cranial ornamentation, which we used to calibrate our bagrid outgroups: Bagrus ubangensis and
Hemibagrus wyckioides. Older fossils (59.2-66 mya) from China have been assigned to Bagridae
(e.g., Wang et al., 1981), but have not been critically evaluated. To calibrate our outgroup
representatives of Clariidae, Clarias batrachus and Channallabes apus, we used the oldest
record of Clariidae fossils found in Africa in the Lower Eocene (Gayet & Meunier, 2003; Jansen
et al., 2006; Kappas et al., 2016). The Eocene fossil species TChrysichthys mahengeensis was
used to calibrate Chrysichthys cranchii. This is the oldest fossil species known of Claroteidae,
and was assigned to Chrysichthys based on shared dorsal- and pectoral-spine morphology with
extant congeners (Murray & Budney, 2003; Sullivan et al., 2008; Murray & Holmes, 2021). We
calibrated our outgroup representatives of Mochokidae, Chiloglanis occidentalis and
Microsynodontis batesii, using fossilized Synodontis remains dating from the Miocene (Priem,
1920; Pinton et al., 2011). The morphology of the supraoccipital collected from Egypt closely
resembles those of living Synodontis species (Priem, 1920; Pinton et al., 2011). Lastly, we used

tPangasius indicus from the Eocene Sangkarewang Formation, 33.7-54.8 mya (sensu Fatimah
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& Ward 2009, Zonneveld et al., 2012; Murray, 2019) to calibrate our four representatives of
Pangasiidae: Helicophagus waandersii, Pangasianodon hypophthalmus, Pangasius larnaudii,
and Pseudolais pleurotaenia. Specific fossil information, including age and references, are in
Table 2-1.

To construct our time-calibrated phylogeny, we performed two MCMC analyses for
250 million generations. In both analyses, trees were sampled every 10,000 generations. We
assessed the effective sample size (ESS) and convergence for both analyses using Tracer 1.7.1
(Rambaut et al., 2018). We discarded the first 10% of trees as burn-in and summarized the
remaining trees using TreeAnnotator 2.6.3 (Bouckaert et al., 2019). Lastly, we visualized our
time-calibrated phylogeny using FigTree 1.4.4.
Results

We constructed a ML phylogeny (Figure 2-2) using a concatenated DNA sequence
alignment of 24,470 nucleotide base pairs. The family Ictaluridae was strongly supported as
monophyletic with a 100 BS value. Within Ictaluridae, non-monotypic genera Ameiurus,
Ictalurus and Noturus were also strongly supported as monophyletic (100 BS for Ameiurus and
Noturus, 99 BS for Ictalurus). Noturus was sister to all other genera followed by Pylodictis as
sister to a clade composed of Ameiurus, Ictalurus, Prietella, and Trogloglanis (98 BS). Within
that clade (94 BS), we found two strongly supported subclades: (1) Ameiurus (P. phreatophila +
Trogloglanis pattersoni) (100 BS) and (2) Ictalurus + P. lundbergi (95 BS). Within the first
subclade, P. phreatophila was strongly supported as sister to T. pattersoni (100 BS); these
hypogean species were sister to the epigean genus Ameiurus (100 BS). In the second clade, the
hypogean P. lundbergi was sister to the epigean genus Ictalurus (95 BS). Thus, Prietella was

polyphyletic with P. phreatophila and P. lundbergi descending from different common ancestors
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shared with the surface-dwelling relatives Ameiurus and Ictalurus, respectively. Furthermore, the
polyphyletic status of Prietella indicated that troglobitic ictalurids do not form a monophyletic
clade.

Both independent MCMC runs of our fossil-calibrated phylogeny (Figure 2-3) achieved
convergence with strong ESS likelihood scores >200. The topology of our fossil-calibrated
phylogeny was consistent with our ML phylogeny, placing Noturus as sister to all other genera
(1.0 posterior probability (PP)), followed by Pylodictis as sister to a clade composed of
Ameiurus, Ictalurus, Prietella, and Trogloglanis (1.0 PP). The placement of the three cave
species was also consistent with our ML phylogeny: (1) P. phreatophila formed a sister pair with
T. pattersoni (1.0 PP), which was sister to Ameiurus (1.0 PP), and (2) P. lundbergi was sister to
Ictalurus (0.99 PP).

With respect to our fossil-calibration analysis, we estimated the origin of crown group
Ictaluridae to ~60 mya, with a 95% confidence interval (Cl) of 47-74 mya. Thus, ictalurids
originated sometime between the Late Cretaceous and the Eocene. Within Ictaluridae, the
ancestor of Noturus began to diversify ~32 mya (24-39 mya 95% CI). Between the Paleocene
and the Eocene, Pylodictis diverged from the ancestor of Ameiurus + Ictalurus + Prietella +
Trogloglanis ~54 mya (43-65 mya 95% CI). The ancestor of these remaining genera began to
diversify shortly afterwards, ~52 mya (42-62 mya 95% CI). During the Eocene ~40 mya (34-48
mya 95% CI), the common ancestor of P. phreatophila and T. pattersoni diverged from the
ancestor of Ameiurus; P. phreatophila split from T. pattersoni ~28 mya (19-37 mya 95% CI).
The ancestor of Ameiurus began to diversify ~23 mya (17-30 mya 95% CI). Prietella lundbergi
split from the ancestor of Ictalurus ~43 mya (33-54 mya 95% Cl), between the Eocene and

Oligocene. Lastly, the ancestor of Ictalurus began to diversify ~28 mya (23-36 mya 95% CI).
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Discussion
Evolutionary relationships of cave ictalurids

We constructed both a ML phylogeny and a fossil-calibrated phylogeny of Ictaluridae
using the largest molecular dataset of any study to date, as well as the first inclusion of molecular
data from Trogloglanis pattersoni. The topologies of our two phylogenies were consistent, and
the positions of each cave species and of the surface-dwelling genera were strongly supported.
We found that the hypogean taxa Prietella lundbergi, P. phreatophila, and T. pattersoni did not
form a monophyletic clade. Moreover, P. phreatophila and T. pattersoni were recovered as sister
taxa, and this relationship was observed in each gene tree with the exception of that of col. Thus,
these two species may have diverged as a result of a subterranean dispersal event, which we
discuss below. Branches were long in the ML phylogeny. This is likely due to the more
numerous point mutations observed in the sequenced genes than in those from surface-dwelling
relatives. Alternatively, missing data for these species could explain these long branches;
however, other surface-dwelling relatives represented by 2-3 genes did not display long
branches. The polyphyletic nature of the Troglobites clade proposed by Arce H. et al. (2016)
supports our hypothesis that the troglobitic ictalurids have evolved in parallel, resulting from a
minimum of two cave colonization events by surface-dwelling ancestors. Furthermore, the
placement of P. lundbergi as sister to Ictalurus, and P. phreatophila + T. pattersoni as sister to
Ameiurus, indicates that Prietella is a polyphyletic genus. This supports our prediction: Prietella
should be restricted to P. phreatophila (type species) and P. lundbergi requires generic
reclassification.

The phylogenetic placement of the three cave species included in our analyses was

congruent with previous molecular phylogenies of Ictaluridae. Egge & Simons (2009) observed a
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sister relationship between Ameiurus melas and P. phreatophila in their MP and BI molecular-
only and BI molecular + morphological phylogenies of Noturus. Our results are related to those
of Egge & Simons (2009) because we used the same cyt b and rag2 sequences downloaded from
GenBank. Our addition of col did not affect the previously observed relationship between
Ameiurus and Prietella phreatophila. Egge & Simons (2009) alternatively found a sister-group
relationship between P. phreatophila and Noturus in their MP phylogeny combining
morphological and molecular data. Wilcox et al. (2004) observed sister relationships between P.
lundbergi + Ictalurus and P. phreatophila + Ameiurus in their Bl and ML analyses, consistent
with our results, which again was expected because we used the same mitochondrial genes for P.
lundbergi and P. phreatophila downloaded from GenBank. We included additional genes for P.
phreatophila in our analysis, and these genes in combination supported the same relationship.
Arce H. et al. (2016), however, found the four troglobitic species to be monophyletic in their MP
phylogeny combining molecular and morphological data. These results may be due to a
combination of using convergent morphological characters as well as long-branch attraction of
the highly divergent troglobites, as suggested by Wilcox et al. (2004). Long-branch attraction
occurs when two distantly-related lineages are erroneously grouped together based on
convergent similarities, such as identical amino acids acquired independently due to finite
combinations of nucleotides (Bergsten, 2005; Susko & Roger, 2021). The more differences that
accrue in long-branch lineages, the higher the likelihood of sharing similarities with distantly
related lineages (Bergsten, 2005). MP phylogenetic analyses are the most susceptible to long-
branch attraction (Wilcox et al., 2004; Bergsten, 2005) and they were the only phylogenetic
analyses to recover the troglobitic species as monophyletic (Wilcox et al., 2004; Arce H. et al.,

2016).
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Some early morphological studies also support the placement of the cave species
included in our study. Hubbs & Bailey (1947) suggested that T. pattersoni most likely diverged
from Ameiurus, which was its closest relative at the time given that P. phreatophila had not yet
been described. Also, Suttkus (1961) proposed P. phreatophila to be closely related to Ictalurus,
which at the time also included Ameiurus as a subgenus. Furthermore, caudal fin morphology
supports our placements of both Prietella species. The emarginate caudal fin observed in
P. lundbergi more closely resembles Ictalurus, whereas the more truncated and rounded caudal
fin observed in P. phreatophila more closely resembles Ameiurus (Walsh & Gilbert, 1995;
Wilcox et al., 2004).

Topology of Ictaluridae

Of the many phylogenies of Ictaluridae, we are the first to recover Noturus as the sister
clade to all other ictalurids. Previous studies have placed Ameiurus (Hardman & Hardman,
2008), Ictalurus (Taylor, 1969; Lundberg, 1992; Egge & Simons, 2009), and the Troglobites
clade (Arce H. etal., 2016) as sister to all remaining genera. Prior to Arce H. et al. (2016),
taxonomic coverage in phylogenetic studies was incomplete; the cave species as well as most
Mexican Ictalurus species were often missing. With respect to Arce H. et al. (2016), the
inclusion of potentially convergent morphological characters available for Prietella, Satan, and
Trogloglanis, as well as long-branch attraction may have contributed to the unique placement of
the troglobitic ictalurid genera within the family. We believe our novel findings more accurately
reflect relationships among extant Ictaluridae given the near-complete taxon sampling and the
use of the largest molecular-only dataset of any study to date. This applies to the discrepancies
between our phylogeny and previous work for each of the genera discussed below.

Topology of Noturus
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Within Noturus, the most species-rich ictalurid genus, Taylor (1969) grouped species into
three subgenera (Table 2-2) based on morphological similarities: monotypic Noturus (N. flavus),
Rabida (containing the elegans, furiosus, hildebrandi, and miurus species groups), and
Schilbeodes (containing the funebris species group). Noturus phylogenies by Hardman (2004),
Near & Hardman (2006), Hardman & Hardman (2008), and Egge & Simons (2009) supported
Rabida as monophyletic, but not Schilbeodes. Egge & Simons (2009) considered Taylor’s
subgenera to be untenable and proposed seven phylogenetic clades unassigned to Linnean rank:
albater, elegans, funebris, furiosus, gyrinus, hildebrandi, and rabida, the last one comprising the
albater, elegans, furiosus, and hildebrandi subclades (Table 2-2).

Our phylogenetic analyses similarly supported the monophyly of Taylor’s (1969)
subgenus Rabida, but not his Schilbeodes. The subgenus Schilbeodes is therefore restricted here
to four species: N. gyrinus (type species), N. lachneri, N. leptacanthus and N. nocturnus. With
respect to the groups and subclades proposed by Taylor (1969) and Egge & Simons (2009),
respectively, our results were largely consistent. For example, our analysis supported Egge &
Simons’ furiosus subclade which consolidated the furious and miurus groups of Taylor, as well
as their elegans subclade which combined Taylor’s elegans and hildebrandi groups.

Discrepancies between our tree and previous ones include the placements of
N. leptacanthus and N. phaeus. Our analyses did not support a sister group relationship between
N. leptacanthus and N. funebris, the only two members of the funebris clade proposed by Egge
& Simons (2009) and likewise supported by Hardman & Hardman (2008). Instead, our analyses
placed N. leptacanthus sister to a clade composed of N. gyrinus, N. lachneri, and N. nocturnus
with all four species comprising the subgenus Schilbeodes as restricted herein. Regarding N.

phaeus, our analyses placed this species in a clade with N. funebris and two potentially
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undescribed species. Taylor (1969) likewise proposed a close relationship between N. funebris
and N. phaeus, the only two members of his funebris group of Schilbeodes. Our results support
his group, but not its placement in subgenus Schilbeodes as restricted here. The placement of N.
phaeus varied among phylogenetic analyses by Egge & Simons (2009). Their MP and Bl
analyses of morphological data supported a sister group relationship between N. phaeus and N.
funebris (Egge & Simons, 2009), consistent with Taylor (1969) and our study. Their MP
analyses of molecular data and combined molecular and morphological data placed N. phaeus
sister to N. funebris + N. leptacanthus (Egge & Simons, 2009). Finally, their Bl analyses of
molecular data and combined data upheld N. funebris + N. leptacanthus, but did not support its
close relationship with N. phaeus (Egge & Simons, 2009).

Among the 29 valid species of Noturus, only five remain here unassignable to nominal

subgenera: N. exilis, N. funebris, N. gilberti, N. insignis, and N. phaeus. Taylor (1969) placed all
these species in Schilbeodes; however, our results restrict this subgenus to N. gyrinus (type
species), N. lachneri, N. leptacanthus, and N. nocturnus. As mentioned above, there is strong
morphological and molecular support for a sister group relationship between N. funebris and
N. phaeus (Taylor, 1969; Egge & Simons, 2009). Our molecular analysis places N. funebris,
N. phaeus, and two potentially undescribed species in a clade (Clade 2) sister to one containing
all other species of Noturus (Clade 1). According to our results, the first species to diverge in
Clade 1 is N. exilis, a wide-ranging monophyletic species with geographically isolated
populations in the Eastern and Interior American Highlands and the previously glaciated Central
Lowlands (Blanton et al., 2013).

The remaining members of Clade 1 are divided among two subclades, one corresponding

to the subgenus Rabida (Clade 1.1.1) and the other (Clade 1.1.2) comprising the subgenus
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Schilbeodes (four species), N. flavus (monotypic subgenus Noturus), N. gilberti, and N. insignis
(unassigned here). Although our analyses strongly support the monophyly of subgenus
Schilbeodes sensu stricto in our fossil-calibrated phylogeny (1.0 PP), relationships involving
N. flavus and N. gilberti + N. insignis remain poorly resolved. Similar to our results, previous
studies provided weak support for a clade composed of N. flavus, N. gilberti and N. insignis
(Hardman & Hardman, 2008; Egge & Simons, 2009). Our study independently corroborates
these results because we used novel genetic sequence data for these species. The potential for a
close relationship between N. flavus and N. insignis is biogeographically intriguing. The two
species are mostly allopatric, with N. flavus widely distributed throughout the Mississippi and
Great Lakes-St. Lawrence basins and N. insignis common to Atlantic slope drainages from New
York to Georgia (Taylor, 1969). Noturus gilberti, on the other hand, is restricted to the upper
Roanoke drainage in Virginia and North Carolina where it may co-occur with N. insignis
(Jenkins & Burkhead, 1994), its sister species.
Topology of Ictalurus

In early molecular phylogenies, Ictalurus was limited to species distributed in the USA
and Canada, including I. furcatus, I. lupus, and 1. punctatus (Hardman, 2004; Wilcox et al., 2004;
Hardman & Hardman, 2008). Arce H. et al. (2016) were the first to consider Mexican species in
a phylogenic analysis that included genetic sequences for 1. balsanus, I. meridionalis, and
I. pricei. Their results provide evidence for a deep divergence within extant Ictalurus dividing
I. furcatus + I. meridionalis from all other Ictalurus except I. balsanus. Rodiles-Hernandez et al.
(2010) previously supported the same relationship based on morphology. Our results support the
same split except with I. balsanus sister to I. furcatus + I. meridionalis based on new genetic

sequence data absent from Arce H. et al. (2016). Among the remaining Ictalurus, I. punctatus
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was sister to a clade composed of I. australis + I. mexicanus, I. lupus, I. dugesii + I. ochoterenai,
. pricei, and a potentially new species from the Nazas River, Mexico.

Pérez-Rodriguez et al. (2022) constructed a molecular phylogeny of Ictalurus, the first to
include specimens of all nominal species within the genus. Similar to our study, they found a
deep divergence between the I. balsanus, I. furcatus, and I. meridionalis clade (the furcatus
group) and all remaining extant Ictalurus species (the punctatus group). Pérez-Rodriguez et al.
(2022) found very low genetic divergence between three pairs of species: I. australis + I.
mexicanus, I. dugesii + 1. ochoterenai and I. furcatus + I. meridionalis. Lundberg (1992)
considered I. mexicanus distinct, but noted that Ictalurus australis, 1. ochoterenai, and I.
meridionalis may be conspecific with I. punctatus, I. dugesii, and I. furcatus, respectively.
Rodiles-Hernandez et al. (2010) alternatively supported the taxonomic distinctiveness of I.
furcatus and 1. meridionalis based on 12S/16S mitochondrial genes and morphological traits,
such as pectoral spine ornamentation, anal-fin ray and vertebrae counts, and differences in the
supraoccipital process. Our study corroborates the results of Pérez-Rodriguez et al. (2022),
showing low genetic divergence between the species within each pair; however, we used the
same sequence data for I. australis and I. ochoterenai downloaded from GenBank.

Pérez-Rodriguez et al. (2022) also found both I. pricei and I. lupus formed species
complexes; each complex comprised distinct lineages that may represent potentially undescribed
species. Three of these lineages were included within our phylogeny: Ictalurus sp. NAZA from
the Nazas River, Ictalurus cf. pricei from the Mezquital River, and I. lupus from the Conchos
River. Further study, including morphological analyses, are necessary to determine whether these

lineages require formal species descriptions. Finally, Pérez-Rodriguez et al. (2022) estimated
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Ictalurus began to diversify in the Oligocene, which overlaps with our somewhat older estimate
between the Oligocene and Eocene.
Topology of Ameiurus

With respect to Ameiurus, our ML and time-calibrated phylogenies both placed
Ameiurus natalis as sister to all other extant species within the genus based on novel genetic
sequence data for all Ameiurus species. This result is consistent with the findings of Hardman &
Page (2003), Hardman & Hardman (2008), and Arce H. et al. (2016). Our ML and time-
calibrated phylogenies supported A. catus as sister to the remaining species of Ameiurus. This is
consistent with Arce H. et al. (2016), but differs from Hardman & Page (2003) and Hardman &
Hardman (2008) wherein A. catus is sister to A. platycephalus. Our study and previous ones
based on morphology (Lundberg, 1992), molecules (Hardman & Hardman, 2008) or both (Arce
H. etal., 2016) all support a close relationship between A. melas and A. nebulosus, but only the
molecular phylogenies place these species in a crown clade with A. brunneus and A.
serracanthus. Within this crown clade, A. brunneus was the first species to diverge in our
analyses vs. A. serracanthus in Hardman & Hardman (2008). That said, our placement of A.
serracanthus as sister to A. melas + A. nebulosus was poorly supported (65 BS, <0.5 PP).
Alternatively, Arce H. et al. (2016) supported a clade composed of A. serracanthus, A. brunneus,
and the extinct fossil species TA. peregrinus.

Surprisingly, we identified a potentially new species of Ameiurus from two Atlantic slope
drainages, the Cape Fear and Santee of North and South Carolina, respectively. This species-
level lineage was sister to a clade of three individuals of A. platycephalus from the Haw River
(Cape Fear Basin), a Broad River tributary (Santee Basin), and Stevens Creek (Savannah Basin),

respectively. Ameiurus platycephalus is native to Atlantic slope drainages and its range broadly
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overlaps with that of A. brunneus, a similar looking species (Yerger & Relyea, 1968; Tracy et al.,
2020). In our analysis, A. brunneus was represented by two individuals from separate tributaries
to the Chattahoochee River (Apalachicola Basin), outside of the native range of A. platycephalus.
Our results suggest that it is necessary to revisit relationships among the Atlantic and Gulf slope
Ameiurus formerly known as “flat-headed” bullheads (Yerger & Relyea, 1968), namely
A. brunneus, A. platycephalus and A. serracanthus.
Divergence-time estimations of Ictaluridae

We estimated that Ictaluridae originated sometime between the Late Cretaceous and
Eocene, ~47-74 mya. This proposed origin time is consistent with the findings of Hardman &
Hardman (2008), who proposed that Ictaluridae began to diversify ~59-72 mya in the Late
Cretaceous to Paleocene. Kappas et al. (2016) similarly suggested that Ictaluridae originated
~63-72.5 mya. Larger phylogenies of Siluriformes have estimated younger origin times, albeit
with the inclusion of only 1-3 representatives of Ictaluridae. For example, Lundberg et al. (2007)
estimated that Ictaluridae originated ~37.9-42.7 mya. In their phylogeny of bony fishes
(Osteichthyes), Betancur-R et al. (2017) estimated that Ictaluridae began to diverge ~30-35 mya.
Arce H. etal. (2016) also proposed a relatively young origin for Ictaluridae during the Eocene,
~33.9-56 mya. We used the same ictalurid fossils as Arce H. et al. (2016) to calibrate our
phylogeny with the notable exception of the extinct genus TAstephus, the oldest fossil to be
considered an ictalurid (Buchheim & Surdam, 1977; Grande & Lundberg, 1988; Lundberg,
1992). In the phylogeny of Arce H. et al. (2016), TAstephus was nested within the outgroup
lineages (vs. the sister lineage of extant ictalurids), prompting them to elevate this group from a
subfamily of Ictaluridae to the rank family TAstephidae. Therefore, we did not include {Astephus

in our analyses, which may partially account for our older estimation of Ictaluridae.
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With respect to the troglobitic ictalurids, Arce H. et al. (2016) proposed that this
monophyletic clade diverged from the surface-dwelling confamilials ~47 mya during the Eocene
and began to diversify ~9 mya during the Miocene. Our time estimates for the divergence of cave
species from surface-dwelling relatives overlapped with those of Arce H. et al. (2016); however,
our results support two independent origins of cave-dwelling species within Ictaluridae. We
propose that P. phreatophila + T. pattersoni diverged from Ameiurus during the Eocene (~34-
48 mya) and that P. lundbergi diverged from Ictalurus during the Eocene to Oligocene (~33-

54 mya).
Evolutionary history of troglobitic ictalurids

The hypothesis that cave-dwelling catfish species evolved in parallel within Ictaluridae is
intuitive given the allopatric contemporary distribution of their insular habitats (Wilcox et al.,
2004; Burr et al., 2020). The significant geological barriers separating these species, especially
between the two Prietella species, suggests that subterranean radiation of a common troglobitic
ancestor is unlikely (Hendrickson et al., 2001; Wilcox et al., 2004). That said, our evidence
supported a sister relationship between P. phreatophila and T. pattersoni, which implies that
subterranean dispersal events and subsequent speciation are possible. It is unsurprising that
repeated cave-colonization events likely occurred within Ictaluridae. Many epigean ictalurids are
preadapted to subterranean life (e.g., poor eyesight, nocturnal habits) and typically rely on other
senses, such as touch, taste, and electroreception, to navigate and acquire food (Eigenmann,
1919; Langecker & Longley, 1993; Burr et al., 2020). Furthermore, some surface-dwelling
species (Ameiurus nebulosus, A. natalis, and I. punctatus) partially live within caves and
concentrate around cave entrances (Hale & Streever, 1994; Poly, 2001). The existence of these

troglophyllic populations and the sister relationships of cave species with surface-dwelling
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relatives further supports our hypothesis that ictalurids colonized subterranean habitats at least
twice during their evolutionary history.

