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ABSTRACT

POLYMORPHISM & PARASITES: STRUCTURE, DIVERSITY AND SELECTION
OF THE MHCII GENES IN A WEAKLY ELECTRIC FISH, BRACHYHYPOPOMUS

OCCIDENTALIS

August 2022
Bruna L. Silva, B.A., University of New Hampshire
M.S., University of Massachusetts Boston

Directed by Dr. Luis De Leon

The major histocompatibility complex (MHC) class Il molecules play a key role in
inducing an immune response, by presenting foreign peptides to T-lymphocytes. They are
considered one of the most polymorphic genes in the vertebrate genome and diversity has
been associated with species diversification mediated by parasite, viral and bacterial
infections. While MHC genes are well documented in teleost fish, none thus far have been
described in the Gymnotiform order — a highly diverse group of neotropical electric fishes.
Using a combination of a recently annotated genome and whole genome resequencing data,
| identified and characterized both the classical MHCII DAB, DAA and non-classical DBB
genes in populations of the electric fish Brachyhypopomus occidentalis. | found highly
polymorphic sites within the classical MHCII genes, and significant genetic divergence
between populations widespread throughout the isthmus of Panama. To explore whether

drift or selection is driving genetic diversity in MHCII genes, | compared variation between



the MHCIIp and a neutral mitochondrial gene (COl). Geographic distance between sites
was only correlated with variation in the COI gene, suggesting that selective pressures
could be driving diversification in the MHCIIB. Further analysis showed that prevalence
of parasites within drainages was associated with rate of non-synonymous mutations in the
MHCIIB, which highlights the potential role parasites play in driving genetic diversity.
Overall, my results highlight the highly polymorphic nature of the MHCII genes in electric
fishes, and provides evidence for selection as a driver of variation at this locus. Although
further analyses are needed, these findings contribute to a better understanding of what

drives diversification in Neotropical electric fishes.
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INTRODUCTION

Terminology
Major Histocompatibility Complex Structure

The major histocompatibility complex (MHC) is a set of genes which encode for
molecules vital in the immune response of vertebrates (Altmann and Trowsdale 1989).
Two major classifications for MHC molecules exist, Class | and Il. Class | molecules are
found on all nucleated cells and function by binding to viral peptides and presenting them
to CD8+ T-cells, which in turn exterminates the infected cell (Bjorkman and Parham 1990).
Class Il genes encode for molecules only located on specialized antigen presenting cells
(macrophages, dendric and B-cells) and bind to extracellular foreign peptides (Alfonso &
Karlsson, 2000; Hughes & Nei, 1989). MHCII molecules work with CD4+ T-cells to
coordinate an appropriate immune response (Podivinsky 1966; Engelhard 1994) and play
a key role in the adaptive immunity of an individual. The Class Il molecule is comprised
of an alpha and beta chain non-covalently associated to form a heterodimer (Figueroa et al.
1997; Amadou et al. 1999; Doherty and Zinkernagel 1975). Each chain is composed of two
extracellular domains (al/a2 and B1/B2 respectively), and the connecting peptide (CP),

transmembrane (TM), and cytoplasmic tail (CY) regions (Fig 1).
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Fig 1. Structure of the MHCII a and B chains. The extracellular domains are
composed of the al/a2 and B1/B2, while the connecting peptide (CP), transmembrane
(TM), and cytoplasmic tail make up the remainder of the molecule.

Classical and Non-Classical

MHC genes can be further sorted into Classical and non-Classical categories.
Classical MHC genes have been the focus of most studies; attention has especially been
given to the first domain of the classical o and 3 gene. The a1 and 1 domains interact to
form an extracellular groove made of a B-sheet and two a-helix walls that directly bind
with foreign peptides (Alfonso & Karlsson, 2000; Hughes & Nei, 1989). Overall, classical

MHC genes are highly polymorphic, and diversity is thought to be maintained through



balancing selection (Doherty & Zinkernagel, 1975; Klein & O’Huigin, 1994; Takahata &
Nei, 1990; Wegner, 2004). Non-Classical MHC genes can influence the peptide binding
process, but they lack the ability to directly bind with antigens and are therefore often less
diverse than classical genes (Alfonso and Karlsson 2000). Unlike in most vertebrates,
classical and non-classical genes are often unlinked in teleost (Sato et al. 2000) and there
IS some uncertainty to the function of non-classical molecules (Alfonso and Karlsson
2000). A single classical MHCII lineage exists in teleost (DA- ) and two non-classical

lineages (DB- and DE-) (Onott et al., 1992; Sambrook et al., 2005).

Parasites

Although number of parasite species are grossly undercounted, it is estimated that
parasites are one of the most abundant life forms to exist (Dobson et al. 2008). Parasites
influence their hosts in a variety of negative ways, and due to their typically short lifespan
they can multiply and adapt quickly to host defense systems (Summers et al. 2003; Gandon
and Nuismer 2009; Start and Gilbert 2016). Some ectoparasites exist in freshwater fish, the
most common being ciliated protozoans (Lin, Clark, and Dickerson 1996), which can
multiply quickly and spread rapidly throughout a population. However, most parasites
found on fish are internal and typically found within the gills, eyes, or gut of the host (Reed
et al. 2009; Dobson et al. 2008). Trematodes, either Digeneans or Monogeneans, are one
of the most abundant parasites found in fish (Reed et al. 2009; Dobson et al. 2008; Zargar
et al. 2012). Monogeneans are oviparous and have a direct lifecycle, species are usually
generalists and can infect a variety of hosts (Reed et al. 2009). Although Digeneans can

look like Monogeneans, they are viviparous and have complex life cycles involving



multiple hosts (Timofeeva, Gerasev, and Gibson 1997; Rehulkova, Benovics, and Simkova
2020; Reed et al. 2009). Many Digeneans are specialists and require specific hosts at
different life stages (Reed et al. 2009; Scholz, Aguirre-Macedo, and Salgado-Maldonado

2001; Pinto and de Melo 2012).

Gymnotiform

Gymnotiform is an order of neotropical electric fish consisting of more than 200
identified species (W. G. Crampton 1996; Albert 2001). Primarily found in freshwater
rivers of South and Lower Central America (Albert and Crampton 2006; Alda et al. 2013;
Aguilar et al. 2019), fish in this order are slender and lack a dorsal or caudal fin, however
they use an elongated anal fin to propel forward and backward through the water
(Youngerman, Flammang, and Lauder 2014). A distinct feature of this group is their ability
to produce species specific electric organ discharges (EODs) (Albert 2001; Hagedorn 2008;
Fugeére, Ortega, and Krahe 2011). Species often have small eyes and rely on continuous
electric pulses to communicate with conspecifics, and navigate murky waters (Hagedorn
2008; Fugere, Ortega, and Krahe 2011). The closely related order of Siluriform (Catfish)
is a common predator of Gymnotiformes and convergently evolved electroreceptors to
detect electric fields (Gallant et al. 2014; W. G. R. Crampton 2019). Certain species within
Gymnotiform have adapted to this threat by changing the frequency of their EODs, thus
remaining undetected by predators (Stoddard 1999). In an extreme example, Electrophorus
sp. is capable of producing electric discharges strong enough to stun or Kill prey (Traeger

et al. 2015; W. G. Crampton 1996).



Brachyhypopomus occidentalis

Of the few Gymnotiform species to now colonize Central America,
Brachyhypopomus occidentalis is one of the most widely distributed throughout the
isthmus of Panama. They are typically small sized fish (6 - 45cm) that spend most of their
time hiding under rocks or leaf litter (Albert and Crampton 2006). Multiple colonization
events has led to isolated populations of B. occidentalis and increasing genetic divergence
(Picq et al. 2014). Previous research in this system has highlighted vast genetic and EOD
differences (Picq et al. 2016) among populations, making this a particularly good system
to explore the drivers of genetic diversification. Differences in electric pulses are associated
with geographic distance, and likely due to genetic drift (Picq et al. 2016). However, drift
and selection are not mutually exclusive and selective pressures could still be promoting

other variations.

Research Objectives

Gymnotiformes are not well represented in evolutionary studies, and little is known
about what drives diversification within this order. The objective of this study is to help fill
in this gap of knowledge by providing novel research on the genetic diversity at the MHC
loci of a neotropical electric fish. | aim to identify the MHCII genes of B. occidentalis,
characterize their organization, as well as explore variations seen across populations in
Panama. Lastly, | explore potential associations between parasite communities and MHC

diversity.



CHAPTER 1. ORGANIZATION AND POLYMORPHISM OF MHCII
GENES OF A WEAKLY ELECTRIC NEOTROPICAL FISH,
BRACHYHYPOPOMUS OCCIDENTALIS

Abstract

The major histocompatibility complex (MHC) class I molecules play a key role in
inducing an immune response, by presenting foreign peptides to T lymphocytes. They
represent one of most polymorphic genes in the vertebrate genome and have associated
with diversification withing lineages. MHC genes are well documented in teleost, but have
been largely overlooked in order Gymnotiform, a highly diverse group of neotropical
electric fishes. We used a combination of a recently annotated de novo genome assembly
and whole genome resequencing data to identify and characterize both classical MHCII
DAB, DAA and non-classical DBB genes in populations of the electric fish
Brachyhypopomus occidentalis. We also examined patterns of selection acting on these
genes, and their phylogenetic relationships with other fish taxa. In total, we detected 17
BrocDAA and 19 BrocDAB unique sequences from 10 B. occidentalis individuals. The
extracellular domains, encoded by exon 2, showed remarkable levels of diversity; however,
there were no statistical differences in variation between the peptide binding residues
(PBR) and non-peptide binding sites. Phylogenetic analysis using either the putative amino

acid sequence or the exon 2 of each gene showed evidence of trans-species polymorphisms



(TSP) in the DAB but not in the DAA genes amongst Gymnotiformes. While we found the
classical MHCII genes of B. occidentalis to be highly polymorphic, the non-classical DBB
gene showed no variation and all individuals were homozygote for the same allele. Overall,
our results describe the MHCII genes in a previously unreported clade of fish and, provides

novel molecular tools to further explore the drivers of diversification in electric fishes.

