ABSTRACT

CARMONA BAEZ, ALDO. Integrative Genomic Analysis of the Evolution of Trophic Level in
Lake Malawi Cichlid FisheqUnder the directioof Dr. Reade B. Rober}s

The genetic basis of trophic level adaptationsfisma@amental biological question that,
until a few years ago, daemainedwvidely unexploredin order to tackle this question, a few
previous studies have taken advantage of species raditgiemplore this questionjygenthe
phylogenetic proximityof the species within therand the niche specialization diversity they
tend to exhibit. In this work, we expand our knowledge of the genetic basis of trophic level
adaptation bygtudyingthe Lake Malawi cichlid radiatiorCichlids, as other radiationgdisplaya
vast diversity of dietary specializations, close phylogenetic diversity that allows for hybridization
between species from different trophic leyelsd laboratory tractability. By harnessing these
attributesjn this work we study the genetic basiskel dietary traits and look for novel
candidate genes involved in the até#ipn to novel diets.

In CHAPTER 2, | perform a comparative genomics analysis in order to identify regions
in the genome displaying signatures of divergence across trophic lelwedsgh this exploration
| identify novel candidate genes, such as laminins and sulfotransferases. | am also able to
identify two previously reported candidate genes in cichlids, patchedl (a developmental gene
involved in jaw morphology) and amylase (a slasexample of a gene that has been target of
convergent evolution and that is involved in diet adaptation).

In CHAPTER 3, | perform a QTL mapping analysis to elucidate the genetic architecture
of a key dietary trait: gut length. Despite its importanas,dhalysis represents only the second
attempt to map this trait in a n@gricultural species. The results show that gut length has a sex
specific genetic architecture, suggesting that gut length may be under sexual conflict in some
species of the Malawadiation.

In CHAPTER 4, perform a comparative transcriptomic analysis in order to identify
differences in gene expression in the gut tissue of cichlids before the onset of external feeding.
By using this experimental design, we are able to reduceftbhenoe of environmental effects
and identify genetically hardired differences in intestinal gene expressifms analysis
uncovered new candidate genes involved in trophic adaptation, in particular several genes

associated with immune system responsesnbrane transport, and fatty acid metabolism.
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CHAPTER 1: Cichlid fishes as a model for the study of the genetic basis of trophic level

adaptation

Understanding the genetic basis of dietary adaptations has profound implications in the
fields of evolutiomry biology and medicine. On one hand, the diet of a species or the trophic
level it belongs to represents a key ecological trait that influences its geographical distribution
and its location in the food web. Additionally, the trophic level of a spexias emergent trait
that arises from the interplay of several biological components such as anatomy and physiology
of the digestive tract, sensory systems, behavior, the immune system, and craniofacial
morphology. On the other hand, the study of trophielladaptations is essential for
understanding the molecular mechanisms underlying the phenotypic diversity observed across
and within speciesincluding humarisin the response to the consumption of a particular diet.
Thus, improving our understandingdittary adaptations is key to recontextualizing, from an
evolutionary perspective, some of the most pressing public health issues we face today, such as
the widespread incidence of diabetes, obesity, and malnutrition.

Elucidating the genetic basis of vditate dietary adaptations is a challenging task.

Among other obstacles, the study of this fundamental biological phenomena requires an
appropriate model system consisting of a set of species or populations adapted to different diets
that can be comparedtae genetic level. Researchers have successfully compared the genomes

of relatively distant taxa like mammalian species belonging to different trophic levels (Kim et al.,
2016), as well as species and populations more closely related to each othesetlaalapded to

distinct diets, such as dogs and wolves (Axelsson et al., 2013; Freedman et al., 2016), bears
(Shan et al., 2018), and species belonging to recent adaptive radiations such as bats (Mendoza et
al., 2018; Blumer et al., 2021) and lemurs (Guawtral., 2021).

Comparative genomic and transcriptomic strategies are often used to study the genetic
basis of dietary adaptation. Two examples of these strategies are Fst and dN/dS scans, which are
used to identify genetic loci that differ by trophicééwr that are under selective pressure,
respectively. These methods are often combined with functional enrichment analyses such as
gene ontology (GO) or metabolic pathway enrichment analyses to explore functional
implications of candidate loci. These ségies are especially useful to identify general trends in

particular model systems. For example, Axelsson et al. (2013) and Freedman et al. (2016)

1



showed that genes with high levels of divergence between dogs and wolves are enriched in GO
terms related tgtarch metabolism, lipid metabolism, brain function, and behavior. In addition,

whole genome sequencing data can be used to study specific types of genetic variation associated
with dietary differences across species. For instance, gene losses or pseatioge seem to

be prevalent in animals with highly specialized diets, such as the common vamplbe bat (

rotundug, an obligate sanguivore, that has lost multiple genes associated with insulin regulation
and sugar metabolism (Blumer et al., 2021). Simill vy gene familiesd expa
which have been frequently associated with dietary adaptations, can be characterized through
comparative genomic methods. Two classic examples of this type of genetic variation is the
expansion of amylase gesin dogs (Axelsson et al., 2013) and humans (Perry et al., 2007), and

the loss of bitter taste receptors in some herbivorous species (Shan et al., 2018; Guevara et al.,
2021). It is also worth noting that several candidate genes and ontologies assdthatestary
adaptations have been detected in multiple systems, suggesting that particular genes or gene
families may be a common target of evolution when transitioning to a new diet.

Complementary to comparative genomics approaches, other studies tasedfon
investigating the genetic architecture of particular genes or traits of special relevance to dietary
adaptation. This approach has the advantage of readily identifying novel regions in the genome
contributing to the phenotypic variance of a spetrait, in contrast to candidate loci identified
through comparative genomic approaches that are often associated with multiple known or
unknown traits. An example of this approach is the work by Riddle 0211) where the
authors investigated thegetic basis of metabolism related traits through QTL mapping in a
hybrid cross of surface and castevelling Mexican tetra fishAstyanax mexicanysThis
research was able to identify previously overlooked loci associated with blood sugar regulation
and hndgut length. Moreover, this study also uncovered strong evidence-spseitic QTL
underlying the phenotypic diversity of metabolic traits.

This work aims to expand our knowledge of trophic level adaptation by investigating the
lake Malawi cichlid radation, a classic model in evolutionary biology. This radiation consists of
more than 800 recently diverged (~1M years ago) species that have specialized to a broad range
of food sources, reflected in the abundant phenotypic diversity observed in tealishi&vior,
craniofacial morphology, gut length, and gut microbiota (Reinthal, 1989; Konings, 2007;

Brawand et al., 2014). Because of these characteristics, cichlids represent a more suitable model



for studying trophic level adaptation than traditional elaarganisms, such as mice and
zebrafish, that lack dietary diversity. Similarly, cichlids are a more advantageous model than
distantly related groups that possess dietary diversity, such as mammals, since the longer
phylogenetic distances among these Eselamit the ability to compare their genomes.

Previous studies have demonstrated the utility of Malawi cichlids as a model system for
the study of trophic evolution. For example, Roberts et al. (2011) used comparative genomics
methods, along with QTL m@mg and functional assays to demonstrate that genetic variants in
the regulatory region of thgtchlgene underlie phenotypic variation in jaw shape. Likewise,
Hofmann et al. (2009) used comparative genomic and transcriptomic strategies to show that
diverse visual systems in Malawi cichlids have evolved through changes in both regulatory and
proteirncoding sequences and are strongly correlated with foraging habits. Nevertheless, despite
the availability of these forward genetics approaches in cichlidsfighe genetic basis of key
components of trophic level adaptation remain unexplored. In particular, forward genetics
approaches have not been used to study gut length and metabolic traits in cichlids, nor the
genetic and molecular basis of trophic leveebacomplex trait has been characterized using
comparative genomics or transcriptomics methods. Notably, a recent survey of relative intestinal
length among 25 Malawi cichlid species supports a strong genetic contribution to gut length,
with carnivores hang shorter guts than omnivores and herbivores despite the fact that all
individuals were raised on a common lab diet (Table 1). Thus, Malawi cichlids may be a
particularly good natural model system to map the genetic basis of gut length.

In order to invesgate the genetic basis of trophic level adaptation of Malawi cichlids,
herein | use an integrative approach that combines comparative-gdrmene approaches and
candidatetrait approaches. I6hapter 2 of this work, | discuss the results of a compasgativ
genomic analysis in which | contrast cichlid genomes from three different trophic levels
(carnivore, herbivore, and omnivore). Through this analysis, | identify candidate loci and genes
associated with trophic level, including genes displaying structar&nts, and dietelated gene
families that may have undergone gene losses. Furthermore, | present the results of a GO
enrichment analysis of the identified candidate geneShhpter 3, | discuss the construction of
a genetic map using genetic datanfra hybrid cichlid cross between an omnivore and a
carnivore cichlid species. | also show the results of the QTL mapping of gut length, a key dietary

trait that repeatedly correlates with trophic level in vertebrate taxa. In addition, | discuss the



techntal challenges of mapping an allometric trait and show evidence of seversgeszfic

QTL in the genetic architecture of gut length, suggesting that sex plays an important role in
intestine biology. IrChapter 4, | show the results of a comparative transcriptomic analysis of

gut tissue from multiple cichlid species representing three trophic levels (carnivore, herbivore,
and omnivore). | also show the results of a GO enrichment analysis of the differentially

expressed genes across trophic levels. Finallghapter 51 will discuss the integration of the

results from chapters 2, 3, and 4, and my perspective of possible future directions for the study of

trophic level adaptation in cichlids.
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Figure 1. Intestine length correlates with trophic level among Lake Malawi cichlidsRelative
stomachto-anus intestinal lengths for individuals of 25 species of carnivorous (red), omnivorous (blue),
and herbivorous (green) Lake Mali cichlids raised in aquaculture on a common omnivorous diet of
commercial feed with both plant and animal components. Trophic levels were assigned based on species
descriptions cataloged in Konings, 2007, and Intestine Length Index values were ahicsilagethe

method of Wagner et al, 2009 to normalize to body size. Horizontal reference line set at mean ILI value
across all individuals (= 1.87). Letters represent significant (ANP®WAO . 0 0 1 , post hodestg)6 s
differences among the three trophic groups (PJ Ciccotto, unpublished results).
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CHAPTER 2: Genomic signatures of trophic level divergences

Aldo Carmona Baez, Melissa S. Lamm, Kaitlin P. Coyle, Natalie B. Roberts, Patrick J. Ciccotto,
Kaitlyn M. Stanley, Amanda N. Cass, Reade B. Roberts

Abstract

Adaptation to different diets is a major driverasfimal trait and species diversity, and has led to
food webs wherein different species occupy different trophic levels. Evolution across trophic
levels involves the concerted evolution of diverse traits, including morphology, metabolism,
sensation, and bavior. While many studies have examined the genetic underpinnings of dietary
adaptation on a tralty-trait basis, few have explored the genetic basis of trophic level as an
emergent trait. Here, we identify regions of the genome that diverge among békwildichlid

fish species by trophic level, irrespective of any one trait. These divergent loci contain genes
associated with pathways and biological functions previously implicated in dietary adaptation in
cichlids (e.g. hedgehog pathway, tooth shapgor), and suggest novel candidates for trophic
level divergence (e.g. laminin genes). We also show that deletions and copy number variants are
associated with many of these loci, as it has been previously observegamntheatic alpha
amylase (amy2pcus. Overall, our findings suggest that changes to a diverse array of genes is
required for evolution across trophic levels. Our findings also suggest that cichlids, as other
adaptive radiations that have undergone dietary specializations, have undarg@ge and
expansion of gene families. Lastly, our results further support the central role of amylase in the

adaptation to different trophic levels.

Introduction

The trophic level a species belongs to is an emergent property that arises from the
combiration of morphological, physiological, behavioral, and immunological traits. Early studies
of trophic level adaptations focused on comparing the morphology and physiology of species
adapted to distinct diets; such as differences in the craniofacial anoirgastinal morphology,
or differences in the pH of the gastrointestinal tract and enzymatic activities of digestive
enzymes (Albertson, 2003; Karasov and Douglas, 2013). However, the development of next

generation sequencing has allowed us to expaptitrtevel comparisons to the genomic level.



In the last few years, researchers have started to explore the genetic basis of dietary shifts
across a wide range of vertebrate models, including groups of species spanning different trophic
levels, such as mamals (Kim, 2016); fish (German, 2006); species with highly specialized diets
such as folivorous lemurs (McKenney, 2018) and bifemdling bats (Blumer, 2002); or species
with more subtle dietary differences sucPasomyscusnice because of their tractétyi in the
lab (Kohl, 2017). Through the study of this diverse group of models, common evolutionary
patterns have been observed underlying dietary adaptations, including mutations impacting
coding regions of dietelated genes, pseudogenization, and khga and expansion of gene
families. For instance, a classic example of dietary evolution is the variation in the copy number
of pancreatic alphaamylasegenes observed in multiple herbivore species, as well as humans
and dogs, whose diets have been heavily influenced by agriculture and therefore consume higher
levels of starch (Perry, 2007; Axelsson, 2013). It is also worth noting, however, that previous
studies have heavily focused on the study of coding regions in the genome, neglecting the role of
regulatory regions in the evolution of dietary adaptations.

In order to expand our knowledge of the genetic basis of trophic level evolution, in this
work weexplore the genetic basis of the Malawi cichlid radiation through a comparative
genomics approach. Cichlids represent a classic model in evolutionary biology, which consists of
~800 closely related species specialized to a wide range of diets and sphareerigoad trophic
levels: carnivores, herbivores, and omnivores. Previous studies have successfully used this model
for the study of dietelated traits. For instance, comparative genomic and QTL mapping studies
have been performed on visual traits (keydetecting prey), carbohydrate metabolism,
behavior, and different aspects of craniofacial morphology, including teeth and jaw morphology.
Several of these studies have also identified and functionally validated causal genes underlying
dietary traits. Br instance, Roberts et al., 2011 showed that variatipatahed1(ptchl), a gene
encoding the receptor for the hedgehog signaling pathway, underlies differences in jaw
morphology across cichlid species from different trophic levels. In addition, apsestudy by
Coyle, 2018, identifieghancreatic alpheamylaseas a candidate gene underlying dietary
adaptations in cichlids. Subsequent studies validated this finding and showed that there are three
distinctamylasehaplotypes strongly associated witheaitrophic levels across cichlid species,
which have different functional outcomes consistent with dietary predictions (Coyle, 2018;

Melissa Lamm, unpublished results).



In thisexploratorystudy, wegenerate a variant paneldompare the genomes of specie
classified generally to three different trophic leviedarnivore, omnivore, and herbivre
through Fst scans order to identify regions of divergence across these groups. We then
performed gene ontology analysis on the genes located in high Fsimpeadsr to identify
possible biological processes related to dietary adaptations. Moreover, through the exploration of
our genomic panel, we found evidence of gene losses in several gene families, possibly
recapitulating genomic signatures of trophic ewioln that have been identified in other
vertebrate taxa. Our results serve as a starting point for the study of the genomic basis of trophic

level adaptations in cichlids.