Our results indicate that Prietella lundbergi diverged from the common ancestor of
Ictalurus sometime during the Paleocene-Eocene. The long distance and extensive geological
barriers between P. lundbergi and P. phreatophila suggest that a subterranean divergence
between these two species is unlikely (Hendrickson et al., 2001; Wilcox et al., 2004), whereas
divergence from a surface-dwelling ancestor potentially resembling extant Ictalurus is more
probable. This is further supported by the occurrence of epigean species of Ictalurus near
P. lundbergi (Wilcox et al., 2004; Burr et al., 2020) and documented instances of
Ictalurus punctatus living within caves (Hale & Streever, 1994). In contrast, the native
distribution of Ameiurus (the closest relative of P. phreatophila + T. pattersoni) does not overlap
with P. lundbergi (Wilcox et al., 2004; Burr et al., 2020). It is possible that during the Paleocene
and/or Eocene, surface waters were connected with the subterranean springs in the Tamesi River
drainage where P. lundbergi currently occurs (Walsh & Gilbert, 1995; Hendrickson et al., 2001).
This may have allowed for the dispersal and subsequent selection of individuals better adapted
for subterranean life. Magmatic activity as well as orogenesis in Mexico in the Late Cenozoic
have been linked to the fragmentation of freshwater habitats and vicariant speciation (Gonzéalez-
Rodriguez et al., 2013; Fitz-Diaz et al., 2018). Such activity may have disrupted connectivity
between the subterranean springs and surface waters, further reinforcing the ancient reproductive
isolation of the subterranean population. Alternatively, it is possible that parapatric speciation
occurred as a result of in situ ecological specialization followed by reproductive isolation of the

ancestral P. lundbergi population rather than vicariance from surface populations (Plath &
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Tobler, 2010). Whichever the case, P. lundbergi appears to have been isolated from the ancestral
stock of Ictalurus for at least 34 million years.

Our phylogeny suggests that the common ancestor of Prietella phreatophila +
Trogloglanis pattersoni diverged from ancestral Ameiurus during the Eocene. A surface-
dwelling ancestor similar to Ameiurus may have colonized subterranean waters somewhere near
either the current distribution of P. phreatophila in northern Coahuila (Walsh & Gilbert, 1995;
Hendrickson et al., 2001) or the Edwards Aquifer in Texas containing T. pattersoni (Langecker
& Longley, 1993; Walsh & Gilbert, 1995). Similarly with P. lundbergi and Ictalurus, Ameiurus
species currently occur in surface waters near both P. phreatophila and T. pattersoni (Wilcox et
al., 2004; Burr et al., 2020), whereas contemporary P. lundbergi is geographically distant from
the other cave species. In addition, populations of A. natalis and A. nebulosus have been
documented living within caves (Hale & Streever, 1994; Poly, 2001). These occurrences, as well
as our phylogenetic results, support the hypothesis that an Ameiurus-like ancestor invaded
subterranean waters and subsequently diverged into P. phreatophila and T. pattersoni.

Prietella phreatophila split from T. pattersoni sometime between the Eocene and
Miocene. Although the extent of connectivity is currently unknown between locations where
P. phreatophila and T. pattersoni occur (Sanchez et al., 2016; Sanchez et al., 2018b), their shared
common ancestor suggests that speciation may have resulted from a subterranean dispersal event
between aquifers. The ancestral species may have travelled through the Knippa Gap, a
hydrological restriction point east of the San Antonio Pool in Texas where T. pattersoni and S.
eurystomus occur (Adkins, 2013; Green et al., 2019). Hydrological connectivity through the
Knippa Gap is variable, depending on groundwater levels (Green et al., 2019). This transient

barrier and others may have been sufficient to restrict frequent movement between the ancestral
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Mexican and American populations, facilitating speciation. Additional evidence that supports the
connectivity of these aquifers is the occurrence of P. phreatophila populations in northern
Coahuila and the Amistad National Recreation Area, Texas (Walsh & Gilbert, 1995;
Hendrickson et al., 2001; Hendrickson et al., 2017; Krejca & Reddell, 2019). The aquifer in
northern Coahuila is separated from the Amistad Recreational Area by the Rio Grande, yet P.
phreatophila is found both north and south of the river (Krejca & Reddell, 2019). The
distribution of P. phreatophila and our results imply that the Edwards-Trinity Plateau and the
aquifer in northern Coahuila were likely hydrologically connected during the Eocene-Miocene
(Krejca & Reddell, 2019). Other troglobitic animals have demonstrated similar distribution
patterns of closely related populations. Three isopod species (Cirolanides texensis,
Lirceolus cocytus, and Mexistenasellus coahuila), as well as a species of amphipod
(Paraholsingerius smaragdinus) occur both north and south of the Rio Grande in Mexican and
American aquifers (Krejca, 2005; Krejca & Reddell, 2019). These populations are genetically
similar to one another, which further supports the existence of hydrological connections between
aquifers in Texas and Coahuila (Krejca, 2005; Krejca & Reddell, 2019).
Satan eurystomus

As previously indicated, we were unable to include S. eurystomus in our molecular
phylogeny due to tissue samples being unavailable for sequencing. Therefore, we were unable to
determine whether S. eurystomus is most closely related to T. pattersoni with which it co-occurs,
or with an extant surface-dwelling relative. Pylodictis olivaris may be the closest living relative
of S. eurystomus given the notable morphological traits both species share (Lundberg et al.,
2017). Unlike for Prietella and Trogloglanis, early morphological studies agreed upon a sister

relationship between S. eurystomus and P. olivaris (Hubbs & Bailey, 1947; Suttkus, 1961,
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Taylor, 1969; Lundberg, 1970; Lundberg, 1982). Hubbs & Bailey (1947) mentioned that
P. olivaris may be preadapted for subterranean life, being a light-averse species that commonly
hides under rocks and logs. Similar to other ictalurid species, P. olivaris relies more on its senses
of touch and taste to navigate and obtain food than its eyesight (Hubbs & Bailey, 1947; Burr et
al., 2020). If S. eurystomus and P. olivaris are sister species, this would indicate that ictalurids
have independently colonized underground habitats three times, evolving in parallel. Until tissue
samples become available for S. eurystomus, however, this hypothesis is impossible to test with
molecular data.
Conclusion

Our main goal was to investigate the phylogenetic relationships and evolutionary origins
of Ictaluridae, with particular interest in the troglobitic species. We created a time-calibrated
phylogeny of the family using first-occurrence fossil data and the largest molecular dataset
representing all but two described extant species. We tested the hypothesis that troglobitic
ictalurids evolved in parallel as a result of independent colonization events of subterranean
habitats. We found that P. lundbergi, P. phreatophila, and T. pattersoni do not form a
monophyletic group. This indicates that troglobitic ictalurids evolved at least twice following
ancient cave colonization events. Prietella phreatophila and Trogloglanis pattersoni formed a
sister pair, however, which suggests that these species diverged after a subterranean dispersal
event between the Edwards Aquifer and the aquifer in northern Coahuila. Lastly, we found P.
lundbergi was most closely related to Ictalurus, whereas P. phreatophila + T. pattersoni was
most closely related to Ameiurus. Therefore, P. lundbergi should be reclassified as a new
monotypic genus within Ictaluridae. With respect to epigean ictalurids, we found evidence for a

potentially new Ameiurus species closely related to A. platycephalus. Within Ictalurus, three
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species pairs (I. dugesii + I. ochoterenai, I. australis + I. mexicanus, and I. meridionalis + .
furcatus) displayed little genetic differentiation, which warrants further investigation. Finally, we

proposed minor revisions to intrageneric classifications within Noturus.
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Tables

Table 2-1 List of first-occurrence fossils used to time-calibrate Ictaluridae clades and siluriform
outgroups for a divergence-time analysis using BEAST?2 2.6.3. Extinct species are indicated with

‘GT,"
Fossil Species Age (mya) Clade/Species Reference(s)
! Calibrated

Ameiurus brunneus 1.0-1.5 Ameiurus brunneus Lundberg, 1975, 1992

Ameiurus catus 0.0-0.11 Ameiurus catus Lundberg, 1975, 1992

Ameiurus melas 0.5-2.5 Ameiurus melas Lundberg, 1975, 1992

Ameiurus natalis 0.0-1.5 Ameiurus natalis Lundberg, 1975, 1992

Ameiurus nebulosus 0.0-1.5 Ameiurus Lundberg, 1975, 1992

nebulosus

+Ameiurus pectinatus 34.0-34.2  Ameiurus Lundberg, 1975, 1992;
Evanoff et al., 2001

Ameiurus serracanthus 1.0-15 Ameiurus Lundberg, 1975, 1992

serracanthus

Ictalurus dugesii 1.0-15 Ictalurus dugesii Lundberg, 1975, 1992

Ictalurus furcatus 1.0-15 Ictalurus furcatus  Lundberg, 1975, 1992

Ictalurus punctatus 15.9-18.9 Ictalurus punctatus Tedford et al., 1987;
Lundberg, 1975, 1992

tlctalurus rhaeas 30.0-37.0 Ictalurus Cope, 1891; Lundberg,
1975

Pylodictis olivaris 15.9-18.9  Pylodictis olivaris  Tedford et al., 1987;
Lundberg, 1975, 1992

Clariidae sp. 34.0-56.0 Clariidae Gayet & Meunier, 2003

+Chrysichthys 45.66-46.0 Claroteidae Harrison et al., 2001,

mahengeensis Murray & Budney, 2003

+Eomacrones wilsoni 56.0-59.2  Bagridae Murray & Holmes, 2022

+Pangasius indicus 33.7-54.8  Pangasiidae Fatimah & Ward 2009;
Zonneveld etal., 2012;
Murray et al., 2019

Synodontis sp. ~18 Mochokidae Priem, 1920; Pinton et

al., 2011

'mya = million years ago
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Table 2-2 Comparison of Noturus subgenus and species group classifications proposed by Taylor (1969), Egge & Simons (2009), and

the current study.

Current Study Taylor 1969 Egge & Simons 2009
Nominal Species
g;gceizgtgfs rtglsppeective (I\:/Ilgzjeecular Subgenus (Group) Subgenera Group Clades (Subclades)
subgenus)
Noturus albater Clade 1.1.1 Rabida (albater) Rabida — rabida (albater)
Noturus maydeni Clade 1.1.1 Rabida (albater) Rabida [as N. albater] — rabida (albater)
Noturus eleutherus  Clade 1.1.1 Rabida (furiosus) Rabida — rabida (furiosus)
Noturus flavater Clade 1.1.1 Rabida (furiosus) Rabida miurus rabida (furiosus)
Noturus furiosus* Clade 1.1.1 Rabida (furiosus) Rabida furiosus rabida (furiosus)
Noturus gladiator Clade 1.1.1 Rabida (furiosus) Rabida [as N. stigmosus]  furiosus [as N. stigmosus] rabida (furiosus)
Noturus munitus Clade1.1.1 Rabida (furiosus) Rabida furiosus rabida (furiosus)
Noturus placidus Clade 1.1.1 Rabida (furiosus) Rabida furiosus rabida (furiosus)
Noturus stigmosus Clade 1.1.1 Rabida (furiosus) Rabida furiosus rabida (furiosus)
Noturus flavipinnis  Clade 1.1.1 Rabida (furiosus) Rabida miurus rabida (furiosus)
Noturus miurus Clade 1.1.1 Rabida (miurus) Rabida miurus rabida (furiosus)
Noturus taylori Clade 1.1.1 Rabida (miurus) — — rabida
Noturus baileyi Clade 1.1.1 Rabida (elegans) Rabida hildebrandi rabida (elegans)
Noturus crypticus Clade 1.1.1 Rabida (elegans) Rabida [as N. elegans] elegans [as N. elegans] rabida (elegans)
Noturus elegans Clade 1.1.1 Rabida (elegans) Rabida elegans rabida (elegans)
Noturus fasciatus Clade 1.1.1 Rabida (elegans) Rabida [as N. elegans] elegans [as N. elegans] rabida (elegans)
Noturus hildebrandi Clade 1.1.1 Rabida (elegans) Rabida hildebrandi rabida (elegans)
Noturus stanauli Clade1.1.1 Rabida (elegans) — — rabida (elegans)
Noturus trautmani — Rabida (elegans) Rabida elegans rabida (elegans)
Noturus gyrinus* Clade 1.1.2  Schilbeodes Schilbeodes — gyrinus
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Noturus lachneri
Noturus
leptacanthus
Noturus nocturnus
Noturus flavus*
Noturus gilberti
Noturus insignis
Noturus exilis
Noturus funebris
Noturus phaeus

Clade 1.1.2
Clade 1.1.2

Clade 1.1.2
Clade 1.1.2
Clade 1.1.2
Clade 1.1.2
Clade 1.2
Clade 2
Clade 2

Schilbeodes
Schilbeodes

Schilbeodes
Noturus

— (funebris)
— (funebris)

Schilbeodes
Schilbeodes

Schilbeodes
Noturus

Schilbeodes
Schilbeodes
Schilbeodes
Schilbeodes
Schilbeodes

funebris
funebris

gyrinus

funebris

funebris
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Figures

RS e : ¢
.4/ Noturus *~
RET - - kX

‘, }/’ Ictalurus 4

Figure 2-1 Phylogeographic sketch of extant Ictaluridae based on relationships supported in this
study (solid lines) or inferred from previous ones (dashed line). Branch lengths proportional to
those in Fig. 2; circles denote common ancestor of respective genus. Distribution maps of
epigean genera (gray) and hypogean species (red) derived from Burr et al. (2020). Photos by
D.A. Hendrickson (P. lundbergi), J. Krejca, Zara Environmental LLC. (P. phreatophila), M.H.
Sabaj (Noturus, Pylodictis), G.W. Sneegas (Satan, Trogloglanis) and M.R. Thomas (Ameiurus,
Ictalurus).
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Figure 2-2 Maximum likelihood phylogeny of Ictaluridae based on an 11-region concatenated
data matrix analyzed with 1Q-TREE. Bootstrap values > 50% are presented above each branch.
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Figure 2-3 Fossil-calibrated phylogeny of Ictaluridae using the CladeAge package in BEAST2.

Divergence-time estimates were calculated using 16 fossil specimens. Posterior probabilities > 0.5 are
presented above each branch. Blue node bars represent the 95% confidence interval of estimated origin
times. Geological scale axis measured in million years before present.



Supplemental Material for Chapter 2

Table 2-S1 Museum voucher data for 101 ictalurid specimens and 17 siluriform outgroup species. GPS coordinates and GenBank

accession numbers are available in the online publication at https://doi.org/10.1016/j.ympev.2023.107746.

Specimen Voucher museum

Species Label and catalog no. Locality
Ameiurus brunneus Jordan, 1877 F195 UF 165756 Hillabahatchee Creek, Georgia, USA
Ameiurus brunneus Jordan, 1877 F399 AUM 61306 Cedar Creek, Alabama, USA
Ameiurus catus (Linnaeus, 1758) F197 UF 167624 Aucilla River, Florida, USA
Ameiurus catus (Linnaeus, 1758) N/A NEFC F16-261 South Carolina, USA
Ameiurus catus (Linnaeus, 1758) F198 UF 174270 New River, Florida, USA
Ameiurus melas (Rafinesque, 1820) F145 ROM 100161 Claireville Reservoir, Ontario, Canada
Ameiurus melas (Rafinesque, 1820) F428 AUM 55552 Sturgeon River, Michigan, USA
Ameiurus natalis (Lesueur, 1819) F124 ROM 71710 Tumblesons Pond, Ontario, Canada
Ameiurus natalis (Lesueur, 1819) N/A TNHCi 25769 Pin Oak Creek at CR 183, Texas, USA
Ameiurus natalis (Lesueur, 1819) F143 ROM 95736 Lake Erie, Ontario, Canada

CMNFI 2018-
Ameiurus nebulosus (Lesueur, 1819) FO1 0014.1 Aylmer, Quebec, Canada
Ameiurus nebulosus (Lesueur, 1819) N/A ANSP 182780 Uncertain location, Pennsylvania, USA
Ameiurus nebulosus (Lesueur, 1819) F126 ROM 75638 Lake Simcoe, Ontario, Canada
Ameiurus platycephalus (Girard, 1859) F181 NCSM 30412 Haw River, North Carolina, USA
Ameiurus platycephalus (Girard, 1859) F182 NCSM 36753 Turkey Creek, South Carolina, USA
Ameiurus platycephalus (Girard, 1859) F188 NCSM 43805 Hickory Creek, North Carolina, USA
Ameiurus serracanthus (Yerger & Relyea,
1968) F199 UF 237833 Chipola River, Florida, USA
Ameiurus serracanthus (Yerger & Relyea,
1968) F400 AUM 66262 Chattahoochee River, Georgia, USA
Ameiurus sp. BRSC F86 ANSP 185091 Broad River, South Carolina, USA
Ameiurus sp. DRNC F298 JFBM 42770 Deep River, North Carolina, USA
Ameiurus sp. DRNC F299 JFBM 41862 Deep River, North Carolina, USA
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Ictalurus australis (Meek, 1904)

Ictalurus australis (Meek, 1904)

Ictalurus balsanus (Jordan & Snyder, 1899)
Ictalurus balsanus (Jordan & Snyder, 1899)
Ictalurus balsanus (Jordan & Snyder, 1899)
Ictalurus dugesii (Bean, 1880)

Ictalurus dugesii (Bean, 1880)

Ictalurus furcatus (Valenciennes, 1840)
Ictalurus furcatus (Valenciennes, 1840)
Ictalurus furcatus (Valenciennes, 1840)
Ictalurus lupus (Girard, 1858)

Ictalurus lupus (Girard, 1858)
Ictalurus lupus (Girard, 1858)
Ictalurus meridionalis (Gunther, 1864)
Ictalurus meridionalis (Gunther, 1864)
Ictalurus meridionalis (Gunther, 1864)
Ictalurus mexicanus (Meek, 1904)
Ictalurus mexicanus (Meek, 1904)

Ictalurus ochoterenai (de Buen, 1946)

Ictalurus ochoterenai (de Buen, 1946)
Ictalurus pricei (Rutter, 1896)
Ictalurus pricei (Rutter, 1896)
Ictalurus pricei (Rutter, 1896)
Ictalurus cf. pricei (Rutter, 1896)
Ictalurus punctatus (Rafinesque, 1818)

F437
N/A

F463
F438
F452
F200
N/A

F430
F461

N/A

F471
F467
N/A

F468
F476
Fa77

F322
N/A

Fa47
FA57
F140

MNCN 2901

CPUM 4800
UMSNH 4994
ECOSC 4264
UMSNH 41563
UMSNH 5012
UMSNH 18723
UF 238203
F1842

UMSNH 3232
UMSNH 41562

TNHCIi 29350
UMSNH 57921
UMSNH 53454
ECOSC 4176
UMSNH 53508
MNCN 98771
MNCN 98772

CPUM 5014

CPUM-5018
TNHCi 63142
TNHCIi 21704
UMSNH 7060
UMSNH 40871
ROM 86705

Rio Verde north of Rio Verde town; Panuco

Basin, San Luis Potosi, Mexico
Channel 800m northwest of Plazuela town;
Panuco River, San Luis Potosi, Mexico

Rio Balsas, Michoacan, Mexico

Mexico

Rio Tuxpan, Balsas, Michoacan, Mexico
Lago de Chapala, Mexico
Ayuquila-Armeria basin, Jalisco, Mexico
Apalachicola River, Florida, USA

N/A

Grijalva-Usumacinta River basin, Mexico

Conchos alto, Durango, Mexico
San Felipe Creek in the vicinity of Del Rio,
Texas, USA

San Juan-Bravo, Nuevo Ledn, Mexico
Rio Papaloapan, Oaxaca, Mexico

Mexico

Rio Papaloapan, Oaxaca, Mexico

Rio Gallinas, San Luis de Potosi, Mexico
Rio Gallinas, San Luis de Potosi, Mexico
Lago de Chapala at Chapala town; Lerma-
Chapala basin, Jalisco, Mexico

Lago de Chapala at Chapala town; Lerma-
Chapala basin, Jalisco, Mexico

Meade Fish Hatchery, Kansas, USA
Madera, Chihuahua, Mexico

Rio Fuerte, Chihuahua, Mexico

Tunal - Mezquital, Durango, Mexico
Lake St Clair, Ontario, Canada
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Ictalurus punctatus (Rafinesque, 1818)

Ictalurus punctatus (Rafinesque, 1818)
Ictalurus sp. NAZA

Ictalurus sp. NAZA

Noturus albater Taylor, 1969

Noturus albater Taylor, 1969

Noturus baileyi Taylor, 1969
Noturus crypticus Burr, Eisenhour & Grady,
2005

Noturus elegans Taylor, 1969

Noturus eleutherus Jordan, 1877

Noturus eleutherus Jordan, 1877

Noturus exilis Nelson, 1876

Noturus exilis Nelson, 1876

Noturus fasciatus Burr, Eisenhour & Grady,
2005

Noturus fasciatus Burr, Eisenhour & Grady,
2005

Noturus flavater Taylor, 1969

Noturus flavipinnis Taylor, 1969

Noturus flavipinnis Taylor, 1969

Noturus flavus Rafinesque, 1818

Noturus flavus Rafinesque, 1819
Noturus flavus Rafinesque, 1818
Noturus funebris Gilbert & Swain, 1891
Noturus funebris Gilbert & Swain, 1891
Noturus furiosus Jordan & Meek, 1889
Noturus furiosus Jordan & Meek, 1889

N/A

F440
F459
F465
F35
F201
F24

N/A
F15
F30
F301
FO3
F19

F37

F302
F303
F25
F27
F120

N/A

F136
F205
F304
F178
F179

NEFC_F16-262

UMSNH 5722
UMSNH 40907
UMSNH 45533
YPM ICH.018748
UF 171997

YPM ICH.015943

YPM ICH.021704
YPM ICH.019824
JFBM 43055
FMNH 118354
YPM ICH.018793

YPM ICH.021908

JFBM 45375
JFBM 44589
YPM ICH.015944
YPM ICH.015946
ROM 62433

TNHCIi 25772
ROM 75305
UF 237655
JFBM 43002
NCSM 30345
NCSM 46608

South Carolina, USA
Bolafios-Santiago River basin (introduced),
Mexico

Nazas, Durango, Mexico

Nazas, Durango, Mexico

White River Drainage, Arkansas, USA
Indian Creek, Missouri, USA

USA

Little Chucky Creek, Tennessee, USA
Duck River, Tennessee, USA

Clinch Drainage, Tennessee, USA
East Fork White River, Indiana, USA
Praire Creek, Illinois, USA

White River Drainage, Arkansas, USA

Tennessee River, Tennessee, USA

Buffalo River, Tennessee, USA

North Fork White River, Missouri, USA
Tennessee River Drainage, Virginia, USA
Copper Creek, Virginia, USA