Introduction

The Major Histocompatibility Complex (MHC) is one of the most polymorphic set of
genes in the vertebrate genome (Malmstrgm et al. 2016; Hedrick 2002). MHC molecules
are present on virtually all cell surfaces and function by binding with foreign peptides and
presenting them to nearby T-cells, thus inducing an immune response (Altmann and
Trowsdale 1989). The complex of genes that encode these molecules can be categorized
into Class I, I, and 111 based on their structure and function. Class | molecules are located
on all nucleated cells, and their function is to present viral antigens to nearby CD8+
cytotoxic T cells, which in turn terminate the infected cell (Bjorkman and Parham 1990).
Class 1l molecules are heterodimers comprised of two non-covalently associated o. and 3
chains. Each chain is composed of two extracellular domains (al/a2, and B1/B2,
respectively) and the connecting peptide (CP), transmembrane I, cytoplasmic tail (CY)
regions. Class Il molecules are only present on specialized antigen presenting cells (B
lymphocytes, macrophages, dendritic cells) and work with CD4+ helper T cells to
coordinate an appropriate response for a range of extracellular pathogens, including

bacterial (Lohm et al. 2002) and parasitic infections (Podivinsky 1966; Engelhard 1994).



Class 11 genes encode for a group of proteins involved in immune response but are not
involved in antigen presentation (Milner and Campbell 2001).

MHC molecules can be further categorized into classical and non-classical subgroups
based on key features and expression patterns. Non-classical MHC genes are less
polymorphic and, although they can influence the peptide presentation process, they often
lack direct binding capacity to t-cells (Alfonso and Karlsson 2000). Classical MHC genes
are characterized by a high degree of polymorphism, especially in the peptide binding

region (PBR) of the a1l and 1 domain (Hughes and Nei 1989; Carroll, Penn, and Potts

2002). The first domain of each molecule is mostly encoded by exon 2 of the 4 -5 exon

gene. Historically, studies have focused exclusively on this region since the MHCII o and
B chains form an extracellular groove made of a 3-sheet floor and two a-helix walls that
directly bind with foreign peptides for antigen presentation (Hughes and Nei 1989; Alfonso
and Karlsson 2000).

Higher levels of diversity at these loci have been associated with lower parasitic (J.
Klein and O’Huigin 1994; K Mathias Wegner 2004; Nevo and Beiles 1992), viral (Thursz
et al. 1995; Lekstrom-Himes et al. 1999), fungal (Savage and Zamudio 2011) and bacterial
(Lohm et al. 2002) infections. The high allelic diversity found at these loci is thought to be
maintained by balancing selection acting through a combination of non-mutually exclusive
mechanisms, namely: negative frequency selection (Takahata and Nei 1990) and
heterozygote advantage (Doherty and Zinkernagel 1975; J. Klein and O’Huigin 1994).
Their central role in adaptive immunity and genetic variability have made the MHC genes

a preferred system to study the origin and maintenance of genetic diversity in natural



populations. Indeed, Class | and Il genes have been well documented in many vertebrates,
including mammals (Alves de Sa et al. 2019; Horton et al. 2004; Amadou et al. 1999), birds
(Zhang et al. 2019; Wang et al. 2012; Pink et al. 1977), reptiles (K. M. Reed and Settlage
2021; Glaberman, Moreno, and Caccone 2009), and teleost fish. Unlike most other
vertebrates, fish MHC genes are unlinked (Sato et al. 2000), and their organization can
vary greatly between species. For instance, salmon (Salmo salar) have one functional MHC
Il locus (R. J. Stet et al. 2002), while some cichlids have over ten (Malaga-Trillo et al.
1998). In an extreme example, the Atlantic cod (Gadus morhua) have lost all MHC class
Il genes and instead have an above-average number of class | genes (Malmstrgm et al.
2016; Persson et al. 1999). Since the first MHC gene was isolated in carp (Hashimoto,
Nakanishi, and Kurosawa 1990), several other fish lineages have been studied, including
zebrafish (Sambrook, Figueroa, and Beck 2005; Onott et al. 1992), rainbow trout (Stet et
al., 2001), sticklebacks (Christophe Eizaguirre et al. 2011; K. M. Wegner et al. 2006),
salmon (Grimholt et al., 2000; Stet et al., 2002), cichlids (Murray et al. 2000), halibut (Li
et al. 2011), yellow croaker (Yu, Ao, and Chen 2010a), and seabream (Cuesta, Angeles
Esteban, and Meseguer 2006). However, little is known about the organization or
characteristics of MHC genes in electric fishes of the order Gymnotiformes. Thus, the goal
of this study is to characterize, for the first time, the MHC Class Il genes in the neotropical
gymnotiform Brachyhypopomus occidentalis.

Gymnotiformes are freshwater fish primarily endemic to Central and South America,
where over 200 species have been identified (Albert and Crampton 2006). A unique feature
of this clade is the ability to produce species — specific electric organ discharges (EODs)

that are used for navigation and communication with conspecifics (Hagedorn 2008).



Although this clade originated in South America, six species and five genera have been
described in Lower Central America (Albert and Crampton 2006; Alda et al. 2013). Found
in rivers throughout Panama and southern Costa Rica, B. occidentalis (bluntnose knifefish)
exhibit substantial genetic (Aguilar et al., 2018; Picq et al., 2014) and EOD (Picq et al.,
2016) interpopulation variation. Differences between populations have been shaped by
historical events, such as multiple waves of colonization and genetic drift (Aguilar et al.,
2018; Martin & Bermingham, 1998; Picq et al., 2014, Picq et al., 2016). Additionally, the
increasing availability of genomic sequencing data is likely to facilitate the study of the
drivers shaping genetic diversity in electric fishes, including variation at the MHC loci. In
particular, the annotated genome of B. occidentalis (Arias et al., 2021) provides an
opportunity to study the diversity of the MHC genes in a species-rich genus of the
gymnotiform clade. Here, we take advantage of the available genomic sequencing data, as
well as sequence data from two populations of B. occidentalis, to characterize variation in
a non-classical (DBB) and two classical (DAA and DAB) MHCII genes. Our goals for this
study were to: (1) characterize the genomic structure and organization of the MHCII
genes of B. occidentalis, (2) test for selection on the classical MHC loci, by comparing
inter- and intra-genetic substitution rates, and (3) assess phylogenetic relationships

between B. occidentalis and other teleost fishes based on available MHC genes.

10



Materials and Methods
Fish Sampling

Genomic DNA for B. occidentalis were obtained from ten fish collected at two
rivers, Tugamanti (n=5; Lat: 09.2232°, Long: -078.8887°) and Tapagrilla (n = 5; Lat:
09.1833° Long:  -079.20°) belonging to the Bayano drainage (weight = 5.56g + 3.68;
length = 12.67cm + 4.23) in eastern Panama. Fish were located using electrodes connected
to a rod and plugged into a handheld amplifier (RadioShack, Fort Wort Texas). Since B.
occidentalis emit continuous electric pulses, it is possible to hear their distinct buzzing
through the amplifier when the electrodes are in water near their presence. Once fish were
detected, we used a dip net for capture, and euthanasia was done by submerging individuals
in eugenol (C10H1202) for 60 seconds as described in Davis et al., (2015). Samples were
stored in -20°C until DNA extraction from muscle tissue using protocol for Dneasy Blood
& Tissue Kit (Qiagen). This project was approved by the Institutional Animal Care and
Use Committee at the University of Massachusetts Boston (IACUC 2019121), and
collecting permits were authorized by Panama’s Ministry of the Environment

(MiAmbiente; permit number: SE/AB-1-19).

DNA Sequencing

To characterize the MCH 11 genes, we used the recently assembled and annotated
genome of B. occidentalis (Arias et al., 2021) as a reference, as well as whole genome
resequencing data from the ten B. occidentalis obtained from the Bayano drainage. The

annotated reference genome is 540.3 Mb in size and includes 23,935 functionally annotated

11



genes, out of a total 34,347 predicted protein coding genes (Arias et al., 2021).
Completeness of the reference genome was estimated by searching for 3,640
Benchmarking Universal Single-Copy Orthologs (BUSCOs); of which 3,414 (93.8%) were
detected, 27 (.7%) were fragmented, and 99 (5.5%) orthologs were missing (Arias et al.,
2021). For the resequencing protocol, we obtained DNA of ten B.occidentalis individuals
from frozen preserved tissues using Dneasy Blood & Tissue Kit (Qiagen, Valencia, CA).
Libraries were prepared following the protocol for KAPA Library Preparation kits (Kapa
Biosystems, Wilmington, MA). Samples were sent for next generation sequencing on an
[lluminaX Ten platform (Novogene, Sacramento, CA) with minimum of 20x coverage.
Sequences were quality trimmed using Trimmomatic 0.40 (Bolger et al., 2014), before

following the GTAK pipeline for variant calling (Broad Institute, Cambridge, MA).