Results

We cataloged 2,242,215 single nucleotide polymorphism (SNP) and4sf8d0i15
insertiorrdeletion (indel) variants across 26 Lake Malawi cichlid species (Table 1) by aligning
sequence data to a madd version of théetriaclima zebraeference genome version
(UMD2a) (see Method<Conte, 2019). We performed a principal comg@at analysis of the
genetic variant data, which clusteing tspecies along known ecological axes, including habitat,
the benthidimnetic continuum, genera, and ecomorphs that correlate with resource use (Figure
1). Species were binned by trophic levesignated carnivore (7 species), omnivore (12
species), and herbivore (7 specids)identify genetic divergence associated with trophic level
differences, we performed the three possible pairwisdowbased-st scans among species of
the three trophic level bins, as well as the Fst scan between short versus long gut species, where
carnivores were considered to have short guts, and herbivores and omnivores were considered to
have long guts (Figure 1, Supp. Tah). These comparisons revealkdt the distribution ofhe
window-basedrst values followed a beflhaped curve across all comparis@spp. Figure 2)
In order tofurther explore the windows with the highest Fst values, we selected the windows
with the top 1% Fst values (from now on referred to as-kgfflwindows) and retrieved the
genes located within ther8pecifically, we identified 426, 285, 345, and 314 annotated genes
high-Fst windowsacross the CvsH, CvsO, HvsO, and SvsL contrasts, regggranda total of
896 genes localized withimgh-Fst windowsacross all four comparison&n additional Fst scan
including all three populations (trophic levels) revealed similar patterns of divergence as the

pairwise comparisonSupp. Figure 3)
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The candidate genes identified through the Fst scans displayed a wide range of functions.
For instancegcandidategenes included developmental genes suases tgfb2 hhip, and
multiple hox genesgenes coding for structural proteins, such as collagemes related to
detoxification and metabolism of xenobiotics, such as cytochrome p450 genes; and genes
associated with membrane transport, such as solute carriers and sodium channels. Importantly,
two genes that have been shown to be causally relathetéoy adaptations were detected:
pancreatic alphaamylase andpcthl supporting the capacity of our experimental design to
identify dietrelated candidate genes and genetic variants.

To examine potential functional implicationsaandidate divergent ¢b, we performed
gene ontology (GO) enrichment analysis of genes located witaihighFstwindows of each
comparison (Supp. Table 2), followed by the creation of correlational networks based on the GO
results as an exploratory tool (Figure 2, Supp. &)l The GO enrichment analysis identified

multiple terms directly associated with traits displaying high phenotypic diversity in cichlids

and/ or with clear links to trophic biology, s
cell devepoipmetntanspiort o, @Ainner ear devel op me
Acar bohydrate catabolic pr oces sCGamacht20186;el man,

Johnson, 2020).

Furthermore, the GO enrichment networks showed a large cluster of terms associated
with developmental processes and signaling cascades; as well as smaller clusters with a direct
link to digestive processes. For example, the carniversusherbivore network has a cluster of
sulfotransferaserelated terms (involved in the absorption of laiteds), and the herbivore
versusomnivore network has a cluster related to the breakdown of starches. Additionally, the
networks also uncovered terms that have not previously been linked to dietary traits, such as the
laminin complex terms observed in tb@nivoreversusomnivore and herbivoreersus
omnivore comparisons.

Exploratory analysis of the Fst scans also uncovered the presdrgl-bstwindows
with a low number of variants (N < 10), which suggested the presence of misassemblies in the
referene genome or structural variants across the species in our panel, such as-tmalarge
deletions previously characterized at #mey2locus in carnivores and herbivores (Coyle, 2018;
Melissa Lamm, unpublished results). Thus, we performed an additi@matstook for large

( O5 Kdiejions associated with trophic level differences. Our scan identified 246 loci
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displaying significant differences in coverage across trophic levels; 172 out of the 246 loci
overlapped a gene annotation. This strategy uncdvyastential missing genes in certain species,
particularly in regions with multiple copies of the same gene. Nevertheless, manual exploration
of the regions with potential deletions did not find structural variants as consistently associated
with trophic kevel as observed in the amylase locus; further supporting a central role of amylase
in the trophic adaptation of cichlids. Lastly, our deletion scan also uncovered the presence of
low-coverage regions in the alignments to the reference genome whichyislliketo the

presence of misassemblies in the reference genome.

Discussion
The genomic panel captures the main axes of divergence in the Malawi radiation

The identification of genetic variants is a standard procedure in evolutionary genomics,
yetthis type of analysis may pose several bioinformatic and statistical challenges when working
with diverse populations since the presence of structural variants (inversions, translocations,
differences in gene copy number) or other types of genetic variatiy create bioinformatic
artifacts, which in turn may result in spurious signals when performing comparative genomics
analyses. Here, we performed a refererzasked approach to call variants across 26 species of
cichlids, followed by extensive qualitypntrol (QC) filters of the resulting SNPs and indels.
Despite the use of a single reference genome to map the genomic information of a diverse set of
cichlid species, our results show no evidence of biases due to differential mapping to the
reference genoenacross species; though it did uncover five samples with lower coverage and
heterozygosity than the rest of the samplegb(e ). Moreover, the final panel of genomic
variants successfully captures the main axes of divergence across the Malawi dicdiioiraas
illustrated by the PCA analysis. In particular, the species in the panel segregate by habitat across
principal component 1 (PC1); PC2 separated #imotropheugenus from thdletriaclimaand
Cynotilapiagenera, a pattern that may relate @ llabitat depth or trophic specialization of
these genera; PC3 and PC4 separate two species that inhabit the interface ofsaedock
habitat . tropheopsaandM. aurorg from the rest of the samples; PC5 separates specific genera;
and PC7 separates thanddwelling species into two groups based on genera. It is also worth

mentioning that many of the axes of divergence observed in our data set are also related to

12



dietary adaptations. In other words, the habitat or ecological niche of a species tends to b
closely related to its diet.

Our results demonstrate that the bioinformptmcessing of the whole genome
sequencing dateerformed in this study was successful, as species cluster based on biological
variables on the PCA axedur panel of genomic vantsis also notable for the high resolution
of the population structuref Malawi cichlids that is it is able twapture as illustratedy the
PCA analysis. Biologically, these observations imply that SNPs and indels are able to capture
nuanced aspect$ axonomy and habitat preferences among Lake Malawi species. In addition,
these results highlight the versatility of the cichlid system as a model for evolutionary studies
given the close phylogenetic relationship across species (which allows us ttetsscebased
bioinformatic methods) and its wide range of phenotypic diversity.

Overall, he results of ouFst scans an@O enrichment analysedso helped us detect
new candidate genes and biological processes underlying trophic level adaptatiossddigtu
more detail in the following sectionsh contrasttheseresults may also suggest that our
candidate gene list is too broad to be able to capture more defined functions associated with
trophic level adaptationFwo limitations of ourdata analysistrategythat may contribute to this
issueare: 1)we usean arbitrary threshold to define hightf#andows and2) window-based Fst
scans can lead to the ovepresentation of paralogous genes that are in close proximity to each
other.Neverthelesghe aim of our study is to perform an exploratory analysis of regions of
divergence across cichlid spes from different trophic levelsuRher studiegan beperformed
to complementhe present exploratory studwn particular, studies that use phylogeaware
methods may help us identify more specific regions in the genome with signataedsctibn

across trophic levels

The comparative genomics analysis of different trophic levels identifies genes previously
associated with dietary adaptations

Generally, théhigh-Fstwindows were not concentrated in a few regions of the genome
but rathedistributed across all chromosomes. This suggests that trgpeicadaptations are
not predominantly controlled by a few specific hotspots or regions of the genome among species,
a scenario which has been found for a complex behaviarairt cichlidswhere broad regions

of a couple of chromosomes show strong associations (York, 2018). Nevertheless, this finding is
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not unexpected given the fact that our panel is morersie than some of the previous
comparative genomics studies in cichlids, and outr @éfanterest encompasses adaptations in
multiple aspects of cichlid biology, including morphology, physiology, the immune system, and
behavior. Besides the general trends observed in the Fst scans, there were also a few examples of
well-defined peaks thi@ncompassed multiple sliding windows. For instance, the carnivore
versusomnivore scan displays a peak at the start of chromosome 4 which overlapg gleaes
cluster. Another example is the peak at the start of chromosome 1, though this peak does not
overlap any annotated genes and may potentially be a gene desert.

A manual examination of the genes located withigh-Fstwindows noted several genes
related to dietary adaptation. Importantly, we identifpadcreatic alphaamylase a gene that
has beemssociated with classic examples of dietary adapis{iBerry, 2007; Axelsson, 2013).
Moreover, a previous study has shown that the amydases displays three distinct haplotypes
strongly associated with trophic levels across cichlid species, anti¢hthree haplotypes have
different functional outcomes consistent with dietary predictions (Coyle, 2018; Melissa Lamm,
unpublished results). Another example of a gene previously associated with dietary adaptations
is ptchl, which underlies variability ifaw morphology among species with different feeding
strategies (Roberts, 2011). These results indicate that our experimental design and analysis are

able to successfully identify loci associated with trophic level adaptations.

Fst scans and GO enrichmantalysis uncover new candidate genes underlying trophic
adaptation in cichlids

All of the GO networks display a large cluster associated with broad biological processes
such as development, cell signaling, immune system functions, and nervous systemguncti
This is due to the fact that these clusters are predominantly driven by pleiotropic genes such as
hoxgenespsr2 tgfb2, etc. Though it is possible that several of the GO terms localized in these
clusters may not be representativdmilogical differences in cichlids, it is notable that several

of these terms are directly related to phenotypically diverse traits in cichlids. For example, in the

carnivoreversush er bi vore comparison, the | arghest <c¢cl us
devel opment o, Nfeye photoreceptor cell develop
which are related to variable traits in cichl

14



Camacho, 2015; DeLorenzo, 2022). Thus, we cannot rule out the posdiaitisotne of the
pleiotropic genes identified in our Fst scans may indeed be impacting multiple key dietary traits.

Other clusters of potential relevance for trophic level differences include a cluster
involved in sulfate metabolism present in ta@enivoreversusherbivore comparison, and a
cluster composed of laminirelated GO terms found in the carniv@rsusomnivore and
herbivoreversusomnivore comparisons. Sulfotransferases are involved in the absorption of bile
acids in the small intesen while laminins are proteins involved in cell adhesion and migration
in different tissues, including the intestinal epithelium (Teller and Beaulieu, 2001). Though
neither of these two groups of genes has been previously studied in cichlids or beeedpaspos
candidate genes for tropHievel adaptations, we believe that they may play an important role in
gastrointestinal differences across trophic levels in cichlids and other species.

Additionally, in the herbivoreersusomnivore comparison, one of tk& terms with the
hi ghest enrichment significance was the term
driven by three geneptchl, and two copies of theedgehog interactive prote(hhip). The
hedgehog pathway is of particular interest since itgnegiously been implicated in underlying
differences in jaw morphology within and among cichlid species (Roberts, 2011). The
identification of two additional genes involved in the hedgehog signaling pathway that are
localized within divergent genomic regi® across trophic levels may suggest that this signaling
pathway has repeatedly been a target of evolution. A similar scenario may be true for the genes
associated with cilia functions (suchi#i80, ttll5), as another cilimelated genegrocc2 has

beenpreviously implicated in jaw shape differences (Gilbert et al., 2021).

Potential role of gene expansion/shrinkage in the evolution of trophic level adaptations

Our exploration of the Fst results uncovered a subset of windows with high Fst values
and lownumber of variants per window (N < 10; Figure 1), withdahgylasdocus included
among these windows. A closer exploration of these regions on IGV suggested that the low
number of variants was due to the presence of large deletions (thousands of bpdertg)n
species. Moreover, several of these deletions overlapped regions of the genome with multiple
copies of the same gene, as is the case farttygasdocus. Among the duplicated genes
observed in these regions we identified gl 0algene, a sdium/bile acid cotransporter

involved in cholesterol metabolism (Ho, 2004); atith4, a robust intestinal stem cell marker
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gene that may influence epithelial turnover as well as have imnalgited impacts on the gut
microbiota (Van der Flier, 2009; Li2012). Given the direct relationship between these clusters
of gene copies and dietlated processes, we hypothesize that gene copy number variants may
play an important role in trophic level adaptations (Supp. Figure

In order to test this hypothesise performed a scan to detect large deletions (~5Kb or
longer) associated with particular trophic levels. As expected, the amylase locus was found
among the significant loci, as well as other potentially dietalgvant genes such asm4.
However, mosof the candidate gene clusters identified through the manual examination of the
Fst results did not reach significance, such aslttidalgene cluster, and treendablocus. A
possible explanation for this observation is that these genes do conwilnaiehic level
adaptive traits, but simultaneously these genes do not possess a genomic signal strongly
correlated with trophic level. For instance, it is possible thasltidalgene cluster has
undergone shrinkage across herbivore species; howeigea)sb possible that different specific
copies within theslc10alcluster have undergone pseudogenization in herbivore species, a
pattern that would not be able to be detected by our scan. Another possible explanation is that
our statistical power is limited to detect more nuanced associations between large delétions an
trophic level, as we removed 5 samples with-tmwverage to reduce the prevalence of false
positives. Lastly, through manual examination of the candidate regions in our deletion scan, we
noticed that several candidate regions did not overlap deletiomatbar regions in the genome
with irregular coverage. We hypothesize that these regions are misassemblies in the reference
genome. Altogether, our results show that there are several regions in the genome with multiple
copies of the same gene displaylagge scale deletions. Moreover, we also show that the
strongest signal in our deletion scan is the amylase locus, implying that amylase is indeed a

striking example of a dietary adaptation originated through genomic structural variation.

Conclusions

Thepresent work complements recent studies investigating the genetic basis of specific
trophic adaptations by performing a comparative genomic analysis contrasting species from
different trophic levels in the Malawi cichlid radiation, unbiased to any ondfispeait. Our
analysis successfully identified previously reported dietary adaptive genes in cichlid fishes, such

asalphapancreatic amylasandptchl We also identified multiple new candidate genes
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underlying trophic level differences across cichp@aes, including genes involved in the
absorption of bile acids, as well lasninin genes, which are involved in cell adhesion and
signaling in the gastrointestinal tract and other tissues. Lastly, we also detected evidence of gene
copy number variants exss the genome, matching genomic signatures observed in other model
systems that have undergone recent dietary adaptations. Moreover, this observation is in
agreement with a previous computational study in cichlid fishes that detected an association
between duplicated sequences in the cichlid genome and trophic level (McGee, 2020). However,
further exploration is needed with more ad hoc sequencing methods, such-esatbng
sequencing, in order to better quantify the shrinkage and expansion of genesfaonoes
trophic levels.

This work highlights the versatility of the Malawi cichlid radiation for the study of traits
lacking phenotypic diversity in traditional model organisms, a property that can be further
utilized by performing functional validationiuglies of the candidate genes identified in this

work.

Methods
Animals
All animals were bred, raised, and euthanized following protocols approved by the

Institutional Animal Care and Use Committee at North Carolina State University.

Preparation of DNA sequencing libraries
A list of species for which we prepared sequencing libraries can be found in Table 1.
Trophic levels (carnivore, omnivore, or herbivore) for these species were assigned mainly using
diet information from Fryer anddk, 1972, Ribbink et al., 1983, and Konings, 2007. Genomic
DNA was extracted from caudal fin clips using the DNeasy Blood and Tissue Kit and following
the manufacturerdéds protocol (Qi agen) . DNA was
size on a @varis S2. Fragmented DNA ends were repaired anthdéd for ligation to
barcoded lllumina adapters (Bioo). Fragments in the@@bp size range were selected for via
gel extraction with a QlAquick Gel Extraction Kit (Qiagen). Libraries were amplitied f
cycles of PCR, then quantified with a Qubit 2.0 Fluorometer and the dsDNA BR Assay Kit
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(Invitrogen) for pooling. Pooled libraries were sequenced on an lllumina NextSeq with 125 bp

pairedend chemistry at the North Carolina State University Genoman8es Laboratory.