Fansher Creek, Ontario, Canada

Beaver Cr abt 2500 ft S Hwy 53 bridge,
Wisconsin, USA

Meux Creek, Ontario, Canada

Canoe Creek, Florida, USA

Blue Girth Creek, Alabama, USA

Swift Creek, North Carolina, USA
Contentnea Creek, North Carolina, USA
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Noturus gilberti Jordan & Evermann, 1889
Noturus gilberti Jordan & Evermann, 1889
Noturus gladiator Thomas & Burr, 2004
Noturus gladiator Thomas & Burr, 2004
Noturus gyrinus (Mitchill, 1817)

Noturus gyrinus (Mitchill, 1817)

Noturus gyrinus (Mitchill, 1817)

Noturus hildebrandi (Bailey & Taylor, 1950)
Noturus hildebrandi (Bailey & Taylor, 1950)

Noturus insignis (Richardson, 1836)
Noturus insignis (Richardson, 1836)
Noturus insignis (Richardson, 1836)
Noturus lachneri Taylor, 1969

Noturus leptacanthus Jordan, 1877
Noturus leptacanthus Jordan, 1877
Noturus maydeni Egge, 2006

Noturus maydeni Egge, 2006

Noturus miurus Jordan, 1877

Noturus miurus Jordan, 1877

Noturus munitus Suttkus & Taylor, 1965
Noturus munitus Suttkus & Taylor, 1965
Noturus nocturnus Jordan & Gilbert, 1886
Noturus nocturnus Jordan & Gilbert, 1886
Noturus phaeus Taylor, 1969

Noturus placidus Taylor, 1969

Noturus stanauli Etnier & Jenkins, 1980
Noturus stigmosus Taylor, 1969

Noturus stigmosus Taylor, 1969

F23

F306
F173
F175
F122
N/A

F131
F206
F307

F191
N/A
F380
F308
F21
F167
F39
F310
F22
F144
F170
F171
F41
F320
F211
N/A
N/A
F150
F212

YPM ICH.015878 Roanoke River, Virginia, USA

JFBM 49747
MMNS 67765
MMNS 67702
ROM 63068
TNHCIi 25004
ROM 80082
UF 172023
JFBM 42700

CMNFI 2017-
0086

TNHCIi 24985
ANSP 202613
JFBM 41077

YPM ICH.016288

MMNS 51586
UT 48.1412
JFBM 42653

YPM ICH.015814

ROM 97025
MMNS 66232
MMNS 67619
UT 48.1387
TNHCi 61979
UF 172020
INHS 96383
UT 48.1238
ROM 102693
UF 172694

USA

Hatchie River, Mississippi, USA

Wolf River, Mississippi, USA

Twenty Mile Creek, Ontario, Canada
Cummins Creek at SH 109, Texas, USA
Lac Saint-Paul, Quebec, Canada
Terrapin Creek, Tennessee, USA
Clarks Creek, Tennessee, USA

Gatineau Park, Quebec, Canada

Deep River, Moore Co., North Carolina, USA
Cherry Creek, Pennsylvania, USA
Cypress Creek, Arkansas, USA

Talking Rock Creek, Georgia, USA
Williams Greer Road, Mississippi, USA
Current River, Missouri, USA

St. Francis River, Missouri, USA
Kentucky River, Kentucky, USA

Lake St Clair, Ontario, Canada

Upper Little Creek, Mississippi, USA
Strong River, Mississippi, USA

Big Crow Creek, Texas, USA

Rocky Creek, Texas, USA

Terrapin Creek, Tennessee, USA
Neosho River, Kansas, USA

Clinch River, Tennessee, USA

Thames River, Ontario, Canada

French Creek, Pennsylvania, USA
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Noturus taylori Douglas, 1972 F106 ANSP 194099 Caddo River, Arkansas, USA
Noturus taylori Douglas, 1973 N/A N/A USA
Noturus taylori Douglas, 1972 F313 JFBM 42285 USA
Noturus sp. HACH F104 ANSP 194086 Spring Creek, Tennessee, USA
Noturus sp. HACR F16 YPM ICH.018461 Hatters Creek, Kentucky, USA
Noturus sp. ROPE F209 UF 165754 Hillabahatchee Creek, Georgia, USA
Noturus sp. ROPE F424 AUM 52158 Ropes Creek, Alabama, USA
Noturus sp. SILV F168 MMNS 61862 Silver Creek, Mississippi, USA
Noturus sp. TENN F36 YPM ICH.020988 Indian Creek, Mississippi, USA
Noturus sp. TENN F105 ANSP 194071 Spring Creek, Tennessee, USA
Prietella lundbergi Walsh & Gilbert, 1995 N/A TNHCi 25767 Nacimiento del Rio Frio, Tamaulipas, Mexico
Prietella phreatophila Carranza, 1954 F486 TNHCi 60415 Catfish Parlour Cave, Texas, USA
Sotano de Amezcua, Cd. Acufia, Coahuila,
Prietella phreatophila Carranza, 1954 N/A TNHCi 24986 Mexico
Sotano de Amezcua, Cd. Acufia, Coahuila,
Prietella phreatophila Carranza, 1954 N/A TNHCi 30820 Mexico
Pylodictis olivaris (Rafinesque, 1818) F128 ROM 75465 Lake St Clair, Ontario, Canada
Pylodictis olivaris (Rafinesque, 1818) N/A TNHCIi 25770 Pin Oak Creek at CR 183, Texas, USA
Pylodictis olivaris (Rafinesque, 1818) F474 UMSNH 57621 San Luis Potosi, Panuco, Mexico
Trogloglanis pattersoni Eigenmann, 1919 F487 TNHCi 42586 Aldridge Nursery, Texas, USA
Austroglanis barnardi (Skelton, 1981) N/A SAIAB 200084 Noordhoeks River, Western Cape, South Africa
Upper Jan Dissels at footpath crossing,
Austroglanis gilli (Barnard, 1943) N/A SAIAB 200307 Clanwilliam, Western Cape, South Africa
Near Three Rivers suburb of Vereeniging,
Austroglanis sclateri (Boulenger, 1901) N/A SAIAB 78962 Gauteng, South Africa
Lualaba River, Orientale, Democratic Republic of
Bagrus ubangensis Boulenger, 1902 F422 AUM 51278 the Congo
Hemibagrus wyckioides (Fang & Chaux, 1949) F418 AUM 55933 Mekong River, Ubon Ratchathani, Thailand
Lindi River, Orientale, Democratic Republic of
Channallabes apus (Glinther, 1873) F421 AUM 51306 the Congo



Clarias batrachus (Linnaeus, 1758) F412 AUM 55330 Padma River, Jessore, Bangladesh
Lualaba River, Orientale, Democratic Republic of

Chrysichthys cranchii (Leach, 1818) F420 AUM 51473 the Congo

Cranoglanis bouderius (Richardson, 1846) N/A IHB 0907767 China

Cranoglanis henrici (Vaillant, 1893) F286 ANSP 203039 Red River basin, Ha Moi, Vietnam

Chiloglanis occidentalis Pellegrin, 1933 F419 AUM 59635 Bafing River, Mamou, Republic of Guinea

Microsynodontis batesii Boulenger, 1903 F423 AUM 58059 Mie River, Haut Nyong, Cameroon

Helicophagus waandersii Bleeker, 1858 N/A N/A N/A

Pangasianodon hypophthalmus (Sauvage,

1878) N/A N/A N/A

Pangasius larnaudii Bocourt, 1866 N/A N/A N/A

Pseudolais pleurotaenia (Sauvage, 1878) N/A N/A N/A

Glyptothorax telchitta (Hamilton, 1822) F413 AUM 55306 Kangso River, Netrokona, Bangladesh
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Table 2-S2 Primer sequences used for PCR amplification and sequencing reactions. An asterisk
(*) denotes internal primers used only for sequencing reactions.

Gene Primer name  Primer sequence (5°-3”) Primer reference

col  colfishF1 TCAACYAATCAYAAAGATATYGGCAC Ward et al. 2009
colfishR1 ACTTCYGGGTGRCCRAARAATCA

cytb GLUDGL CGAAGCTTGACTTGAARAACCAYCGTTG Palumbietal. 1991
cyt bR CTCCGATCTTCGGATTACAAG

egrl egrl SilF GCGGCTGCCCCCCATCTCCTACAC This study
egrl SilR CTGGATGGTGGTGGAGACYGAGGTG
egrl SintF* AGTGAGCCCAACCCCATTTATTC
egrl SintR* TCRCTGCGGCTGAAGTTGCG

encl encl SilFb GATGCCTGTGCTGAGTTCCTGGAGA This study
encl SilR CCTACTTTAGTCCACTGGTA
encl SintF* AACTGGGTGAACTATGAYTTGG
encl SintR* TCCTTGGACACACCGTTCTCTGAGCC

glyt  glytSilF TATCAGTATGGCTTTGTACAGCC This study
glyt SilR GTTCTCTCCCTGCTCCTGGATCCA
glyt SintF* TAYAAAATGAGRACAGTCAC
glyt SintR* ATGGTGTCTTGATAAATYC

ragl ragl SilF CTCCGYAATGCTGARAAGGA This study
ragl SilR CCTAGCRTTCATYTTACGGAA
ragl SintF* GCAGAGCGTAAAGCTATGAA
ragl SintR* ATCTTRTAGAATTCRGTAGCA

rag2 rag2 SilF CAGAAAGGATGGCCCAAACGTTCCTG This study
rag2 SilR CCTCTGGAACAGAAGATCAT
rag2 SintF* GGYCGAACACCCAACAAYGA
rag2 SintR* CCCTCTCCATCACTGCTGWA

rhl  rhl SilF GCCTACATGTTCTTCYTMAT This study
rhl SilR TGGCGGAACTGCTTGTTCATGCA
rhl SintF* GTAGCATTYACYTGGGTCATGGC
rhl SintR* TGGGTGGTTTCAGACTCYTGCTG

sreb2 sreb2 SilF AARCTAACCTCCYTGGGCTT This study
sreb2 SilR ATGCAGATGAARGGRTTGAC
sreb2 SintF* CGGCTGACCCTGTGGACGTGC
sreb2 SintR* GCCAGGAGGATSAGGGCRAGCAGCA

zicl  zicl SilF GCGGGCTAAAGATGCTCTTGGACGC This study
zicl SilRc GAAACGGTTTCTCTCCGGTGTG

zicl SintFnew*

zicl SintR*

GGACTGCACGAGCAAGCRGC
AAAGTTTTGTTGCAGGACTT
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Table 2-S3 Best 1Q-TREE nucleotide substitution models found using the Corrected Akaike
Information Criterion in PartitionFinder2 2.2.1 for 30 gene partitions of the concatenated

Ictaluridae alignment.

Nucleotide substitution model

Gene partitions

JC

JC+1
K2P
K2P + G4

K2P + 1
K2P + 1+ G4
TIM+F+1+G4
TIM2+F+1+G4

TNe + G4

TNe + |
TPM2+F+1+G4
TPM2u + F + G4

col pos3, encl_pos3, glyt posl, rag2_pos3,
zicl_posl, zicl_pos3

egrl pos2, rhl posl, rhl pos3

glyt_pos2

col posl, egrl_posl, egrl pos3, encl_posl,
glyt_pos3, ragl_pos3, rhl pos2, zicl _pos2
ragl pos2, rag2_posl, rag2_pos2
cytb_pos3

cytb_posl

12S5+16S_posl, 125+16S_pos2,
12S5+16S_pos3

col _pos2

encl_pos2

cytb_pos2

ragl _posl
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Chapter 3

Restricted gene flow and paleohydrological events are associated with genetic diversification of

a widespread Neotropical catfish, Pimelodus ornatus (Siluriformes: Actinopterygii)
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Abstract

Heterogenous landscapes exert a variety of selective pressures on widespread species.
Different selective pressures can eventually lead to speciation, either by separation of
subpopulations (allopatry) or by local adaptations despite continued gene flow (parapatry). One
example of a widespread species potentially subject to varied selection pressures is the ornate
pim catfish (Pimelodus ornatus), which occurs in most major river basins in South America.
Pimelodus ornatus populations are separated by impermeable and semi-permeable river basin
boundaries, and individuals from different rivers are genetically distinct. We wished to examine
how barriers to gene flow have shaped the genetic landscape of Pimelodus ornatus. We created a
phylogeny of the species using 130 specimens to identify distinct lineages. We then fossil-
calibrated this phylogeny to estimate origin times. Finally, we calculated uncorrected p-distances
within and between each lineage, and compared these distances to published interspecific
thresholds typically observed in fishes. We found evidence for seven distinct lineages strongly
defined by geographic location, except for an Upper Amazon/Rupununi clade. The clades
exhibited inter-lineage p-distances comparable to congeneric species of fishes, indicating a
potential need for formal species description. We found that P. ornatus originated sometime
between the Oligocene and Miocene, later than inferred in previous studies. The next steps will
be to conduct an ancestral area state reconstruction to determine where the species likely evolved
and differentiated, and to analyze morphological data to describe these potential new cryptic

species formally.
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Introduction

The physical environment has played an integral role in the evolution and speciation of
organisms across the tree of life (Grinnell, 1924; Mayr, 1954; Skeels & Cardillo, 2019).
Heterogeneous landscapes present a variety of selective pressures that promote genetic diversity
between populations via local adaptation, especially in peripheral populations (Wade & Kalisz,
1990; Benton, 2009; Pearson et al., 2009). The physical environment may also affect gene flow
by acting as a bridge or barrier between populations (Krewenka et al., 2011). Features such as
deserts, oceans, mountain ranges, and human-made structures may reduce or eliminate gene flow
between populations, counteracting the homogenizing effects of gene flow (Slatkin, 1985;
Slatkin, 1987; Pearson et al., 2009; Sexton et al., 2014). Alternatively, these features may act as
dispersal corridors between fragmented populations, increasing gene flow (Krewenka et al.,
2011; Correa Ayram et al., 2016; Afig-Rosli et al., 2021). For these reasons, we must account for
environmental and geographical factors when elucidating the origins and evolutionary histories
of species.

Given its role in promoting genetic differentiation between populations, the physical
environment is an essential component of allopatric speciation (Mayr, 1954; Fitzpatrick et al.,
2009; Dool et al., 2022). New species arise when physical barriers prevent gene flow between
subgroups of a population, allowing for genetic differences to accrue in response to independent
mutations, selective pressures, and stochastic events (Mayr, 1954; Lande, 1980; Hoskin et al.,
2005). Two processes that result in allopatric speciation are vicariance and dispersal (Mayr,
1982; Zink et al., 2000). Vicariance occurs when barriers are imposed upon and then divide a
population (Mayr, 1982; Wiley, 1988; Allmon, 1992). Barriers may be created following

orogenesis, continental drift, creation or destruction of channels connecting bodies of water,
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human construction of roads and cities, etc. (Allmon, 1992; Yoder & Nowak, 2006; Cowman &
Bellwood, 2013). In contrast, dispersal occurs when a portion of the population migrates over
existing barriers, resulting in subsequent isolation from the ancestral population (Ronquist, 1997;
Bonte et al., 2012; Claramunt et al., 2012). These processes are not mutually exclusive; clades
may diversify from a combination of vicariance and dispersal (Macey et al., 1998; Zink et al.,
2000). For example, for modern freshwater fish clades, such as osteoglossomorphs (bony
tongues and mooneyes) and percichthyids (temperate perches) both dispersal and vicariance
were likely agents of speciation given their disjunct extant distributions (Ruzzante et al., 2006;
Capobianco & Friedman, 2019; Peterson et al., 2022). Another example is South American
Dendrocincla woodcreepers (Weir & Price, 2011). Speciation within this avian genus has been
attributed to vicariance caused by Andean uplift and subsequent dispersal across this barrier
(Weir & Price, 2011). Allopatric speciation is predicated on the presence of barriers interrupting
gene flow (Allmon, 1992), but what happens when these barriers are spatially or temporally
intermittently permeable?

When physical barriers are incomplete or porous, gene flow may reduce differentiation
between adjacent subpopulations (Slatkin, 1973; Slatkin, 1987; Fitzpatrick et al., 2009; Barrera-
Guzman et al., 2022). Parapatric speciation, however, is still possible in the presence of gene
flow (Bush, 1975; Slatkin, 1987; Gavrilets et al., 2000; Bank et al., 2012; Blanckaert et al.,
2020). Widespread species with low vagility may display regional genetic variation due to
random mutations and unique selective pressures from local environmental conditions despite
continued gene flow (Bush, 1975; Gavrilets et al., 2000; Blanckaert & Hermisson, 2018). Clinal
phenotypic traits reflect regional variation, displaying a gradient across the species distribution

(Bush, 1975; Endler, 1977; Stankowski et al., 2017). Over time, these subpopulations continue to
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accumulate differences and may become reproductively isolated, eventually resulting in
parapatric speciation (Endler, 1977; Blanckaert et al., 2020). Parapatric speciation may also
occur in species that display stepping-stone distributions, in which populations are dispersed
among suitable, fragmented habitat patches (Gavrilets et al., 2000; Fitzpatrick et al., 2008;
Descombes et al., 2018). Hybridization still occurs in areas of contact between the diverging
species, but outbreeding depression may promote reproductive character displacement (Endler,
1977; Lande, 1982; Smadja & Ganem, 2005; Pfennig & Rice, 2014; Blanckaert et al., 2020).
Parapatric speciation has been proposed as the predominant explanation for coral-reef fish
diversity given the prevalence of porous, intermittent barriers between reef populations (Rocha
& Bowens, 2008; Leprieur et al., 2016). Other examples of parapatric species pairs include
Triturus newts (Arntzen, 2023), Bombina toads (Dufresnes et al., 2021), Pipra manakins
(Barrera-Guzman et al., 2022), Rhagoletis flies (Doellman et al., 2020), and Drosophila fruit
flies (Wu & Ting, 2004).

One widespread species that could undergo allopatric and parapatric speciation is the
ornate pim catfish, Pimelodus ornatus (Pimelodidae, Siluriformes). Pimelodus ornatus is a
Neotropical freshwater fish that inhabits most major river basins in South America (Figure 3-1),
including the Amazon, Orinoco, Parand, Parnaiba, Corantijn, and Essequibo rivers (Ferraris Jr.,
2007; Lundberg et al., 2011; Lima et al., 2021). These river basins are variably connected,
possibly limiting or eliminating gene flow between P. ornatus populations (Albert et al., 2006;
Wesselingh & Hoorn, 2011). The Amazon and Orinoco rivers currently drain eastward and
northward, respectively, into the Atlantic Ocean (Meade et al., 1979; Meade, 1994). The only
perennial connection between these two river basins is the Casiquiare River, a bifurcation of the

Orinoco River headwaters flowing southward into the Rio Negro, a major tributary of the
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Amazon River (Vari & Ferraris Jr., 2009; Willis et al., 2010; Wesselingh & Hoorn, 2011; Stokes
et al., 2018). Connections between Parana-Paraguay headwaters and Amazon River basin
headwaters occur seasonally and sporadically, limiting dispersal between the basins (Iriondo &
Paira, 2007; Torrico et al., 2009; Brea & Zucol, 2011). The Amazon River basin also connects
annually with the Essequibo River basin of the Guiana Shield via the Rupununi Portal (de Souza
etal., 2019; de Souza et al., 2020). The Rupununi Portal is composed of wetlands created by
seasonal rains that flood the Rupununi savannah in south-central Guyana (Quinn & Woodward,
2015; de Souza et al., 2019; de Souza et al., 2020).

Major modern physical boundaries between South American river basins largely began to
develop during the Eocene to Late Miocene, ~10-43 mya, such as Andean uplift and exposure of
the Michicola Arch (Albert et al., 2006; Albert & Reis, 2011; Wesselingh & Hoorn, 2011;
Tagliacollo et al., 2015; Abreu et al., 2020). The development of these barriers coincides with the
origin of P. ornatus, estimated to have diverged from other pimelodids ~30-49 mya (Sullivan et
al., 2013; Tagliacollo et al., 2015). It is important to note, however, that previous studies did not
include the closest relative of P. ornatus currently recognized, Pimelabditus moli (Lundberg et
al., 2012; Sullivan et al., 2013; Tagliacollo et al., 2015), and thus may have inaccurately
estimated its origin time. Furthermore, Lundberg et al. (2011) constructed a phylogeny of Central
and South American pimelodids including four P. ornatus specimens collected from four rivers:
the Essequibo, Orinoco, Amazon, and Parana. The representatives from the Essequibo and
Orinoco Rivers displayed genetic divergence similar to that found between other congeneric
species (Lundberg et al., 2011; Tagliacollo et al., 2015). The representatives from the Amazon
and Parana rivers did not demonstrate significant genetic differentiation, but were collectively

distinct from the Orinoco and Essequibo representatives (Lundberg et al., 2011; Tagliacollo et
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al., 2015). Therefore, three distinct, cryptic lineages were recovered: the Essequibo lineage, the
Orinoco lineage, and the Amazon-Parana lineage (Lundberg et al., 2011; Tagliacollo et al.,
2015). Lundberg et al. (2011), however, indicated a need for increased genetic sampling and
morphological data to confirm the taxonomic validity of these potentially new species. Given the
evidence of distinct genetic lineages corresponding with isolated and semi-isolated river basin
populations, P. ornatus provides an excellent opportunity to elucidate the possible influences of
vicariance, dispersal, and gene flow on the genetic diversification of the species.

The purpose of our study was to determine how paleohydrological events throughout the
geological history of South America have contributed to the genetic diversification and possible
allopatric/parapatric speciation of P. ornatus populations. We tested the hypothesis that both
permanent and intermittent barriers between major South American river basins have reduced or
eliminated gene flow between subpopulations of P. ornatus, resulting in distinct subpopulations
that may represent new species. We predicted the presence of at least three distinct lineages
corresponding with the Essequibo, Orinoco, and Amazon-Parana rivers, as observed in Lundberg
etal. (2011) and Tagliacollo et al. (2015). To test our hypothesis, we generated a multi-gene
phylogeny of P. ornatus using specimens collected throughout South America. We also
calculated the mean uncorrected p-distance of col sequences between all individuals to measure
the genetic distances (genetic divergence) between subpopulations (Nei, 1972; Srivathsana &
Meier, 2012; Fiser et al., 2018). Previous studies on vertebrates have indicated that individuals of
the same species generally do not exceed 1% distance (Herbert et al., 2004; Ward et al., 2005; Li

etal., 2018; Tsoupas et al., 2022).
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Materials and methods
Specimen sampling and gene selection

To create our multi-gene phylogeny of P. ornatus, we combined sequence data we
produced from 45 museum-deposited voucher specimens with sequence data from 85 specimens
available from online DNA repositories (Table 3-S1), including GenBank and Barcode of Life
Data (BOLD) Systems (Ratnasingham & Herbert, 2007; Benson et al., 2018). We selected 20
pimelodid species as outgroups (Table 3-S1), representing each of the major clades within
Pimelodidae (Lundberg et al., 2011; Tagliacollo et al., 2015). This included P. moli, the closest
known relative of P. ornatus (Lundberg et al., 2012). We selected four protein-coding genes to
construct our P. ornatus phylogeny, two of which were mitochondrial barcoding genes (col and
cyt b) and two were nuclear genes (encl and rag2). These single-copy genes were selected to (1)
prevent gene paralog biases and (2) because they display variable evolutionary rates useful for
providing both shallow- and deep-phylogenetic resolution (Lovejoy & Collette, 2001; Lovejoy et
al., 2004; Sevilla et al., 2007; Chen et al., 2008; Hughes et al., 2018).
DNA sequencing and alignment

Using an adapted protocol from Ivanova et al. (2006), we extracted genomic DNA from
muscle and fin tissues stored in 95% ethanol at -20°C. We amplified our four selected genes
using PCR. We designed primers to amplify both nuclear genes, including separate internal
primers for sequencing reactions to avoid non-specific products amplification (Table 2-S2). We
amplified and sequenced col and cyt b using primers published by Ward et al. (2009) and
Palumbi et al. (1991), respectively. We used the following PCR recipe to amplify cyt b, encl,
and rag2 for each reaction: 1X Dream buffer containing 2 mM MgCl,, 0.2 mM of dNTPs,

0.25 uM of forward and reverse primers, 0.75 U of Dream Tagq, ca. 20-30 ng of template DNA,
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and nuclease-free water to adjust to the final reaction volume of 15 pL. Cycling conditions using
a Mastercycler pro S were as follows: initial heating to 95°C for 3 minutes, 35 cycles of
denaturation (95°C for 30 seconds), primer annealing (55°C for 30 seconds), and extension
(72°C for 1 minute and 30 seconds) phases, and a final extension phase at 72°C for 10 minutes.
We used the following PCR recipe to amplify col: 1X Q5 buffer containing 2 mM MgCly, 0.2
mM of dNTPs, 0.5 uM of forward and reverse primers, 0.45 pL of DMSO, 0.3 U of Q5
polymerase, ca. 20-30 ng of template DNA, and nuclease-free water to adjust to the final reaction
volume of 15 pL. Cycling conditions using a Mastercycler pro S were as follows: initial heating
to 98°C for 30 seconds, 34 cycles of denaturation (98°C for 10 seconds), primer annealing (56°C
for 30 seconds), and extension (72°C for 30 seconds) phases, and a final extension phase at 72°C
for 5 minutes.