MHC bioinformatics

Genes in the reference genome were predicted through the GeMoMa Pipeline
(v1.6.4, Keilwagen et al., 2018). The MHC Class Il was annotated based on the
transcriptome data of the closely related electric eel, Electrophorus electricus (Traeger et
al. 2015; Gallant et al. 2014). Predicted MHCII sequences were isolated and extracted from
the ten re-sequenced B. occidentalis individuals using BLAST function within Geneious
(v1.2). Basic amino acid analysis was performed on EMBOSS Pepstats (Rice, Longden,
and Bleasby 2000). To further confirm the identity of the region, we aligned all sequences
against other teleost MHC sequences, using the Clustal Omega program (Thompson et al.
1994) as implemented in Geneious (v1.2). Teleost MHC sequences were obtained by using

the BLAST function in the NCBI database to search for genes with high similarity to B.

12



occidentalis sequences (Accession numbers in Supplemental Materials). In total, DAA and
DAB sequences from six teleost species were obtained (Electrophorus electricus, Ictalurus
punctatus, Salmo salar, Oncorhynchus mykiss, Danio rerio, and Cyprinus carpio; Table
S1), in addition to the homologous HLA genes found in Homo sapiens. The non-classical
MHCII DBB sequences were obtained from the available data on five teleost species
(Electrophorus electricus, Danio rerio, Lates calcarifer, Chionodraco hamatus, and
Oreochromis niloticus; Table S1). Putative peptide binding regions (PBR), conserved
residues, and potential N-linked glycosylation sites were identified based on similarity to
other sequences used in previous studies (Jeon, Won, and Suk 2019; Cosson and

Bonifacino 1992; Yu, Ao, and Chen 2010b; Amadou et al. 1999).

Tests of Selection

To test for selection on MHC Il genes, we performed several maximum likelihood
(ML) tests, including FEL (Fixed Effects Likelihood), MEME (Mixed Effects Model of
Evolution), FUBAR (Fast, Unconstrained Bayesian AppRoximation), SLAC (Single
Likelihood Ancestor Counting), and GERD (Genetic Algorithm for Recombination
Detection). Tests for selection were all run in the HyPhy package implemented in
DataMonkey (Kosakovsky Pond and Frost 2005b). We used SLAC to calculate
synonymous (S) and non-synonymous (N) substitutions in the exon 2 of BrocDAA and
BrocDAB. Non-synonymous mutation rates (dN) were compared with synonymous
mutations (dS) using a Welch’s t-test to detect inter- and intra-genetic differences in

substitution rates. Specifically, we tested two hypotheses; whether dN/dS was higher in the
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exon 2 of each (ol > o - al & B1 > B - B1), and whether the beta gene showed higher
dN/dS than the alpha (B > a & B1 > al).

To further test whether sites are under positive or purifying selection pressures,
MEME analysis was used to calculate the mutation rate (o) of the protein coding sequence
of each gene (Murrell et al., 2012). Contrary to the other methods, this model allows for
mixed selection pressures by using a single dS value (o) but two separate dN values (B+
and B-). Two o rates are calculated for each site, and a ML approach is used to calculate
the probability that the site evolved under diversifying (o > 1) or purifying (o < 1)
selection. Only sites with a probability greater than 95% chance (p < 0.05) of occurring
were considered to be under selection. Given that selection tests assume that no
recombination event occurred at the sites being considered, we used GERD to test for

recombination prior to selection (Pond et al. 2006).

Phylogenetic Analysis

Phylogenetic analyses were performed by using either the complete protein
sequences of the DAA and DAB genes or the predicted sequences of the extracellular a1
and B1 domains. Neighbor — joining (NJ) trees (Saitou and Nei, 1987) were constructed
with Geneious Tree Builder (v1.2) using 100,000 bootstrap replicates, and only bootstrap
values over 50% were retained. Genetic distances were calculated using Jukes-Cantor
distance measures in Geneious (v1.2). To confirm evolutionary clustering, Maximum
Likelihood trees were also constructed using the MEGA 11.0 program (Tamura et al.,

2021). A total of 39 homologous genes were obtained from the NCBI database (Accession
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numbers in, table S1) and included sequences from 19 teleost species (Electrophorus
electricus, Ictalurus punctatus, Salmo salar, Oncorhynchus mykiss, Danio rerio, Cyprinus
carpio, Ctenopharyngodon idella, Oncorhynchus tshawytscha, Oncorhynchus nerka,
Paralichthys olivaceus, Cynoglossus semilaevis, Sparus aurata, Pagrus major, Miichthys
miiuy, Dicentrarchus labrax, Plecoglossus altivelis, Osmerus mordax, Megalobrama
amblycephala, and Leiocassis longirostris), and 2 mammalian species (Homo sapiens, and

Mus musculus), which we used as outgroups.

Results

Structure and Polymorphisms of BrocDAA, BrocDAB, BrocDBB

In total five MHCII genes were detected in the annotated reference genome,
however only two fell under the classical MHCII DA- lineage. A non-classical beta gene
was also detected, belonging to the DB- group of MHC genes. The remaining two of the
predicted class 11 genes were detected in Electrophorus electricus, but they were not found
in any other teleost lineage. Low evidence scores (< 500) and poor alignments with other
species suggest this was likely due to duplication events leading to a pseudogene. Our study
focused on the genes with high evidence scores ( > 500) and included the two classical
MHCII DAA and DAB genes, as well as the non-classical DBB.

We obtained 20 complete MHC Ila. and 113 gene sequences of B. occidentalis collected
from the two rivers, Tugamanti and Tapagrilla (2n = 20), in addition to the reference
genome sequence of a fish caught in the Juan Grande River (Arias et al., 2021, n = 1). In
total, we found 17 unique BrocDAA sequences and 19 unique BrocDAB sequences or

alleles from mostly heterozygote individuals. Genetic sequences were named
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BrocDAA*0101 to BrocDAA*0801 and BrocDAB*0101 to BrocDAB*1102 in
accordance with nomenclature used by Shum et al. (2001). Only five alleles were detected
in both rivers, including BrocDAB*01, BrocDAB*03, BrocDAA*01, BrocDAA*02 and
BrocDAA*03. In contrast, the non-classical gene showed astonishingly low variation; all
20 BrocDBB sequences were identical, and all individuals were homozygote for the

BrocDBB*0101 allele.

DAA

75 246 282 123

3,099 507
377 al a2 CPTMCY

DAB

24 273 282

546 751 120 489 2
o]

DBB

57 276 252 114 33

Fig 1.1 Exon/intron organization of BrocDAA, BrocDAB, and BrocDAA in
Brachyhypopomus occidentalis. Boxes indicate relative position of exons, lines
represent introns, and numbers show base pair (bp) length

The MHCII alpha chain in B.occidentalis is a 4,798 bp gene made of four exons (Fig
1) that translate to 241 residues and a predicted molecular weight of 26.4kDa. Exon 1
makes up the untranslated leading peptide (LP) chain and the first codon of al, which is

separated from exon 2 by a relatively short intron. High rates of variability are expected in
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the a1 domain, which is mostly encoded by exon 2, and is responsible for directly binding
with foreign peptides. Similar to previous teleost studies (Yu et al., 2010), we detected the
83 residues at this site to be highly polymorphic. Although it encompasses only 34.4% of
the entire gene, 55.2% of all polymorphisms were found in this region (Table 1). Exon 3
encodes for another extracellular domain, the o2, and a rather large intron (3,099 bp)
separates exons 2 and 3. Likely due to replication events, this intron is lacking in the
predicted MHC lla gene of E. electricus but was detected in all B. occidentalis individuals.
Lastly, exon 4 encodes for the transmembrane domain and cytoplasmic tail.

The classical MHC 11 chain in B.occidentalis is a 2,509bp gene with 5 exons (Fig
1) that encode a polypeptide of 240 amino acids (aa), and a predicted molecular weight of
27.4kDa. Similar to BrocDAA, the first exon in BrocDAB encodes for a short leading
peptide and the beginning of the f1 domain. The majority of the highly polymorphic g1
domain is encoded for by exon 2, and composed of 91 residues, 23.1% of which were
variable (Table 1). The remaining exons encode the rest of the polypeptide chain; exon 3
encodes for the B2 domain, while exon 4 encodes for the hydrophobic transmembrane
region and exon 5 encodes the short cytoplasmic tail (Fig 1). The non-classical MHCIIB
chain followed a similar structure to its classical counterpart, except that an intron was
detected separating the leading peptide and 1 of the BrocDBB gene. Overall, the DBB
gene is 2,607bp with a predicted molecular weight of 27.8kDa; and a total of 5 exons (Fig

1) are predicted to form a 243aa chain.
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Bl /al a2/B2

CPTMCY
(a) Total Sites 83 158
DAA (b) Variable Sites 16 (19.3%) 13 (8.2%)
(c) Total Variability 55.2% 44.8%
(a) Total Sites 91 149
DAB (b) Variable Sites 21 (23.1%) 7 (4.7%)
(c) Total Variability 75.0% 25.0%

Table 1.1 Variability in the first domain (a1/B1) compared to all other regions (a2/p2
and CP/TM/CY) of the Classical MHCII genes of B. occidentalis. Letters indicate (a)
number of total sites per region, (b) number of variable sites within each region (and
percent of region that shows variability), and (c) percentage of total variability that
falls within each region.

The classical DA- alpha and beta chains form a heterodimer, the first domain of
each (o1 and B1 respectively) form an extra-membrane cleft in which foreign peptides are
bound to and presented to CD4+ T-cells (Engelhard 1994). We found that of the 28 variable
sites detected in the DAB gene, 75.0% occurred in the 31 domain (Table 1). In comparison,
the B2/CP/TM/CY domains encompass 62.0% of the gene but only possess 25.0% of the
variability detected. Of the seven variable sites that fell outside of the 31, all were detected

within the extracellular B2; in contrast, the trans- and inner- membrane regions

(CP/TMICY) were uniform across all individuals.