Wholegenome sequence analysis

Demultiplexed reads were trimmed with Trimmomatic using the following parameters:
ILLUMINACLIP:TruSeqg2-PE.fa:2:30:10, LEADING:3, TRAILING:3,

SLIDINGWINDOW:4:15, MINLEN:36 (v0.36; Bolger, 2014). The quality of the trimmed reads
was evaluated with the program FastQC (v0.11.9; Andrews, 2010) . FASTQ files that showed
widespread per tile sequence quality ssnere removed from downstream analysis. Trimmed
reads were aligned to tiMetriaclima zebraeference genome, including version UMD1,

UMD2a, and a modified version of UMD2a (Conte and Kocher, 2015; Conte, 2019) with the
BWA-mem algorithm (v0.7.17; Li andurbin 2010). Alignments were converted to BAM

format and sorted with samtools (v1.12; Li, 200®@ad Group information was added to BAM

files, duplicate reads were marked, and BAM files were merged according to sample information
with the Picard (v2.28, http://broadinstitute.github.io/picajdunctions

AddOrReplaceReadGroups, MarkDuplicates, and MergeSamFiles, respectively. A second round
of MarkDuplicates was performed after the merging step.

Variant calling was performed using GATK (v4.2, Vandemwir a and OO6connor
GVCEF files were generated with HaplotypeCaller, which were then combined with
CombineGVCFs, and genotyped with GenotypeGVCFs. The resulting VCF file was filtered
using bcftools (v1,11, SAMtools 2020 https://github.com/samtoolgbisireleases/tag/1.11).
Variant loci that met any of the following conditions were excluded from the dataset: FS>25.0,
SOR>3, MQ<40, MQRankSurms.0, MQRankSum>5.0, QD<2.0, ReadPosRankSdnix
ReadPosRankSum>4.0, INFO/DP>268. Variant loci with multigkr@édtive alleles, and SNVs
within 10bp of an indel were also excluded from the dataset. Genotype calls supported by less
than 3 sequencing reads were set as missing data and, subsequently, allele frequencies were
recalculated with the tool vcffixup fronmé vcflib library (v1.0.2; Garrison, 2021). A final
filtering step was performed which excluded variants that had missing data in more than 50% of
the samples, and variants that had an alternatieée frequency of less than 0.1 or greater than
0.9. Thefiltered variants were annotated with ANNOVAR (version 2020Jun07; Wang, 2010)
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using UMD2aannotations from NCBI, and summarized with the R (R Core Team 2020)

packages fastqcr (v0.1.Rassambara 20)@nd tidyverse (v1.3.1, Wickham et al. 2019)

Fst scans
The quality controfiltered panel of genetic variants was used to perform Fst scans
among species from different trophic levélse different Fst scans were performed: carnivores
vs herbivores, carnivore vs omnivores, herbivores vs omnivores;@gitod longgut species,
and a thregoopulations scan comparing carnivores, herbivores, and omnivdresindow-
based~stanalyss wereperformed with the tool VCFtool#etr et al., 2011)sing a window
size of 30 Kb and a step of 15KWindows with the tod% highest Fst values were considered
high-Fst windows. Genes located within hi§lst windows were retrieved usingliouse scripts.
TheFst values of the thrggopulations scan were@ansformed using an-4house R

script in order tamprove the intergtability ofthe distribution of the Fst valu@sthis scan.

Gene Ontology enrichment analysis

Gene Ontology (GO) enrichment analysis was performed orethefgenedocatedin
the highFst windowsrom eachFst scarusing the R packaggseq(Young et al., 2010). In this
analysis, a custom gematology dictionary was usedde beloyw The GO terms with an
overrepresentedypalue < 0.1 after FDR correction were considered statistically significant.
Subsequently, heaiaps were generated in order to visualize the expression of genes underlying

enriched GO terms using the package ComplexHeatmap (Gu Z et al., 2016).

Gene Ontologenrichment dictionary

Given the limited number of publicly available GO annotations for the species used as
reference in this studyl. zebra a new dictionary of GO terms was generated. The functional
annotation pipeline in the tool BLAST2GO (Go6tz et al., 2008) was perforntbdiefault
parameters in order to map the proteauing genes of M. zebra to reference and infer GO terms

through orthology. The mouse genome (version 39) was used as reference.
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Gene Ontology networks

In order to visualize the overlap and similarity among different enriched GO terms, GO
networks were generated-house scripts were used to compute the numbgerésshared
between each pair of enriched GO terms. Network files were produced in whitkreeched
GO term represented a node and two GO terms were linked if they shared at |g@steonlee
resulting networks were visualized with the tool Cytoscape (version 3.9.1) (Shannon et al., 2003)
and thenetwork communities were highlighted witletGytoscape ApiCyfinder(Schultz et al.,
2022)

Whole genome deletion scan

Coordinates for 30Kb sliding windows with a step of 15Kb acrosMtheebraUMD2a
reference genome were generated using R. Genome coverage was calculated for each window
for eachspecies in our genome panel separately (excluding the 5 samples with the lowest overall
coverage) using the program bedtools (version 2.30.0). Subsequently, a permutation test was
performed to test the association between coverage at a particular windlonohic level
across the genome panel. Windows witfog(pval) > 8.5 were considered significatively

associated.
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Figure 1. Comparative genome scans by trophic leizalch dot represents the Fst value of a 3@vi€l@low. The color of the dots represents the
different chromosomes of tid. zebrareference genome with the gray dots displaying the Fst values of windows located in unplaced scaffolds.
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Figure 2. Gene Ontology Enrichment eorks. Graphical representation of significantly
enriched GO terms acros® different Fst comparisoifd: CvsH,B: CvsO,C: HvsO,D: SvsL)
Each node represents agrerichedGO term GO terms are connected if they have at least one
gene incommon. GO terms are color coded based on the network community they belong to.

General descriptions of the biological functions related to each community are provided.
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Table 1. Genome summary statistics

Trophic nNon
Species ID# | Level nRefHom RefHom nHets nTransitions | nTransversions | nindels avg depth | nMissing Het
Aulonocara
baenschi 33 | carnivore 1173204 588216 135111 461654 261673 136283 7 682416 | 7.7
Astatotilapia
calliptera 57 | omnivore 1415194 505542 213825 458310 261057 138695 4.2 441974 | 11
Aulonocara
jacobfreibergi 17 | carnivore 470596 225632 58746 185418 98960 47440 6.7 1912816 | 8.4
Aulonocara
koningsi 12 | carnivore 1235060 582760 201331 498167 285924 150387 5.8 545692 | 11
Champsochromis
caeruleus 30 | carnivore 1153641 601652 87402 439809 249245 129468 1.6 743067 5
Copadichromis
trewavasae 58 | carnivore 1076771 504642 154894 423808 235728 119982 5.3 858941 | 9.8
Cynotilapia
zebroides
'‘Orange Black' 40 | omnivore 1557906 399464 329145 466006 262603 140816 8.2 287899 | 17
Cynotilapia
zebroides 'Yellow
Blaze' 37 | omnivore 455031 122432 71454 126302 67584 31399 6.2 2034914 | 12
Hemitilapia
oxyrhynchus 64 | herbivore 373688 188422 36220 144349 80293 38005 4.8 2078895 | 6.4
Labeotropheus
fuelleborni 59 | herbivore 1371325 474583 271115 479875 265823 145149 6.3 453058 | 15
Labeotropheus
fulleborni 15 | herbivore 1427599 557353 138106 447581 247878 132889 7.7 459283 7
Labeotropheus
trewavasae
'Mpanga’ 7 | herbivore 1130992 469497 64680 346785 187392 96649 5.3 953412 4
Labeotropheus
trewavasae
"Thumbi West' 46 | herbivore 1538214 556619 292892 544840 304671 168246 7.8 159259 | 14
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Table 1 (continued)

Trophic nNon

Species ID# | Level nRefHom RefHom nHets nTransitions | nTransversions | nindels avg depth | nMissing | Het
Labidochromis

caeruleus 65 | carnivore 1400188 450014 198924 415258 233680 127259 3.9 538845 | 11
Labidochromis

sp. 'Hongi' 63 | herbivore 267297 87050 29030 76180 39900 18291 1.6 2313562 | 8.2
Metriaclima

aurora 3 | omnivore 1479306 485444 257073 477549 264968 142190 6.1 351217 | 13
Metriaclima

aurora 1 | omnivore 1004618 333680 160918 320723 173875 87432 3.5 1128582 | 12
Metriaclima

callainos 23 | omnivore 1562089 396635 268531 426564 238602 128744 6.4 359231 | 14
Metriaclima

mbenijii 56 | omnivore 1582275 336862 428345 491377 273830 145960 5.4 221788 | 22
Metriaclima

phaeos 51 | omnivore 1619574 458174 284309 475832 266651 144329 8.8 208844 | 14
Metriaclima

pyrsonotus 25 | omnivore 1637327 401984 318604 461504 259084 138638 4.5 218677 | 16
Metriaclima sp.

'Mbweca' 52 | omnivore 1666765 522359 245390 491323 276426 154687 7.7 126029 | 11
Metriaclima

zebra 'Makonde' 5 | omnivore 1183238 295956 198862 318910 175908 89537 5.4 947637 | 13
Metriaclima

zebra'Red Top' | 27 | omnivore 1552187 339652 415756 483478 271930 147166 5 260469 | 22
Otopharnyx

lithobates

'Yellow Blaze' 43 | carnivore 1307317 674659 124057 508407 290309 153476 3.8 455721 | 6.3
Psuedotropheus

livingstonii 62 | omnivore 360964 114616 50680 108108 57188 26480 1.2 2162490 | 11
Tropheops

tropheops 10 | herbivore 1448009 453780 329244 501241 281783 152504 1.9 331693 | 17
Tropheops

tropheops 60 | herbivore 1488811 501340 275719 499309 277750 153113 1.5 296247 | 14
Average 1,073,513.50| 475,537.50 | 152,253.25 400,887.25| 226,903.50 118,201.25 5.93| 895,724.50| 9.6
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Supplementary Material s

Supplemental Figure 1.Principal component analysis of species samples based on genomém&NP
indelvariation Scatterplots depicting the location of each sample athedisst six principal
componentare showr{left panels)Box plots(right panelssummarizehe distribution of the sample
locationsacross each principal componenth respect tdnabitat or genera.
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Supplemental Figure 2.Distribution of Fst values. Left panelsfour window-based Fst scans. Right panels: Distribution of Fst values across
four different Fst scans. Red regions represent-tegél Fst windows (windows with top 1% Fst valugspmparisonsrbm top to bottom:
carnivores vs herbivores, carnivores vs omrégoherbivores vs omnivores, and stourt vs longgut species.
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Supplemental Figure 3.Three-populations Fst scan and distribution of Fst valuesTop panelZ-transformed-st genome scan of three
populations belonging to different trophic levels. Each dot represents the Fst value of a 30 Kb window. The color aokfreskmnss the
different chromosomes of tid. zebrareference genom&he dotted line shows the ZFst 4#€¥el as a visual referend@ottom panel:
Distribution of Ztransformed Fst values in the thygapulations Fst scan.
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Supplemental Figure4. Representative example of a laiggale deletion potentially associated with
trophic level differences. Integrative Genomics Viewer (IGV) screenshot sfah@algene locus.

Supplemental Tables List:

Supplemental Table 1 Genome scalocation and gene content for windows with Fst > 0.9 in four
pairwise comparison§ee Additional File.

Supplemental Table 2 Gene ontology category enrichment for high Fst windows for four pairwise
comparisonsSee Appendix A.

Supplemental Table 3 Locdion and gene content at deletions identified in genome SesnAppendix
A.
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CHAPTER 3: The genetic architecture of intertrophic-level gut length differences is

sexually dimorphic in Lake Malawi cichlids

Aldo Carmona Baez, Emily C. Moore, Patrick Ciccotto, Natalie Roberts, Ethan Dickson, and

Reade Roberts

Abstract
Variability in gut morphology and physiology associated with dietary specializations is observed
across the animal kingdom. The increase inlgugth relative to body size is one of the classic
examples of adaptations to cope with nutrHeoor diets or diets with a higher proportion of
refractory material (often associated with herbivory). However, the genetic basis of gut length
variability ard other gastrointestinal traits remain understudied. Challenges to elucidating the
genetic basis of these traits lie in the inaccessibility and plasticity of the gut tissue, as well as the
lack of dietary diversity in traditional model organisms relatovéhtit observed across species
belonging to different trophic levels. In this study, we take advantage of a unique modelisystem
the lake Malawi cichlid fishéswhich consists of a group of closely related species that
specialized in a wide range of diétsa short evolutionary period. Their fast speciation and
ecological adaptation process, along with their laboratory tractability, allow us to perform
genetic experiments, including the production of interspecific hybrid mapping crosses under
controlled ldoratory conditions.

In this study, we mapped gut length central dietary adaptive trait in vertebrates that has
been overlooked in evolutionary genetics studiasan F2 hybrid cross between an omnivore
and a carnivore species of Malawi African cichlids. Our results igesgveral loci in the
genome associated with evolved differences in gut length, with limited or potentially no overlap
between the genetic architectures of males and females, suggesting sexual conflicts in the
evolution of the gut. Although these typesedults have been reported in other organisms and
traits, this study is prominent given the fact that little is known about the genetic basis of
adaptive intestinal traits. In addition, our results suggest the presence of components in the
genetic architeture of gut length that may be involved in fundamental processes of the biology

of cichlids. These include sespecific QTL, sexdependent epistatic interactions, and the
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presence of an epistatic effect potentially associated with the maintenance iofgepgetic
variation.
Introduction

Adaptation to different diets is a major driver of species and phenotypic diversity, and
requires the concerted evolution of a suite of traits including craniofacial morphology, sensory
systems, behavior, metabolism, @hd digestive system. Phenotypic variation in the
gastrointestinal system is generally predictable across taxonomic groups, where the length and
morphological complexity of the gut scale with trophic level and the processing requirements for
particular diés (DuqueCorrea et al., 2021; German and Horn 2006; Griffen and Mosblack,
2011). Generally, carnivores eating an eadigestible, nutrientich diet have shorter and
simpler guts than herbivores consuming relatively nutipetr diets and/or those ragang the
processing of refractory material (Karasov and Douglas, 2013; Stark, 2005). Despite our
extensive knowledge of the variability of the morphology and physiology of the gastrointestinal
system across vertebrate taxa, the genetic components unglénigi naturally evolved
phenotypic diversity remain unknown. Bridging this knowledge gap, however, poses difficult
challenges. First, traditional model systems used to perform genetic experiments, such as
laboratory mouse and zebrafish lines, lack tletmdilated phenotypic diversity observed in the
gastrointestinal tract found among groups of vertebrate species in the wild. Second, sampling the
gut requires invasive procedures, which forces morphological and physiological studies to use
postmortem samps that are challenging to obtain (Greene and McKenney et al., 2022; Yawitz
et al., 2022). Moreover, the gastrointestinal tract displays high phenotypic plasticity, i.e., it is
highly susceptible to dietary differences and other environmental factotddggat changes in
development or homeostasis, which in turn impact the morphology and physiology of adult
organisms (Olson et al., 2007; Naya et al., 2007; Pfennig, 1992). Because of these reasons,
appropriate model systems for the study of the genesis b&gastrointestinal dietary
adaptations must exhibit the following properties: a)-thédted phenotypic diversity; b) close
relatedness among the species/populations composing the model system in order to be able to
perform genetic experiments sucha@mparative genomics or QTL mapping; ¢) limited body
morphology divergence among populations that would create allometéted issues because
gut and body size are highly correlated; and d) laboratory tractability, since the experimental

organisms neetb be raised and sampled under controlled conditions in order to reduce the
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confounding effects of phenotypic plasticity. Examples of established natural model systems that
meet these criteria are deer miBe(omyscus the Mexican tetraAstyanax mexicaug, and
cichlid fish (Yawitz et al., 2022; Riddle et al., 2021; Feller et al., 2022).