We visualized PCR products to confirm successful amplification using gel
electrophoresis, followed by PCR products dilution with nuclease-free water according to band
strength: 60 pL for strong bands, 30 puL for medium bands, and 15 pL for weak bands. Using a
Mastercycler pro S, we performed sequencing reactions using the following recipe per sample:
0.9X ABI buffer, 0.5 uM of primer, 0.5 pL of BigDye containing ddNTPs, 1 pL of diluted PCR
products, and nuclease-free water to adjust to the final reaction volume of 10 uL. The sequencing
reaction cycling conditions were as follows: initial heating to 95°C for 3 minutes, 25 cycles of
denaturation (96°C for 30 seconds), primer annealing (50°C for 20 seconds), and extension
(60°C for 4 minutes) phases. Finally, we purified our sequencing reactions using an EDTA-
NaOH-ethanol precipitation protocol provided by the manufacturer. The resulting DNA pellets
were resuspended using HIDI formamide, followed by sequencing using a 3500 xL Genetic

Analyzer (ThermoFisher Scientific). We aligned our sequences using MUSCLE 5.1 plugin

97



(Edgar, 2021) in Geneious Prime 2023.0.1 and concatenated each individual gene using
SequenceMatrix 1.8 (Vaidya et al., 2011).
Phylogenetic analyses and genetic distances

We constructed our multi-gene phylogeny of P. ornatus using a ML analysis with 1Q-
TREE (Minh et al., 2020). We first partitioned our concatenated matrix by gene and by codon
position, totaling 12 partitions. We used the 1Q-TREE web server to identify the substitution
model that best fit each partition with the AlICc (Trifinopoulos et al., 2016; Kalyaanamoorthy et
al., 2017). Using these unlinked substitution models of best fit (Table 3-S2; Chernomor et al.,
2016) with our partitioned sequence matrix, we performed a ML analysis on the 1Q-TREE web
server (Trifinopoulos et al., 2016). We ran the analysis for 100 likelihood searches and
calculated branch support using the ultrafast bootstrap approximation for 1000 replicates (Hoang
et al., 2018). We visualized the resulting phylogeny using FigTree 1.4.4 (Rambaut, 2009).

We calculated the uncorrected p-distance between col sequences of each P. ornatus
individual (with the exception of three individuals due to unavailability from online repositories)
using Geneious Prime 2023.0.1. We then calculated the mean uncorrected p-distance between
lineages we observed in our ML phylogeny.

Results

Using a concatenated DNA matrix of four genes, totaling 3,849 nucleotide base pairs, we
constructed a ML phylogeny of P. ornatus. Pimelodus ornatus specimens collected throughout
South America clustered into seven distinct lineages: Lower Amazon-Xingu clade, Itapecuru
clade, Marowijne clade, Essequibo-Berbice clade, Orinoco clade, Upper Amazon/Rupununi
clade, and Parana clade (Figure 3-2). Each lineage was strongly supported as monophyletic (96-

100 BS; Figure 3-2) and was defined by geographic location (Figure 3-3), with the exception of
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the Upper Amazon/Rupununi clade. The specimens that comprise this lineage include eight
specimens collected from the Ucayali and Nanay rivers of the Peruvian Upper Amazon, two
specimens from the Rupununi savannah, and one specimen from lowland Guyana (Table 3-S1).
Within this lineage, Peruvian and Guyanese individuals were grouped into two separate
monophyletic subclades (99 BS for Peruvian subclade, 78 BS for Guyanese subclade), and were
reciprocally monophyletic (98 BS).

Each lineage exhibited low intra-lineage uncorrected p-distances <1.0%, ranging from
0.00 to 0.38% (Table 3-1). With respect to inter-lineage uncorrected p-distances, values ranged
from 1.91 to 5.96% (Table 3-2). The shortest distance occurred between the Upper
Amazon/Rupununi and Parané clades (1.91%), whereas the longest distance occurred between
the Upper Amazon-Rupununi and Lower Amazon-Xingu clades (5.96%). We also examined p-
distances between the Upper Amazon/Rupununi subclades from Peru and Guyana; these
subclades exhibited a distance of 0.85%.

We included two representatives of each P. ornatus lineage in our ten-gene fossil-
calibrated BI phylogeny of Pimelodidae (see Chapter 4). The topology of both our ML and BI
phylogenies were consistent (Figure 3-4): the Lower Amazon-Xingu clade was sister to all other
lineages (99 BS, 1.0 PP), followed by the Itapecuru clade (69 BS, 0.58 PP) sister to two
subclades composed of: 1) Essequibo-Berbice + Marowijne clades (89 BS, 0.96 PP) and 2)
Orinoco (Parané + Upper Amazon/Rupununi) clades (94 BS, 1.0 PP). The subclades were
reciprocally monophyletic (77 BS, 0.92 PP). Pimelodus ornatus diverged from P. moli sometime
between the Oligocene to Miocene ~19 mya, with a 95% CI of ~12-27 mya (Figure 3-4).

Pimelodus ornatus began to diversify rapidly ~5 mya (3-8 mya 95% CI), with the divergence of
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the Lower Amazon-Xingu clade between the Miocene and Pliocene. All remaining lineages
diversified in the Late Miocene to Pleistocene ~2-5 mya (0.5-6 mya 95% Cl).
Discussion
Cryptic lineage diversity of Pimelodus ornatus

We tested the hypothesis that both impermeable and semi-permeable barriers dividing
major South American river basins have restricted gene flow between P. ornatus subpopulations
using our ML phylogeny, fossil-calibrated Bl phylogeny, and uncorrected p-distances within and
between proposed lineages. We predicted the existence of at least three distinct lineages,
corresponding with the Essequibo, Orinoco, and Amazon-Parana rivers. Our inclusion of 130 P.
ornatus specimens revealed a minimum of seven distinct lineages within the species, almost all
defined by geographic area. In addition to the three lineages proposed by Lundberg et al. (2011)
and Tagliacollo et al. (2015), we observed lineages from the Xingu, Itapecuru, and Marowijne
rivers, and found evidence for distinct Upper Amazon/Rupununi and Parana lineages. We
included the four P. ornatus representatives used by Lundberg et al. (2011) and Tagliacollo et al.
(2015) in our ML phylogeny, and found that: a) the Amazon representative grouped within our
Upper Amazon/Rupununi clade, b) the Orinoco representative grouped within our Orinoco clade,
c) the Parana representative grouped within our Parana clade, and d) the Essequibo
representative grouped within our Essequibo-Berbice clade. These results support our hypothesis
that inter-basin barriers have sufficiently reduced gene flow between subpopulations to allow for
diversification within widespread P. ornatus, potentially representing undescribed cryptic
species.

The uncorrected p-distances we calculated between col sequences further support at least

seven distinct lineages within P. ornatus. Using our ML phylogeny to define the lineages, we
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calculated mean genetic distances within and between these clades. Mean intra-lineage genetic
distances were <0.40%, with a maximum p-distance of 0.99% within the Upper-
Amazon/Rupununi clade. In vertebrates, previous studies have indicated that individuals of the
same species generally do not exceed 1.00% distance (Herbert et al., 2004; Ward et al., 2005; Li
etal., 2018; Tsoupas et al., 2022). Tropical freshwater fishes from the Paraiba do Sul River
(Pereira et al., 2011), freshwater fishes from the Lower Parana River (Diaz et al., 2016), and
African freshwater eels (Hanzen et al., 2020) all exhibit mean intraspecific genetic distances
<1.00%. Ward et al. (2009) proposed that intraspecific distances >3.0% are likely due to
misidentification or unrecognized cryptic species, and that genetic distances >2.00-3.00% likely
represent individuals from different species.

Mean inter-lineage distances in our analyses ranged from 1.91 to 5.96%. All inter-lineage
distances were >2.40% with the exception of 1.91% between the Upper Amazon/Rupununi and
Parana clades. This could reflect a recent splitting event, given that the p-distance between this
pair of lineages was close to the 2.00% threshold proposed by Ward et al. (2009). These lineages
may be in the process of differentiating, potentially because of limited seasonal dispersal
between the Amazon and Parand rivers. Alternatively, the seasonal connections between the
Amazon and Parand rivers may limit genetic differentiation of these clades through gene flow
homogenizing the populations (Slatkin, 1973; Slatkin, 1987; Fitzpatrick et al., 2009; Barrera-
Guzman et al., 2022). Within the Upper Amazon/Rupununi clade, we observed a low mean inter-
clade distance of 0.85%, below the 1.00% intraspecific threshold typical of other vertebrates
(Herbert et al., 2004; Ward et al., 2005; Li et al., 2018; Tsoupas et al., 2022). Despite the disjunct

distribution of these two subclades (Peruvian Amazon and Rupununi savannah), their low inter-
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clade distance supports a monophyletic lineage. We discuss potential explanations for the
distribution of this lineage below.

Lundberg et al. (2011) calculated the uncorrected p-distances between P. ornatus
representatives included in their phylogeny of Pimelodidae using concatenated sequences
combining ragl, rag2, 12S RNA, tRNA-val, 16S RNA, and cyt b, totaling 7,583 nucleotide
bases. The p-distances between P. ornatus representatives estimated by Lundberg et al. (2011)
ranged from 0.40 to 1.90%, lower than those we calculated. This is likely due to their inclusion
of both mitochondrial and nuclear genes; mitochondrial genes generally evolve more quickly
than nuclear genes, and provide better phylogenetic resolution of recently diverged populations
and species (Brown et al., 1979; Saccone et al., 2000; Camus et al., 2022). Therefore, the
presence of slowly-evolving nuclear genes with fewer nucleotide substitutions may have
contributed to the underestimation of genetic distances between P. ornatus representatives in
previous studies.

Topology of Pimelodus ornatus species complex

The evolutionary relationships of the P. ornatus lineages were consistent between our
ML and fossil-calibrated Bl phylogenies. Although we recovered the same topology in both
trees, the support values in the Bl phylogeny were higher than in the ML phylogeny. This is
likely related to the number of genes and outgroups used to construct each tree. The ML
phylogeny was built using four genes and 20 outgroup representatives of Pimelodidae, whereas
the fossil-calibrated Bl phylogeny of Pimelodidae was constructed using ten genes sequenced
from 87 representatives of Pimelodidae and 29 additional outgroups selected from closely related
catfish families (see Chapter 4). All inter-lineage relationships were strongly supported (0.92-1.0

PP), except the Itapecuru lineage. Both phylogenies placed this clade as sister to all remaining

102



lineages except the Lower Amazon-Xingu clade with low support (69 BS, 0.58 PP). This
Northeast Atlantic lineage comprised eight individuals only represented by col sequences
downloaded from BOLD Systems (Ratnasingham & Herbert, 2007), whereas all other lineages
contained individuals sequenced in this study. Using the same molecular dataset to create their
phylogenies, Lundberg et al. (2011) and Tagliacollo et al. (2015) both found a close, sister pair
relationship between P. ornatus individuals from the Parana and Upper Amazon rivers. These
individuals were, in turn, sister to the individual from the Orinoco River, corroborating our
results. Both studies also placed the individual from the Essequibo River as sister to all
remaining P. ornatus representatives. We found that the Essequibo-Berbice lineage formed a
subclade with the Marowijne clade sister to the Orinoco (Upper Amazon/Rupununi + Parana)
subclade.

We propose that P. ornatus diverged from P. moli during the Oligocene to Miocene. Our
origin estimation of P. ornatus is younger than those of Sullivan et al. (2013) and Tagliacollo et
al. (2015), who proposed P. ornatus originated between the Eocene and Late Oligocene. We
believe our younger age estimates more accurately reflect the origins of P. ornatus due to our
inclusion of the most pimelodid taxa (87 of 116 valid species, Fricke et al., 2023), largest
molecular dataset (ten genes, 9,734 nucleotide base pairs), and most comprehensive fossil
calibrations (twelve constraints) of any study to date (see Chapter 4). Sullivan et al. (2013)
constructed a multigene time-calibrated phylogeny of superfamily Pimelodoidea, including only
eight pimelodid representatives (two representatives of P. ornatus), four genes (~6,000
nucleotide base pairs), and nine fossil constraints. Tagliacollo et al. (2015) constructed a time-
calibrated multigene phylogeny of Pimelodidae using 57 pimelodid representatives (four P.

ornatus representatives), six genes (7,362 nucleotide base pairs), and three fossil constraints.
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Furthermore, neither study included P. moli, the closest known relative of P. ornatus. The
common ancestor of these two species represents a node that was not accounted for in either of
the previous studies, possibly contributing to their older age estimations. Both Sullivan et al.
(2013) and Tagliacollo et al. (2015), however, proposed that P. ornatus began to diversify
between the Miocene and Pliocene, corroborating our results.
Evolutionary origins of Pimelodus ornatus lineages

It is possible the P. ornatus species complex originated somewhere near the
contemporary Lower Amazon or Guiana Shield regions. This is supported by two pieces of
evidence: a) its sister relationship with P. moli and b) the current distributions of the two earliest
diverging lineages. Pimelabditus moli is endemic to the Marowijne River basin in Suriname and
French Guiana, north of the Lower Amazon River basin where the Xingu lineage occurs (Parisi
& Lundberg, 2009; Lundberg et al., 2012). The other early diverging lineage within P. ornatus,
the Itapecuru clade, occurs in Northeastern Brazil, a region that drains into the Atlantic Ocean
via the S&o José Bay (Barros et al., 2011; Nascimento et al., 2016; Soares et al., 2017). The
Itapecuru River is dominated by species shared with the Amazon River basin (Barros et al.,
2011), implying these rivers were likely hydrologically connected during the Late Miocene to
Pleistocene. Furthermore, the Amazon River was divided into easterly and westerly draining
rivers separated by the Puras Arch during the Early to Mid-Miocene (Figueiredo et al., 2009;
Wesselingh & Hoorn, 2011; Albert et al., 2018a). The Purus Arch maintained the division
between these drainage basins until ~11 mya, when the easterly-flowing transcontinental
Amazon River was established (Figueiredo et al., 2009; Wesselingh & Hoorn, 2011; Albert et
al., 2018a; Abreu et al., 2020), occurring after the proposed split between P. ornatus and P. moli

~12-27 mya. The current distributions of P. moli and the two early P. ornatus lineages support
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our hypothesis that P. ornatus originated near eastern river drainages of South America;
however, a formal ancestral area state reconstruction will be required to test this hypothesis.

The ancestor of the first subclade within P. ornatus, composed of the Essequibo-Berbice
and Marowijne lineages, split from the ancestor of the subclade containing the Orinoco (Upper
Amazon/Rupununi + Parana) lineages ~2.5-5 mya during the Pliocene. These Guiana Shield
lineages are partially isolated from Amazonian lineages, with dispersal only possible through the
Rupununi Portal during the rainy season (Lujan & Armbruster, 2011; de Souza et al., 2020;
Henschel & Lujan, 2021). This semi-permeable barrier has significantly reduced gene flow
between these lineages, resulting in mean intra-lineage p-distances >4.00%. Historical river-
capture events may have provided dispersal opportunities between early Amazonian and Guiana
Shield rivers (Lujan & Armbruster, 2011; Silva et al., 2014; Albert et al., 2018a). For example,
the Proto-Berbice River paleo-drainage flowed northward into the Atlantic Ocean, connecting
headwaters of the Orinoco River, the Branco River (a tributary of the Negro and Amazon rivers),
the Essequibo River, and the Berbice River from the Paleocene to possibly the Pliocene or
Pleistocene (Lujan & Armbruster, 2011; Lemopoulos & Covain, 2019; Henschel & Lujan, 2021).
If this separation occurred during the Pliocene, vicariance via the division of modern rivers
comprising the Proto-Berbice may have isolated ancestral populations of P. ornatus, resulting in
Guiana Shield, Orinoco, and Amazonian lineages. Within the Guiana Shield, previous studies
suggested two broad ecoregions based on faunal distributions: a) the western Essequibo region
containing (but not limited to) the Essequibo, Berbice, Corantijn rivers and b) an eastern Guianas
region containing major rivers of French Guiana, such as the Marowijne River (Fisch-Muller et
al., 2018; Lemopoulos & Covain, 2019). The distinct fish assemblages observed in these

ecoregions agree with the distinct Essequibo-Berbice and Marowijne P. ornatus lineages. Fishes
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from the western ecoregion are closely associated with those of the Branco River, further
supporting historic faunal exchange between Amazonian and Guianese rivers (Sidlauskas &
Vari, 2012; Lemopoulos & Covain, 2019).

Differentiation of the lineages that comprise the Orinoco (Upper Amazon/Rupununi +
Parana) subclade may have coincided with the splitting of the constituent Proto-Berbice rivers.
The Orinoco had largely been separated from the Amazon River by uplift of the Vaupés Arch
during the Miocene ~8-10 mya (Winemiller & Willis, 2011; Albert et al., 2018a). The Proto-
Berbice could have provided dispersal opportunities between river basins before its eventual
separation during the Pliocene to Pleistocene (Lujan & Armbruster, 2011; Lemopoulos &
Covain, 2019; Henschel & Lujan, 2021). The Orinoco lineage has mean inter-lineage p-distances
>2.40%, despite the continued connection via the Casiquiare River (Winemiller et al., 2008;
Winemiller & Willis, 2011; Stokes et al., 2018). Noteworthy, our analyses included a P. ornatus
specimen collected from the Casiquiare River, nested within the Orinoco lineage and distinct
from the Upper Amazon/Rupununi lineage (>3.00% p-distance). A possible explanation for this
is the different water chemistries of the Orinoco and Negro rivers. The Orinoco is a clearwater
river, characterized by neutral pH and limited quantities of dissolved solids and sediments,
whereas the Negro River is a blackwater river, characterized by low pH, high tannin content, and
a distinct tea colour (Winemiller et al., 2008; Rios-Villamizar et al., 2013). Adaptations specific
to each of these water types may impede P. ornatus populations from mixing and thus prevent
gene flow (Winemiller et al., 2008).

Uplift of the Michicola Arch during the Oligocene divided the Upper Amazon River from
the Parana-Paraguay River basin (Carvalho & Albert, 2011; Albert et al., 2018a; Cassemiro et

al., 2023). The divergence of the Upper Amazon/Rupununi lineage from the Parané lineage
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occurred well after the establishment of this barrier (Carvalho & Albert, 2011; Albert et al.,
2018a; Cassemiro et al., 2023). Therefore, it is likely these lineages began to differentiate
following dispersal of the ancestral population across seasonal connections between these basins
(Carvalho & Albert, 2011). As previously mentioned, these lineages may be in the process of
differentiating, or seasonal dispersal corridors may constrain differentiation.

The Upper Amazon/Rupununi lineage is the only clade not defined by geographic area,
distributed in the Peruvian Amazon, Rupununi savannah, and lowland Guyana. We were unable
to obtain P. ornatus specimens from most of the Amazon River basin, possibly explaining why
this lineage exhibits a disjunct distribution. Pimelodus ornatus populations from the Middle
Amazon and Branco River may belong to this lineage, bridging these subpopulations.
Interestingly, other Guyanese fishes, Skiotocharax meizon and a subpopulation of
Gymnotus carapo, are more closely related to Amazonian taxa than to other Guyanese taxa,
similar to the Upper Amazon and Rupununi subclades (Presswell et al., 2000; Lehmberg et al.,
2018). The two distinct lineages within Guyana (the Upper Amazon/Rupununi and Essequibo-
Berbice lineages) have maintained a mean p-distance >4.00% despite the absence of physical
barriers (documented to co-occur in the Konawaruk River). This indicates assortative mating
maintains divisions between these lineages, and future studies should investigate what factors
contribute to their reproductive isolation. Finally, the two Amazonian lineages display the
highest mean inter-lineage p-distance (>5.90%) of any two lineages. Similar to the Orinoco and
Upper Amazon/Rupununi lineages, it is possible that water chemistry impedes mixing of these
populations. The Xingu is a clearwater river, whereas the Amazon is a whitewater river,
characterized by high turbidity and dissolved nutrients (Wittmann et al., 2006; Rios-Villamizar et

al., 2013; Bertassoli Jr. et al., 2017). By collecting P. ornatus specimens from the Lower
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Amazon near the mouth of the Xingu River, future studies can more accurately assess the
distributions of P. ornatus lineages and whether water chemistry may act as a barrier to
dispersal.

Our next step will be to analyze morphological and anatomical characters of museum-
deposited P. ornatus voucher specimens. Physical character analyses combined with our
molecular analyses will be used to describe each potentially new species formally, possibly
resulting in up to six additional species. Furthermore, voucher specimens collected from
additional regions may provide useful insights into species distributions and identify other
cryptic species within the P. ornatus complex.

Conclusion

In this study, we investigated how paleohydrological events have shaped the genetic
structure of the widespread ornate pim catfish. We tested the hypothesis that impermeable and
semi-permeable barriers between subpopulations of P. ornatus have significantly reduced gene
flow and resulted in genetic differentiation. We created a phylogeny of 130 P. ornatus
specimens, fossil-calibrated this phylogeny, and calculated p-distances between individuals. We
recovered seven distinct lineages strongly defined by geographic location, except for an Upper
Amazon/Rupununi clade. These clades exhibited inter-lineage p-distances comparable to
congeneric species of other vertebrates, indicating a potential need for formal species
description. Our next steps will be to conduct an ancestral area state reconstruction to determine
areas of origin within the species complex and to analyze morphological data to describe these

potentially new species formally.
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Tables

Table 3-1 Mean, median, minimum, and maximum intra-lineage uncorrected co/ p-distances (%) of seven observed clades within a
maximum likelihood phylogeny of Pimelodus ornatus. P-distances were analyzed using 127 col sequences, and sample sizes (n) of
each lineage are provided below.