Sequence Comparisons
The translated amino acid sequences of all unique BrocDAA and BrocDAB alleles
were aligned with sequences from other species (Figs. 2 and 3), including E. electricus

(EleIDA-), Danio rerio (DareDA-), Salmo salar (SasaDA-), Cyprinus carpio (CycaDA-),
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Ictalurus punctatus (IcpuDA-), and the human HLA-DR genes (Table S1). Similarities of
BrocDAA with other vertebrate sequences ranged from 67.9% amino acid identity
(EleIDAA) to 32.1% (HLA-DRA). Comparisons of BrocDAB showed a similar pattern,
albeit slightly more uniformity between teleost species, with overall identity ranging from
75.8% (EleIDAB) to 28.4% (HLA-DRB). The predicted non-classical BrocDBB gene was
best aligned to other teleost sequences of the DB- lineage; namely, E. electricus, D. rerio,
Lates calcarifer, Chionodraco hamatus, Oreochromis niloticus (Table S1). Similarities
between sequences ranged from 72.1% (EleIDBB) to 39.7% (OrniDBB). Pairwise identity
scores are comparable to other MHCII studies in fish (Murray et al., 2000; Yu et al., 2010;
Stet et al., 2002; Gerdol et al., 2019), adding confidence in the characterization of these
regions in B. occidentalis. Furthermore, several conserved residues were detected across
all taxa.

The o and B chain each contained four cysteine sites well conserved among all
teleosts. The cysteines of the al (C13 and C66) and a2 (C108 and C164) are predicted to
form an intra-domain disulfide bridge, based on mammalian studies (Dick et al. 2002). The
same predicted disulfide bridge was detected in the 31 (C9 and C75) and 32 (C113 and
C169) of BrocDAB, and the 1 (C11 and C74) and 32 (C104 and C160) of BrocDBB. All
B. occidentalis sequences shared the same potential N-linked glycosylation site in the a2
domain (NLT, position 127-130). This site was identical to S. salar, but differed from E.
electricus by one mutation (NVT, Fig 3). A potential N- linked glycosylation site in the 1
domain (NST, position 37 — 39) was identical in all B. occidentalis as well as in the DAB

sequences of E. electricus, S. salar and 1. punctatus (Fig 4). While all sequences had some
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number of substitutions in the aligned protein sequences, the member proximal domains of
the CP/TMI/CY regions in all genes showed little change and high uniformity across

Species.
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Fig 1.2. Translated amino acid sequence alignment of MHCII DAA genes. Sequences
of B. occidentalis are aligned with several other species shown in Table S1. Conserved
cysteines sites are displayed with a plus (+), predicted peptide binding sites are shown
with a hash (#), and predicted N-glycosylation site is shaded in gray. Domains are
labeled above the start of their respective regions; identical sites are represented by a
dot (. ) while introduced gaps are shown with dashes ( -).
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Fig 1.3. Translated amino acid sequence alignment of MHCII DAB genes. Sequences
of B. occidentalis are aligned with several other species shown in Table S1. Conserved
cysteines sites are displayed with a plus (+), predicted peptide binding sites are shown
with a hash (#), and predicted N-glycosylation site is shaded in gray. Domains are
labeled above the start of their respective regions; identical sites are represented by a
dot (. ) while introduced gaps are shown with dashes ( - ).
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Fig 1.4. Translated amino acid sequence alignment of MHCII DBB genes. The solely
unique B. occidentalis sequence is aligned with several other teleost species shown in
Table S1. Conserved cysteines sites are displayed with a plus (+). Domains are labeled
above the start of their respective regions; identical sites are represented by a dot (.)
while introduced gaps are shown with dashes ( - ).

Selection Analysis

Comparisons of average dN/dS rates between the putative peptide binding regions
(PBR) of BrocDAA and BrocDAB yielded no significant difference. Furthermore, overall
rates of mutation between the entire coding regions of both genes were similar (B> a, p =
0.56). However, there was a significant difference in the substitution rates of the exon 2
compared to other exons within each gene (Fig 5). As expected, the extracellular domain,
primarily responsible for recognizing and binding with pathogens, had higher rates of non-

synonymous mutations than the trans- and inner- membrane regions (al > o - al, p =

0.012; 1> B - BL, p = 0.0001).
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Fig 1.5. Mutation rates of the classical MHCII in B.occidentalis. Comparisons show
average non-synonymous to synonymous substitution rate (dN/dS) in the exon 2 and
in exons 3 through 5 of BrocDAA and BrocDAB. Stars indicate significant p-value (*
< 0.05, **** < (0.0001), there was no significant difference in mutation rates between
genes (p = 0.56).

The mixed effects model of evolution (MEME) showed that both classical genes
have sites that seem to be under diversifying selection. Specifically, five sites in the
BrocDAA gene, and eight sites in the BrocDAB showed evidence of diversifying selection
(p <0.05). All sites predicted to be under selection in the alpha chain occur in the al
domain. Eight variable sites were predicted to be under diversifying selection in BrocDAB:
four sites in the 1 domain and four in the 32 (Table 2). Previous research suggests that
different selection pressures may act on different regions of the MHC gene; while the extra-

cellular domains may be under diversifying selection, purifying selecting may be acting on

the trans- and inner- membrane regions (Ottova et al., 2005). Our analysis showed no
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evidence of purifying selection in the MHCII of B. occidentalis, and none of the sites in

the trans- or inner- membrane regions were predicted be under selection.

Site # p-value Region

26 0.04 Non-PBR
34 0.04 PBR

DAA 83 0.01 PBR
87 0.01 Non-PBR | Taple 1.2. Sites under positive
88 0.05 PBR (diversifying) selection in the
%; 88(2) NOFEEF;{BR PBR and non-PBR of BrocDAA
87 0.00 PBR and BrocDAB. Only sites where ®
91 0.01 PBR > 1 and p < .05 were considered

DAB 130 0.00 Non-PBR | under positive selection.
131 0.03 Non-PBR
142 0.03 Non-PBR
148 0.01 Non-PBR

Phylogenetic Analysis

To evaluate evolutionary relationships, NJ and ML phylogenetic trees were
constructed using either the putative amino acid chain of exon 2 or the complete predicted
chain of the DAB and DAA genes. Trees constructed using the DAB sequences were highly
uniform, and showed reciprocal monophyly for most clades, with minor changes in the
clustering of the complex perciform clade (Supplementary Figure S1). Overall similar
topology was obtained when using the DAA sequences, although there were some
discrepancies when using exclusively the al. Specifically, the Gymnotiformes formed a
monophyletic group when using the complete amino acid sequence, but the position of E.
electricus remained unresolved when solely using the al sequences. The Siluriformes,

represented by 1. punctatus (IcpuDAA), is expected to cluster closely with the
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Gymnotiformes as seen in the phylogenetic analysis using the complete amino acid
sequence (Fig. S2b). However, 1. punctatus clusters closely with the Osmeriformes when

using only the a1 domain (Fig. S2a).

Discussion

The major histocompatibility complex plays a key role in the adaptive immune
response of vertebrates. Classical MHCII genes are highly polymorphic genes and have
been extensively studied due to their association with pathogen resistance (Lekstrom-
Himes et al., 1999; Thursz et al., 1995; Engelhard, 1994; Podivinsky, 1966; Wegner, 2004;
Lohm et al., 2002), and ability to promote diversification (Malmstrgm et al. 2016). We take
advantage of the reference genome of Brachyhypopomus occidentalis (Arias et al. 2021)
and whole genome resequencing data to identify predicted MHCII genes. To our
knowledge, this is the first study to characterize these immunologically vital genes in the
electric fishes of the order Gymnotiform. Overall, the MHC loci in B. occidentalis showed
extraordinary diversity, especially in the extracellular exon 2 of the BrocDAB and

BrocDAA genes.

MHC Organization in B. occidentalis

Five MHCII genes were predicted in the annotated reference genome of B.
occidentalis (Arias et al. 2021), including the DAA, DAB, and DBB genes. Premature stop
codons and poor sequence alignments suggest that the remaining two genes predicted are
most likely non-functioning pseudogenes only found in the electric fishes, B. occidentalis

and Electrophorus electricus (Traeger et al. 2015; Gallant et al. 2014). MHC pseudogenes
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are common in other organisms, for example the majority of the 224 classical human MHC
genes are thought to be pseudogenes (Beck et al. 1999). That is, only approximately two
in every five genes are predicted to influence the immune function and play a role in disease
resistance. We found a similar ratio in B.occidentalis, with three of the five genes predicted
to be functional MHC genes. Our findings of one functional o chain, and two 8 chain loci
are typical for MHCII genes, given that an o chain can bind to multiple B chains (Alfonso
& Karlsson, 2000). Notably, both pseudogenes predicted in B.occidentalis were also
detected in the most closely related taxon, E. electricus, but not in other fish species. This
suggests the two pseudogenes likely evolved via duplication events in a common ancestor
of electric fishes. Future genetic studies in other gymnotiforms and the closely related
siluriform are needed to better understand the timing of this duplication event. We also
detected another likely duplication event that occurred more recently in B. occidentalis; a
large repetitive intron was detected in the lla gene of all B. occidentalis individuals, but
such intron was not found in E. electricus. Thus, our results suggest that duplication events
are playing an important role in shaping the structure of MHC genes in electric fishes; yet
more genetic data in other gymnotiform clades are needed to unveil the functional

consequence of these duplication events.