In this work, we study the genetic basis of gut length in the context of the adaptive
radiation of Lake Malawi cichlid fishes. This radiation consists of more thame@@dtly
diverged (~1M years ago) species that have specialized to a broad range of food sources,
reflected in the abundant phenotypic diversity observed in traits like behavior, craniofacial
morphology, and sensory traits (Brawand et al., 2014). Addityomevious studies have
shown that Malawi cichlids sampled in the wild display differences in gut morphology
associated with trophic levelsncluding differences in gut lengthrecapitulating the trends
observed in other, broader taxonomic comparigbnger and lles, 1972; Reinthal, 1989).
Furthermore, the Lake Tanganyika cichlid radiation (a clade phylogenetically proximate to
Malawi cichlids) also shows differences in gut length associated with trophic levels (Wagner et
al., 2009).

Alongside adaptatins to dietary components, other pressures such as habitat adaptation,
sexual selection, and sexual conflicts (or combinations of any of these processes) have played
key roles in the evolutionary history of African cichlids, and have likely impacted glit@n.
Indeed, recent studies comparing traits within single cichlid species identifisphaeiic
differences in two gastrointestinal traits: gut microbiota composition and intestinal length-(Faber
Hammond et al., 2019; Moore et al., 2022). Thisassociated trait variation may be linked to
sex differences in life history including sexually dimorphic territoriality and pronounced
differences in parental investment (Ribbink, 1983). Particularly notable in Lake Malawi cichlids
is their use of maternahouthbrooding, which results in repeated instances of prolonged self
induced starvation limited to a single sex (Konings, 2007), thus creating sex differences in
dietary intake that may require sex differences in gut biology to maintain fitness-(Faber
Hamnond et al., 2019; Moore et al., 2022).

In this study, we performed a QTL mapping experiment in an F2 population from a hybrid cross
between the omnivore specidegtriaclima mbenjia generalist whose diet includes algae,
plankton, and invertebrates, an@ ttarnivore specieSulonocara koningsspecialized to feed

on invertebrates. This study complements previous work using similar strategies to map trophic

traits in Malawi cichlids, such as jaw morphology and vision (Roberts et al., 2011 PNAS;
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O 6 Qu i In20%¥0). Toaour knowledge, ours is one of only a few recent studies characterizing
the genetic architecture of gut length in a4agmicultural and wilederived model system (for
others, see Riddle, 2021; Feller, 2022). As such, our results are fomadl&giounderstanding
basic gut biology and the genetic evolution of the gastrointestinal tract in vertebrate species.

Results and Discussion
Phenotypic analysis

We identified the omnivor®etriaclima mbenjand carnivorédulonocara koningsio
serve as parental species for the F2 cross based on key criteria, including the ability to produce
viable and fertile offspring vian vitro fertilization, dietary adaptation spanning two trophic
levels, and significant differences in gut length desginilar adult body size. An initial
comparison of the two species raised on the same diet and common conditions to be used for the
F2 generation confirmed the latter to be the case (FigureNL.&,&0 for both M. mbenji and A.
koningsi). Of the 491 Fahdividuals sampled, 346 had unambiguous sex calls from dissection
data (see methods). Sex in the cross is controlled by a previtestyibed XY sex
determination locus on chromosome 7 (Ser et al., 2010), which we confirmed as the sole sex
determinationdcus through QTL mapping (data not shown). The sex of 102 additional
individuals (23 females and 79 males) was inferred by complementing dissection notes with
information from two genetic markers spanning the XY-determination locus on chromosome
7. Thefinal number of individuals with sex calls was 448, which displayed a 1:1.03 feorale
male ratio (218 females and 230 males). The remaining 43 individuals with ambiguous sex calls
were excluded from further analyses.
An exploratory data analysis bbdystandard length (SL) and gut length (Glas performed on
the data from the F2 hybrid cross, and including data from individuals of the parental species
(see Methods)GL showed a greater difference between the parental species compared to SL,
though bothraits were significantly differenfRsi= 0.4212;psi< 0.00117R%c1= 0.8301;
pcL=1.45e08). The mean SLM = 37.41 mmSE= 0.27 mm) and GLM = 64.69 mmSE= 0.7
mm) of the F2 hybrids had intermediate values to the mean SL and \@Lnabenji(MsL=
40.18 mm;SEsL= 0.75 mmMeL = 78.72 mmSEsL = 3.31 mm) and\. koningsi{MsL= 34.6
mm; SEsL= 1.24 mmMecL = 41.62 mmSEsL = 1.92 mm). GL and SL showed a positive
correlation in the F2 population (Figure b 2.13479;p < 2e16). There were significant
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differences by sex in SL and GL in the F2 populatimn € 2.2761;psL = 2.03e05; beL =
4.1354;pcL = 0.0030); however,GL did not show differences by sex in the F2 population after
controlling for SL f =-0.75371;p = 0.355). Differences by sex were not tested in the parental

species samples due to their small sample sizes (Figure 1).

Mapping strategy

DNA from all the F2 individuals was sequenced using a ddRADseq approach. The
resulting sequencing data were processed and used to produce a genetic map composed of 474
markers distributed across 22 linkage groups, with a length of 1162.4 cM, and an average
spacing of 2.6 cM. We used this linkage map for subsequent analyses (Supplemental Figure 1).

The main elements constituting the genetic architecture of a quantitative trait include the
number, direction, and magnitude of the main effects of the QTL batitrg to the genetic
variance of a given trait. Previous mapping studies in traditional model organisms and non
model wild populations have shown that quantitative traits are often controlled by multiple QTL,
with a few of them usually having larger effecand the rest displaying more moderate effects.
Previous studies have also shown that the presence ob@€hvironment, QTEby-sex, and
epistatic interactions are pervasive and can
architectureacross populations under different environmental conditions, or in different sexes
(Mackay, 2001; Mackay 2014). Below, we describe a multifaceted mapping strategy to identify
these many possible aspects of the genetic architecture of gut length.

Simple Iterval Mapping Analysis (SIM)
1 SIM scans

As an initial strategy to elucidate the number of QTL underlying GL, as well as the
direction and magnitude of their additive/dominance effects, we performed Sirtgrieal
Mapping. Because GL is highly correlated to SL, we used two approaches to account for
allometry: 1) a multtrait mapping approach (Jiang and Zeng, 1995) that consists of mapping
SL, GL, and the joint trait SIGL, and 2) the mapping of the residaiaf the modeGL~SL
While the F2 population does not show significant differences in GL by sex after controlling for
SL, previous studies within single species of Malawi cichlids suggest sexual dimorphism in gut
biology (FaberHammond et al2019, Mooreet al. 2022). We thus testéat the presence of
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QTL-by-sex interactions in the genetic architecture of GL by replicating the two mapping
approaches mentioned abauethree different subsets of the data: 1) all individuals, 2) only
female individuals, ah3) only male individuals. Hence, we conducted a total of 12 SIM scans
resulting from the combination of four traits (SL, GL, joint-SL trait, and residuals) and three
data subsets (all individuals, males, and females) (Figure 2).

The significance thrémld of the QTL mapping scans was set to LOD = 3 for individual
traits (SL, GL, residuals), and LOD = 4 for the joint-6L analysis in the mukHirait approach
across all replicates (all individuals, females, and mgkegure 2).

1 Effects of candidate QTidentified through SIM

Our SIM analysis identified candidate QTL in 9 chromosomes. Chromosomes 4, 5, 6, and
10 showed a single peak with a consistent location across the different scans where significance
was reached. Chromosomes 11, 13, 20, 22, anoiniXBie other hand, showed significant, as well
as suggestive, peaks in multiple locations that varied depending on the trait and data subset the
SIM scan was performed on. Since it can be challenging to discern whether there are multiple
QTL in a single ccomosome with SIM, we selected a single position per chromosome to
examine in further detail (see Methods). Matching expectations, the majority of the candidate
QTL exhibited negative additive effects (i.e. the connecting line between the genotypicadffects
the homozygous genotypes has a negative slope), meaning that the alleles vormbeji
(omnivore, long gut) parental species tend to be associated with longer gut lengths, and the
alleles of theA. koningsicarnivore, short gut) parental spediesd to be associated with shorter
guts (Figure 3). The direction and magnitude of the additive effects were also similar between
the individual scans of GL and SL, as is expected in correlated traits. Nevertheless, there are
some cases in which the direct of the additive effects differ between SL and GL, or the
magnitude of the additive effect is visibly stronger in one of these two phenotypes. These cases
are of particular interest since they suggest the presence of a QTL that only impacts one of the
two traits, i.e., where GL and SL are uncoupled. Both theSGljoint scan (of the mukHirait
approach) and the residuals scan are able to capture this scenario. In the case-&lihei@L
scan, a significant increment in the LOD score of the joim scaxpected with respect to the
individual scans of SL and GL when these two traits are uncoupled (Jiang and Zeng, 1995).
Similarly, the residuals scan should only detect QTL that are specific to GL since the phenotypic

variance of GL that is explained bbody size has been removed through linear regression. The
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difference between the G&L joint scan and the residuals scan is that the former is also able to
identify QTL that may be specific to SL. QTL that may display uncoupling between SL and GL
are foind on chromosomes 4, 6, 11, 20, and 22. For instance, while the QTL on chr 22 shows a
neutral or slightly positive effect in SL, its additive effect on GL has a larger magnitude and
negative direction; suggesting that this QTL is specific for GL.

Additionally, one of the most noticeable patterns in our candidate QTL is the difference
between male and female phenotypic effects (Figure 3). Given the differences in body size
between males and females in the F2 population, their phenotypic effects are eixpkatexia
consistent difference between each other on the SL and GL phenotypes. However, in cases such
as the QTL on chromosomes 4, 5, 6, 11, 13, 20, and 22, the distances between the phenotypic
effects of males and females vary by genotype, which sugtiespresence of QFHhy-sex
interactions.

Overall, the similarities between the joint mftit SIM scan and the SIM scan of the
residuals suggest that several of the candidate QTL are specific to gut length and are not a
consequence of unintended maygpof allometry. In addition, our results suggest that the great
majority of the candidate QTL identified through SIM indicate Ghyksex interactions or, more

precisely, are segpecific QTL.

Multiple Interval Mapping

Given that our SIM approach identified several candidate QTL associated with GL and/or
SL, itis required to estimate the additive and dominance effects of the QTL identified in a given
scan using a single model in order to avoid biased estimates dueattcoanting for the
residual variance explained by background QTL. Removing this bias makes it possible to
corroborate the significance of candidate QTL and discover new unidentified signals, including
QTL in close proximity to each other and epistatieiactions. In order to do this, we performed
Multiple Interval Mapping (MIM) (Kao et al., 19991 model selection procediiren GL, SL,
and the residuals of the mod&L~SL As before, we replicated our analyses in three different
subsets of the data: &)l individuals, 2) only females, and 3) only males, in order to identify
QTL-by-sex interactions or sespecific QTL. Hence, we conducted a total of 9 MIM analyses
resulting from the combination of three traits (SL, GL, and residuals) and three da&ts $albs

individuals, males, and females; see Table 1). MIM also allows us to test for epistatic
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interactions among main effect QTL. We did not perform the joint analysis-&LSas in the

SIM analysis, given the fact that the Mtitait MIM analysis hasiot been implemented for F2
mapping populations in the program WinQTLCartographer (Wang et al., 2012) or other widely
used QTL mapping tools such as R/qgtl (Broman et al., 2003).

To perform MIM, the 9 candidate QTL identified in our SIM analysis were asdte
initial model, followed by multiple cycles of main effect and interaction QTL searches, as well
as significance tests, and QTL location optimization. The final models were selected when
convergence was reached (see Methods).

Our resultsshowed that 8 out of the 9 candidate QTL identified in the SIM analysis were
present in at least one of the final MIM modedsowing that the signals identified through SIM
are robustSeveral new QTL were also detected through our MIM analysis. Fondestide
MIM analysis of the residuals in the female data subset detected a new QTL on chromosome 19,
and the same analysis in the male data subset detected new QTL on chromosomes 3, 5, 13, 15,
20, and 22. The increase in the number of significant QTLsalpports our hypothesis that SIM
is a conservative method for detecting QTL in gut length, but a useful procedure for mapping
guantitative traits when combined with more versatile procedures like MIM. Additionally, the
number of detected QTL and the penage of variance explained was greater in the residuals
MIM analyses compared to the other traits. This is likely due to the fact that this is the only trait
that accounts for allometry and that there are more distinct GL differences between the parental
species compared to SL (Figure 1). Because of this, we subsequently focused mostly on the
interpretation of the MIM analyses of the residuals phenotype.

Across all subsets, the residuals MIM analyses showed a clear majority of additive effects
with a negate direction (Figure 4), matching expectations based on the parental genotypes.
Importantly, no QTL was identified across the three data subsets and there is no overlap between
the QTL identified in the male and female analyses, suggesting the prespeceasive sex
specific QTL in the residuals phenotype. Given the fact that our MIM procedures involve the
search for new QTL after accounting for the residual variance explained by the QTL already
present in a given model, it is unlikely that the shack & overlap between the QTL identified
in male and female data subsets is a consequence of limited statistical power alone. Instead, these
results suggest that the genetic architecture of gut length is trupse¥ic. This interpretation

is supportedurther by the higher percentages of variance explained by the final models of the
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residuals analysis in the female and male data subsets (44.2%, and 34.1%, respectively)
compared to the analysis of all the individuals together (20.3%) (Table 1).

Lastly, we detected two epistatic interactions in addition to the main QTL effects in the
residuals MIM analyses: 1) an additibg-additive interaction between chromosomes 11 and 20,
detected in the residuals analysis of the female data subset; and 2) an-agetitveinant
interaction between chromosomes 15 and 22, detected in the residuals analysis of the male data
subset (Table 1, Figure 4).

Overall, our MIM results showed a large overlap with our SIM analysis, though MIM
allowed us to refine further the lo@at, number, and magnitude of the effects of the QTL
underlying SL, GL, and the residuals of the ma@kerSLin our F2 mapping cross. The
percentage of variance explained by the QTL underlying these three phenotypes suggests that
our cross is better suitédr mapping the genetic architecture of gut length than the genetic
architecture of standard length (body size), a result that matches our observations in the
phenotypic analysis of the parental species. The final models of the residuals MIM analysis also
confirm the presence of abundant-sgecific components in the genetic architecture off GL
including sexlimited epistatic interactiofisindicating that the genetic architecture of GL is-sex

specific.

Sexual conflict and the gut

Scenarios where maleachifemales have different fitness optima for a particular trait can
lead to sexual conflicts, which in turn can be resolved through evolution of sexual dimorphism.
Such resolution involves evolution of genetic variants that constrain the phenotypicaffects
genotypes to a single sex, in other words, through the evolution-gpseXic genetic
architectures (Mank, 2017). Our results show no overlap in any of the MIM QTL detected in
female and male data subsets for any of the three traits analyzeda(iesizly or SL) (Table 1).
These marked differences in the genetic architecture of males and females strongly suggest that
the genetic architecture of gut length (and possibly standard length}speekc, and thus we
conclude that gut length in Malawichlids is a trait with a history of genetic sexual conflicts
that have been resolved through the evolution ofsgpecific genetic architectures. Notably, in a
recent mapping study in a hybrid cross between cave and surface populations of the fish

Astyanax mexicanugwo of the three hindgut length QTL identified had-specific effects
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(Riddle et al., 2021), suggesting that-s@ecific genetic architectures for gastrointestinal traits
may be a broad phenomenon. A mapping experiment in a hybrid ¢roakeoVictorian cichlids
identified a single intestine length QTL, but the study did not includeigegific mapping

(Feller et al., 2022); the QTL mapped in the Victorian cross did not overlap with any of the QTL
we identified here. In our study, onlyobit of 15 QTL would have been identified in the

residuals MIM analysis if sex had not been considered. We thus suggest careful consideration of
sexspecific biology in forward genetics studies, even where the trait itself is not sexually
dimorphic, as ishe case here when comparing the GL residuals in our F2 population by sex.
That is, sexually monomorphic traits may require sexually dimorphic genetic architectures to
respond to sespecific differences in development and physiology, anebe® mapping

strategies may miss important genotygienotype associations.