Xingu Itapecuru  Marowijne  Essequibo-  Orinoco Upper Parana
Berbice Amazon/Rupununi

Mean 0.04 0.00 0.00 0.02 0.15 0.38 0.08
Median 0.00 0.00 0.00 0.00 0.15 0.15 0.00
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 0.15 0.00 0.00 0.15 0.30 0.99 0.77
SD! 0.07 0.00 0.00 0.05 0.16 0.43 0.13
SE? 0.01 0.00 0.00 0.00 0.07 0.06 0.00
n 8 8 11 20 4 11 65

I SD = standard deviation
2 SE = standard error
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Table 3-2 Inter-lineage uncorrected col p-distances (%) between seven observed clades within a maximum likelihood phylogeny of
Pimelodus ornatus. P-distances are presented above the diagonal and standard errors are presented below.

Lineage Xingu Itapecuru Marowijne Essequibo- Orinoco Upper Parana
Berbice Amazon/Rupununi

Xingu * 5.80 5.26 4.76 5.73 5.96 4.87

Itapecuru 0.01 * 4.17 4.83 5.54 5.89 4.68

Marowijne 0.01 0.00 * 2.83 4.41 4.11 2.70

Essequibo-Berbice 0.00 0.00 0.00 * 4.09 4.22 3.00

Orinoco 0.02 0.03 0.02 0.01 * 3.18 2.44

Upper 0.08 0.06 0.02 0.04 0.05 * 1.91

Amazon/Rupununi

Parand 0.00 0.00 0.00 0.00 0.01 0.01 *
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Figures

1320

Figure 3-1 Distribution map of Pimelodus ornatus within South America created using
SimpleMappr (Shorthouse, 2010). Occurrence data was assembled from Ferraris, Jr. (2007),
Fricke et al. (2023), and GBIF.org (2023a).
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Figure 3-2 Maximum likelihood phylogeny of Pimelodus ornatus using a four-gene
concatenated data matrix using IQ-TREE (Minh et al., 2020). Bootstrap values > 50% are
presented above each branch, and lineage names provided right of the specific epithets.
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Figure 3-3 Distribution of Pimelodus ornatus sample sites in major river basins of South
America. Seven major lineages observed within P. ornatus are distinguished by colour: yellow =
Lower Amazon-Xingu, white = Itapecuru, purple = Marowijne, red = Essequibo-Berbice, blue =
Orinoco, green = Upper Amazon/Rupununi, and orange = Parana. Distribution map created using
SimpleMappr (Shorthouse, 2010).
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Figure 3-4 Fossil-calibrated Bayesian inference phylogeny of Pimelodus ornatus using a ten-
gene concatenated data matrix. The phylogeny was created using the CladeAge package in
BEAST2 (Matschiner et al., 2017), and divergence times were estimated using twelve fossil
constraints. Posterior probabilities > 0.5 are presented above each branch and blue node bars
represent the 95% confidence interval of estimated origin times. Geological scale axis measured
in million years before present.
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Supplemental Material for Chapter 3

Table 3-S1 Museum voucher data for 130 Pimelodus ornatus specimens and 20 pimelodid outgroup species. Lineage abbreviations are
as follows: XI = Lower Amazon — Xingu, IT = Itapecuru, MA = Marowijne, EB = Essequibo-Berbice, OR = Orinoco, AR = Upper
Amazon/Rupununi, and PA = Parana.

Species Lineage Specimen Museum Voucher  Locality Latitude/Longitude
Label Number
Pimelodus ornatus Kner, 1858  XI F100 ANSP 199580 Xingu River, Brazil S03°36'29.3"
W052°20'57.2"
Pimelodus ornatus Kner, 1858  XI F226 ROM Tissue Mouth of Iriri River, S03°48'53.0"
Brazil W052°37'09.0"
Pimelodus ornatus Kner, 1858  XI F228 ROM Tissue Rapids at Barinha, Brazil S04°09'44.0"
W053°23'04.0"
Pimelodus ornatus Kner, 1858  XI F271 ANSP 193050 Xingu River, Brazil S03°39'19.4"
W052°23'30.1"
Pimelodus ornatus Kner, 1858  XI F273 INPA 40000 Iriri River, Brazil S03°49'24.5"
W052°40'42.8"
Pimelodus ornatus Kner, 1858  XI F277 INPA 43508 Xingu River, Brazil S03°35'55.8"
W051°49'57.4"
Pimelodus ornatus Kner, 1858  XI F278 ANSP 196909 Iriri River, Brazil S03°51'19.1"
W052°43'43.5"
Pimelodus ornatus Kner, 1858  XI F279 ANSP 198100 Xingu River, Brazil S03°20'31.2"
W052°11'09.8"
Pimelodus ornatus Kner, 1858 1T ITAPE065-15 UEMA 104565 Itapecuru River, Brazil S02°56'23.0"
W044°14'26.0"
Pimelodus ornatus Kner, 1858 IT ITAPEO66-15 UEMA 104565 Itapecuru River, Brazil S02°56'23.0"
W044°14'26.0"
Pimelodus ornatus Kner, 1858  IT ITAPEO67-15 UEMA 104565 Itapecuru River, Brazil S04°52'28.0"
W043°20'48.0"
Pimelodus ornatus Kner, 1858 1T ITAPE068-15 UEMA 104565 Itapecuru River, Brazil S02°56'23.0"
W044°14'26.0"
Pimelodus ornatus Kner, 1858 1T ITAPE069-15 UEMA 104565 Itapecuru River, Brazil S06°01'32.0"

W044°14'57.0"
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Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858

Pimelodus ornatus Kner, 1858

IT

IT

IT

MA

MA

MA

MA

MA

MA

MA

MA

MA

MA

MA

EB

EB

ITAPEO70-15

ITAPEO71-15

ITAPE400-15

F68

F256

F257

F266

GF10-030

GF15-003

GF15-102

GF15-199

GF15-200

GFSU14-373

SU08-375

F230

F231

UEMA 104565

UEMA 104565

UEMA 104572

ANSP 187113

ROM 100852

ROM 100852

ANSP 187113

MHNG 2721.079

MHNG Tissue

MHNG Tissue

MHNG Tissue

MHNG Tissue

MHNG Tissue

MHNG Tissue

ROM 87121

ROM 87208

Itapecuru River, Brazil
Itapecuru River, Brazil
Itapecuru River, Brazil
Lawa River, Suriname

Marowijne River,
Suriname

Marowijne River,
Suriname

Lawa River, Suriname

Serpent Creek, Maroni
River, French Guiana
Lawa River, French
Guiana

Lawa River, French
Guiana

Tampok River, French
Guiana

Tampok River, French
Guiana

Marouini River, French
Guiana

Paloemeu River, Suriname

Mappa Lagoon camp,
Guyana

Upper Demerara-Berbice,
Guyana

S06°01'32.0"
W044°14'57.0"
S06°01'32.0"
w044°14'57.0"
S03°23'42.0"
W044°21'35.0"
N03°19'31.0"
W054°03'48.0"
N04°54'25.0"
W054°26'22.0"
N04°54'25.0"
W054°26'22.0"
N03°19'31.0"
W054°03'48.0"
N05°19'00.0"
W054°07'59.0"
N03°22'59.0"
W054°03'19.0"
N03°22'59.0"
W054°03'19.0"
N03°2324.0"
W053°55'33.0"
N03°2324.0"
W053°55'33.0"
N02°51'30.0"
W053°58'38.0"
NO03°11'53.0"
W055°2426.0"
N05°10'28.0"
W058°09'48.0"
N05°04'19.0"
W058°15'19.0"
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Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858

Pimelodus ornatus Kner, 1858

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

EB

F232

F233

F235

F236

F237

F238

F239

F240

F241

F242

F243

F244

F245

F246

F247

F248

ROM 87208

ROM 87151

ROM 96132

ROM 96132

ROM 96132

ROM 96132

ROM 96132

ROM 96132

ROM 96132

ROM 96132

ROM 96132

ROM 96257

ROM 81643

ROM 81643

ROM 81643

ROM 96885

Upper Demerara-Berbice,
Guyana

East Berbice — Corentyne,
Guyana

Stream mouth along
Kuyuwini River, Guyana
Stream mouth along
Kuyuwini River, Guyana
Stream mouth along
Kuyuwini River, Guyana
Stream mouth along
Kuyuwini River, Guyana
Stream mouth along
Kuyuwini River, Guyana
Stream mouth along
Kuyuwini River, Guyana
Stream mouth along
Kuyuwini River, Guyana
Stream mouth along
Kuyuwini River, Guyana
Stream mouth along
Kuyuwini River, Guyana
Stream mouth along
Kuyuwini River, Guyana
Konawaruk River, Guyana

Konawaruk River, Guyana
Konawaruk River, Guyana

Creek on road east of
NARIL camp, Guyana

N05°04'19.0"
W058°15'19.0"
NO04°11'12.0"
W058°13'17.0"
N02°10'53.7"
W059°20'51.3"
N02°10'53.7"
W059°20'51.3"
N02°10'53.7"
W059°20'51.3"
N02°10'53.7"
W059°20'51.3"
N02°10'53.7"
W059°20'51.3"
N02°10'53.7"
W059°20'51.3"
N02°10'53.7"
W059°20'51.3"
N02°10'53.7"
W059°20'51.3"
N02°10'53.7"
W059°20'51.3"
N02°10'53.7"
W059°20'51.3"
N05°07'14.0"
W059°06'38.0"
N05°07'14.0"
W059°06'38.0"
N05°07'14.0"
W059°06'38.0"
N05°08'26.0"
W059°04'21.0"
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Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858

Pimelodus ornatus Kner, 1858

EB

EB

EB

EB

OR

OR

OR

OR

OR

AR

AR

AR

AR

AR

AR

AR

F252

F272

Hardman

2005

INHS 49102

F274

F275

F276

F293

AUM 22394

F215

F217

F250

F265

F267

F268

F281

ROM 97485

AUM 36051

INHS 49102

INHS 49102

AUM 41487

AUM 43632

AUM 43339

IAVHP Tissue

AUM 22394

ROM 86203

ROM 86350

ROM 96990

ANSP 178452

ANSP 181099

ANSP 181099

ANSP 178452

Mouth of Kurupung River,
Guyana
Rupununi River, Guyana

Demerara River, Guyana
Demerara River, Guyana

Manapiare River,
Venezuela

Siapa River (Casiquiare
drainage), Venezuela
Casiquiare River,
Venezuela

Guayabero River,
Colombia

Cinaruco River, Orinoco
drainage, Venezuela
Rupununi River at
Dadanawa, Guyana

North of Lethem at Pirara,
Guyana

Konawaruk River, Guyana

Nanay River at Pampa
Chica, Peru

Nanay River, vicinity of
Santa Clara, Peru
Nanay River, vicinity of
Santa Clara, Peru
Nanay River at Pampa
Chica, Peru

N06°13'19.0"
W060°09'04.0"
N03°55'03.0"
W059°06'01.0"
N05°57'39.5"
W058°17'43.2"
N05°57'39.5"
W058°17'43.2"
N05°26'12.0"
W066°06'45.0"
NO01°49'00.0"
W065°47'41.0"
N03°06'50.0"
W065°52'38.0"
N02°17'35.6"
W073°52'32.9"
N06°32'44.0"
W067°3024.0"
N02°49'54.0"
W059°31'41.0"
N03°37'17.0"
W059°40'29.0"
N05°12'05.0"
W059°02'18.0"
S03°45'09.0"
W073°17'00.0"
S03°46'56.0"
W073°20'33.0"
S03°46'56.0"
W073°20'33.0"
S03°45'09.0"
W073°17'00.0"
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Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858

Pimelodus ornatus Kner, 1858

AR

AR

AR

AR

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

ITAP 80142
ITAP-CIIAP-
01051-1
[TAP-CIIAP-
01051-2
ITAP-CIIAP-
01051-3
F270

F280

P34

P91

P92

P122

P253
PEDII258-22
PEDII259-22
PEDII260-22
PEDII261-22

PEDII262-22

LBGM IIAP 80142
LBGM IIAP-
CIIAP-01051-1
LBGM ITAP-
CIIAP-01051-2
LBGM IIAP-
CIIAP-01051-3
MLP Tissue
MLP 5131
UEMS P34
UEMS P91
UEMS P92
UEMS P122
UEMS P253
UEL Tissue
UEL Tissue
UEL Tissue
UEL Tissue

UEL Tissue

Marafion River, Amazon
drainage, Peru

Ucayali River, Amazon
drainage, Peru

Ucayali River, Amazon
drainage, Peru

Ucayali River, Amazon
drainage, Peru
Purchased from aquarium
in Corrientes, Argentina
Parané River near town of
Perichon, Argentina
Possibly near UEMS
Aquidauana, Brazil
Possibly near UEMS
Aquidauana, Brazil
Possibly near UEMS
Aquidauana, Brazil
Possibly near UEMS
Aquidauana, Brazil
Possibly near UEMS
Aquidauana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil

S04°31'18.9"
W073°35'14.9"
S06°03'36.0"
W074°52'48.0"
S06°03'36.0"
W074°52'48.0"
S06°03'36.0"
W074°52'48.0"
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
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Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858

Pimelodus ornatus Kner, 1858

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PEDII263-22

PEDII264-22

PEDII265-22

PEDII266-22

PEDII267-22

PEDII268-22

PEDII269-22

PEDII270-22

PEDII271-22

PEDII272-22

PEDII273-22

PEDII274-22

PEDII275-22

PEDII276-22

PEDII277-22

PEDII278-22

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil

S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
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Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858

Pimelodus ornatus Kner, 1858

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PEDII279-22

PEDII280-22

PEDII281-22

PEDII282-22

PEDII283-22

PEDII284-22

PEDII285-22

PEDII286-22

PEDII287-22

PEDII288-22

PEDII289-22

PEDII290-22

PEDII291-22

PEDII292-22

PEDII293-22

PEDII294-22

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River near
Taquarugu River, Brazil
Paranapanema River near
Taquarucu River, Brazil
Paranapanema River near
Taquarugu River, Brazil
Paranapanema River near
Taquarugu River, Brazil

S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°36'57.8"
W051°48'59.9"
S22°36'57.8"
W051°48'59.9"
S22°36'57.8"
W051°48'59.9"
S22°36'57.8"
W051°48'59.9"
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Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858
Pimelodus ornatus Kner, 1858

Pimelodus ornatus Kner, 1858

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PA

PEDII295-22

PEDII296-22

PEDII297-22

PEDII298-22

PEDII299-22

PEDII300-22

PEDII301-22

PEDII302-22

PEDII303-22

PEDII304-22

PEDII305-22

PEDII306-22

PEDII307-22

PEDII308-22

PEDII309-22

PEDII310-22

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

UEL Tissue

Paranapanema River near
Taquarugu River, Brazil
Paranapanema River near
Taquarugu River, Brazil
Paranapanema River near
Taquarugu River, Brazil
Paranapanema River near
Taquarugu River, Brazil
Paranapanema River near
Taquarugu River, Brazil
Paranapanema River near
Taquarucu River, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil
Paranapanema River in
Rosana, Brazil

S22°36'57.8"
W051°48'59.9"
S22°36'57.8"
W051°48'59.9"
S22°36'57.8"
W051°48'59.9"
S22°36'57.8"
W051°48'59.9"
S22°36'57.8"
W051°48'59.9"
S22°36'57.8"
W051°48'59.9"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
S22°31'49.8"
W052°56'54.6"
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Pimelodus ornatus Kner, 1858  PA PEDII311-22 UEL Tissue Paranapanema River in S22°31'49.8"
Rosana, Brazil W052°56'54.6"
Pimelodus ornatus Kner, 1858  PA PEDII312-22 UEL Tissue Paranapanema River near ~ S22°36'57.8"
Taquarugu River, Brazil W051°48'59.9"
Pimelodus ornatus Kner, 1858  PA PEDII313-22 UEL Tissue Paranapanema River near  S22°36'57.8"
Taquarugu River, Brazil W051°48'59.9"
Pimelodus ornatus Kner, 1858  PA PEDII314-22 UEL Tissue Paranapanema River near ~ S22°36'57.8"
Taquarugu River, Brazil W051°48'59.9"
Pimelodus ornatus Kner, 1858  PA PEDII315-22 UEL Tissue Paranapanema River near  S22°36'57.8"
Taquarucu River, Brazil W051°48'59.9"
Aguarunichthys torosus F253 ROM 100218 Dué River, Amazon N00°00'12.0"
Stewart, 1986 drainage, Ecuador WO077°24'05.0"
Brachyplatystoma rousseauxii F48 ANSP 187109 Purchased from marketin ~ N/A
(Castelnau, 1855) Paramaribo, Suriname N/A
Calophysus macropterus F69 ANSP 182754 Amazon River, vicinity of  S03°40'36.0"
(Lichtenstein, 1819) Iquitos, Peru W073°14'37.0"
Cheirocerus abuelo (Schultz, F381 ANSP/CZUT Sardinata River, N08°36"24.2"
1944) Catutumbo, Colombia W072°37'45.8"
Duopalatinus peruanus F344 ANSP 198892 Portuguesa River, NO07°56'10.6"
Eigenmann & Allen, 1942 Venezuela W067°3220.4"
Exallodontus aguanai F71 ANSP 180947 Amazon River, vicinity of  S03°40'36.0"
Lundberg, Mago-Leccia and Iquitos, Peru W073°14'37.0"
Nass, 1991
Hypophthalmus edentatus Spix F513 MPEG Tissue Tocantins River, Brazil S05°20'11.9"
& Agassiz, 1829 W48°51'15.5"
Theringichthys labrosus F398 ANSP 203185 La Plata River, Uruguay S34°26'17.8"
(Liitken, 1874) W057°52'45.9"
Leiarius marmoratus (Gill, F44 ANSP 178109 Purchased from fishermen N/A
1870) in Iquitos, Peru N/A
Megalonema psammium F384 ANSP/CZUT Zulia River, Colombia N/A
Schultz, 1944 N/A
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Phractocephalus
hemioliopterus (Bloch and
Schneider, 1801)
Pimelabditus moli Parisi &
Lundberg, 2009
Pimelodina flavipinnis
Steindachner, 1876
Pimelodus blochii
Valenciennes, 1840
Pimelodus coprophagus
Schultz, 1944

Pimelodus maculatus
Lacepede, 1803

Pimelodus pictus Steindachner,
1876

Platysilurus mucosus (Vaillant,
1880)

Pseudoplatystoma punctifer
(Castelnau, 1855)

Sorubim lima (Bloch &
Schneider, 1801)

F227

F314

F353

F220

F390

F289

F351

F58

F341

F92

ROM Tissue

MHNG 2709.099

ANSP 198936

ROM 86545

ANSP/CZUT

MZUSP 78460

ANSP 198956

ANSP 178509

INPA 52557

ANSP 179842

Curapé¢ Island, Brazil

Paloemeu River, Suriname
Apure River, Venezuela

Creek near Georgetown
and Parika, Guyana
Quebrada Agualasal, Zulia
River, Colombia

Brazil

Apure River, Venezuela
Purchased at Belem
market, Iquitos, Peru

Xingu River, Brazil

Moena Cano & mouth of
Ullpa Cano, Iquitos, Peru

S04°06'52.0"
W053°22'27.0"

NO03°11'54.0"
W055°2424.0"
N07°53'55.3"
W067°27'32.0"
N/A

N/A
NO08°13'24.9"
W072°32'00.7"
N/A

N/A
NO07°54'02.3"
W067°29'27.9"
N/A

N/A
S03°33'44.8"
W052°23'30.6"
S03°46'19.0"
W073°14'16.0"
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Table 3-S2 Best 1Q-TREE nucleotide substitution models found using the Corrected Akaike
Information Criterion for 30 gene partitions of the concatenated Pimelodus ornatus alignment.

Nucleotide substitution model Gene partitions

HKY + F encl_pos3

HKY + F + G4 col_pos3

JC col_pos?2

K2P glyt_pos2

K2P + G4 rag2_posl

K2P + 1 rag2_pos2, rag2_pos3

TIM2 + F + G4 cytb_pos2

TN+F +1 cytb_posl, encl_pos2

TNe + G4 col posl, cytb pos3, encl posl
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Chapter 4

The influence of Andean uplift and river capture on the origins and evolution of Neotropical

long-whiskered catfishes (Pimelodidae, Siluriformes)

126



Abstract

The Neotropical rainforest boasts the greatest biodiversity of any ecosystem on Earth.
One defining geological process that contributed to this great diversity was the uplift of the
Andean mountains, changing the South American landscape dramatically. The shifting landscape
altered gene flow, presented unique selective pressures, and subjected organisms to stochastic
events. Therefore, biologists seek to understand how these dramatic events influenced the genetic
landscape of the hyper-diverse Neotropical species assemblage. Orogenesis and subsequent river
capture resulting from migrating river boundaries have been proposed to elevate rates of
speciation and extinction, but evolutionary changes are largely taxon-specific. Our goal was to
investigate how Andean uplift influenced speciation and cladogenesis within the long-whiskered
catfish family Pimelodidae. To do this, we created a time-calibrated phylogeny of Pimelodidae
using ten genes and 87 of the 116 extant species within the family. We calibrated our phylogeny
using twelve fossils and estimated divergence times. We proposed Pimelodidae originated
between the Late Cretaceous and the Eocene. We recovered most pre-existing pimelodid clades
with strong support; however, we found evidence for eight subclades within the “Pimelodus”
ornatus — Calophysus — Pimelodus clade, splitting previous groups and creating a novel
“Pimelodus” grosskopfii group comprised of trans-Andean species. Several genera, including
Leiarius, Brachyplatystoma, Propimelodus, Duopalatinus, Iheringichthys, and Pimelodus, were
paraphyletic or polyphyletic. We found evidence that Andean uplift may have contributed to
speciation events within Pimelodidae following final separation of modern river basins. One
trans-Andean clade, however, diverged from cis-Andean species prior to uplift of the Mérida
Cordillera and the Eastern Cordillera, suggesting ecological factors and selective pressures may

have influenced their evolution. Our next step will be to conduct an ancestral area state
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reconstruction to determine where speciation events most likely occurred, and test which

vicariance and dispersal models best fit the updated phylogeny.
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Introduction

Evolutionary biology and biogeography are built upon the premise that the evolution and
distribution of species are directly influenced by landscape and geography, among other factors
(Grinnell, 1924; Humphries & Parenti, 1999; Kozak et al., 2008; Heads, 2015; Edwards et al.,
2022). The physical environment may act as a bridge or barrier between populations, may
provide unique selective pressures in different regions, and may subject organisms to stochastic
events (Manel et al., 2003; Pearson et al., 2009; Krewenka et al., 2011; Kreyling et al., 2011;
Rocha-Mendéz et al., 2019). Although landscape and geography appear relatively constant
throughout the lifespan of most organisms, the Earth’s surface is a dynamic system that has
changed dramatically over the course of geological history (Murray et al., 2009; Flament et al.,
2013; Duarte, 2022). Operating at a scale of thousands to millions of years, phenomena such as
continental drift, orogenesis, and glaciation occur slowly (Grinnell, 1924; Brunsden & Thornes,
1979; Benton, 2009; Gingerich, 2021; Duarte, 2022). Nevertheless, these changes play a
fundamental role in shaping biodiversity across the tree of life (Santucci, 2005; Hoorn et al.,
2013; Li et al., 2015; Cauvy-Fraunié et al., 2019). Therefore, it is important to consider both
contemporary and historical evidence when elucidating the evolutionary history of species
(Harvey & Pagel, 1991; Davies et al., 2011; Li et al., 2015).