MHC Variation

Alignments of the putative amino acid sequences with homologous genes in other
teleost species revealed several highly conserved structural features. We identified four
cysteine residues in each of the BrocDAA, BrocDAB, and BrocDBB sequences that were

shared among all teleost sequences. Previous studies also found two pairs of cysteine
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residues that bind together to form two structurally important bridges among the al/a2
and B1/B2, respectively (Beck et al., 1999; Grimholt et al., 2000; Li et al., 2011). The
potential N- glycosylation site detected in the B1 (NST, position 37-39) was identical
amongst the Gymnotiformes, Siluriformes, and Salmoniformes. There was less uniformity
at this site in the a2 (NLT, position 127 — 129), with only Salmo salar sharing the same
sequence as BrocDAA. Interestingly, the potential N-glycosylation site differed within the
Salmoniformes and Gymnotiformes by a single mutation (V, position 128).

Variability amongst sequences were particularly high in the extra-membrane
peptide binding regions of both genes (Table 1). In contrast, the transmembrane region and
inner-membrane cytoplasmic tail showed little to no variability among species. All
vertebrate sequences shared the same GxxxGxxGxxx motif in the transmembrane region
of the a chain. This is not surprising, given that the G residues in this motif play a key role
in the interaction between the o and 3 chains when forming the a-f dimer (Cosson &
Bonifacino, 1992). The leading peptide domain of each sequence was also highly
polymorphic, and it showed the largest number of differences between the two species of
Gymnotiformes included in the analyses. Although not much is known about the purpose
of the leading peptide, it is an untranslated region and variation seen here likely has little

functional importance.

Evidence of Selection

Previous MHC studies have focused on exon 2 for its remarkable polymorphism,

and its above-average number of non-synonymous mutations. Several sites within the exon

27



2 are predicted to evolve under strong selective pressures as they directly interact and bind
with foreign peptides (Engelhard 1994; Sambrook, Figueroa, and Beck 2005; Beck et al.
1999). However, contrary to other teleosts (Gerdol et al. 2019; Yu, Ao, and Chen 2010b),
we did not find significant differences in dN between the PBR of BrocDAA and BrocDAB.
While exon 2 of BrocDAA and BrocDAB harbored the majority of polymorphisms
observed, the peptide-binding region (PBR) was no more likely than the non-PBR to be
under positive selection. This could be due to our sampling being limited to a single
watershed. Including data from other populations representing separate drainages under
potentially different selective regimes could reveal MHC sites under positive selection.
Differing selection pressures may also act on different regions of the MHC gene; while the
PBR may be under diversifying selection, purifying selection may be acting on the non-
PBR (Ottova et al., 2005). Our analysis showed no evidence of purifying selection in the

MHCII of B. occidentalis, perhaps due to recent bottleneck events.

Phylogenetic Analysis

Our phylogenetic analyses showed a consistent clustering across fish taxa,
regardless of sequence used (Supplementary Figures S1 and S2). Furthermore, B.
occidentalis alleles grouped as expected and phylogenetic clustering of all sequences
confirmed that BrocDAA and BrocDAB were in the classical DA- lineage, while BrocDBB
belonged to the non-classical DB- group. The only slight deviation from this pattern was
within the Neighbor-Joining tree based solely on the al domain of BrocDAA.
Incongruities could be due to reduced genetic information when only using the first

domain.
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Phylogenetic and sequence alignment results could also suggest the presence of
trans-species polymorphism (TSP), or allelic lineages that persist across species (Jan Klein
et al. 1998). The existence of TSP indicates that balancing selection may be acting to
maintain advantageous alleles among populations, and is associated with persistent
selective pressures (Jan Klein, Sato, and Nikolaidis 2007). The presence of TSP was
detected between species of mice and rats, with a rare mutation observed across lineages
and likely predating speciation (Figueroa, Gunther, and Klein 1988). While TSP appears
to be present among the BrocDAB alleles, the BrocDAA showed less uniformity with
closely related species such as E. electricus. The non-classical BrocDBB and ElelDBB also
overlapped substantially, and a deletion across six sites of the 32 was only detected within
the DBB genes of the Gymnotiformes. While we can speculate on the existence of TSP,
more genetic information on diverse species within the order Gymnotiform is needed to

make any conclusions.

Conclusion

Our results suggest that the classical MHCII genes are highly variable within B.
occidentalis and between two Gymnotiform species. Although there was little variation
within the member proximal domains; the extracellular domain was highly polymorphic.
In contrast, the non-classical MHCIIB was identical in all B. occidentalis and coincided
with Electrophorus electricus but varied across all teleosts. Overall, more research focused
on the non-classical MHC genes of teleosts is needed to evaluate if the extreme
homozygosity seen in BrocDBB is within normal range. While fish belonging to the order

Gymnotiform can account for a significant portion of biomass found in rivers throughout
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Lower Central and South America (W. G. Crampton 1996), little research has been
conducted on the drivers of diversification within this lineage. Our study provides novel

insight into the MHCII variation of electric fishes and is a necessary precursor for future

studies.
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Supplementary Figures and Tables:

Name Accession Number Common Name Scientific Name Order
ElelDAB XM_026996251 Electric eel Electrophorus electricus Gymnotiformes
IcpuDAB u77597 Channel catfish Ictalurus punctatus Silruriformes
SasaDAB AJ439067 Atlantic salmon Salmo salar Salmoniformes
OnmyDAB CBX11173 Rainbow trout Oncorhynchus mykiss Salmoniformes
DareDAB BC124461 Zebrafish Danio rerio Cypriniformes
CycaDAB HQ380378 Common carp Cyprinus carpio Cypriniformes
HLA-DRB X02902 Human Homo Sapien Primates
ElelDAA XM 026996499 Electric eel Electrophorus electricus Gymnotiformes
IcpuDAA AF103002 Channel catfish letalurus punctatus Siluriformes
SasaDAA BT150000 Atlantic Salmon Salmo salar Salmoniformes
OnmyDAA AJ251432 Rainbow trout Oncorhynchus mykiss Salmoniformes
DareDAA L19446 Zebrafish Danio rerio Cypriniformes
CycaDAA X95432 Common carp Cyprinus carpio Cypriniformes
HLA-DRA V00523 Human Homeo Sapien Primates
ElelIDBB XM_026995774 Electric eel Electrophorus electricus Gymnotiformes
DarcDBB XM 005159194 Zebrafish Danio rerio Cypriniformes
ChhaDBB KX398847 Antarctic icefish Chionodraco hamatus Perciformes
LacaDBB XP_018541680.1 Asian Seabass Lates calcarifer Perciformes
OmiDBB XM 019365082 Nile Tilapia Oreochromis niloticus Perciformes
CtidDAA EU186148 Grass Carp Ctenopharyngodon idella Cypriniformes
OntsDAA XM_024408463 Chinook salmon Oncorhynchus tshawyischa Salmoniformes
OnneDAA XM 029652725 Sockeye Salmon Oncorhynchus nerka Salmoniformes
PaclDAA EU514684 Japanese flounder Paralichthys olivaceus Pleuronectiformes
CyseDAA KR024711 Tongue sole Cynoglossus semilaevis Pleuronectiformes
SpauDAA DQO019401 Gilthead seabream Sparus aurata Perciformes
PamaDAA AY 698064 Red seabream Pagrus major Perciformes
MimiDAA GU936787 Miiuy Croaker Miichthys miiuy Perciformes
DilaDAA DQ821109 European seabass Dicentrarchus labrax Perciformes
PlalDAA KX118043 Sweetfish Plecoglossus altivelis Osmeriformes
OsmoDAA BT075291 Rainbow smelt Osmerus mordax Osmeriformes
MumuDAA K01923 House mouse Mus musculus Rodentia
PaclDAB HQ634973 Japanese flounder Paralichthys olivaceus Pleuronectiformes
CyseDAB NM_131476 Tongue sole Cynoglossus semilaevis Pleuronectiformes
DilaDAB DQ821110 European seabass Dicentrarchus labrax Perciformes
PamaDAB AY 848956 Red seabream Pagrus major Perciformes
MimiDAB HM236158 Miiuy Croaker Miichthys miiuy Perciformes
MeamDAB KF193866 Wuchang Bream Megalobrama amblycephala  Cypriniformes
LeloDAB F1797955 Longsnout catfish Leiocassis longirostris Silruriformes
MumuDAB AAF21606 House mouse Mus musculus Rodentia

Table 1.S1. Sequences used in phylogenetic analysis and alignments of the MHCII
DAA, DAB and DBB genes. Information includes: GenBank Accession Numbers,

scientific and common species names and classification to the order level.
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Fig 1. S1. Phylogenetic analysis of MHCII DAB sequences in B. occidentalis and other
vertebrate groups. Neighbor-Joining trees were constructed using either the (a)
amino acid sequences of the B1 domain, or (b) complete amino acid sequences.
Numbers by each branch represent the percentage nodal support based on 10,000
bootstrap replicates. Accession numbers in Table Al.
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Fig 1.S2. Phylogenetic analysis of MHCI1 DAA sequences in B. occidentalis and other
vertebrate groups. Neighbor-Joining trees were constructed using either the (a)
amino acid sequences of the al domain, or (b) complete amino acid sequences.
Numbers by each branch represent the percentage nodal support based on 10,000
bootstrap replicates. Accession numbers in Table Al.
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CHAPTER 2: EXPLORING DRIVERS OF MHC DIVERSITY IN A
WEAKLY ELECTRIC FISH, BRACHYHYPOPOMUS OCCIDENTALIS

Introduction

A central goal of evolutionary studies is to understand how selection pressures drive
genetic variation in natural populations. Accordingly, the major histocompatibility
complex (MHC) has been extensively studied for its extraordinary genetic diversity within
and across lineages (Malmstrgm et al. 2016; Hedrick 2002; Miller, Allendorf, and
Daugherty 2010; Christophe Eizaguirre et al. 2009). Found in all vertebrates, this set of
genes is responsible for pathogen recognition and plays a key role in the adaptive immunity
of an individual. MHC genes encode for cell surface proteins that bind to foreign peptides
and present them to nearby T-cells, thus inducing an appropriate response (Altmann and
Trowsdale 1989; Doherty and Zinkernagel 1975). In addition, this complex can be divided
into two classes; Class | molecules are found on all nucleated cells and bind to viral peptide
chains (Bjorkman & Parham, 1990), while Class Il are localized solely on specialized
antigen presenting cells (macrophages, dendric and B-cells) and work with extracellular
antigens (Alfonso & Karlsson, 2000; Hughes & Nei, 1989).