Sexual dimorphism is a hallmark of Lake Malawi cichlids with overt examples including
nuptial pigmentation and territorial behavior related to mating (Konings, 2007; Roberts et al.,
2009). Reent studies comparing traits within single cichlid species have identified sex
associated differences in gut microbiota and intestinal length, suggesting the presence of sex
specific fithess optima for gastrointestinal traits as well (F&l@nmond et al2019; Moore et
al., 2022). Moreover, sexually dimorphic life history differences related to territoriality and
parental investment provide additional compelling explanations for sexual conflicts associated
with gut length. Most notably, Lake Malawi ciatidi are maternal mouthbrooders, a parenting
strategy which requires females to undergo prolonged periods of starvation (roughly three weeks
per brood) while incubating developing offspring in their mouth until they become free
swimming fry. Additionally, mées of many species includimd. mbenjiiare highly territorial
and tend to remain in a limited space, which may pose restrictions in the diversity and quantity of
food sources available for foraging (Ribbink, 1983). Thus, limitations in food accesslésr ma
may be more constant and less severe compared to females, who undergo prolonged but cyclical
periods of fasting and unrestricted foraging. The idea that differences in parental care lead to sex
dimorphism in trophic traits is not novel. In Tanganyik&hlids another trophic trait, gill raker
length, is sexually dimorphic in uniparental mouthbrooders but not biparental mouthbrooders,
providing strong support that sexual dimorphism in reproductive strategies can lead to sexual
dimorphism in trophic tras (Ronco et al., 2019). Body size is also sexually dimorphic to varying

degrees among Lake Malawi cichlids, with males generally being larger in size (Genner and
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Turner, 2005). Given the interactive relationship between body size and gut leneggheskx

genetic architectures may have@wlved to counter maladaptive outcomes in gut length for one
or both sexes arising from evolution of sexual dimorphism in body size. Finally, general sex
differences in development and physiology may requirespexfic genetic architectures to

produce similartrait outcomes, that is, different genetic architectures may be necessary to
mitigate the effects of -sexullydmaphiditaibvalies. llme nt 0
of these scenarios are ultimatelyked to the evolutionary traddf between maintaining a

longer gut that allows for increased absorption of nutrients, versus the high energy requirements
of maintaining the gut tissue (Cant et al., 1996). We note that cichlid species radiations in Lake
Malawi and beyond provide a powerful comparative model to explore the above hypotheses, for
example by comparing species with different parental strategies (e.g., comparisons among
paternal, maternal, and biparental mouthbrooders), or comparing specieanyitiy levels of

territoriality or sexual dimorphism in body size.

Implications of epistatic interactions in the genetic architecture of gut length

Previous studies have shown that gbgeene interactions, though sometimes
overlooked, are a prevalechmponent of the genetic architecture of quantitative traits (Mackay,
2014). In this study, we detected the presence of two epistatic interactions in the residuals MIM
analysis. The first one is an additibg-additive interaction found in the genetic atebture of
the residuals in females, involving QTL on chromosomes 11 and 20 (Figure 4). In this
interaction, the negative additive effect of the QTL on either chromosome 11 or 20 is masked in
the presence of an SS genotype at the other locus. Thugdipiocal suppressing epistatic
interaction may provide a canalization mechanism in the wild, whefe larningsiSS genotype
at either locus contributes to a shomert phenotype despite variation at the other locus. Genetic
canalization produces invability in a phenotype despite the presence of genetic variants
capable of modifying such phenotype (Waddington, 1942), that is, it can help maintain cryptic
genetic variation. Canalization may support rapid evolution by providing a reservoir of
potentially adaptive cryptic variation that can be quickly released from its cryptic state for
selection to act upon, or by buffering maladaptive variation that would otherwise reduce fitness
(Gibson and Dworkin, 2004). Introgression and interspecific hybridizaasrikely supported
the rapid radiation of Malawi cichlid species (Malinsky et al., 2018), perhaps in part through the
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masking and unmasking of genetic variation through epistasis, with alleles being naturally
selected in varied genetic backgrounds thioligoridization events. Experimental crosses in
cichlids support this scenario, for example where hybrids have more extreme variation in body
morphology than found within populations, possibly due to unmasked cryptic variation (Nichols
et al., 2015). Ourasults suggest specific predictions; for example, that chromosome 20 variation
would be subject to selection on a chromosome 11 LL background, potentially leading to
fixation of one chromosome 20 allele; on the other hand, chromosome 20 variation would be
cryptic on a chromosome 11 SS background and would be subject to genetic drift, potentially
maintaining chromosome 20 variation.

The second epistatic interaction is a domifanradditive interaction found in the genetic
architecture of the residuals in las, involving QTL on chromosomes 15 and 22 (Figure 4). In
this interaction, the QTL on chromosome 15 has an expected negative additive effect only in the
presence of the LL genotype at chromosome 22, while an LL genotype at chromosome 15 masks
the effectof the QTL on chromosome 22. Furthermore, the chromosome 22 QTL displays
dominance or overdominance in the presence of an SS genotype on chromosome 15, and a
positive additive effect counter to predictions from trait values of parental species. While this
interaction is complex and less immediately interpretable than the one described above, it reveals
the unpredictable phenotypic outcomes that epistasis can produce for complex traits, particularly

in hybrids.

Conclusions and future directions

Given thelimited knowledge regarding the genetic basis of the morphological and
physiological gastrointestinal diversity observed across animals, this and similar studies are key
to identifying novel cellular targets for medical, environmental, and agricultysitapons.
Our results suggest that sexual dimorphism in the genetic architecture of gut length in cichlids
may have evolved as a way to resolve sexual conflicts stemming from differences in
reproductive strategies, or general sex differences in devehd@ame physiology. We highlight
the importance of studying sexual conflict and sexual dimorphism in traits not directly related to
reproduction, such as gastrointestinal traits, and in traits that appear sexually monomorphic. We
also find evidence of epasis and canalization underlying interspecific gut length differences,

providing opportunity for maintenance or release of cryptic variation during hybridization,
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depending on genetic background. The adaptive radiation of Lake Malawi cichlids is marked by
regular hybridization and introgression (Malinksy et al., 2018), and complex sex determination
systems that uncouple semited and sexinked trait effects (Moore et al., 2022). Together with
the genetic architecture of gut length we describe here, @ilspe that the interplay of sexual
conflict, hybridization, and epistasis contributed to rapid and ongoing evolution of diverse

trophic strategies in Lake Malawi cichlids.

Methods
F2 hybrid mapping population
Eggs were collected fromMetriaclima mbenjifemale on the day of release and
fertilized in vitro with milt expressed from afiulonocara koningsinale. The resulting F1
hybrids were intercrossed to produce an F2 mapping populatierd91). The Fandividuals
were raised in a common recirculating system under the same laboratory conditions, including
diet volume and composition, and tank size and density. The F2 individuals were sampled at 22

weeks of age following two days of fasting.

Dissections

Fish were euthanized in a solution of 250 mg/L tricaine methanesulfonate (Ff8cane
Western Chemical, Ferndale, WA, U.S.A.), prior to dissection for removal of the alimentary
canal. Intestines were unwound and laid in a straight line on a flat surfa@®mnsistent manner,
with care not to stretch the tissue and without the use of relaxants to eliminate contraction
activities.Gutlength(GL) was measured from the posterior of the stomach to the anusodyd
standard lengt(iSL) was measured from tif the snout to the junction between the caudal
peduncle and the caudal fin, using Vernier calipers. Sex was determined by removing and
squashing a portion of the gonad on a slide to confirm presence of oocytes or mature sperm

under a microscope.

Processig of ddRADseq data
To process the ddRADseq data and retrieve genotypic data, a refebaseeldapproach
was used using the Stacks software versions 1 and 2 (Catchen et al., 2011). Raw sequencing data

were demultiplexed, forward reads were truncated tobps&nd lowquality reads were

51



excluded using the program process_radtags (Stacks, version 2). The demultiplexed and filtered
reads were aligned to thé& zebraUMD?2a reference genome (Conte et al., 2019) using BWA

with the mem algorithm (Li, 2013). We ubthe programs pstacks and cstacks (Stacks, version

1) to identify RAD markers in all the samples and create a catalogue of RAD markers present in
both parents of the cross. The RAD markers of the progeny were then matched against this
catalog with the prgram sstacks from the Stacks software (Stacks, version 1). Genotype calls for
biallelic markers with alternative alleles between the parents of the cross were generated with the
program genotypes (Stacks, version 1), requiring a minimum stack depth afd&irto export a

locus in a particular individual.

Genetic map building

The genetic map was built on the R statistical platform (version 4.0.3; R Core Team,
2020) with the package r/QTL (Broman et al, 2003) ardoinse scripts. The RAD markers
were soted and binned in linkage groups according to their position iMtle=braUMD2a
reference genome (Conte et al., 2019). Markers located in linkage groups with more than 20% of
missing data and markers located in unplaced scaffolds with more than 40%siogndata
were removed from the dataset. A-slgquare test was performed with the function geno.table()
to detect markers with distorted segregation patterns; markers with a Bontemauted p
value < 0.05 were removed, except for markers in linkgigap 11 (see below). The pairwise
recombination frequencies among markers was calculated and an initial map was estimated with
the functions est.rf() and est.map(), respectively. Markers whose recombination frequency profile
did not match their positiomithe genetic map, likely due to being located in structural variants
or misassembled regions of the reference genome, were relocated so that the number of
crossovers was minimal. Markers that increased the size of the map by 6 cM or more and were
less tha 3 Mb apart from their flanking markers were considered to be inflating the map and
were excluded. Markers located in unplaced scaffolds were integrated into a given linkage group
if they had recombination frequency values < 0.15 with at least 5 mar&ergHat linkage
group. The function calc.errorlod() was used to detect genotyping errors; genotypes with a LOD
score >= 3 were set as missing data. The map was pruned usingeenapping window

algorithm that selected the marker in a given 2cM windath the least amount of missing data.
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The final map was estimated and the maximum likelihood estimate of the genotyping error rate
(0.0001) was obtained with the function est.map().

A large portion of linkage group 11 showed high segregation distortiggp(&mental
Figure 2). Further exploration of this locus revealed that the segregation distortion was
associated with a potential recessive lethal allele or interaction in the families descendant from
one F1 dam (ID: 2359) and four different F1 males (388, 2310, 3071, 3134). Based on this
observation, the chromosome 11 genotypes from the individuals displaying segregation
distortion were masked by setting them as missing data. After masking, the genetic markers on

chromosome 11 matched the expecté@dllsegregation pattern.

Exploratory data analysis of phenotypic data

The sex of the F2 individuals was first obtained through gonad dissection data. Of the
491 F2 individuals, 145 had ambiguous sex calls based on dissection notes. In order to infer the
sex of these individuals, the dissection information was complemented with the information of
two genetic markers in close proximity to the mapped XY sex determination locus was used (See
below for sex mapping methods). The-$eked markers were locatesh@hromosome 7,
basepairs 49,393,905 and 52,246,354 with respect td.thebraUMD2a reference genome
(Conte et al., 2019). An F2 individual was classified as female only if the dissection notes
mentioned the presence of ovaries or eggs in the gonathenthrker data suggested the
absence of the Yinked allele. Similarly, an individual was classified as male if the dissection
notes mentioned the presence of testis or sperm in the gonad, and the marker data suggested the
presence of the Yinked allele

Exploratory data analysis of standard length and gut length was performed using the R
statistical platform (version 4.0.3; R Core Team, 2020) and the packages ggplot2, tidyr, and
dplyr (Wickham et al., 2019).

QTL mapping analyses

QTL mapping analyses we performed using Windows QTL Cartographer version 2.5
(Silva et al., 2012). Sex was mapped using a SIM approach with the data of 346 individuals that
had unambiguous sex calls. This analyses identified a single X¥etexmination locus on

chromosome 7As mentioned in the previous subheader and in the Results and Discussion
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section, the information of markers linked to the-dekermination region was used to infer the

sex of 102 additional individuals; raising the total number of individuals withrdesmation to

448 (218 females and 230 males). Subsequent mapping analyses were performed on this updated
dataset.

In order to map gut length while accounting for allometry, GL and SL were mapped
using a SIM multitrait mapping approaci@diang and Zeng, %) that consisted of mapping SL,

GL, and the joint trait SIGL. The residuals of the modéL~SLwere also mapped using a SIM
approach. The QTL mapping analyses of SL, GL, the joint trai&8l.and the residuals were
replicated using three different sels of the dataall individuals, only female individuals, and
only male individuals. The analyses performed
covariate (Otrait). Similarly, chromosome 7 was removed in the analyses performed on the
female ad male subsets since splitting the data by sex produces segregation distortion on this
chromosome. The significance threshold for the siglié scans (SL, GL, residuals) was set to

LOD = 3; while the significance threshold for the joint traitSL wasset to LOD = 4. These
thresholds were chosen based on permutation tests (n = 1000) and are approximately equal to a
p-value= 0.2 (See the Results and Discussion section for a more in depth discussion regarding
these thresholds).

Our results identified déast one candidate QTL in 9 different chromosomes. Thus, to
examine the candidate QTL in further detail, we selected the position that was most frequently
identified in each chromosome across the different SIM scans. QTL mapping scans plots for all
SIM analyses, and genotype effect plots for the 9 selected candidate QTL were generated with
the R packages ggplot2 (Wickham et al., 2019) and r/QTL (Broman et al, 2003).

In order to further refine the location, number, and effect sizes of the QTL underlying our
traits of interest, we performed MIM analyses of SL, GL, and the residuals for the GloefgL.

As before, we replicated our analysis using three different sutifstbis data: all individuals,

only female individuals, and only male individuals. In contrast to the SIM analyses, the joint trait
SL-GL was not mapped since mditait MIM analysis has not been implemented for F2

mapping populations on Windows QTL Cantagher. In addition, the analyses performed on the
Aall individual s0 subset did not include sex
the MIM procedure of Windows QTL Cartographer
i ndi vi dsetanhyshiow a peak nearby the sex determination region since males tend to
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have larger bodies compared to females. Chromosome 7 was removed in the analyses performed
on the female and male subsets, as in the SIM analyses.

The MIM analyses consisted of tf@lowing steps: 0) The 9 candidate QTL selected from the
SIM procedure were used as initial model. 1) The significance of the main QTL was tested and
the notsignificant QTL were removed from the model. Similarly, the significance of any QTL
interactions if present were tested and removed if they did not reach significance. 2) The
position of the QTL were optimized. 3) A scan for new main QTL and QTL interactions
(between QTL already present in the model) was performed. 4) S&ep&te repeated untihe
model reached convergende the case of two MIM analyses, malesiduals and maleSL,

none of the 9 candidate QTL in the initial model were significant; in these two cases;3teps 1
were also repeated in these analyses until convergence waslreHuhstatistical significance

of the generated models was determined through the Bayesian information criterion (BIC)
[option BIG-MO in WinQTLCartographer], which minimizes a criterion of the farnQ

ca ¢ 10 0 & é£"Qwhered is the total of parameters in mod@l¢ is the sample size, and

0 is the estimated likelihood function of mod@(Silva, L. D. C. E. et al., 2012). We used a
walking speed of 1 cM, and a window size of 10 cM.