The well-documented geological and hydrological history of South America combined
with the presence of the Neotropical rainforest, one of the most diverse ecosystems on Earth
(Hoorn et al., 2010; Albert et al., 2018a; Antonelli et al., 2018; Rocha-Mendéz et al., 2019;
Bedoya et al., 2021), provides an excellent opportunity to elucidate the influence of
geomorphological changes on evolutionary processes. Following its split from Africa during the

Cretaceous (Dietz & Holden, 1970; Lundberg et al., 1998; Hoorn et al., 2010; Wesselingh &
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Hoorn, 2011; Hurtado et al., 2018; Cassemiro et al., 2023), South America’s topography has
changed dramatically (Hoorn et al., 2010; Davila & Lithgow-Bertelloni, 2013; Rahbek et al.,
2019). One of the most influential geological events was the uplift of the Andes (Hoorn et al.,
2010; Hurtado et al., 2018; Rahbek et al., 2019; Cassemiro et al., 2023). The history of these
mountains is intertwined with the formation of some of the world’s largest modern rivers, such
as the Amazon, Orinoco, and Parana. (Antonelli et al., 2009; Anderson et al., 2016; Hurtado et
al., 2018; Bedoya et al., 2021). Given the mega-diverse species assemblage found within South
America, biologists have sought to understand how Andean orogenesis has contributed to the
origins and evolution of Neotropical species (Antonelli et al., 2009; Hoorn et al., 2010; Albert et
al., 2018b; Rincon-Sandoval et al., 2019; Hoorn et al., 2022). Orogenesis can either prevent or
promote gene flow, depending on the biological and geomorphological context (Hoorn et al.,
2013; Luebert & Weigend, 2014; Rahbek et al., 2019). Mountain uplift may separate previously
continuous populations, preventing gene flow and promoting speciation via vicariance from
distinct selective pressures and mutations (Macey et al., 1999; Sanmartin, 2003; Hoorn et al.,
2013; Luebert & Weigend, 2014; Rahbek et al., 2019). Speciation resulting from orogenic
vicariance has been proposed for Aphanius Eurasian killifishes (Hrbek & Meyer, 2003), Drimys
tropical evergreens (Luebert & Weigend, 2014), Dendrocincla woodcreepers (Weir & Price,
2011), Montivipera mountain vipers (Ahmadi et al., 2021), etc. Alternatively, mountain uplift
may connect previously isolated regions, providing dispersal opportunities and expanding the
range of montane species (Hoorn et al., 2013; Luebert & Weigend, 2014; De-Silva et al., 2016;
Sanin et al., 2022). Organisms, such as Azorella flowering plants (Luebert & Weigend, 2014),
Oleria clearwing butterflies (De-Silva et al., 2016), and Ceroxylon montane palms (Sanin et al.,

2022), were able to disperse and diversify following orogenesis.
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Although the rise of the Andes established many barriers between modern South
American rivers, it also created new connections via river capture events (Tagliacollo et al.,
2015; Stokes et al., 2018; Albert et al., 2021; Bedoya et al., 2021). River or stream capture
occurs when a river is diverted from its basin into a neighbouring basin (Tagliacollo et al., 2015;
Albert et al., 2018b; Stokes et al., 2018; Albert et al., 2021). Capture events establish connections
between previously isolated rivers, allowing aquatic species to disperse into new habitats
(Burridge et al., 2006; Tagliacollo et al., 2015; Albert et al., 2021). River capture may also
facilitate vicariance when individuals from the diverted river are isolated from the population in
the original drainage basin (Burridge et al., 2006; Tagliacollo et al., 2015; Albert et al., 2018b;
Albert etal., 2021). The evolution of several freshwater organisms, such as potamotrygonid
freshwater stingrays (Albert et al., 2021), Galaxias fishes (Waters et al., 2020), and Brotia
freshwater snails (Kdhler et al., 2010), has been linked with historic river capture events.

Generally, orogenesis and river capture increase speciation and extinction rates; however,
specific evolutionary responses are largely taxon-specific (Heard, 1996; Pigot et al., 2010; Albert
etal., 2018b; Albert et al., 2021). Therefore, it is important to document differences between
taxa to elucidate macroevolutionary patterns. One family of freshwater fishes that may provide
insight into the connection between orogenesis and speciation is the long-whiskered catfishes,
Pimelodidae. This Neotropical family inhabits cis- and trans-Andean drainage basins throughout
South America, as well as the Tuira River basin on the Isthmus of Panama (Figure 4-1; Ribeiro
etal., 2008; Lundberg et al., 2011; Lundberg et al., 2012; Sullivan et al., 2013; Nelson et al.,
2016). Pimelodids are important food and sport fishes, and they exhibit a wide range of adult
body size ranging from several centimeters to several meters (Buitrago—Suarez & Burr, 2007;

Garcia Vasquez et al., 2009; Lundberg et al., 2012). The goliath catfishes within
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Brachyplatystoma undertake some of the longest freshwater migrations on Earth, spanning the
length of the Amazon (Garcia Vasquez et al., 2009; Van Damme et al., 2019). Pimelodidae is
currently comprised of 116 extant species, divided into 31 genera (Lundberg et al., 2011;
Lundberg et al., 2012; Nelson et al., 2016; Fricke et al., 2023).

Previous studies have proposed that Pimelodidae originated sometime between the Late
Cretaceous and Eocene (Hardman & Lundberg, 2006; Sullivan et al., 2013; Tagliacollo et al.,
2015; Betancur-R et al., 2017). This coincides with Andean uplift and the reorganization of large
river basins. Andean uplift and exposure of the Purds Arch in Central Amazonia divided what is
now the modern Amazon into eastern and western basins during the Early to Mid-Miocene
(Figueiredo et al., 2009; Wesselingh & Hoorn, 2011; Albert et al., 2018a; Oberdorff et al., 2019;
Cassemiro et al., 2023). As the Andes rose, subsidence increased in the sub-Andean foreland
west of the Purds Arch, creating the Pebas mega-wetland (Wesselingh & Hoorn, 2011; Oberdorff
etal., 2019; Hoorn et al., 2022). Over time, sedimentation and erosion from the rising Andes
contributed to the establishment of the modern east-flowing Amazon, overcoming the Purds
Arch sometime during the Late Miocene ~11 mya (Lundberg et al., 1998; Wesselingh & Hoorn,
2011; Hoorn et al., 2022; Cassemiro et al., 2023). In the north, the Eastern and Mérida cordilleras
of the Andes divided trans-Andean drainages, such as the Magdalena and Maracaibo basins,
from cis-Andean drainages, such as the Amazon, Orinoco, and Essequibo basins, during the Late
Neogene (Lundberg et al., 1998; Albert et al., 2006; Hardman & Lundberg, 2006; Wesselingh &
Hoorn, 2011; Anderson et al., 2016; Rincon-Sandoval et al., 2019). Uplift of other structural
arches, such as the Michicola and Vaupés arches, created boundaries between neighbouring

drainage basins, separating the Amazon basin from the Parana-Paraguay and Orinoco basins,
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respectively (Lundberg et al., 1998; Carvalho & Albert, 2011; Winemiller & Willis, 2011,
Anderson et al., 2016; Caputo & Soares, 2016; Albert et al., 2018a; Cassemiro et al., 2023).

Owing to the widespread distribution and early origin of pimelodid species predating
major Andean uplift and historical river capture events, the evolutionary history of Pimelodidae
presents an excellent opportunity to investigate the relationship between geological/hydrological
phenomena and patterns of diversification. The purpose of our study was to determine whether
Andean uplift and changes to river drainage organization within South America coincided with
cladogenesis within Pimelodidae. We hypothesized that speciation events within Pimelodidae
increased following vicariance caused by Andean uplift and river capture events. Furthermore,
we hypothesized that dispersal into new river basins via river capture also promoted speciation
within the family as pimelodids colonized new habitats. We tested our hypotheses by
constructing a time-calibrated phylogeny of Pimelodidae using the largest molecular dataset and
most comprehensive taxon-sampling of any study to date. We used first-occurrence fossil data of
both pimelodid ingroup and siluriform outgroups to estimate divergence times within the family.
We then compared the timing of speciation events between allopatrically distributed species
pairs with the timing of known orogenic and river capture events.
Materials and methods
Taxon and gene selection

To construct our multi-gene phylogeny of Pimelodidae, we sequenced DNA from muscle
tissues and fin clippings collected from museum-deposited voucher specimens. We included 87
of the 116 nominal species within Pimelodidae, representing all but two monotypic genera
(Bagropsis and Zungaropsis). We included two to four representatives per species when

possible, accounting for geographic distribution of widespread species. We also included 21
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potentially undescribed pimelodid species that warrant further taxonomic investigation. For
outgroups, we selected 29 species, representing 1) closely related families within the superfamily
Pimelodoidea (Pseudopimelodidae, Phreatobiidae, Heptapteridae, and Conorhynchos
conirostris), and 2) more distantly related siluriform families within suborder Siluroidei
(Aspredinidae, Auchenipteridae, Cetopsidae, Diplomystidae, Doradidae, and Ictaluridae)
(Betancur-R et al., 2017; Schedel et al., 2022). In total, we constructed our multi-gene phylogeny
of Pimelodidae using 233 specimens (Table 4-S1).

We selected two mitochondrial and eight nuclear protein-coding genes to construct our
multi-gene phylogeny. The two mitochondrial genes were col and cyt b. The eight nuclear genes
we selected were egrl, encl, glyt, ragl, rag2, rhl, super conserved receptor expressed in brain 2
(sreb2), and zicl. These genes were selected based on two criteria. First, they are single-copy
genes to prevent biases from sequencing gene paralogs (Lovejoy & Collette, 2001; Li et al.,
2007; Chen et al., 2008; Hughes et al., 2018). Second, these genes represent a mix of quickly-
evolving and slowly-evolving genes, providing phylogenetic resolution at both deep and shallow
nodes within the tree (Lovejoy, 2000; Springer et al., 2001; Le et al., 2006). In general,
mitochondrial genes evolve more rapidly than nuclear genes (Brown et al., 1979; Saccone et al.,
2000; Springer et al., 2001; Camus et al., 2022).

DNA sequencing and alignment

To sequence our selected genes for each individual, we adapted a DNA extraction
protocol by lvanova et al. (2006), creating a homemade DNA extraction kit. We extracted DNA
from muscle or fin tissues stored in 95% ethanol at -20°C. We amplified our ten selected genes
for each specimen using PCR with previously published primers provided by Ward et al. (2009)

and Palumbi et al. (1991) to amplify col and cyt b, respectively. To sequence our nuclear genes,
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we created two sets of primers: external primers for PCR amplification and internal primers to
avoid non-specific PCR product during the sequencing reaction (Table 2-S2).

We used two PCR recipes to sequence the ten genes we selected for our phylogenetic
analyses. The Dream PCR recipe amplified cyt b, encl, rag2, and zicl. The recipe for each
reaction included: 1X Dream buffer containing 2 mM MgCl2, 0.2 mM of dNTPs, 0.25 uM of
forward and reverse primers, 0.75 U of Dream Taq, ~20-30 ng of template DNA, and nuclease-
free water to adjust to the final reaction volume of 15 pL. PCR cycling conditions were recreated
using a Mastercycler pro S: initial heating to 95°C for 3 minutes, 35 cycles of denaturation (95°C
for 30 seconds), primer annealing (55°C for 30 seconds), and extension (72°C for 1 minute and
30 seconds) phases, and a final extension phase at 72°C for 10 minutes. The Q5 PCR recipe
amplified col, egrl, glyt, ragl, rhl, and sreb2. This recipe included: 1X Q5 buffer containing 2
mM MgCl2, 0.2 mM of dNTPs, 0.5 uM of forward and reverse primers, 0.45 pL of dimethyl
sulfoxide (DMSO0), 0.3 U of Q5 polymerase, ~20-30 ng of template DNA, and nuclease-free
water to adjust to the final reaction volume of 15 pL.. We used a Mastercycler pro S to recreate
the following cycling conditions: initial heating to 98°C for 30 seconds, 34 cycles of
denaturation (98°C for 10 seconds), primer annealing (56°C for 30 seconds), and extension
(72°C for 30 seconds) phases, and a final extension phase at 72°C for 5 minutes.

We used gel electrophoresis to visualize the results and assess whether we successfully
amplified each PCR reaction. Then, we diluted each PCR product with a volume of nuclease-free
water depending on the strength of the PCR bands: 60 pL for strong bands, 30 pL for medium
bands, and 15 pL for weak bands. Following dilution, we prepared sequencing reactions using
the following recipe per reaction: 0.9X ABI buffer, 0.5 uM of primer, 0.5 pL of BigDye

containing ddNTPs, 1 pL of diluted PCR products, and nuclease-free water to adjust to the final
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reaction volume of 10 uL. Sequencing reactions were then cycled using the following conditions
in a Mastercycler pro S: initial heating to 95°C for 3 minutes, 25 cycles of denaturation (96°C for
30 seconds), primer annealing (50°C for 20 seconds), and extension (60°C for 4 minutes) phases.
The final step involved purifying the sequencing reactions using an EDTA-NaOH-ethanol
precipitation protocol provided by the manufacturer. DNA pellets were then resuspended with
HIDI formamide and sequenced with a 3500 xL Genetic Analyzer. The resulting sequences were
aligned for each individual gene using the MUSCLE 5.1 plugin (Edgar, 2021) in Geneious Prime
2023.0.1. Our ten gene alignments were then concatenated using SequenceMatrix 1.8 (Vaidya et
al., 2011).
Divergence time estimation

To construct our fossil-calibrated phylogeny and estimate divergence times within
Pimelodidae, we used a Bl analysis in BEAST2 2.6.3 (Bouckaert et al., 2019). We specified our
tree priors using the CladeAge package, which infers the optimal calibration density shapes for
each clade, accounting for age estimation uncertainty (Matschiner et al., 2017). To do this, we
specified rate parameters for net diversification (A-p; 0.041-0.081), turnover (uA-1; 0.0011—
0.37), and fossil sampling (y; 0.0066—0.01806) derived from previous studies of teleosts (Foote
& Miller, 2007; Santini et al., 2009; Matschiner et al., 2017). We partitioned our concatenated
alignment by gene and codon position (30 partitions), and then calculated the best substitution
model for each partition using the bModelTest package in BEAST2 (Bouckaert & Drummond,
2017). We then selected two independent uncorrelated lognormal relaxed molecular clock
models as priors for the mitochondrial and nuclear genes separately (Brown et al., 1979; Saccone
et al., 2000; Springer et al., 2001; Drummond et al., 2006; Camus et al., 2022). For the tree prior,

we selected a birth-death process model (Kendall, 1948). Twelve fossil constraints of both
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ingroup pimelodids and outgroup siluriforms were specified as priors (see below). We ran two
MCMC analyses for 100 million generations. Using Tracer 1.7.1, we assessed convergence and
ESS for both runs (Rambaut et al., 2018). Then, we summarized the trees after discarding the
first 10% as burn-in using TreeAnnotator 2.6.3 (Bouckaert et al., 2019) and visualized the tree
using FigTree 1.4.4 (Rambaut, 2009).

As previously mentioned, we selected twelve first-occurrence fossils to time-calibrate our
Bl phylogeny of Pimelodidae. Six of these fossils belonged to Pimelodidae and six fossils
represented outgroup siluriforms. We calibrated the genus Steindachneridion using the oldest
known fossil species TSteindachneridion silvasantosi (Figueiredo & Costa Carvalho, 1999a;
Figueiredo & Costa Carvalho, 1999b; Brito & Richter, 2016; Bogan & Agnolin, 2019). This late
Oligocene-Early Miocene (~23.5-24.0 mya) fossil from the Taubaté basin near S&o Paulo, Brazil
was classified as a Steindachneridion species based on skull morphology and dorsal spine
ossification (Figueiredo & Costa Carvalho, 1999a; Bogan & Agnolin, 2019). We calibrated
Phractocephalus hemioliopterus using fossils remains belonging to this genus from the La
Victoria Formation dating back ~12.9-13.5 mya (Lundberg, 1997; Lundberg et al., 2010). Fossil
remains identified as Zungaro sp. dating from the Late Miocene ~8.5-11.4 mya from the
Solimdes Formation were used to calibrate the genus Zungaro (Lundberg et al., 2010; Lacerda et
al. 2021). We calibrated the genus Platysilurus using fossil records of Platysilurus sp. from the
Urumaco Formation dating back to the Miocene ~7.4-9.0 mya (Sabaj et al., 2007; Lundberg et
al., 2010). This fossil was classified as a Platysilurus species due to shared cranial morphology
and dermal bone ornamentation (Sabaj et al., 2007; Lundberg et al., 2010). The fossil species
tBrachyplatystoma promagdalena was used to calibrate the genus Brachyplatystoma. This Mid-

Miocene fossil dating ~12.8-13.0 mya was found in the Villavieja Formation and was classified
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as a Brachyplatystoma species based on the presence of a bony gas bladder platform and spongy
textures of the first vertebra and fourth transverse process dorsal surface (Lundberg, 1997;
Lundberg, 2005). Our last pimelodid fossil constraint calibrated the Pimelodus ornatus-
Calophysus-Pimelodus (OCP) clade within Pimelodidae, comprising Aguarunichthys, Bergiaria,
Calophysus, Cheirocerus, Duopalatinus, Exallodontus, Iheringichthys, Luciopimelodus,
Megalonema, Parapimelodus, Pimelabditus, Pimelodina, Pimelodus, “Pimelodus” ornatus,
Pinirampus, and Propimelodus (Lundberg et al., 2011; Tagliacollo et al., 2015). This fossil of
uncertain classification occurred ~30.0-40.0 mya during the Eocene-Oligocene and was found in
the Yahuarango Formation (Sullivan et al., 2013; Tagliacollo et al., 2015).

Our first outgroup calibration was also used by Sullivan et al. (2013) in their time-
calibrated phylogeny of Pimelodoidea. Fossil remains from the Mid-Miocene (~11.5-15.9 mya)
were classified within Pseudopimelodidae, belonging to either Pseudopimelodus or
Cephalosilurus (Lundberg et al., 2010; Sullivan et al., 2013). Given the taxonomic uncertainty of
this specimen, we applied this age constraint to our seven representatives of Pseudopimelodidae
(Batrochoglanis villosus, Cephalosilurus apurensis, Cruciglanis pacifici, Lophiosilurus
alexandri, Microglanis sp., Rhyacoglanis annulatus, and Rhyacoglanis pulcher). We used two
fossil representatives of Heptapteridae to calibrate our phylogeny. Estimated ages of Rhamdia cf.
quelen and Pimelodella cf. laticeps fossils were used to calibrate their respective genera,
Rhamdia quelen and Pimelodella cristata. These fossils were deposited in the Lujan Formation
or rocks of a similar age, ~0.0355-0.0401 mya for Rhamdia cf. quelen and ~0.007-0.0075 mya
for Pimelodella cf. laticeps (Thomas & Sabaj, 2020). We calibrated Ictalurus punctatus, our
representative of Ictaluridae, with the oldest known extinct species T Ictalurus rhaeas based on

similar pectoral spine morphology (Lundberg, 1975). fIctalurus rhaeas was found in the Cypress
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Hills Formation dating back to the Late Eocene ~30.0-37.0 mya (Cope, 1891; Lundberg, 1975;
Hardman & Hardman, 2008; Arce H. et al., 2016). We used another fossil calibration from
Sullivan et al. (2013), more specifically an unnamed fossil belonging to superfamily Doradoidea,
comprising Doradidae and Auchenipteridae. We applied this age constraint of ~65.5-70.6 mya to
the six representatives of Doradoidea (Ageneiosus inermis, Auchenipterus nuchalis,
Centromochlus reticulatus, Leptodoras acipenserinus, Leptodoras oyakawai, and Rhinodoras
armbrusteri) (Gayet & Meunier, 2003; Sullivan et al., 2013). Finally, we used an unclassified
doradid fossil to calibrate the representatives of Doradidae within our phylogeny (Leptodoras
acipenserinus, Leptodoras oyakawai, and Rhinodoras armbrusteri). This fossil was collected
from the Castilletes Formation, estimated from the Early to Mid-Miocene, ~14.2-16.7 mya
(Moreno et al., 2015). We list the first-occurrence fossils and specific age constraints in Table 4-
1.
Results

Our time-calibrated phylogeny of Pimelodidae was estimated from a concatenated data
matrix of 9,734 nucleotide base pairs. Both independent MCMC analyses achieved convergence
with ESS values >450. Rooting the tree with representatives of Pimelodoidea and other distantly
related catfishes, we found Pimelodidae to be strongly supported as a monophyletic family with
a PP of 1.0 (Figure 4-2). Steindachneridion, Phractocephalus, and Leiarius + Perrunichthys
were strongly supported (1.0 PP for each species) as sister to all remaining pimelodids
(neopimelodines). The neopimelodines were divided into two clades: 1) the sorubimines
(Zungaro, Sorubim, Sorubimichthys, Pseudoplatystoma, Hemisorubim, Platystomatichthys,
Platysilurus, Hypophthalmus, Brachyplatystoma, and Platynematichthys (1.0 PP)) and 2) the

OCP clade (“Pimelodus” ornatus, Pimelabditus, Aguarunichthys, Pimelodina, Luciopimelodus,
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Calophysus, Pinirampus, Cheirocerus, Megalonema, Propimelodus, Exallodontus,
Duopalatinus, Iheringichthys, Bergiaria, Parapimelodus, and Pimelodus (1.0 PP)). Within the
sorubimines, genera were grouped into two subclades we designated as: 1) the Pseudoplatystoma
group comprised of Zungaro (Sorubim (Sorubimichthys + Pseudoplatystoma)) (0.86 PP) and 2)
the Brachyplatystoma group comprised of (Hemisorubim (Platystomatichthys + Platysilurus)) +
Hypophthalmus (Brachyplatystoma + Platynematichthys) (1.0 PP). Within the OCP clade, we
found evidence of eight subclades: 1) the “Pimelodus” ornatus — Pimelabditus group (1.0 PP), 2)
the Calophysus group (Aguarunichthys + Pimelodina + Luciopimelodus + Calophysus +
Pinirampus) (1.0 PP), 3) the Cheirocerus — Megalonema group (Cheirocerus + Megalonema)
(1.0 PP), 4) the Exallodontus — “Pimelodus” altissimus group containing Exallodontus,
“Pimelodus” altissimus, Propimelodus, Duopalatinus peruanus, and several potentially
undescribed genera (1.0 PP), 5) the “Pimelodus” pictus (1.0 PP), 6) the “Pimelodus” grosskopfii
group containing “Pimelodus” crypticus, “Pimelodus” punctatus, “Pimelodus” grosskopfii, and a
potentially undescribed species (1.0 PP), 7) the “Pimelodus” blochii group (1.0 PP), and 8) the
Pimelodus sensu stricto group containing Duopalatinus emarginatus ((Iheringichthys +
Bergiaria) + (Parapimelodus + Pimelodus sensu stricto)) (1.0 PP).