High levels of polymorphism at these loci are thought to be maintained by several
mutually non-exclusive processes. Pathogen driven selection is frequently cited as the main
source influencing MHC diversity, specifically through rare allele advantage (Takahata

and Nei 1990), heterozygote advantage (Doherty and Zinkernagel 1975; J. Klein and
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O’Huigin 1994), and fluctuating selection (Gandon & Nuismer, 2009; Summers et al.,
2003; Wegner et al., 2003). In the frequency dependent hypothesis, pathogens and hosts
engage in an arms race of adaptations to outcompete each other. Rare alleles are
advantageous and become less rare, while pathogens eventually adapt, and a new allele is
favored (Christophe Eizaguirre et al. 2012; Takahata and Nei 1990; Clarke and Kirby
1966). Genetic diversity can also be promoted through heterozygote advantage, where
diverse heterozygotes are better able to detect a wider variety of pathogens than
homozygotes (Clarke & Kirby, 1966; Wegner, 2004). Lastly, pathogen communities may
differ across space and time and populations may be under differing selective pressures
(Summers et al. 2003; K Mathias Wegner, Reusch, and Kalbe 2003; Gandon and Nuismer
2009). With little to no gene flow, fluctuating selection could thus drive diversification
within a lineage.

Experimental studies have strongly supported these theories; for example,
Eizaguirre et al., (2012) infected several generations of three-spined stickleback with
parasites, which resulted in specific pathogen resistant MHC alleles increasing in
frequency over a relatively short amount of time. Testing this in natural populations,
though, has proven challenging. Peng et al., (2021) found that while certain MHC alleles
correlated with parasite resistance, neutral processes best explained genetic differences
among wild populations of three-spined stickleback. While balancing selection has
dominated the ever-on-going debate of what influences and maintains MHC diversity,
genetic drift has been found to frequently outweigh selection in driving variation in natural
populations (Miller, Allendorf, and Daugherty 2010). Inconsistencies in empirical studies

are most likely due to the many intertwined variables that shape genetic diversity in natural
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populations. Variables such as the evolutionary history and size of a population can
significantly impact the ability of balancing selection to overcome drift in promoting MHC
diversification (Ardern et al. 1997; Ejsmond and Radwan 2011).

Here, we use a weakly electric neotropical fish, Brachyhypopomus occidentalis, to
explore potential factors driving MHC diversity. Electric fishes are known for their ability
to produce species specific electric organ discharges (EODs) primarily used for navigation
and communication (Albert 2001; Hagedorn 2008; Fugére, Ortega, and Krahe 2011). They
are widespread throughout South America (W. G. Crampton 1996; Albert 2001) and a
handful of species are found in lower Central America (Albert and Crampton 2006; Alda
et al. 2013). It is thought that B. occidentalis colonized Panama in several colonization
events (Picq et al. 2014), leading to isolated populations and increasing genetic divergence
(Aguilar et al. 2018; Picq et al. 2014). Previous research on B. occidentalis suggests that
interpopulation EOD differences are primarily due to genetic drift and isolation by distance
(Picq et al. 2016); however, there is some evidence that the MHC loci could be under
positive selection (Silva et al. to be submitted). Thus, B. occidentalis makes a particularly
good system to investigate the variables associated with MHC diversity in wild
populations. In this study, we use available genetic (MHC and COI) data, as well as
information on a subset of parasite communities sampled, to explore (1) the variation of
the classical MHCII loci in populations of B. occidentalis throughout the isthmus of
Panama; (2) if natural selection, more so than drift, is primarily responsible for
genetic variation across populations, and (3) potential associations between MHCII

variation and parasite communities.
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Materials and Methods

Data Collection

Fish were located and caught as described in Chapter 1. All samples were frozen in
-20°C until dissections or genetic sequencing could take place. Sampling took place
throughout the dry season of 2018 and 2019 (Jan — May) in a total of 19 rivers across 10
drainages of Panama. (Fig 1). We used available genetic data from 15 rivers however, only
three sites overlapped with sites sampled for parasites. An additional three sites were
sampled solely for parasite dissections, although rivers were not identical, the drainages
they fed into overlapped with available genetic data. When possible, associations between
populations at the river level was used (genetic analysis); broader scale between drainage
comparisons were used whenever river sites did not match (parasite analysis). Summary of

data used can be found on Table 2.

83°W 82°W 81°W 80°W 79°W 78°W 77°W
. Bayano Calovebora Chucunaque Guna Yala
Drainage ;
e Bocas ® Chagres e Cocle Santa Maria

Fig 2.1. Map of drainages sampled within Panama

37



Parasite identification and diversity

Dissections for parasites took place after thawing frozen fish (approx. 15mins) and
based on Kalbe et al. (2002). In summary, all ectoparasitic ciliates on the external right
side of the fish were tallied under a dissecting microscope. Internal organs such as stomach,
intestines and gallbladder were removed, and any nematodes were carefully spread and
measured. The three right gill arches were also extracted, and parasitic monogeneans or
protozoans were counted under a compound microscope (40X — 400X). Identification of
parasites was made to the lowest taxonomic level possible by comparing key features seen
in photographs with commonly known parasite families (Timofeeva, Gerasev, and Gibson
1997; P. Reed et al. 2009; Scholz, Aguirre-Macedo, and Salgado-Maldonado 2001;
Yanong 2002; Kearn 1986). We calculated several metrics to estimate parasite diversity
based on commonly used methods (R6zsa et al., 2000; Shaw et al., 2018). Namely, we used
number of parasite families per fish (diversity), percentage of fish parasitized out of all fish
dissected (prevalence), and number of parasites per infected host (intensity). We tested for
fluctuating selection by first establishing that there was a significant difference in the
parasitic communities within and between drainages. We repeated these calculations at the
river and drainage level and tested for significance within both using a Wilcox t-test and

the Holm-Bonferroni method (Holm 1979) to adjust p-values for multiple comparisons.

Estimating MHC and COl Alleles
The entire sequence of the classical MHCIIB and the mitochondrial cytochrome c
oxidase | (COI) genes were obtained from the annotated genome of B. occidentalis. The

reference genome was used to extract the MHCIIB and COI region from the NGS data of
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the 62 fish sampled. Multiple sequence alignments were carried out through Geneious
(v1.2) and only the coding regions of both genes were kept. We further confirmed the
identity of this region by utilizing the BLAST function in the NCBI database. Alleles were
assigned based on clusters identified in alignments; to minimize the influence of rare
MHCII alleles, individuals were considered to have the same multilocus genotype (MLG)
if at least 99% of sequence overlapped. Visual representation of allelic clustering was done
through neighbor-joining trees (Saitou and Nei, 1987) and constructed in Geneious (v1.2)

using 10,000 bootstrap replicates.

MHC Diversity

Patterns of MHCIIB variation within and among populations were estimated using
R version 4.02 (R Development Core Team 2022) packages poppr (Kamvar, Tabima, and
Giunwald 2014) and adegenet (Jombart 2015). Overall allelic diversity was calculated
using the Simpson Index (1), Shannon-Weiner Diversity Index (H), and standardized index
of association (1A) with 1,000 permutations. Genetic diversity is influenced by both, the
number of variants per locus (genotypic richness) and how well genotypes are distributed
within a sample (genotypic evenness). Due to varying sample sizes, we estimated the

expected number of multilocus genotypes (eMLG) as a measure of genetic richness per

site. Distribution of alleles were calculated using an evenness index (E.5); where 0

represents a fixed allele in a population, and 1 indicates equally abundant genotypes

(Ludwig and Reynolds 1988; Grinwald et al. 2003). As opposed to other metrices of
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evenness, E.5 is the ratio of abundant to rare genotypes in a sample, and it is therefore less

easily influenced by sample size (Griinwald et al., 2003).

Population structure and geographic isolation

To assess population structure based on both MHC and COI sequence data, we
calculated genetic variation within and between rivers and drainages using an analysis of
molecular variance (AMOVA). Specifically, we tested if genetic diversity was highest
within sites, between sites of the same drainage, or between drainages. Significance of the
AMOVAs was established by performing randomization tests as described by Excoffier et
al., (1992). Random data was produced using a 10,000 iteration Monte Carlo simulation
based on farthest neighbor distances. These analyses were performed to evaluate if
hierarchal structures differed amongst the two genes, and whether different factors (e.g.,
selection or drift) may be influencing genetic variation at the MHC and COI loci. To
evaluate the effect of geographic isolation or drift on genetic diversity, a pairwise genetic
distance matrix was constructed using Nei’s Gst for both the MHCII and COI genes. High
Gst values indicate low heterozygosity and fixed alleles within a population, while a low
Gst score (~ 0.15 to 0.3) generally suggests high amounts of genetic variation. Euclidean
distances between sites were calculated using the stats package. We tested whether genetic
variation was associated with physical distances between rivers by comparing matrixes

using a Mantel test within the vegan package (Oksanen, Simpson, and Blanchet 2022).
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Selection Tests

We calculated expected (Hexp) and observed (Hobs) heterozygosity for the
MHCII, and tested if allele frequencies were within Hardy-Weinberg (HW) expectations
using the pegas package (Paradis and Barrett 2010). Further tests for selection were
conducted using SLAC (Single Likelihood Ancestor Counting), MEME (Mixed Effects
Model of Evolution) and GERD (Genetic Algorithm for Recombination Detection)
methods in the HyPhy software (Kosakovsky Pond et al., 2005a) through the Datamonkey
webserver (Kosakovsky Pond and Frost 2005b). MEME calculates two mutation rates ()
per site, and the probability that each site evolved under diversifying (o > 1) or purifying
(w < 1) selection. Only sites with a probability greater than 95% chance (p < 0.05) of
occurring were considered to be under selection. Since recombination events can greatly
influence selection results, we first used GERD (Genetic Algorithm for Recombination
Detection) analysis to test for recombination (Pond et al. 2006). To test whether selection
or drift is influencing genetic variation in B. occidentalis, we calculated synonymous (dS)
and non-synonymous (dN) substitution rates for each site within the MHCIIB and COI
genes. The dN/dS rate of the MHCII was compared to that of the neutral COI gene using

a two tailed t-test.