Plots depicting the additive and dormant effects, as well as the genotype effect plots for
two epistatic interactions were generated with the R packages ggplot2 (Wickham et al., 2019)
and r/QTL (Broman et al, 2003).
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Figure 1. Exploratory analysis of phenotypic data(Left and Middle paneld)istribution of standard length

and gut length, respectively, in the parental species sanipted @ for both species), and the female and male
subsets of the F2 mapping populatidh.{.= 218, colorcoded in pinkN....= 230, colofcoded in blue).

(Right panel)Scatter plot of the standard length and gut length measurements in the F2 rpappiatjon,

and the parental samples. The shape of the points represents the sample type (circles: F2 individuals; squares:
M. mbenjiindividuals; trianglesA. koningsindividuals).
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Figure 2. SIM QTL mapping scans across three data subsefBhe horizontal panels show the LOD score profiles of the SIM scans performed
in this study, plotted across the 22 linkage groups in the genetic map. The top threespawelse results for theutti-trait SIM scans,

replicated across three different data subsets (all individuals, females, and males; respectively). Orange lines, i8erstiars; GL scans; dark
blue lines, joint SEGL scans. The bottom three panels show the results of the@iViof th&sL~SLmodel residuals, coleroded in black, and
replicated across the same three data subsets (all individuals, females, and males; respectively). The horizontaltéries siditificance
thresholds used in the SIM analyses and are-oalded based on the trait they repres€htomosome 7 was omitted in the females and males
scans since the sex determination locus is located in this chromosome.
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Figure 3. Effect plots of the 9 candidate QTL identified through SIM.Each plot shows a graphical representation of the phenotypic effects of a
given candidate QTL (based on its most proximate marker). The effect plots are abasegdn the QTL position (columns), and phenotype
(rows) they depict. The genotypic effects for females (pink dots and lines) and males (blue dots and lines) are platbdgd sdighe QTL:
phenotypesex combinations are shown, including the onesdidahot reach significance level. The alleles are labeled based on the parental
species they descend from (U: mbenijj long gut species; . koningsi short gut species).
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Figure 4. Effect plots of the candidate QTL identified through the MIM analysis of theGL~SL

model residuals.(Left panel)Estimates of the additive (solid bars) and dominance (clear bars) effects of
the QTL identified through the MIM analysis of tfé ~SLmodel residuals. Each plot represents a

different data subset: all individuals (top row), females (middle row), and ieaigem row).(Right

panel)Effect plots of two epistatic interactions identified through MA).Effect plot of a female

specific epistatic interaction between Q12 (chromosome 20, 35.2 cM) and Q5 (chromosome 11, 19.6 cM).
B) Effect plot of a malespecific epistatic interaction between Q9 (chromosome 15, 19.5 cM) and Q14
(chromosome 22, 36.6 cM). The alleles are labeled based on the parental species they descend from (L:
M. mbenjj long gut species; &. koningsi short gut species).
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Table 1. MIM results for the residuals of the model (GL~SL) across three data subsets.

All individuals Females Males
QTL Type | Chr | Pos | LOD | Effect | PVE| LOD Effect | PVE| LOD Effect | PVE
Q1 A 3 21.3 3.37 | -3.0133 4
Q1 D 3 21.3 0.29 | -1.1879 | 0.3
Q2 A 5 0.0 287 | -2.8166 | 3.3
Q2 D 5 0.0 2.33 3.5466 1.5
Q3 A 6 48.1 5.13 2.8882 7.3
Q3 D 6 48.1 0.08 0.496 0
Q4 A 10 39.2 ] 0.11 | 0.3917 0.1
Q4 D 10 | 39.2 | 3.08 | -2.8753 3
Q5 A 11 19.6 5.02 | -3.1846 | 10.9
Q5 D 11 19.6 0 0.0986 0
Q6 A 11 453 | 258 | -2.1245 | 3.9
Q6 D 11 45.3 0.8 1.7792 1.5
Q7 A 12 414 | 4.36 2.339 3.1
Q7 D 12 41.4 ] 0.02 0.23 0
Q8 A 13 | 28.2 0.25 | 0.7655 0
Q8 D 13 | 28.2 294 3.868 3.2
Q9 A 15 19.5 1.03 | -1.6841 1.1
Q9 D 15 195 2.83 | -3.7485 | 4.2
Q10 A 15 51.7 25 2.5881 33
Q10 D 15 51.7 0.71 -1.95 1
Q11 A 19 5.7 178 | -1.7198 | 2.4
Q11 D 19 5.7 0.82 | -1.5811 | 1.1
Q12 A 20 35.2 ] 6.27 | -2.7611 | 5.8 258 | -1.9711 | 53
Q12 D 20 35.2 1 0.12 | -0.5814 | 0.1 0.27 | -0.9146 | 0.6
Q13 A 20 53.7 6.17 | -3.9295 | 6.8
Q13 D 20 | 53.7 0.01 | 0.2613 0
Q14 A 22 | 36.6 0.37 | -0.9606 | 0.7
Q14 D 22 36.6 2.17 3.3057 25
Q15 A 22 443 1 2.87 | -1.9002 | 2.8 6 -3.1622 | 7.5
Q15 D 22 44.3 1 0.01 | 0.1486 0 0.96 | -1.7148 | 1.2
Q5 X Q12 AA 4.093 | 3.7585 | 7.9
Q9 X Q14 DA 1.776 | -4.2784 | 2.2
% phenotypic var explained 20.3 44.2 34.1
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ExtendedTable 1. MIM results for three traits across three data subsets

RESIDUALS GL ~ SL

GUT LENGTH (mm)

STANDARD LENGTH (mm)

Both sexes Females Males Both sexes Females Males Both sexes Females Males
QTL [ Type |Chrom | Pos jLOD | Effect | PVE JLOD | Effect | PVE |LOD | Effect | PVE JLOD | Effect | PVE |LOD | Effect | PVE | LOD | Effect | PVE JLOD | Effect | PVE | LOD | Effect | PVE | LOD | Effect | PVE
QL| A 3 21.3 3.37 -3.0133 4
Q1 D 3 21.3 0.29 -1.1879 0.3
Q2| A 5 0.0 2.87 -2.8166 3.3 [3 -3.6956 2.9
Q2 D 5 0.0 233 35466 1.5 §0.01 -0.2108 O
Q3| A 6 48.1 5.13 2.8882 7.3
Q3 D 6 48.1 0.08 0.49% O
Q4| A 10 |39.2f0.11 03917 0.1
Q4 D 10 39.2)13.08 -2.8753 3
Q5| A 11 [19.6 5.02 -3.1846 10.9
Q5 D 11 19.6 0 0.0986 0
Q6| A 11 |45.3f2.58 -2.1245 3.9
Q6 D 11 45.340.8 17792 15
Q7 A 12 41.444.36 2339 3.1
Q7 D 12 41.4340.02 0.23 0
Q8 A 13 28.2 0.25 0.7655 0
Q8 D 13 28.2 294 3868 3.2
Q| A 15 |19.5 1.03 -1.6841 1.1
Q9 D 15 19.5 2.83 -3.7485 4.2
Q10| A 15 51.7 25 25881 33
Q10| D 15 51.7 0.71 -1.95 1
Ql1| A 19 5.7 1.78 -1.7198 2.4
Q11| D 19 5.7 0.82 -1.5811 1.1
Q12| A 20 35.2)6.27 -2.7611 5.8 ]2.58 -1.9711 53 342 -3.6377 3 4.87 -5.1568 7.7
Q12| D 20 |35.2fj0.12 -0.5814 0.1 |0.27 -0.9146 0.6 0 -0.1234 0 0.08 -0.9382 0.2
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Extended Table 1(continued)

RESIDUALS GL ~ SL GUT LENGTH (mm) STANDARD LENGTH (mm)
Both sexes Females Males Both sexes Females Males Both sexes Females Males
QTL Type|Chrom | Pos JLOD | Effect | PVE| LOD | Effect [PVE|] LOD | Effect | PVEJLOD | Effect | PVE| LOD | Effect | PVE|LOD | Effect | PVEJLOD | Effect | PVE | LOD | Effect | PVE | LOD | Effect | PVE
Q13 A 20 53.7 6.17 -3.9295 6.8
Q13 D 20 53.7 0.01 02613 O
Q14 A 22 36.6 0.37 -0.9606 0.7
Ql4 D 22 |36.6 2.17 |3.3057 2.5
Q15 A 22 44.342.87 -1.9002 2.8 |6 -3.1622 7.5
Q15 D 22 |44.3J0.01 0.1486 O 0.96 -1.7148 1.2
Q5XQ12 [ AA 4,093 3.7585 7.9
Q9X Q14 | DA 1.776 -4.2784 2.2
Q16 A 5 45.7 2.04 -3.3206 3.8
Q16 D 5 |45.7 072 28512 1.3
Q17 A 12 318 242 3.2547 2
Q17 D 12 31.8 0.23 1.3804 0.2
Q18 A 13 19.8 274 40399 52 2.09 15559 43
Q18 D 13 [19.8 046 -2.324 0.7 1.02 -1531 2.1
Q19 A 14 24.8 0.09 -0.6655 0.3
Q19 D 14 (248 262 54122 4.4
Q20 A 22 16.3 421 -53039 6.1
Q20 D 22 16.3 0 0.1312 0
Q21 A 23 52.5 2.63 -5.0065 5.3
Q21 D 23 52.5 0.09 1.2736 0.3
Q12X Q18| AA 1.363 -4.0172 1.5
Q22 A 2 1.0 214 -1.6823 3.4
Q22 D 2 1.0 0.51 ' 1.1207 0.7
Q23 A e 72.7 348 15042 3.1
Q23 D 7™ |72.7 0.17 1 0.4666 0.1
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Extended Table 1(continued)

RESIDUALS GL ~ SL GUT LENGTH (mm) STANDARD LENGTH (mm)
Both sexes Females Males Both sexes Females Males Both sexes Females Males
QTL | Type | Chrom | Pos JLOD | Effect [ PVE ] LOD [ Effect | PVE | LOD | Effect | PVE | LOD | Effect | PVE | LOD | Effect [ PVE | LOD | Effect | PVE JLOD | Effect | PVE | LOD | Effect [ PVE JLOD | Effect | PVE
Q24 A 13 40.3 279 -1.8261 4.4
Q24 D 13 40.3 0.94 -1.5164 1.1
Q25 A 23 36.5 3.89 -1.6388 3.6 434 -23826 7.1
Q25 D 23 36.5 0.29 06277 0.3 0.06 0.3608 0.2
% phenotypic var explained 20.3 44.2 34.1 8.1 31.2 5.6 7.1 6.4 16.9
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CHAPTER 4: Signatures of trophic level are present irintestinal gene expression profiles
of East African cichlids prior to feeding

Aldo Carmona Baez, Amanda Cass, David Reif, and Reade Roberts

Abstract

Dietary processing by the gastrointestinal tract proceeds via the complex interaction of genetic
factors mpacting development and metabolism, plastic responses to diet, and gut microbiota.
Studies have demonstrated divergence in the morphology and function of the gut in radiations of
species adapting to different diets. However, these comparisons are ofieamang adult
individuals in nature, making it difficult to determine the evolved genetic component of
gastrointestinal differences, versus plastic responses to distinct diets and microbiota. Here, we
examine intestinal gene expression of juvenile cichtielcies spanning trophic levels, at a
developmental time point immediately prior to first consumption of an external diet. Our goal is
to explore a transcriptional comparison of the intestines of varied species unperturbed by dietary
processing, to revegkenetically hardwired differences priming the gut for consumption of

different adapted diets. We find that transcriptomic profiles differentiate species and trophic
levels, and that genes differentially expressed by trophic level have functional relevance
consistent with dietary adaptation. Examples include fatty acid metabolism pathways previously
implicated in dietary adaptation, genes involved in detoxification, and immune genes that may
modulate gut microbiota. Broadly, our findings suggest that geeedlution is a key

component of orgatevel adaptation among closely related cichlid species, and provide novel

candidate genes and pathways to further explore for their role in cichlid evolution.

Introduction

Understanding the evolution of gene expi@sslifferences among populations or species
is a major challenge in evolutionary biology. Naturally, it is expected that as genomic differences
arise in populations with physical or reproductive barriers, gene expression differences are
accumulated too.fese differences in gene expression may result in the genesis of key
phenotypic differences over time and eventually the inability of divergent populations to

interbreed. Nevertheless, the relationship between the evolution of genomic mutations and gene
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expression differences is not as readily mappable as it may be expected. For instance, gene
expression profiles vary by tissue or cell type, as well as environmental and developmental
conditions; thus, the evolution of gene expression differences betweggetht populations or

species is a multifactorial (and possibly multidimensional) problem. In addition, when studying

the relationship between genomic mutations and gene expression differences, it is necessary to
take into account the topology of the tramgtional regulatory network and the presence of cis

and trangregulatory elements. In other words, there may be large variability in the number of
genes whose expression is impacted by a particular genomic mutation, as well as in the degree to
which theexpression levels are affected.

Previous work (Uebbing et al., 2016) comparing the transcriptomic profiles of several
organs between two recently diverged flycatcher species has shown important insights regarding
the evolution of gene expression differenddotably, this study showed that different organs
show different degrees of differentiation in their gene expression profiles between species, with
organs in more direct contact with the environmenich as the liver, kidney, and luiidsaving
more disinct profiles. Similarly, this study showed that wittspecies variance in gene
expression is inversely correlated to tisspecificity of gene expression, suggesting that
pleiotropy limits gene expression variability; however, this association is esgmrwhen
comparing betweenpecies variance. These results are relevant since they highlight the high
plasticity in the gene expression profiles of certain organs, as well as what are some of the main
biological (e.g. pleiotropy) and evolutionary fact¢esy. directional selection, neutral evolution,
etc.) limiting or facilitating the accumulation of gene expression differences.

Despite the central role of the gastrointestinal tract in the adaptation to different diets, it
has been largely overlookedemolutionary studies, likely due to its inaccessibility and high
phenotypic plasticity dependent on multiple environmental factors. Previous studies have
compared gut gene expression among species or individuals with different trophic adaptations,
while those individuals were eating different diets. For example, a comparison of woodrats
(whose diet includes woody plants) and lab rats suggested differences relateema roist
interactions andemonstrated differential expression of several solute cét@rfamily genes
involved in membrane transport (Kohl, 2017). Developmental transcriptome profiling in the gut
of grass carp, which undergoes a transition from carnivory to herbivory, found changes in a

number of pathways related to cell proliferatiomgcadian rhythm, and diverse metabolic
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pathways through development (He, 2015). Thus, dietary differences can change expression of
genes with varied functions including immunity, metabolism, and intestinal cell function, though
in the above examples itdsfficult to parse out evolved genetic changes impacting gene
expression, versus plastic changes in expression due to diet.

Here, we continue the study of the evolution of gene expression differences by using the
Lake Malawi cichlid radiation and their @ltionary adaptations to different trophic levels as a
model system. Malawi cichlids are a group of closely related species that diverged through the
adaptation to different trophic and habitat niches, approximately 1M years ago. The close
phylogenetic riationship of this group of species, along with their high phenotypic diversity in
trophicrelated traits, make Malawi cichlids a suitable model system for evolutionary studies.
Moreover, this species can be raised under controlled laboratory condiionwg)@us to
reduce the impact of phenotypic plasticity.

In this study, we compare the gene expression profiles of the gut tissue of juvenile fish
across 12 different Malawi species encompassing three different trophic levels. Here, we sample
individuals at a developmental time point immediately before feedmddabegin, in order to
minimize expression variation produced by complex host and microbiota responses to external
diets. Because the gut is highly plastic, and Lake Malawi cichlids have specialized on a diverse
array of diets on a very short evolutionéirpescale, one hypothesis is that interspecific variation
in the gut in nature is a secondary, indirect outcome of evolved changes in habitat use or foraging
strategies, rather than resulting from genome evolution directly driving divergence in gut
biology. Here, we aim to refute this hypothesis and identify genetibalfgwired gene
expression differences in the gut, while reducing the noise caused by environmental factors, such

as the onset of external feeding and its associated gut microbiota coompsisiti.