Several genera within Pimelodidae were not monophyletic. Perrunichthys perruno was
nested within Leiarius, causing the latter to be paraphyletic. Brachyplatystoma was also
paraphyletic due to Platynematichthys notatus being nested within the genus as sister to
Brachyplatystoma vaillantii. Propimelodus formed a paraphyletic genus within the Exallodontus
— “Pimelodus” altissimus group, given the positions of Exallodontus aguanai, “Pimelodus”
altissimus, and Duopalatinus peruanus. By extension, the two species of Duopalatinus formed a

polyphyletic genus occurring in the Exallodontus — “Pimelodus” altissimus group (D. peruanus)
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and the Pimelodus sensu stricto group (D. emarginatus). Iheringichthys was paraphyletic
because Bergiaria westermanni was nested within the genus. Finally, Pimelodus was
polyphyletic, occurring throughout the OCP clade. Pimelodus species were placed within the
“Pimelodus” ornatus + Pimelabditus, Exallodontus — “Pimelodus” altissimus, “Pimelodus”
pictus, “Pimelodus” grosskopfii, “Pimelodus” blochii, and Pimelodus sensu stricto groups
(Pimelodus sensu stricto contained the type species Pimelodus maculatus).

Our divergence time estimations suggest that crown group Pimelodidae split from
Pseudopimelodidae sometime between the Late Cretaceous and Eocene ~64 mya (51-78 mya
95% CI) (Figure 4-2). The family then began to diversify during the Eocene when the common
ancestor of Steindachneridion split from the common ancestor of all remaining extant pimelodids
~ 44 mya (37-53 mya 95% CI). The common ancestor of the sorubimines split from the common
ancestor of the OCP clade ~37 mya (31-43 mya 95% CI) between the Eocene and Oligocene, and
subsequently diversified ~28 mya (23-36 mya 95% CI) between the Eocene and transition
between the Oligocene and Miocene. The OCP clade began to diversify ~33 mya (27-43 mya
95% CI) between the Eocene and Oligocene, and the eight subclades comprising the OCP clade
originated between the Eocene and Miocene.

Discussion
Phylogeny of Pimelodidae

Our multi-gene phylogeny of Pimelodidae was constructed using the largest molecular
dataset, most comprehensive taxon-sampling, and most fossil calibration points of any study to
date. The topology of our time-calibrated phylogeny was largely consistent with previous
molecular phylogenies of Pimelodidae (Lundberg et al., 2011; Lundberg et al., 2012; Tagliacollo

etal., 2015). Previous studies placed Steindachneridion, Phractocephalus, and Leiarius +
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Perrunichthys perruno as three sister lineages to all remaining pimelodids (the neopimelodines)
(Lundberg et al., 2011; Lundberg et al., 2012; Tagliacollo et al., 2015). Lundberg et al. (2011)
organized the neopimelodines into clades based on their molecular analyses. These clades were
recovered in each subsequent phylogeny of Pimelodidae, further supporting their validity
(Lundberg et al., 2012; Tagliacollo et al., 2015). Our phylogeny was consistent with most of the
clades within neopimelodines proposed by Lundberg et al. (2011); however, our phylogeny
reorganized the genera within some of these groups and introduced novel groups within the OCP
clade.

Our phylogeny supported the division of neopimelodines into the sorubimines and the
OCP clade. Within the sorubimines, our phylogeny recovered two subclades, which we designate
as the Pseudoplatystoma group and the Brachyplatystoma group. Lundberg et al. (2011) also
observed these groups, but did not provide them with formal names. The first main difference
between our phylogeny and those in previous studies was the placement of Zungaro within the
Pseudoplatystoma group rather than sister to all sorubimines (Lundberg et al., 2011; Tagliacollo
etal., 2015). Also, Hypophthalmus, a genus of pimelodids known as low-eye catfishes that used
to be classified within their own family Hypophthalmidae (Nelson et al., 2016; Littmann et al.,
2021), was sister to Brachyplatystoma (the goliath catfishes) within the Brachyplatystoma group.
Lundberg et al. (2011) placed Hypophthalmus as sister to Platysilurus + Platystomatichthys with
low support, whereas Tagliacollo et al. (2015) could not determine whether Hypophthalmus was
sister to Platysilurus + Platystomatichthys or sister to all sorubimines except Zungaro.

Lundberg et al. (2011) defined the OCP clade as the “Pimelodus” ornatus species
complex sister to the Calophysus-Pimelodus (CP) clade. The CP clade was then divided into the

calophysines (C; Calophysus group and the Cheirocerus-Megalonema group) and the
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pimelodines (P; Exallodontus - “Pimelodus” altissimus group and Pimelodus group). These
clades within the OCP clade were further supported by Lundberg et al. (2012) and Tagliacollo et
al. (2015). Our study supports the validity and phylogenetic placements of the “Pimelodus”
ornatus — Pimelabditus group, calophysines with the Calophysus and Cheirocerus —
Megalonema groups, and the Exallodontus — “Pimelodus” altissimus group within the
pimelodines. We have reorganized the remaining groups within pimelodines and have introduced
a new group comprised of trans-Andean species. Rather than lump “Pimelodus” pictus into the
Pimelodus group, we propose this species forms a distinct, monotypic clade sister to three
remaining groups within pimelodines. Our study was the first phylogeny of Pimelodidae to
include “Pimelodus” grosskopfii, “Pimelodus” punctatus, “Pimelodus” crypticus, and a
potentially undescribed species. These four species comprise the novel “Pimelodus” grosskopfii
group, defined by occurring in trans-Andean river basins. We split the remaining members of
the Pimelodus group into two groups (“Pimelodus” blochii group and Pimelodus sensu stricto
group) to preserve the taxonomic validity of Iheringichthys and Duopalatinus (see below for our
recommendation to reclassify Bergiaria westermanni).

We recommend the following taxonomic revisions to be formally examined in future
studies. First, Perrunichthys perruno should be reclassified as Leiarius perruno to restore the
monophyly of Leiarius. Platynematichthys notatus should also be reclassified as
Brachyplatystoma notatus, again to restore the monophyly of Brachyplatystoma. Given that
Propimelodus species are positioned throughout the Exallodontus — “Pimelodus” altissimus
group, we recommend that Exallodontus aguanai, Pimelodus altissimus, and Duopalatinus
peruanus be reclassified as Propimelodus species. By extension, this would solve the polyphyly

of Duopalatinus, given that Duopalatinus emarginatus is the type species of its genus (Ferraris
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Jr., 2007; Fricke et al., 2023). With respect to Iheringichthys, we propose that Bergiaria
westermanni be reclassified as an Iheringichthys species. Since we were unable to include
Bergiaria platana in our phylogeny, it is unclear as to whether Bergiaria is a valid monotypic
genus, or if both Bergiaria species should be reclassified as Iheringichthys species. Finally, we
propose extensive taxonomic changes to solve the polyphyly of Pimelodus. “Pimelodus”
ornatus, “Pimelodus” pictus, the species comprising the “Pimelodus” grosskopfii group, and the
species comprising the “Pimelodus” blochii group each require generic reclassifications,
resulting in four new genera that accurately reflect their phylogenetic relationships. Pimelodus
species within the Pimelodus sensu stricto clade should retain their genus because this clade
contains the type species, Pimelodus maculatus (Ferraris Jr., 2007; Fricke et al., 2023).
Divergence time estimations of Pimelodidae

Using our time-calibrated phylogeny of Pimelodidae, we estimated the family originated
between the Late Cretaceous and the Eocene. Previous studies generally corroborated our
findings, also estimating a Late Cretaceous-Eocene origin time for Pimelodidae (Hardman &
Lundberg, 2006; Sullivan et al., 2013; Tagliacollo et al., 2015; Betancur-R et al., 2017).
Hardman & Lundberg (2006) proposed that Pimelodidae split from Pseudopimelodidae ~54 mya,
falling within our 95% CI. Sullivan et al. (2013), Tagliacollo et al. (2015), and Betancur-R et al.
(2017) hypothesized slightly older origin times for the family, ~70-90 mya; however, these
origin times are still included within our 95% CI. We believe our time-calibrated phylogeny
most accurately represents the historical origins of Pimelodidae based on three criteria: 1)
inclusion of the most pimelodid taxa of any study to date (75%), 2) use of the largest molecular
phylogeny of the family, and 3) use of twelve fossil constraints when constructing the tree,

including six pimelodid fossils. Hardman & Lundberg (2006), Sullivan et al. (2013), and
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Betancur-R et al. (2017) only included 5-8 representatives of Pimelodidae within their
phylogenies, accounting for ~6% of all pimelodids, whereas Tagliacollo et al. (2015) included 57
species accounting for ~49%. Early multi-gene phylogenies only included between three and six
genes, whereas we constructed our phylogeny using ten genes (Hardman & Lundberg, 2006;
Sullivan et al., 2013; Taglicollo et al., 2015). Finally, the most ingroup pimelodid fossil
constraints used in previous studies was three, whereas our study included six (Hardman &
Lundberg, 2006; Sullivan et al., 2013; Taglicollo et al., 2015).
Orogenesis, river capture, and the evolution of Pimelodidae

The speciation events of several allopatric species pairs/clades within Pimelodidae
coincided with orogenic events, supporting our hypothesis that orogenesis likely contributed to
speciation within Pimelodidae. In our time-calibrated phylogeny, we found Steindachneridion
species from the Parana-Paraguay River basin (S. melanodermatum and S. scriptum) were sister
to S. parahybae, a species endemic to the Paraiba do Sul River near the eastern Atlantic coast of
Brazil (Ferraris Jr., 2007; Fricke et al., 2023). It is possible river capture of the Tieté River
headwaters (tributary of the Parana River) by the Paraiba do Sul River following erosion of
headwater divisions provided a dispersal opportunity for the ancestor of S. parahybae,
suggesting that river capture may have promoted speciation within the genus (lhering, 1898;
Ab’Saber, 1957; Buckup, 2011). The timing of this river capture event, however, is unclear
(Buckup, 2011). Within Leiarius + Perrunichthys perruno, Leiarius pictus and Perrunichthys
perruno likely diverged following Andean uplift. Leiarius pictus occurs throughout the Orinoco
and Amazon rivers and Perrunichthys perruno occurs in the Maracaibo basin (Ferraris Jr., 2007,

Fricke et al., 2023). These species split ~3-10 mya, possibly coinciding with the uplift of the
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Meérida Cordillera of the Andes that separated the Maracaibo basin from the Orinoco River
(Hardman & Lundberg, 2006; Rodriguez-Olarte et al., 2011; Albert et al., 2021).

Within the Pseudoplatystoma group, we found Zungaro zungaro from the Amazon and
Essequibo basins were distinct from Zungaro zungaro from the Orinoco basin. This split
occurred ~1-3 mya between the Pliocene and Pleistocene, potentially following the separation of
modern rivers that comprised the Proto-Berbice (Lujan & Armbruster, 2011; Lemopoulos &
Covain, 2019; Henschel & Lujan, 2021). The Proto-Berbice was a paleo-drainage that united
headwaters of the Orinoco, Amazon, Essequibo, and Berbice rivers between the Paleocene and
Pliocene/Pleistocene (Lujan & Armbruster, 2011; Lemopoulos & Covain, 2019; Henschel &
Lujan, 2021). It is possible that separation of these modern rivers isolated ancestral Zungaro
zungaro populations, promoting allopatric speciation. Alternatively, dispersal across the
Casiquiare River, a contemporary river capture event occurring between the Orinoco and Negro
rivers (Vari & Ferraris Jr., 2009; Willis et al., 2010; Wesselingh & Hoorn, 2011; Stokes et al.,
2018), after the Proto-Berbice rivers is also possible. Two Sorubim species (S. cuspicaudus and a
potentially undescribed species) from the Magdalena and Maracaibo basins diverged from all
other cis-Andean Sorubim species ~6-12 mya, coinciding with the rise of the Mérida and Eastern
cordilleras of the Andes (Hardman & Lundberg, 2006; Rodriguez-Olarte et al., 2011; Albert et
al., 2021). With respect to Pseudoplatystoma, we observed the trans-Andean P. magdaleniatum
diverged from cis-Andean species ~7-12 mya (Ferraris Jr., 2007; Fricke et al., 2023), which also
coincided with the uplift of the Mérida and Eastern cordilleras (Hardman & Lundberg, 2006;
Rodriguez-Olarte et al., 2011; Albert et al., 2021). Pseudoplatystoma corruscans, a Parana-
Paraguay and S&o Francisco species (Ferraris Jr., 2007; Fricke et al., 2023), split from all

remaining Pseudoplatystoma species ~5-10 mya. This may have been linked with river capture
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of Paraguay River headwaters by the Amazon River basin as the basin shifted southwards
towards the Michicola Arch ~10 mya (Carvalho & Albert, 2011). Alternatively, seasonal
connections between these river basins during the rainy seasons may have provided a dispersal
opportunity for the ancestral population (Iriondo & Paira, 2007; Torrico et al., 2009; Brea &
Zucol, 2011). Additionally, two other species of Pseudoplatystoma from the Orinoco River
basin, P. metaense and P. orinocoense (Ferraris Jr., 2007; Fricke et al., 2023), diverged from
Amazonian species ~3-9 mya. This may have occurred after uplift of the VVaupés Arch separated
the Amazon and Orinoco basins (Winemiller & Willis, 2011; Albert et al., 2018a; Albert et al.,
2021). Within the Brachyplatystoma group, trans-Andean Platysilurus malarmo from the
Magdalena basin diverged from cis-Andean Platysilurus mucosus and a potentially undescribed
species from the Orinoco basin ~7-14 mya (Ferraris Jr., 2007; Fricke et al., 2023). Similar to
other trans-Andean species, this speciation event may have coincided with uplift of the Mérida
Cordillera (Hardman & Lundberg, 2006; Rodriguez-Olarte et al., 2011; Albert et al., 2021).
Within the OCP clade, orogenesis and river capture have likely influenced the origins and
speciation of several pimelodids. We discussed the evolutionary history of the “Pimelodus”
ornatus — Pimelabditus group in Chapter 3, including the importance of vicariance and dispersal
within this clade. Within the Cheirocerus — Megalonema group, trans-Andean Cheirocerus
abuelo diverged from cis-Andean C. eques and C. goeldii before uplift of the Mérida Cordillera,
suggesting that ecological pressures may have promoted genetic differentiation in the absence of
known geological barriers (Hardman & Lundberg, 2006; Ferraris Jr., 2007; Rodriguez-Olarte et
al., 2011; Albert et al., 2021; Fricke et al., 2023). Megalonema exhibited interesting distribution
patterns in both cis- and trans-Andean drainages. Megalonema orixanthum from the Orinoco

basin was sister to M. amaxanthum from the Amazon basin (Ferraris Jr., 2007; Fricke et al.,
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2023). This split occurred ~5-12 mya, possibly coinciding with uplift of the Vaupés Arch
(Winemiller & Willis, 2011; Albert et al., 2018a; Albert et al., 2021). The trans-Andean species
M. xanthum and M. psammium diverged from a common ancestor around the same time as M.
amaxanthum and M. orixanthum, again prior to Andean uplift isolating these basins (Ferraris Jr.,
2007; Winemiller & Willis, 2011; Albert et al., 2018a; Albert et al., 2021; Fricke et al., 2023).
Finally, two species from the Parana-Paraguay basin, M. argentina and M. platanum diverged
from Amazonian species ~2-6 mya (Ferraris Jr., 2007; Fricke et al., 2023). This may have been
related to a dispersal event via the seasonal connections of Parana-Paraguay and Amazon
headwaters (Iriondo & Paira, 2007; Torrico et al., 2009; Brea & Zucol, 2011). Two potentially
undescribed sister species within the Exallodontus — “Pimelodus” altissimus group, Gen. nov. sp.
VENE and Gen. nov. sp. XIBE, are allopatrically distributed between the Orinoco and Amazon
basins, respectively. They split ~2-5 mya, well after the uplift of the Vaupés Arch, indicating the
possibility of speciation following dispersal through the Casiquiare River (Willis et al., 2010;
Wesselingh & Hoorn, 2011; Winemiller & Willis, 2011; Albert et al., 2018a; Stokes et al., 2018;
Albert et al., 2021). The “Pimelodus” grosskopfii group is restricted to trans-Andean species
inhabiting the Magdalena, Maracaibo, Atrato, and Tuira rivers (Ferraris Jr., 2007; Fricke et al.,
2023). This group diverged ~14-23 mya, predating major orogenic events in this region. It is
possible that ecological pressures may have promoted differentiation from other pimelodids
before geological barriers divided these clades. Furthermore, the only Central American species
“Pimelodus” punctatus evolved ~2-7 mya, coinciding with the closure of the Isthmus of Panama
that allowed faunal exchange between Central and South America (Coates et al., 1992; Haug &
Tiedemann, 1998; O'Dea et al., 2016). Another group defined by geographic distribution is the

Pimelodus sensu stricto clade. All genera and species here occur in the Parana-Paraguay and/or
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eastern Atlantic Brazilian drainage basins (Ferraris Jr., 2007; Fricke et al., 2023). Similar to
Steindachneridion, it is possible river capture events resulting from erosion of headwaters
provided opportunities for these species to disperse and evolve independently (Ihering, 1898;
Ab’Saber, 1957; Buckup, 2011).

Although our phylogeny of Pimelodidae provides insight into the influence of orogenesis
and river capture on gene flow and speciation of South American freshwater fishes, inclusion of
missing pimelodid species in future studies could provide new insights into the evolutionary
processes that led to the extant species. Approximately 25% of pimelodids are missing from our
analyses, including two genera, Bagropsis and Zungaropsis. We plan to estimate ancestral area
states across Pimelodidae. This analysis would provide valuable information regarding the
origins of major clades within Pimelodidae, possibly improving our understanding of
macroevolutionary patterns associated with orogenesis and river capture. Finally, the taxonomic
revisions suggested here will require redescriptions and the creation of new genera to address
widespread paraphyly and polyphyly within the family. Future studies should incorporate
morphological and anatomical data to define the phylogenetic clades we identified in this study.

Conclusion

The physical environment plays an important role in the evolution of species. Orogenesis
in particular dramatically transforms the landscape, dividing some populations, while providing
dispersal opportunities for others. Our goal was to investigate how these phenomena have
contributed to the diversification of the Neotropical fauna, specifically freshwater pimelodids.
We created a time-calibrated phylogeny of Pimelodidae using fossil data to estimate divergence
times within the family. We identified several species pairs and clades that may owe their origins

to vicariance caused by Andean uplift and subsequent river capture as river boundaries shifted.
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Notably, one trans-Andean clade diversified prior to uplift of the Mérida and Eastern cordilleras
of the Andes, suggesting ecological pressures may have influenced their evolution in the absence
of geological barriers. With respect to the taxonomy of Pimelodidae, we observed paraphyly and
polyphyly in several genera, including the diverse genus Pimelodus. We proposed taxonomic
revisions that future studies should formally address by analyzing morphological characters. Our
next step will be to perform an ancestral area state reconstruction of Pimelodidae to identify

potential origin sites of the major lineages within Pimelodidae.
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Tables

Table 4-1 List of first-occurrence fossils used to time-calibrate Pimelodidae clades and
siluriform outgroups for a divergence-time analysis using BEAST2 2.6.3. OCP stands for
“Pimelodus ornatus — Calophysus — Pimelodus clade, comprised of “Pimelodus” ornatus,
Pimelabditus, Aguarunichthys, Pimelodina, Luciopimelodus, Calophysus, Pinirampus,
Cheirocerus, Megalonema, Propimelodus, Exallodontus, Duopalatinus, Iheringichthys,

Bergiaria, Parapimelodus, and Pimelodus.

Fossil Species Age (mya)?! Clade/Species Reference(s)
Calibrated
+Brachyplatystoma 12.8-13.0 Brachyplatystoma  Lundberg, 1997;
promagdalena Lundberg, 2005
Phractocephalus sp. 12.9-135 Phractocephalus Lundberg, 1997;
hemioliopterus Lundberg et al., 2010
Platysilurus sp. 7.39-9.0 Platysilurus Sabaj et al., 2007;
Lundberg et al., 2010
cf. OCP clade 30.0-40.0 OCP clade Lundberg et al., 2011;
Tagliacollo et al., 2015
+Steindachneridion 23.5-24.0 Steindachneridion  Figueiredo & Costa
silvasantosi Carvalho, 1999a;
Figueiredo & Costa
Carvalho, 1999b; Bogan
& Agnolin, 2019
Zungaro sp. 8.5-11.42 Zungaro Lundberg et al., 2010;
Lacerda et al. 2021
cf. Doradidae 14.2-16.7 Doradidae Moreno et al., 2015
cf. Doradoidea 65.5-70.6 Doradoidea Gayet & Meunier, 2003;
Sullivan et al., 2013
tlctalurus rhaeas 30.0-37.0 Ictaluridae Cope, 1891; Lundberg,
1975
Pimelodella cf. laticeps  0.007-0.0075  Pimelodella Thomas & Sabaj, 2020
cristata
cf. Pseudopimelodidae 11.5-15.9 Pseudopimelodidae Lundberg et al., 2010;

Rhamdia cf. quelen

0.0355-0.0401

Rhamdia quelen

Sullivan et al., 2013
Thomas & Sabaj, 2020

'mya = million years ago
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Figures

1320

Figure 4-1 Distribution map of Pimelodidae within South America created using SimpleMappr
(Shorthouse, 2010). Occurrence data was assembled from Ferraris, Jr. (2007), Fricke et al.
(2023), and GBIF.org (2023b).

152



e

Pimelodus sensu stricto

“Pimelodus™ blochii

“Pimelodus™ grosskopfii

“Pimelodus” pictus

Exallodontus -
“Pimelodus™ altissimus

Cheirocerus -
Megalonema

Calophysus

“Pimelodus” ornatus -
Pimelabditus

Brachyplatvstoma

Pseudoplatystoma

153



Figure 4-2 Time-calibrated multi-gene phylogeny of Pimelodidae constructed using the
CladeAge package in BEAST2. The phylogeny was calibrated using twelve fossil constraints.
Posterior probabilities >0.5 are presented above each node, and blue bars represent 95%
confidence intervals of divergence-time estimations. Geological timescale provided below the
phylogeny is measured in millions of years before present time. Group names provided to the
right of specific epithets, and major clade designations proposed by Lundberg et al. (2011) are
presented above the corresponding nodes: N = neopimelodines, S = sorubimines, OCP =
“Pimelodus” ornatus — Calophysus — Pimelodus clade, CP = Calophysus — Pimelodus clade, C =
calophysines, and P = pimelodines.
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Supplemental Material for Chapter 4

Table 4-S1 Museum voucher data for 204 pimelodid specimens and 29 siluriform outgroup species.