Associations between parasites and MHC diversity
To evaluate any associations between parasitic pressures and genetic variation, we
compared parasite diversity metrics (prevalence and intensity) and MHC variables (dN/dS

and eMLG). We implemented a spearman’s rank correlation between each potential
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combination of parasite and MHC diversity metrics. In this analysis, we examined the
parasitic communities of two rivers within the Bayano, Chagres and Santa Maria drainages
respectively. Within each drainage, one river had genetic data available, but the other did
not. Since parasite and genetic data were not all sampled from identical rivers, we
calculated a mean genetic diversity variable from within each drainage to represent the
missing sites. A Shapiro-Wilk test indicated that data was not normally distributed,

therefore we used non-parametric tests in this analysis.

Results

Parasite Diversity

Of the 101 fish that were dissected, 78 were found to be infected with at least one
type of parasite family. The parasites identified included: ectoparasitic protozoans
(Ichthyophthiriidae; Fig 2a), round worms (Ascarididae; Fig 2c), monogenean flukes
(Dactylogyrus Diesing 1850; Figs 2b,d,f), and internal ciliated protozoans (Trichodinidae,
Fig 2e). The latter two appeared exclusively in the gills, and encompassed the majority of
parasites found (86%). Monogenean adult flukes and eggs were especially abundant and
found within all rivers sampled. On the other hand, round worms were only detected in
very few (< 5%) fish within the Tapagrilla river, and therefore excluded from prevalence
or intensity comparisons. Trichodinidae were also excluded from all but diversity analysis,
given that it was only found in one fish from the Rio Toare Impressively, this fish suffered

from an intense infection, with 102 Trichodinidae counted within its gills.
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Fig 2.2 Common parasites found on and in B. occidentalis. arrows point toward key
features of the Dactylogyrus taxon. (a) 10X Magnification: two Ichthyophthirius
multifiliis on ventral fin (b) 400X: Dactylogyrus eggs between gill filaments, arrows
pointing toward characteristic eye spots forming (c) 10X: uncoiled Ascarididae (d)
400X: Mature Dactylogyrus with opisthaptor organ attached to gill, anchor hooks
(shortarrow) and transverse bar (long arrow) are shown (e) 400X: two Trichodinidae
seen in gills (f) 400X: Mature Dactylogyrus with accessory piece to copulatory organ
shown

Prevalence of parasites within the six rivers sampled (Fig 3) varied from the
Quebrada Honda (57.2% infected) to Flor de Laguna (100% parasitized). Flor de Laguna
was unique because all fish were infected with at least one parasite and the intensity of the
infection was remarkably high (mean 26.5 parasites per infected fish), but overall diversity
was low (2 parasite families represented). In contrast, the Tapagrilla is within the same
Bayano drainage as Flor de Laguna but showed opposite results; diversity was high (4

parasitic families), but intensity was low (mean of 7.5 parasites per infected fish).

Significant intra-drainage variation in total parasites was only found within the Bayano (p
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= 0.009), while inter-drainage differences were detected between the Santa Maria and

Bayano (p =0.039).
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Fig 2.3. Parasitic pressures across rivers and drainages of Panama. Intensity
(parasites per fish infected), Diversity (total parasite families) and Prevalence
(percentage of fish parasitized).

MHC Diversity

The 723bp coding sequence of the MHCIIP gene translates to a putative peptide
chain of 241 amino acids (aa). Through BLAST searches, these sequences were identified
as the 3 gene of the classical MHCII DA- lineage, and thus alleles were named BrocDAB*.
Aligning all sequences to the annotated reference allowed us to identify key features of this
gene, such as: exon/intron locations, peptide binding regions (PBR), conserved cysteines
sites, and predicted N-glycosylation sites. As expected, this region was extremely diverse

and highly variable across populations. A total of 91 unique BrocDAB sequences were
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obtained from 62 diploid fish (length = 11.52cm + 4.69cm; weight = 5.98g + 4.349), with
only 9 genotypes present across more than one river (Table 1). Interestingly, no genotypes
were shared amongst more than two rivers, and there were more similarities across
drainages than within. The Bayano drainage (especially the Tugamanti river) was the most
well represented, sharing alleles with the Chagres, Cocle, and Guna Yala drainages. The

Bayano and Chagres drainages also had common alleles shared between rivers.

MLG n Rivers
35 3 Tugamanti Azucar
39 2 Tugamanti Tambo
54 3 Juan Grande La Puente
68 2 Tugamanti Tapagrilla
74 3 Tapagrilla La Puente
84 2 Tugamanti Tapagrilla
109 6 La Puente Pena Bijagual
111 2 La Puente Pena Bijagual
112 3 Tugamanti Juan Grande

Table 2.1. MHCII alleles shared between rivers. The id number of the shared
genotype (MLG), total number of individuals with this genotype (n), and rivers where

it was detected, is shown.

Genetic variation of the MHCII{ was calculated by river populations using several
variables (Table 2). Diversity indices such as the Shannon-Weiner Index (H) ranged from

0.693 to 2.398 (mean H = 1.68, sd

+ .61). The evenness index was high across all

+

populations (mean E.5 = .91, sd = + .062), indicating that genotypes were similarly

distributed throughout rivers. Since differing sample sizes could be skewing the number
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of alleles observed, we calculated expected number of genotypes (eMLG) per population

(mean eMLG = 6.39, sd = + 3.10). Diversity was highest in the Bocas drainage (eMLG =
10, E.5 =1, H = 2.3), with all unique sequences being equally represented within the two

rivers sampled. The lowest genetic variation was found in the Chagres, Cocle and Atrato

drainages (Fig 4).
Drainage River Data n eMLG ES H Prevalence Intensity Diversity
Honda Parasites 14 85.714 10.5 2
Santa Maria _e Parasites 21 61.905 6.076 1
J Genetic 5 7 087 1.834
Camaron Genetic 5 10 1.00 2302
Bocas
Segla Genetic 5 10 1.00 2302
Flor de Laguna  Parasites 14 100.000 28.357 2
Bayano T 1 Parasites 17 94.118 7.438 4
apagrilla Genetic 5 7 093  1.887
Tugamanti Genetic 5 9 0.91 2.398
Leon Genetic 2 3 0.92 1.039
Atrato
Atrato Genetic 2 2 1.00  0.693
Fiain Crand Parasites 15 86.667 10.153 1
yan Lrance Genetic 4 5 0.95 1560
Chagres Rio Toare Parasites 12 75.000 14.667 3
La Puente Genetic 5 7 0.87 1.834
Cocle del Norte ~ Genetic 3 2 0.89  0.637
Cocle
Tambo Genetic 2 2 1.00 0.693
Calovebora | Calovebora Genetic 5 6 0.78 1.748
Chucunaque | Pefia Bijagual Genetic 5 7 0.84 1973
Guna Yala Azucar Genetic 5 8 095 2.164
San Juan San Juan Genetic 4 6 0.88 2.079

Table 2.2. Information on data used and diversity calculated per river. Including

total fish (n), expected multilocus genotypes (eMLG), evenness index (E.5), Shannon
— Weiner diversity index (H) based on genetic information available. Parasite
diversity variables (prevalence, intensity, and diversity) also included for a subset of
rivers sampled.

46



10.0

7.

[62]

eMLG

5.

o

2.

ol

(4 o
3 N S RS S

& I S S RX
» ) © @ N < @ o o
Q O?}O @ & \\0(‘ N o %@6\

0.

0.75
0.5
0.2 I
0.00
&9 ©

N

o

dN/dS
o

(&)

Fig 2.4. Diversity of the MHCIIB in B. occidentalis among drainages. Included are
the estimated number of multilocus genotypes (eMLG), and average non-
synonymous to synonymous mutation rate (dN/dS) with standard error bars shown.

Selection or Drift

All BrocDAB alleles failed to meet the expectations of the HW equilibrium (p <
.001), indicating that drift or selection may be influencing genetic variation. We then
compared the dN/dS rate of the BrocDAB to that of the neutral COI gene (Table 3), with
the assumption that rates would be equal under neutral processes. The average dN of all
sites within the DAB gene was significantly higher than within the COI (p = 0.0001), while

the dS showed no significant difference between the two (p = 0.31). Although non-
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synonymous mutations occurred at significantly higher rates within the MHCIIJ than
within the COI (p = 0.0001), both loci had sites that were predicted to be under selection.
Based on the MEME analysis, a total of 31 sites within the DAB are likely to be under
positive, or diversifying (o > 1) selection, while 28 sites within the COI are under negative,
or purifying (o < 1) selection. Remarkably, 18 of the 31 MHCIIf sites predicted to be

under selection were detected within the PBR of exon 2.