Results
RNAseq data quality control and mapping to the reference genome

In order to compare the intestinal gene expression profiles of cichlid species from
different trophic levels, a transcriptomic dataset was created. It consisted of RNaseq d
generated from whole gut samples of juvenile fist weresampled before the onset of external
feeding. Three individualsom 12 different speciespanning three different trophic levelere

sampled5 omnivore, 4 carnivore, andngrbivore speciesproducing a total of 36 samplékhe
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quality of the RNAseq data set was assessed, and rRNA sequenegsalaybases, and

adapter sequences were removed from the FASTQ files. Our quality control (QC) analysis
uncovered high variabtly in the number of reads per sample. To avoid potential biases due to
differences in coverage, the sample with the highest coverage and the samples with less than 5M
reads after applying QC filters were removed from subsequent analyses. The remainlag samp
were mapped to the reference genomklefriaclima zebrgversion UMD2a; Conte et al.,

2019), and the gene expression of proetamding genes was quantified. The proportion of gene
expression counts relative to the number ofiil€red genes was sinait across species, ranging
from 0.6703 to 0.7395 (Table 1). Gene expression of protading genes was quantified for

each sample, and genes below a minimum expression threshold were removed from further
analysesqgee Methods Additionally, one mislabetksample and one outlier sampbietected
through a principal component analy@se beloyi were removediesulting in a final filtered
dataset of 22 samples and 15380 gémable 1)

Principal Component Analysis

A principal component analysis (PCAj)the filtered data set showed that the samples
tend to cluster by species rather than by coverage level. In addition, the first and second principal
components (PC1 and PC2) separate species by trophic level and/or habitat. Species are grouped
by approxinate trophic level (carnivore, omnivore, herbivore) for analysis, but see discussion
below for additional commentary on dietary variation by species. In the PCA, variation along
PC1 suggests a separation between the carnivores and the other two trofhi©lewné/ore
samples tend to be found lower on PC2. Notably, the spastasotilapia calliptera a species
sometimes used as a prototype species representing the ancestral state of the speciésisadiation
located near the center of the PC2 versus P@tes(Genner, 2015). The PCA also shows that
species from the same genera do not necessarily group together. For instaviegjdlcbma
aurorasamples land closer to thabidochromis caeruleusr theCynotilapia zebroidesamples
than to other species the genudMetriaclima, which may reflect withirgenus dietary variation.
(Figure 1)
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Differential expression analysis and GO enrichment
The filtered genes were tested for differential expression in three different contrasts:
carnivore vaherbivore samples (CvsH), carnivore vs omnivore samples (CvsO), and herbivore vs
omnivore samples (HvsO). The number of differentially expressed genes (DEGS) in each
comparison was 935, 854, and 387, respectively; and the total number of DEGs combining all
contrasts was 1650 genes. The overlap of the DEG sets across comparisons was moderate, as
shown on the Venn diagram in Figure 2. Manual examination of the DEGs suggested that
homolog genes (multiple copies of the same gene or genes from the same gl &mived
differences in gene expression among trophic levels (Table 2). Furthermore, some of these
duplicated genes and gene families are related to immune system procks3ee(es, and
gimapgenes), membrane transp@ab¢genes, andlc genes)detoxification Eyp450genes), and
fatty acid metabolismfgdsandelovl genes).
Subsequently, gene ontology enrichment was performed on each of the DEG sets,
resulting in 21, 25, and 3 enriched terms for the CvsH, CvsO, and HvsO comparisons,
respectively(Figure 3, Supplemental Table 1). Heatmaps displaying the expression of the genes
underlying the GO enriched terms were generated to catalog associated genes and their relative
expression level by species and trophic level (Figure 4, Supplemental FigiBedri
agreement with our manual exploration of the DEGs, some of the enriched GO terms were
related to i mmune system responses (such as i
(such as fAbrush border membr ameod)i,unasmd umatt &ldo
acid biosynthetic processo) (Figure 4, Supple
We also observed that some of the GO terms are driven by the same set of genes; thus, in
order to visualize how related the different GO terms were and potentially lhigkdig sets of
genes driving the enrichment of multiple terms, we produced GO networks (Figure 3). For
i nstance, in the CvsH comparison, 11 differen
processo, fArenal tubular sectegd) owéreapdedsk
driven bycyp450genes (Figure 4). This is further illustrated in the CvsH GO network, where
this group of terms form a defined cluster. A similar case is observed in the CvsO GO network,
in which 10 GO terms form another defingddster where all of the terms have falebpgenes
in common. In addition, we also observed cases in which multiple homologs of the same gene or

multiple genes of the same family underlied the enrichment of only one or two terms, potentially
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suggestinghat these genes perform more specific functions. Examples of this scenario are the

Apositive regulation of | ymphocyte mediated i
processo terms in the CvsH compagimagene, whi ch
family.

Discussion

The gene expression profile of the juvenile gut tissue varies by species and trophic level

Here, we demonstrate differences in the intestinal transcriptome of Lake Malawi cichlids
by trophic level. Because we sampled ititestine at a developmental time point just before any
external feeding would have normally occurred, we suggest that transcriptional differences
represent genetic divergence among species, rather than plastic differences in response to diet.
While our sanpling and data exploration suggest differences in gene expression potentially
related to habitat use or phylogenetic signal, we find examples of consistent expression
differences by trophic level with functional links to gut biology and dietary adaptatis, our
findings suggest that the intestine is evolving at the olga with dietary adaptation in Lake
Malawi cichlids.

The PCA of the Q@iltered data demonstrates that the gut transcriptomic data of our
samples varies following known phylogendtiends in the Malawi cichlid radiation as samples
clustered by trophic level, habitat, genera, and/or species in PC1 and PC2. However, the PCA
also displays more nuanced patterns; for instance, the samples frbmaheoraspecies are in
closer proximiy to theC. zebroidesndLi. hongisamples than to other samples of the
Metriaclimagenus. Similarly, in some cases samples from different species did not form
separate clusters, as in the case ofAtheaenschandO. lithobatessamples. Though to some
extent these patterns are influenced by the specific data filtering parameters we chose, it is likely
that these patterns are reflecting important phylogenetic or ecological attributes of the samples
used in this study. For instance, the separation d¥ftreurorasamples from the rest of the
Metriaclimasamples may be related to the more diverse diet of this spigciaarora, in
contrast to otheetriaclimaspecies that are roakvellers, localizes in a roekand intermediate
habitat and thus it is more likely to feed from particulate substrate rather than from scraping

algae from rocks. Another possible explanation is that the current taxonomic claesifofati
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some cichlid species, which are based mostly on craniofacial morphology, do not reliably
capture the evolutionary relationships among species.

Altogether, the patterns in the plot of PC1 and PC2 recapitulate the main phylogenetic
trends in the Malawgichlid radiation: a) the split between the rock and the savelling
species across PC1; A) callipterg a sister species of the whole Malawi radiation is located at
the center of the PC1 and PC2 plot; c) and the samples from thelgdrmaadropheusand at the
opposite extreme as the samples from the geMetdaclimaandCynotilapig potentially
reflecting differences in habitat depth (Malinsky et al., 2018). These observations imply that the
gut transcriptomic profile of different cichlid speciesshdiverged along with the genome.
Moreover, in addition to these phylogenetic trends, the distribution of the samples across PC1
and PC2 may also suggest similarities across the transcriptomic profiles of species belonging to
the same trophic level, whighay be a consequence of convergent evolution due to similar
selective pressures and/or gene flow across species.

Examination of the number of differentially expressed genes in the three pairwise
comparisons by trophic level suggest that herbivore andvamangene expression profiles are
more similar to one another (387 differentially expressed genes), but each has a similar number
of differentially expressed genes compared to carnivores (935 and 854, respectively). These
results may suggest that consuraptof any plant material requires significant changes in
intestinal gene expression relative to carnivores consuming only animal material. We also note
that broader surveys show that herbivorous and omnivorous Malawi cichlids have longer
intestines that arnot significantly different from one another, but are both significantly longer
than the shorter guts of carnivores (Chapter 1). Thus, the higher number of differentially
expressed genes in both comparisons with carnivores may be capturing exprefesemcds
associated with the development or maintenance of a longer gut. We alsoombgortant
caveas: a) thabur differential expression results may be influenced by the uneven distribution
of the number oindividualsper species the data sehat resulted from the removal of lew
coverage and outlier sampjesd b)that any gene expression differences found may result from
differences in cell composition of the intestine across species, rather than changes at the

regulatory level within partidar cell types.
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Expression patterns of cyp450 genes match the-saskdhabitat spectrum

cyp450genes are part of a superfamily of genes involved in foreign compound
metabolism. Given their central role in the adaptation to new environments and etologica
niches,cyp450genes show a high level of variability across populations and species. Naturally,
cyp450genes also play an important role in the adaptation to herbivory and even be involved in
evolutionary arms races since that plants may produce tomip@unds as a defense mechanism
(Gonzalez and Nebert, 1990).

Our differential expression and GO enrichment analyses identified 14 differentially
expressed cyp450 genes across trophic levels. Given the heterogeneity of the habitats and diets
of the speciesxamined in this study, it is expected to find differences in genes associated with
xenobiotics metabolism. These results then suggest that our transcriptomic data set is likely
capturing geneticaliphardwired gene expression differences that have recardlyed in
cichlids through the adaptation to different niches.

Interestingly, most of the differentially expresssgh450genes show lower expression in
herbivores and omnivores (Figure 4). This observation goes against general expectations for
trophiclevel, given thatyp450genes are associated with resistance to plant toxins in herbivores.
However, the carnivorous species studied here feed primarily on invertebrates, which may also
produce or accumulate toxic compounds. An additional explanatibatighie differences in
gene expression in this gene group are related to differences in habitat. Indeed, the expression of
most of the differentially expressegp450genes seem to reflect the sawndk habitat spectrum,
with sand species having higher eagsion and rockiwelling specie$ such asvl. zebraandL.
trewavasae having lower expression. Even though sand and rock distinctions represent
microhabitat differences, with species of both groups living in sympatry, soft or particulate
0s andd nsaydramulate mere toxic compounds than rocky surfaces, as may the
invertebrate prey species that inhabit the substrate. For exampheyltmocaraspecies studied
here has specialized to detect and feed on invertebrates located under the subsisate)saimd
direct contact with the soft substrate when hunting and feeding. In conclusion, the differential
expression of cyp450 genes in our transcriptomic data set suggests evolution of the gene family
among cichlid species to deal with different toxitgugh it remains unclear if the source of

exposure relates to diet, habitat, or both.
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Transcriptomic data suggests the presence of differences in gut microbiota regulation across
trophic levels

Despite the complex biology of the gastrointestinal systeogd taxonomic
comparisons have shown trends in gut morphology and gut microbiota composition associated
with the trophic level of vertebrate taxa (Ley, 2008). For instance, carnivores tend to have short,
simple guts, adapted for the digestion of nutrigch animal matter with high contents of
proteins and lipids; herbivores and omnivores tend to have long, more complex guts in order to
maximize time for contact and processing of a ptaaged diet with lower content of nutrients
and that is harder tagest. The differences in gut length are a consequence of an evolutionary
tradeoff since maintaining the gut tissue implies a high energetic cost, but increasing the length
of the gastrointestinal tract also facilitates the breakdown of refractory méseichalas complex
carbohydrates abundant in plant material) through the increase in digestion time. Similarly, the
gut microbiota composition of herbivore species tends to be more specialized and complex
compared to that of omnivores and carnivores, duleetdact that mutualistic microbes aid
herbivores in the process of breaking down plant material in order to assimilate nutrients (Ley,
2008), but having a more specialized gut microbiota may also pose energetic costs related to the
production of heightesd immune system processes.

In agreement with these bretakonomic trends, a previous study by Coyle et al. in
Malawi cichlids showed that the gut microbiota profiles of individuals frdmeraivore species
tend to be less variable compared to the gut microbiota profiles of individuals from a carnivore
and an omnivore species. Moreover, this same study showed that gut microbiota profiles across
species distinctions become more visible gis feach adulthood, and are not detectable before
the onset of external feeding with a standard 16S microbiota profiling procedure (Coyle, 2018).
Our results show clear differences in the gene expression profiles of several genes related to
immune systemasponses across trophic levels before the onset of external féeidinge 4)
For examplemannosebinding protein Qwhich has a higher expression in omnivores and
herbivores), anthdderlectinandcomplement CBvhich have a higher expression in caores)
are involved in detecting and regulating the elimination of bacteria through the complement
system. Another example is the differences in gene expressirc®fjenes, which are
involved in the recognition of microbes and the regulation of thanmflation response, and are

generally more highly expressed in the omnivore and herbivore species of our dataset. These
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expression differences in immune related functions across trophic levels are further supported by
two enriched GO terms inthe CvsHcompas on: fAresponse to bacteriu
infl ammatory responseo. Mor eover, the majorit
highly expressed in herbivores and omnivores, potentially implying that these species make a
larger investment in #hproduction of immuneelated proteins and cells to regulate the
composition of their gut microbiota.
In conclusion, we suggest that the differential expression of this group of genes may
reflect a geneticalihardwired difference in the regulation of thestmicrobe interactions

across trophic levels.

Unsaturated fatty acid biosynthetic process

All the carnivore species, along with some species classified as omni@omhroides,
M. mbenji,andM. aurora showed higher expression of all thfatty ecid desaturase fads2)
paralogs present in the reference genome (Figure 4)atle2gene catalyzes key steps in fatty
acid metabolism, particularly production of docosahexaenoic acid (DHA), which can primarily
be found in dietary components such asalgnd marine fish (Swanson, 2012). Additionally,
another key enzyme in the DHA pathwajgngase 5 (elovl5)s also found expressed at higher
levels in carnivores (Supplemental Figure 1). Notably, previous work has impliadtsti
homolog evolution in tman and stickleback dietary adaptation (Mathias, 2012; Ishikawa, 2019),
where the hypothesis in both cases is thas2homologs was upregulated as populations
transitioned away from reliance on marine dietary sources. Thus, fegls@activity may
conpensate for low dietary intake of DHA. Here, we find lower expressidadsPparalogs in
the cichlid species that regularly consume algae, leading us to hypothesize that those species may
be sourcing DHA or related fatty acids from their diet. Sticklebaxlapting to freshwater from
marine habitats evolutionarily upregulateds2activity (Ishikawa, 2019). In Lake Malawi
cichlids, we hypothesize th&tds2activity was genetically downregulated as species adapted to

algivory, but future studies are negbto determine the ancestral state of the DHA pathway.
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Genes associated with epithelial secretion and absorption are differentially expressed across
trophic levels

One of the most striking examples of differential expression in our transcriptomic panel
are the genes associated with the enriched GO
term encompasses fundamental digestive processes including the secrdij@stofe enzymes
and absorption of nutrients, which are mainly carried out by digestive enzymes and solute
carriers, respectively. Out of the 19 DEGs associated with this term, 8 are more highly expressed
in herbivores and omnivores and the rest are migi@ly expressed in carnivorous species. An
important example among these genesodium/glucose cotransportexhich isinvolved in the
absorption of glucose in the small intestine in mammals (Vallon, 2015) and displays the highest
expression in the hieivore species of the genlabeotropheusSimilarly, oneaminopeptidase
Ey gene displays higher expression in carnivores compared to herbivores and omnivores.

In summary, our results suggest that the adaptation to different trophic levels has shaped
the gene expression profile of epithelium associated genes in the gut of cichlids. Moreover, the
functions of these genes and their expression pattern across different species match our
expectations based on previous studies regarding the evolution of tregaiadiaptations (Kim
et al., 2016).