Genus Species Isolate # Field Collection # Museum Voucher # Country
Aguarunichthys tocantinsensis F285 N/A INPA Brazil
Aguarunichthys torosus F253 ECU14-02 ROM 100218 Ecuador
Aguarunichthys torosus F255 ECU14-21 ROM TISSUE Ecuador
Bergiaria westermanni A DCC 4195 UNESP Tissue Brazil
Bergiaria westermanni B DCC 4194 UNESP Tissue Brazil
Brachyplatystoma capapretum F60 PERU 2001-11 ANSP 178524 Peru
Brachyplatystoma capapretum F333 Peru 99-17 INHS 52181 Peru
Brachyplatystoma filamentosum F107 VEN 05-18 ANSP 187070 Venezuela
Brachyplatystoma filamentosum F117 iXIN14-EXP2-33 ANSP 197504 Brazil
Brachyplatystoma cf. filamentosum F49 SUR 07-00A ANSP 187105 Suriname
Brachyplatystoma cf. filamentosum F219 N/A ROM TISSUE Guyana
Brachyplatystoma juruense F59 PERU 2001-11 ANSP 178514 Peru
Brachyplatystoma juruense F359 VEN 15-10 ANSP 198480 Venezuela
Brachyplatystoma platynemum F82 PERU 2001-05 ANSP 178520 Peru
Brachyplatystoma platynemum F116 iXIN14-EXP2-33 ANSP 197503 Brazil
Brachyplatystoma rousseauxii F48 SUR 07-00A ANSP 187109 Suriname
Brachyplatystoma rousseauxii F234 7848-10 ROM 93620 Peru
Brachyplatystoma tigrinum F113 iXIN14-EXP2-17 INPA 43226 Brazil
Brachyplatystoma tigrinum N/A N/A ANSP 179236 N/A
Brachyplatystoma vaillantii Fa7 SUR 07-00A ANSP 187107 Suriname
Brachyplatystoma vaillantii Fo1 PERU 2003-00C ANSP 187073 Peru
Calophysus macropterus F69 PERU 05-05 ANSP 182754 Peru
Calophysus macropterus F295 GUAYAL18-P-6 IAVHP Colombia
Cheirocerus abuelo F373 JGL-01-VE1 ANSP 197819 Venezuela
Cheirocerus abuelo F381 C0-2017-02 ANSP/CZUT Colombia
Cheirocerus eques F221 PER10-31 AUM 51409 Peru
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Cheirocerus
Cheirocerus
Cheirocerus
Duopalatinus
Duopalatinus
Duopalatinus
Duopalatinus
Exallodontus
Exallodontus
Hemisorubim
Hemisorubim
Hemisorubim
Hypophthalmus
Hypophthalmus
Hypophthalmus
Hypophthalmus
Hypophthalmus
Hypophthalmus
Hypophthalmus
Hypophthalmus
Hypophthalmus
Hypophthalmus
Hypophthalmus
Hypophthalmus
Iheringichthys
Iheringichthys
Iheringichthys
Iheringichthys
Leiarius
Leiarius
Leiarius

eques
goeldii
goeldii
emarginatus
emarginatus
peruanus
peruanus
aguanai
aguanai
platyrhynchos
platyrhynchos
platyrhynchos
celiae

celiae
donascimientoi
donascimientoi
edentatus
edentatus
fimbriatus
fimbriatus
marginatus
marginatus
oremaculatus
oremaculatus
labrosus
labrosus

c.f. syi

c.f. syi
marmoratus
pictus

sp. APUR

N/A

F73

F97

F506
F508
F344
F349
Fr1

F356
F103
F261
F352
F495
F498
F45

F499
F336
F513
Fr74

F328
F67

F501
F497
F500
F368
F398

F44
N/A
F345

N/A
PERU 05-05
PERU 05-07
tissue 14731
2205714
VEN 15-01
VEN 15-02
PERU 05-05
VEN 15-05
BR12-07
MAZ16-04
VEN 15-04
PERU 2001-11
PERU 05-07
PERU 2001-02
PERU 05-07
iXIN14-EXP3-58
FDD2019110701
PERU 05-05
PERU 05-03
SUR 07-00A
VEN 05-02
PERU 2001-11
PERU 05-03
ARG 05-01
CAT17-02
491
492
PERU 2001-00A

N/A
VEN 15-00C

INHS 52717
ANSP 181112
ANSP 181185
INPA

ANSP 205714
ANSP 198892
ANSP 198879
ANSP 180947
ANSP 198913
ANSP 193032
ROM 101268
ANSP 198934
ANSP 178517
ANSP 196764
ANSP 178457
ANSP 180991
ANSP 197652
MPEG

ANSP 207015
ANSP 182752
ANSP 187103
ANSP 180993
ANSP 178511
ANSP 207016
ANSP 1896607
ANSP 203185
SCG-2020
SCG-2020
ANSP 178109
ANSP 178108
ANSP 198901

Peru
Peru
Peru
Brazil

Brazil
Venezuela

Venezuela
Peru
Venezuela
Brazil
Guyana
Venezuela
Peru

Peru

Peru

Peru
Brazil
Brazil
Peru

Peru
Suriname
Venezuela
Peru

Peru
Argentina
Uruguay
N/A

N/A

Peru

Peru
Venezuela
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Luciopimelodus
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Megalonema
Parapimelodus
Parapimelodus
Parapimelodus
Perrunichthys
Phractocephalus
Phractocephalus
Pimelabditus
Pimelabditus
Pimelodina
Pimelodina
Pimelodus

pati
amaxanthum
amaxanthum
amaxanthum
argentinum
argentinum
orixanthum
orixanthum
platanum
platycephalum
platycephalum
platycephalum
platycephalum
psammium
psammium
psammium
xanthum
xanthum

sp. NANA

sp. NANA
nigribarbis
nigribarbis
valenciennes
perruno
hemioliopterus
hemioliopterus
moli

moli
flavipinnis
flavipinnis
albicans

F290
F51
F65
F249
N/A
TPL_2014
F109
F404
F288
F108
F213
F214
F297
F384
F391
F395
F362
F365
F62
F370
N/A
F507
F287
F378
F227
F348
F314
F316
F353
F514
A

N/A
TCEP 04-54
PERU 05-09
BAT14-25
N/A
P117
VEN 05-04
VEN 05-38
N/A
VEN 04-18
HLF09-02
HLF09-02
GUAYAI18-P-16
CO-2017-00A
C0O-2017-10
CO-2017-04B
2015-C0O-02
2015-C0O-06b
PERU 2001-02
PERU 2003-02
N/A
ALA2002051901
N/A
JGL-01-VE2
HLF08-36
VEN 15-00C
SU08-386
SU08-824
VEN 15-04
FDD2019110701
N/A

MZUSP 78457
ANSP 180628
ANSP 182732
ROM 97136
MG ZV-P 293
UEMS P117
ANSP 185144
AUFT 3113
MZUSP 78465
ANSP 182784
ROM 85941
ROM 85941
IAVHP
ANSP/CZUT
ANSP/CZUT
ANSP/CZUT
CZuUT

CZuT

ANSP 178450
ANSP 185243
MZUSP 78451
ANSP 206298
MZUSP 78466
ANSP 200289
ROM TISSUE
ANSP 198902
MHNG 2709.099
MHNG 2709.100
ANSP 198936
MPEG

ANSP 178802

Brazil
Peru

Peru
Guyana
Argentina
Brazil
Venezuela
Venezuela
Brazil
Venezuela
Guyana
Guyana
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Peru

Peru
Brazil
Brazil
Brazil
Venezuela
Brazil
Venezuela
Suriname
Suriname
Venezuela
Brazil
Argentina
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Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus

albicans
albofasciatus
albofasciatus
albofasciatus
altissimus
argenteus
blochii
blochii
blochii
blochii
blochii
blochii
blochii
blochii
blochii
coprophagus
coprophagus
crypticus
crypticus

fur
garciabarrigai
grosskopfii
grosskopfii
maculatus
maculatus
maculatus
microstoma
microstoma
ornatus AR
ornatus AR
ornatus AR

F110
F342
F405
F83
F330
F50
F101
F220
F222
F229
F292
F343
F509
F510
F389
F390

F284
F294
F363
F364
F289
F329
F505

F215
F250
F265

UNMDP-T 0538
VEN 05-03
iXIN14-EXP3-75
GUY 05-16
PERU 2001-05
ARG 05-01
TCEP 04-52
BR12-05

N/A
PER10-31
HLF10-01
GUAYA18-P-1
VEN 15-01
FDD2019110701
FDD2019110701
C0-2017-04B
C0-2017-04B
Pcry08
Pcry03

N/A
GUAYA18-P-4
2015-C0O-00
2015-C0O-00

N/A
ARG 05-01
tissue 14729
12CAPV
23CAPV
HLF09-02
BAT14-22
PERU 2001-02

UNMDP T 538
AUM 43011
INPA 47829
AUFT 3145
ANSP 178519
ANSP 181017
ANSP 180564
ANSP 199658
ROM 86545
AUM

ROM 86989
IAVHP

ANSP 198893
MPEG

MPEG
ANSP/CZUT
ANSP/CZUT
N/A

N/A

INPA

IAVHP

CzZUuT

CzUuT
MZUSP 78460
ANSP 181019
INPA ?

UEL Tissue
UEL Tissue
ROM 86203
ROM 96990
ANSP 178452

Argentina
Venezuela
Brazil
Guyana
Peru
Argentina
Peru
Brazil
Guyana
Peru
Guyana
Colombia
Venezuela
Brazil

Brazil
Colombia

Colombia
Colombia
Colombia
Brazil
Colombia
Colombia
Colombia
Brazil
Argentina
Brazil
Brazil
Brazil
Guyana
Guyana
Peru

158



Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pimelodus
Pinirampus
Pinirampus
Pinirampus

Platynematichthys
Platynematichthys

ornatus AR
ornatus EB
ornatus EB
ornatus IT
ornatus IT

ornatus MA
ornatus MA

ornatus OR
ornatus OR
ornatus PA
ornatus PA
ornatus XI
ornatus XI
pantaneiro
pictus
pictus
pictus
pintado
pintado
pohli
punctatus
punctatus
tetramerus
tetramerus
yuma

sp. SARD
pirinampu
pirinampu
sp. XING
notatus
notatus

F268
F230
F240

F68
F256
F274
F293
F270
F280
F100
F228
N/A
F351
F367
F415
F262
F397
F283
F488
F489
F517
F518
N/A
F383
F61
F111
F115
F81
F114

PERU 05-00D
HLF10-02
GUY13-21
MCB2006000003108
MCB2006000003790
SUR 07-01
SES-15-004
VEN 04-18
GUAYA18-P-4
ARG 05-02B
ARG 05-04
BR12-03
HLF08-37
185
VEN 15-03
PERU 2001-04
PER06-18
HLF17-09
CAT17-13

N/A
Pan-8-2016
Pan-8-2016
JDBG-08-01-2015-008
JDBG-08-01-2015-017
Py002
C0-2017-02
PERU 2001-10
VEN 05-18
iXIN14-EXP2-33
PERU 2001-11
iXIN14-EXP2-33

ANSP 181099
ROM 87121
ROM 96132
UEMA 104565
UEMA 104565
ANSP 187113
ROM 100852
AUM 41487
IAVHP

MLP

MLP

ANSP 199580
ROM TISSUE
N/A

ANSP 198956
ANSP 178168
AUFT 4017
ROM 102967
ANSP 203107
INPA

LSU 7965
LSU 7966
UCF

UCF

N/A
ANSP/CZUT
ANSP 178314
ANSP 187067
ANSP 197502
ANSP 178528
ANSP 197506

Peru
Guyana
Guyana
Brazil
Brazil
Suriname
Suriname
Venezuela
Colombia
Argentina
Argentina
Brazil
Brazil
Brazil
Venezuela
Peru

Peru
Uruguay
Uruguay
Brazil
Panama
Panama
Brazil

Brazil
Colombia
Colombia
Peru
Venezuela
Brazil
Peru
Brazil
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Platysilurus
Platysilurus
Platysilurus
Platysilurus
Platystomatichthys
Platystomatichthys
Propimelodus
Propimelodus
Propimelodus
Propimelodus
Propimelodus
Propimelodus
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Pseudoplatystoma
Sorubim

Sorubim

Sorubim

Sorubim

malarmo
malarmo
mucosus

sp. PORT
sturio

sturio
caesius
caesius
eigenmanni
eigenmanni
sp. LOBE
sp. LOBE
corruscans
corruscans
fasciatum
fasciatum
magdaleniatum
magdaleniatum
metaense
metaense
orinocoense
orinocoense
punctifer
punctifer
reticulatum
reticulatum
tigrinum
cuspicaudus
elongatus
lima

lima

F374
F394
F58
F350
F99
F337
F75
F492
F338
F339
F72
F355
F54
F55
F52
F516
F87
F88
F347
F366
F346
F361
F102
F341
F53
F56
F258
F89
F96
F92
F269

JGL-01-VE2
CO-2017-00C
PERU 2001-11
VEN 15-01
PERU 05-00C
IXIN14-EXP3-63
PERU 05-05
BRA-4-2015
IXIN14-EXP3-66
iIXIN14-EXP3-66
PERU 05-05
VEN 15-04

ARG 05-06

ARG 05-06

SUR 07-00B
OYA20191016-1
C0O-2006-01B
C0O-2006-01B
VEN 15-00C
VEN 15-00C
VEN 15-00C
VEN 15-12
BR12-05
IXIN14-EXP3-22
ARG 05-01

ARG 05-06
SES-15-005
C0O-2006-01B
PERU 05-07
PERU 2003-03
ARG 05-01

ANSP 187009
ANSP/CZUT
ANSP 178509
ANSP 198890
ANSP 181048
ANSP 197636
ANSP 181192
LSU 7521
ANSP 197634
INPA 47498
ANSP 180939
ANSP 198943
ANSP 188913
ANSP 188913
ANSP 187106
ANSP 207658
ANSP 188882
ANSP 192843
ANSP 198899
ANSP 198899
ANSP 198900
ANSP 198456
ANSP 199584
INPA 52557
ANSP 188914
ANSP 188912
ROM 100853
ANSP 192844
ANSP 182285
ANSP 179842
ANSP 188824

Venezuela
Colombia
Peru
Venezuela
Peru
Brazil
Peru
Brazil
Brazil
Brazil
Peru
Venezuela
Argentina
Argentina
Suriname
Brazil
Colombia
Colombia
Venezuela
Venezuela
Venezuela
Venezuela
Brazil
Brazil
Argentina
Argentina
Suriname
Colombia
Peru

Peru
Argentina
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Sorubim

Sorubim

Sorubim

Sorubim

Sorubim
Sorubimichthys
Sorubimichthys
Steindachneridion
Steindachneridion
Steindachneridion
Steindachneridion
Zungaro

Zungaro

Zungaro

Zungaro

Zungaro

Gen. nov.

Gen. nov.

Gen. nov.

Gen. nov.

Gen. nov.

Gen. nov.

Gen. nov.

Pterobunocephalus

Ageneiosus
Auchenipterus
Centromochlus
Cetopsis
Helogenes
Diplomystes
Leptodoras

lima
maniradii
maniradii
sp. CATA
sp. PARI
planiceps
planiceps
melanodermatum
parahybae
parahybae
scriptum
jahu
zungaro
zungaro

sp. ORIN
sp. ORIN
sp. BATH
sp. BASP
sp. VENE
sp. XIBE
sp. GOLD
sp. GOLD
sp. UCAY
sp.

inermis
nuchalis
reticulatus
coecutiens
marmoratus
nahuelbutaensis
acipenserinus

F512
F94
F95

F375

F402
F63

F223
N/A

F379
N/A
F251
F332
F296
F360
F326
F372
F225
F369
F354
F358
F371
N/A
N/A
F409
F410
N/A
N/A
N/A
F414

FDD2019110701
PERU 05-07
PERU 05-07
JGL-01-VE2
GUY07-40
N/A
VEN10-11
N/A
LBP-42007
LBP2009
N/A
LBP2170
BAT14-42
Peru 99-03
GUAYA18-P-2
VEN 15-12
PERU 05-07
N/A
VEN10-33B
iXIN15-EXP4-06
VEN 15-04
VEN 15-09
N/A
N/A
Aqua-BC-2015
VEN 05-38
VEN 05-48
N/A
N/A
N/A
PER06-18

MPEG

ANSP 182288
ANSP 182288
ANSP 200290
AUFT 3107
INHS 54701
ROM TISSUE
LGP 11105
UNESP 42007
UNESP 42008
MZUSP 78463
UNESP Tissue
ROM Tissue
SIUC

IAVHP

ANSP 198983
ANSP 181194
MUSM 36713
ROM TISSUE
ANSP 200081
ANSP 198939
ANSP 198919
MUSM 39439
ANSP 182774
N/A

AUFT 3318
AUFT 3324
INHS 52923
INHS 49125
N/A

AUFT 4005

Brazil
Peru

Peru
Venezuela
Guyana
Peru
Venezuela
Brazil
Brazil
Brazil
Brazil
Brazil
Guyana
Peru
Colombia
Venezuela
Peru

Peru
Venezuela
Brazil
Venezuela
Venezuela
Peru
Brazil

N/A
Venezuela
Venezuela
Peru
Guyana
N/A

Peru



Leptodoras oyakawai N/A N/A ANSP 199567 Brazil
Rhinodoras armbrusteri F408 GUY07-18 AUFT 3307 Guyana
Cetopsorhamdia molinae N/A N/A T24588 Colombia
Chasmocranus longior N/A N/A AUFT 3167 Guyana
Goeldiella eques N/A N/A AUFT 3164 Guyana
Heptapterus bleekeri FA17 SUR 09-08 AUFT 4771 Suriname
Imparfinis hasemani N/A N/A T14941 Guyana
Leptorhamdia nocturna N/A N/A T09452 N/A
Mastiglanis c.f. asopos N/A N/A T09911 N/A
Pimelodella cristata F406 GUY 05-16 AUFT 3147 Guyana
Rhamdia quelen N/A N/A LGEP 777 Argentina
Ictalurus punctatus F440 N/A UMSNH 5722 Mexico
Conorhynchos conirostris N/A N/A MZUSP 53620 Brazil
Phreatobius cisternarum N/A N/A MZUSP 98804 Brazil
Batrochoglanis villosus F407 GUYO07-41 AUFT 3172 Guyana
Cephalosilurus apurensis N/A N/A ANSP 179447 Venezuela
Cruciglanis pacifici N/A AOL-023 N/A Colombia
Lophiosilurus alexandri N/A LBP 276 UNESP Tissue Brazil
Microglanis sp. F411 PER06-27 AUFT 3739 Peru
Rhyacoglanis annulatus N/A AOL-098 N/A N/A
Rhyacoglanis pulcher FA416 PER06-19 AUFT 4029 Peru
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General Conclusion

Throughout my thesis, my research addressed how habitat and landscape have facilitated
genetic diversification within catfishes. In each chapter, | used genetic data to test my hypotheses
and discussed how both modern and historical geographic patterns have likely promoted
diversification within catfishes by affecting gene flow. In my first chapter, | investigated whether
habitat preferences and breeding site segregation have influenced the genetic structure of a
sympatric population of channel catfish. Large channel catfish generally prefer deep river
channels during the breeding season, returning to the same nests in successive years.
Intermediate sized channel catfish, however, prefer shallower tributaries. | genotyped 162
channel catfish from the Ottawa River and its tributaries at Lac des Chats to determine whether
these habitat preferences for lacustrine-like and fluvial breeding sites reduced gene flow between
breeding populations. My microsatellite analyses revealed the population was panmictic,
rejecting my hypothesis; however, previous studies have observed that genetic isolation by
distance does influence channel catfish population genetics, at a greater spatial scale than the one

at which | was working.

In my second chapter, | investigated the origins of cave-dwelling North American
catfishes (Prietella lundbergi, Prietella phreatophila, Satan eurystomus, and Trogloglanis
pattersoni) from the karst region surrounding the Gulf of Mexico. The origins of these species
have been contentious, differing between previous morphological and molecular studies. The
most recent study proposed that cave-dwelling ictalurids descended from a common ancestor.
This hypothesis was unintuitive given the allopatric distribution of cave ictalurids divided by

extensive mountain ranges. Therefore, | tested the alternative hypothesis that cave ictalurids
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evolved in parallel, descending from common ancestors shared with surface-dwelling species. |
constructed a time-calibrated phylogeny of Ictaluridae using the largest molecular dataset of any
study to date, including all extant species except the troglobitic Satan eurystomus. | observed that
Prietella lundbergi was sister to surface-dwelling Ictalurus, and Prietella phreatophila +
Trogloglanis pattersoni were sister to surface-dwelling Ameiurus, suggesting two independent
cave colonization events. Interestingly, the sister relationship between Prietella phreatophila and
Trogloglanis pattersoni indicated that subterranean dispersal between American and Mexican

aquifers was possible between the Eocene and Miocene.

In my third chapter, | shifted focus to South America, elucidating whether semi-
permeable barriers between major river basins have sufficiently reduced gene flow between
subpopulations of the widespread ornate pim catfish. Previous evidence suggested “Pimelodus”
ornatus forms a species complex defined by river basin boundaries, but these conclusions were
based on only four individuals. I constructed a multi-gene phylogeny of 130 “Pimelodus”
ornatus specimens to test whether impermeable and semi-permeable barriers between river
basins have sufficiently reduced or eliminated gene flow between populations, facilitating
parapatric and allopatric speciation. | observed seven distinct lineages, six of which were
strongly defined by geographic location. | then calculated uncorrected p-distances between each
lineage and compared these values with generally accepted interspecific thresholds between
vertebrate species. These distances were comparable to recognized species, indicating a need for

formal species descriptions using morphological data.

Finally, in my fourth chapter, | investigated whether major orogenic and river capture
events coincided with speciation and cladogenesis within Neotropical long-whiskered catfishes

(Pimelodidae). Orogenesis and river capture generally increase speciation among organisms via
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vicariance and new dispersal opportunities; however, speciation trends tend to be lineage-
specific. Therefore, | elucidated how these natural phenomena may have influenced the evolution
of pimelodids in response to widespread orogenesis throughout South America. | created a time-
calibrated phylogeny of Pimelodidae using the largest molecular dataset and most
comprehensive taxon-sampling (87 of the 116 extant species) of any study to date. | observed
that well-documented uplift events, including the rise of the Mérida and Eastern Andean
cordilleras and exposure of structural arches dividing major rivers, coincided with divergence
times of allopatric species pairs within Pimelodidae. I also identified paraphyly and polyphyly in

several genera, indicating a need for extensive taxonomic revisions.

The second, third, and four chapters within this thesis supported the hypothesis that
geographic boundaries promote genetic differentiation within catfishes by reducing gene flow
between populations. Furthermore, previous research indicates that isolation by distance may
also affect the genetic structure of a sympatric population in the first chapter. My thesis has
provided additional evidence to the growing body of research demonstrating the link between

abiotic factors and genetic diversification within organisms.

Additional research is necessary to address further questions resulting from my findings.
With respect to the first chapter, telemetry and additional genetic analyses may determine
whether habitat preference changes over a channel catfish’s lifespan resulting from improved
ability to establish and defend high-quality nesting sites, or if sex-biased philopatry could explain
the observed gene flow. For the second chapter, inclusion of Satan eurystomus may elucidate
additional patterns of parallel evolution or subterranean diversification. Furthermore, taxonomic
revisions are required to restore the monophyly of Prietella and to describe potentially new

surface-dwelling species. With respect to the third chapter, an ancestral area state reconstruction
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may determine areas of origin within the Pimelodus ornatus species complex. Additionally,
morphological data should be analyzed to describe the potentially new species observed
formally. For the fourth chapter, | proposed taxonomic revisions that future studies should
formally address by analyzing morphological characters. An ancestral area state reconstruction
of Pimelodidae may also identify potential origin sites of the major lineages within Pimelodidae.
Future studies should make use of the large molecular datasets | produced to test their own
biogeographical hypotheses. Ancestral area state reconstructions could elucidate where
cladogenesis may have occurred, testing specific models of vicariance and dispersal within
ictalurids and pimelodids. Furthermore, my research has indicated a need for extensive
taxonomic revisions within these groups, providing a molecular roadmap that can guide the

necessary morphological analyses required for these revisions.
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