Gene N dN ds dN/dS o>1 o<l

DAB 241 2.65 + .414 1.04 + .2156 2.54 31 0

col 519  0.0366 +.0095 0.746 +.0448 0.0491 0 28
**k*k nS *kk

Table 2.3. Comparison of mutation rates between DAB and COI genes of B.
occidentalis. Number of sites per gene (N), as well as the mean non-synonymous (dN)
and synonymous (dS) substitution rates ( £ Standard Error) for all sites within the
DAB and COI loci of B. occidentalis. Number of sites predicted to be under
diversifying (o > 1) or purifying (o < 1) selection. Significant differences between
selection rates were calculated using t-tests (*** = p <.0005)
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Fig 2.5. Pairwise genetic (Nei’s Gst) and physical distance correlations. Pairwise

distances of MHCIIB (purple) and COI (green) of B. occidentalis are shown. A general
linear model with 95% confidence interval is shaded in. A density graph shows the
distribution of Gst values.
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Overall, the analyses of isolation by distance showed some positive associations
between pair-wise genetic distances (Gst) and geographic distance for both MHCIIf and
COI genes. However, the Mantel test showed that this association was only statistically
significant in the COI gene (r = 0.312, p = 0.019), and not for the MHCII gene (r = 0.198,
p = 0.16). Though Gst values can never reach 1 in a multi allelic locus, values calculated
based on the COI sequences came close (mean Gst = 0.88 + 0.18). However, the overall
range of Gst values were low for BrocDAB (mean Gst = 0.24 + 0.14) and implies there is
little population structure. The AMOVA showed that variation was highest within
populations (o = 20.63, % = 71) for the BrocDAB, further corroborating a lack of hierarchal
structure. Opposite results were seen in the COI genes, with most of the variation being

detected across drainages (o = 73.27, % = 93).

Parasite and MHC associations

After establishing that selection, not drift, is driving genetic variation at the MHCII
loci of B. occidentalis we tested for associations between parasite community metrics and
genetic diversity (Fig 5). Intensity of parasite infection was not strongly associated with
either genetic variable, and estimated number of MHC alleles also showed little correlation
with parasite metrics. However, the dN/dS rate was significantly associated with
prevalence of parasites (rho = 0.956, p = 0.003). That is, drainages where parasites were
more prevalent also showed higher rates of non-synonymous to synonymous mutations

within the MHCIIp.
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Fig 2.6. Associations between parasite and genetic diversity. Spearman’s Rank
Correlations (rho) between Genetic and Parasitic Diversity. Intensity and Prevalence
of parasitic infections was compared to number of alleles (eMLG) and mutation rate
(dN/dS) of the BrocDAB. Spearman’s Rho was calculated for all associations, with a
general linear model and 95% confidence interval shaded.

Discussion

Parasite Diversity

Monogenean flukes are one of the most frequently found parasites in freshwater
fish (Reed et al. 2009; Timofeeva, Gerasev, and Gibson 1997) and as expected, were the
most abundant type detected in B. occidentalis. Based on marginal hooks, presence of eye
spots, and visible internal eggs (Figs 2 & 7), we determined the gill trematodes to belong
to the Dactylogyrus family (Reed et al. 2009). Overall physical similarities were noted, but

itis nearly impossible to visually confirm all features in all flukes counted, thus it is entirely
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possible that some parasites were misidentified. Differences between Dactylogyrus and
other monogenean families are marginal; all have similar body morphs and affect the host

in parallel ways, therefore underestimating fluke diversity should not change our results.

Fig 2.7. Monogenean eggs and adults parasitizing gill of B. occidentalis. Arrows point
toward developing eye spots (blue arrow), transverse bar (black arrow), and
immature eggs (white arrow). (a) 40X Magnification: Heavily parasitized gill arch;
(b) 400X: three mature eggs; (c) 400X: adult fluke with developing eggs

Unlike some monogeneans, Dactylogyrus are oviparous and adults will lay 4-10
eggs every few days (Reed et al. 2009). Of the fish we sampled, 62 had monogenean
infections, and 41 of those had eggs as well as adult flukes present within the gill filaments.
This was interesting to note since Dactylogyrus eggs typically make their way out of the
original host and settle on the bottom of the water column; however, immature eggs can

occasionally be seen during microscopic analysis (Reed et al. 2009). While most rivers had
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an expected ratio of adult flukes to underdeveloped eggs, Flor de Laguna had notably heavy
infestations of late-stage monogenean eggs (mean = 25.8 eggs per adult, sd = 18.2). The
overabundance of mature eggs within the gills was unique and not described in literature.
Dactylogyrus is one of the most diverse families of parasites; more than 900 species have
been described (Rehulkova, Benovics, and Simkova 2020), and diversity is likely greatly
underestimated (Timofeeva, Gerasev, and Gibson 1997). It is therefore feasible that the
flukes seen in Flor de Laguna are unique in laying eggs within the gill filaments. Another
possibility exists that the eggs seen do not belong to the same adult monogenean flukes
also detected. The metacercaria of digeneans can resemble eggs of monogeneans; however,
the former have complicated life cycles and often attach to fish as a final host in their adult

form (Reed et al. 2009; Scholz, Aguirre-Macedo, and Salgado-Maldonado 2001).

MHC Diversity

Overall, there is strong support for balancing selection acting on the classical
MHCIIB genes of B. occidentalis. Variation was highest within rivers than between
drainages and populations lacked structure, suggesting that internal selective pressures are
driving genetic differences. All sites had higher than expected heterozygosity under the
HW equilibrium, even when accounting for unequal sample sizes. Though calculating
estimated alleles (eMLG) certainly helped mitigate the challenges of uneven data

distribution, the differing sample sizes most likely still influenced this analysis.

53



Selection and Drift

In contrast, the COI was less polymorphic, and variation was heavily associated
with geographic distance. There was clear population structure at the COI loci, which could
be seen in the phylogenetic clustering of alleles and suggests isolation by distance is mostly
driving diversity. Interestingly, selection was detected in 28 of the 519 sites of the COI
gene, but all were predicted to be under purifying selection (Table 3). Negative, or
purifying selection, decreases genetic diversity by selecting against adverse alleles and
promoting fixation of beneficial alleles (Kosakovsky Pond and Frost 2005a; Decker,
Stewart, and Lehman3 2002). Within the MHCII, 31 of the 241 total sites were predicted
to be under diversifying selection. The PBR only makes up about 9% of the MHC, but 58%
of sites under selection were found in this region. Our results are consistent with other
studies that often find higher levels of diversity within the PBR than the rest of the MHC
(Miller, Allendorf, and Daugherty 2010). Selection may be stronger within the PBR due to
the direct binding interactions between these sites and foreign peptides derived from
bacterial, fungal, or parasitic infections (Hughes and Nei 1989; Alfonso and Karlsson

2000).

Parasites and MHC Variation

Parasite mediated selection is hypothesized to be a major driving force in
influencing MHC diversity (J. Klein and O’Huigin 1994; K Mathias Wegner 2004; Nevo
and Beiles 1992; C. Eizaguirre and Lenz 2010; Christophe Eizaguirre et al. 2012; K
Mathias Wegner, Reusch, and Kalbe 2003). To test for this, we calculated diversity metrics

(intensity and prevalence) based on tallied parasites found on the skin, gills, and internal
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cavity of B. occidentalis and tested for any associations with metrics of genetic diversity
(eMLG and dN/dS). We found that signals of parasite mediated selection on the MHC loci
of B. occidentalis were weaker than expected, but there was a strong association between
mutation rate and prevalence of parasites within rivers (Fig 6). Although more research is
certainly needed, this pattern suggests that parasites could, at least partially, be affecting
genetic variation in the immune genes of B. occidentalis. Interestingly, the intensity of
parasite infection showed little to no correlation with number of MHCIIB alleles or
mutation rate. Since data was compared at a population level, it follows that overall
percentage of fish parasitized (prevalence) was a more accurate representation of parasite
diversity than intensity. Moreover, intensity of infections differ greatly between individuals
and through time (Reed et al. 2009; Zargar et al. 2012). Thus, to get a better understanding
of the contribution of parasite intensity on MHC diversity, the same individuals and a larger
sampling size need to be analyzed. For instance, while not significant, there was a slight
correlation between number of MHCII alleles and prevalence (rho = 0.478, p = 0.338).
Using estimated or observed alleles did little to change this result, but our small sample

size most likely underestimated allelic diversity within populations.

Conclusion

It is important to note, that we also investigated the diversity of a non-classical
MHCII gene in B.occidentalis. Remarkably, all 124 sequences were identical and lacked
variation across individuals, suggesting a lack of variation in this gene. and therefore, the

analysis could not continue further than the sequence alignment step. While non-classical
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MHC molecules can influence the peptide-binding process, they often lack direct binding
capabilities to antigens (Alfonso and Karlsson 2000). It is therefore expected that the non-
classical genes are not as diverse at the classical MHC, but the extreme homozygosity seen
indicates that the BrocDBB allele was fixed within this species prior to the colonization of
Panama.

Overall, this study provides novel information on the MHCII diversity of several
natural populations of B.occidentalis. With very little parasitic studies focused in the
neotropics, this research also provides exploratory data on parasite communities within a
freshwater fish of Panama. We show that selection, over genetic drift, is clearly driving
variation at the MHC loci. Although parasitism may be influencing some of the diversity
seen, further research is needed to investigate other variables. Studies have recently started
to focus on how multiple direct and indirect interactions influence MHC variation.
Indirectly, microbial communities could play a role in selecting against MHC diversity
(Bonder et al. 2016; Bolnick et al. 2014). The theory being that individuals with high MHC
heterozygosity would select against some microbial communities. While further research
is needed on this topic, our study provides exploratory data that expands our understanding

of what is driving diversification within the neotropical electric fishes.
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