Other potential candidate genes underlying trophic level adaptation

In addition to the genes and GO terms mentioned above, we also detected variability in
the expression of genes that are not as readily associatedigé@gtive processes or gut
metabolism. In particular, multiple members of ¢mapfamily displayed differential
expression in the CvsH comparison. Though none of the differentially expggssgugenes
have been directly linked to intestinal phenotypes, a member of the same geneggiamaibj is
essential for lymphocyte homeostasis and directly linked to intestinal inflammation in the gut
(Barnes et al., 2010).

Other similar examples of differgally expressed genes include: several subunits of the
COPI coat complekinvolved in vesicle transport in the Golgi apparatus); carbohydrate
transferases (likely involved in cell signaling); as well as tabpgenes (involved in immune

system functioa and the production of collagen). It is possible that these genes are related to the
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regulation of inflammation, cell signalling and detection of pathogens, or histological differences

across trophic levels.

Conclusions

This work represents one of thestiattempts comparing the gene expression profiles of
intestinal tissue across closely related species adapted to different trophic levels, without the
confounding effects of the sampled individuals feeding on different diets. Here, we showed that
the gem expression profile of juvenile cichlid fish varies with respect to habitat use and trophic
level. This study also highlights the advantages of the cichlid system as a model for the study of
dietary adaptations, as this model effectively combines vasbpfgc diversity with laboratory
tractability. In addition, through differential expression analysis and GO enrichment, we have
uncovered several candidate genes and pathways underlying trophic adaptation in cichlids,
including genes involved in the regtibn of gut microbiome composition, detoxification,
metabolism of proteins and fatty acids, and absorption of nutrients. Improved understanding of
differential gene expression and dietary adaptation in cichlids will also be aided by improved
annotation otichlid reference genomes, and development of bioinformatics tools currently
available for more traditional model organisms, but not yet translated for cichlid genomics.
Further characterization of histological differences as well as soalfl@RNAseq eperiments
will help elucidate in more detail the molecular and developmental mechanisms underlying

trophic level adaptations.

Methods
Trophic Group Scoring

All species were scored as carnivorous, omnivorous, or herbivorous based on information
from Konings (2007). Species that feed on fish and/or macroinvertebrates were scored as
carnivorous. Species that feed on some combination of macroinvertebrates, algae, and plankton
were scored as omnivorous. Finally, species that feed on algae and/or macrophe/sovest
as herbivorous. While there is the potential for further variation between diet specializations
within these trophic groupings (e.g., piscivores vs. invertivores), we were unable to obtain
enough species samples of trophic specialists for thesedomparisons. Trophic group scoring

for each species is presented in Table 1.
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Quiality control of RNASeq data

In order to assess the overall quality of the RNAseq data, the program FastQC (version
0.11.2) was used to evaluate the number of reads pgiesgoer base, tile, and read qualities;
the read length distribution; the number and sequence of overrepresented sequences; and adapter
content. The resulting QC reports were summarized using the fastgcr R package. Eukaryotic
rRNA and overrepresented smces that did not match a known sequence through BLASTn
were removed with the tool Sortmerna (version 2.1). loqmality bases were trimmed using
Trimmomatic (version 0.36) with the following parameters: ILLUMINACLIP:$adapter:2:30:10
SLIDINGWINDOW:5:20 MINLEN:50. Several samples with less than 5 million reads after QC
processing were removed from downstream analyses. Given that the QC tests were similar across
samples and followed trends typical of other RNAseq datasets, despite having variability in
coverge, we can infer that a normalization error happened in the dilution of cDNA prior to
sequencing rather than at the dissection or RNAseq extraction steps. Because of this, the overall
gene expression profiles are unlikely to be affected by differencev@rage unless a sample
has extremely low coverage. This interpretation is further supported by the PCA of-the QC

filtered datasefsee beloy which shows that samples do not group by coverage.

Referencedased RNASeq analysis

Reads were mapped to the cichlid reference genome Maylandia zebra UMD2a with the
aligner STAR (version 2.5.3a). In order to quantify expression at the gene level, the genome
annotation file was modified using the R package easyRNAseq (version 2.22.80) the tkxons
of each gene would be collapsed into a single synthetic transcript. Gene expression was
guantified using the program htsequnt (version 0.9.1). Only exons inside mRNA features
were considered in this analysis, while ramtding RNA features are excluded.

The resulting count matrix was loaded into R using the package DESeq2 (version 1.26.0).
Genes with less than 2 counts per million in at least 4 samples within the carnivore or herbivore
trophic levels, or in at least 6 samples within the otoir@ trophic level were removed from
further analyses. A principal component analysis (PCA) was performed, using the prcomp()
function, on the filtered count matrix after applying the variance stabilizing transformBtisn.

analysis also uncovered an lertsample (Otli2_S16) which was removed from the dataset.
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Differential expression analysis

Samples from different trophic levels were contrasted using the DESeq2 (version 1.26.0)
(Love et al., 2014R package. The filtered count matrix and samples metadata were integrated
into a DESeq object wusing At r gpfdimu@a Gereyweldled as
considered to be differentially expressed if the differential expression test had atoRB&ed
p-value < 0.05. Three pairwise contrasts were performed: carnivore vs herbivore samples,

carnivore vs omnivore samples, and herbiwa®mnivore samples.

Gene Ontology enrichment analysis

Gene Ontology (GOgnrichment analysis was performed ongb®of differentially
expressed genes identified in each contrast ubméR packaggoseq(Young et al., 2010). In
this analysis, @ustomgeneontology dictionarywas useddee beloyw The GO terms with an
overrepresentedypalue < 0.1 after FDR correction were considered statistically significant.
Subsequently, heatmaps were generated in order to visualize the expression of genesgunderlyin

enriched GO terms using the package ComplexHeatmap (Gu Z et al., 2016).

GeneOntologyenrichment dictionary

Given the limited number of publicly available GO annotations for the species used as
reference in this studyl. zebra anewdictionary of GO terms was generatétie functional
annotation pipeline in the tool BLAST2GO (Go6tz et al., 2008) was perforntbdlefault
parameters in order to map the proteauing genes of M. zebra teferenceand infer GO terms

through orthology. Thenouse genome (version)3®as used as reference.

Gene Ontology networks

In order to visualize the overlap and similarity argalifferent enriched GO terms, GO
networks were generated-house scripts were used to compute the number of DEGs shared
between each pair of enriched GO terms. Network files were produced in which each enriched
GO term represented a node and two G@sewere linked if they shared at least one DEG. The
resulting networks were visualized with the tool Cytosqapesion 3.9.1) (Shannon et al.,
2003).
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Figures and Tables
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Figure 1. Principal components analysis based on intestinal gene expre&3siors indicate species, and
shapes indicate trophic level. Species corresponding to species abbreviations can be found in Table 1.
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Figure 2.Venn diagram indicating number of differentially expressed genes by cofraatnivore; O,
omnivore; and H, herbivore.
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Figure 3. Gene Ontology Enrichment Networf@ Trophic Level Comparison&raphical
representation of significantly enriched GO terms acges® expressiocomparisongA: CvsH,
B: CvsO,C: HvsO) Each node represents araichedGO term GO terms are connected if
they have at least onkfferentially expressedene in commio. The nodes have been colored

roughly based on GO term functional similarityfagilitate thereadabilityof the figure
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Figure 4. Relative gene expression by trophic level and species for select gene ontology
categoriesA, brush border membranB; unsaturated fatty acid biosynthetic procé&sssteroid
hydroxylase activityD, response tbacterium Additional expression figures by gene ontology

category can be found in Supplemental Figur843ee Appendix B)
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Table 1. Samples metadata and alignment to reference statistics

Sample Name Genus Species Trophic Level Habitat Gut length  |QC-filtered reads Total counts counts/QC-filt. reads
Aubal_ldx3_S3 Aulonocara baenschi carnivore sand short 17102375 12040664 0.7040
Aubal ldx51 S33 Aulonocara baenschi carnivore sand short 9068207 6078815 0.6703
Cotrl_ldx40_S22 Copadichromis trewavasae |carnivore sand short 7089802 5088040 0.7177
Lical_S18 Labidochromis caeruleus carnivore rock short 9041114 6166482 0.6820
Otli1_S2 Otopharynx lithobates carnivore sand short 11937008 8592611 0.7198
Laful_S17 Labeotropheus fuelleborni herbivore rock long 30369910 20857502 0.6868
Latrl_S4 Labeotropheus trewavasae |herbivore rock long 9117945 6369904 0.6986
Latr0_SXX Labeotropheus trewavasae |herbivore rock long 7763196 5537786 0.7133
Latr3_S9 Labeotropheus trewavasae |herbivore rock long 5104398 3461626 0.6782
Liho3_S26 Labidochromis hongi herbivore rock long 7861458 5396248 0.6864
Lihol_S19 Labidochromis hongi herbivore rock long 7860033 5514257 0.7016
Ascal_ldx53_S35 Astatotilapia calliptera omnivore outgroup long 21723206 15766986 0.7258
Asca2_S36 Astatotilapia calliptera omnivore outgroup long 7069245 5189460 0.7341
Cyzel |dx23_S7 Cynotilapia zebroides omnivore rock long 23237085 16364479 0.7042
Cyzel ldx1_S1 Cynotilapia zebroides omnivore rock long 5885307 4030765 0.6849
Meau3_S12 Metriaclima aurora omnivore intermediate  |long 10692197 7337952 0.6863
Meau2_S11 Metriaclima aurora omnivore intermediate  |long 7684152 5222050 0.6796
Memb3_S14 Metriaclima mbenjii omnivore rock long 36073518 26675810 0.7395
Memb1l_S5 Metriaclima mbenjii omnivore rock long 17626326 12217534 0.6931
Mezel_ _S15 Metriaclima zebra omnivore rock long 11958249 8416227 0.7038
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Table 1(continued).

Sample Name Genus Species Trophic Level Habitat Gut length  |QC-filtered reads Total counts counts/QC-filt. reads
Meze3_S21 Metriaclima zebra omnivore rock long 10561729 7453830 0.7057

Meze2_S20 Metriaclima zebra omnivore rock long 9053411 6204906 0.6854

Lica2_S28 0 Labidochromis caeruleus carnivore rock short 142074456 137408161 high coverage
Otli2_S16 Otopharynx lithobates carnivore sand short 43052614 30310701 outlier

Unkn0_SXX Unknown unknown unknown unknown unknown 8944965 5577489 Mislabeled samples
Cotrl_ldx49 S31 Copadichromis trewavasae |[carnivore sand short 3872621 2760453 low coverage
MeauQ_SXX Metriaclima aurora omnivore intermediate long 3640463 2393413 low coverage
Lica3_S30 Labidochromis caeruleus carnivore rock short 3407736 2402183 low coverage
Cotr2_S32 Copadichromis trewavasae [carnivore sand short 3360511 2428322 low coverage
Lafu2_ldx41_S23 Labeotropheus fuelleborni herbivore rock long 3327457 2255340 low coverage
Lafu2_ldx47_S29 Labeotropheus fuelleborni herbivore rock long 3097369 2098268 low coverage
Memb4_S25 Metriaclima mbenijii omnivore rock long 3051222 2113219 low coverage
Ascal_ldx6_S6 Astatotilapia calliptera omnivore outgroup long 2190266 1612541 low coverage
Auba4_S34 Aulonocara baenschi carnivore sand short 1912133 1298851 low coverage
Liho2_S27 Labidochromis hongi herbivore rock long 1046086 732252 low coverage
Otli3_S24 Otopharynx lithobates carnivore sand short 61528 44644 low coverage
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Table 2.Examples of gne families with multiple differentiallgxpressed genes by trophic level

Gene / Gene Family # General function
DEGs

ATP-binding cassette gene family (abc gene family) 6 Membrane transport

CCAAT enhancer binding protein gene family (c/ebp gene 4 Immunity

family)

Elongation of very long fatty acids elongases (elovl 2 Fatty acid metabolism

elongases)

GTPase IMAP family (gimap family) 16 Immunity

NLR family CARD domain-containing protein 3 (nirc3) 8 Immunity

cytochrome P450 (cyp450) 14 Detoxification,

metabolism

fatty acid desaturase (fads genes) 4 Fatty acid metabolism

major histocompatibility complex class I-related gene 7 Immunity

protein (mrl)

solute carrier family (slc gene family) 46 Membrane transport
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Supplementary Materials
Supplemental Figure Legends

Supplemental Figure 1.Heatmaps showing gene expression differences by species and trophic
level for differentially expressed genes in gene ontology categories enriched in carnivore vs.
herbivore compason.See Appendix B.

Supplemental Figure 2. Heatmaps showing gene expression differences by species and trophic
level for differentially expressed genes in gene ontology categories enriched in carnivore vs.
omnivore comparisorbee Appendix B.

Supplemental Figure 3. Heatmaps showing gene expression differences by species and trophic

level for differentially expressed genes in gene ontology categories enriched in herbivore vs.
omnivore comparisorSee Appendix B.
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Supplemental Table 1. Gene ontology enrichment terms by trophic level comparison.

Carnivore vs. Herbivore Comparison

# genes in DE |Over represented

# |GO Category|Go Term Ontology category adjusted p-value

1 |GO:0006805 |xenobiotic metabolic process BP 19 0.020367664

2 |G0O:0097254 |renal tubular secretion BP 11 0.020367664

3 1600009892 negative regulation of metabolic BP 14 0.022764456
process

4 1G0:0008395 |steroid hydroxylase activity MF 12 0.022764456

5 |G0:0008405 [Arachidonic acid 11,12-epoxygenase |\ 9 0.022764456
activity

6 |G0:2000863 |POSitive regulation of estrogen BP 10 0.022764456
secretion

7 |G0:0015491 |cation:cation antiporter activity MF 4 0.022764456

8 |Go:0060731 |Positive regulation of intestinal BP 4 0.022764456
epithelial structure maintenance

9 lc0o:0070715 sodium-dependent organic cation BP 4 0.022764456

transport

10lc0:0015171 amino acid trans_membrane ME 5 0.022764456
transporter activity

unsaturated fatty acid biosynthetic

11|G0:0006636 BP 6 0.022764456
process
12|GO:000270g [POSitive regulation of lymphocyte |5, 11 0.022764456
' mediated immunity '
oxidoreductase activity, acting on
paired donors, with incorporation or
13/GO:0016712 |réduction of molecular oxygen, MF 10 0.022764456

reduced flavin or flavoprotein as one
donor, and incorporation of one atom
of oxygen

14/G0:0062186 |anandamide epoxidase activity MF 10 0.02968976




Supplemental Table 1(continued).

# |GO Category |Go Term Ontology# genes in DE Ov_er represented
category adjusted p-value

angiotensin-mediated

15{G0O:0001998 |Vasoconstriction involved in BP 13 0.034361851
regulation of systemic arterial blood
pressure

16{G0:0019369 |arachidonic acid metabolic process |BP 10 0.057450892

17|G0:0009617 |response to bacterium BP 38 0.059951852

18|G0:0050727 |regulation of inflammatory response |BP 25 0.074603028

19|G0:1901170 |naphthalene catabolic process BP 9 0.081085392

20|G0:0005615 |extracellular space CcC 64 0.081085392

21/G0:0071614 |linoleic acid epoxygenase activity MF 7 0.093325483

Carnivore vs. Omnivore Comparison

1 |GO:0006805 |xenobiotic metabolic process BP 23 1.28E-05

2 160:0070169 positive regulation of biomineral BP 5 0.004420523
tissue development

3|G0:2000120 [POSitive regulation of sodium- BP 5 0.016513083
dependent phosphate transport

4 00043231 intracellular membrane-bounded cc 74 0.018083124
organelle

5]G0:0005975 |carbohydrate metabolic process BP 12 0.023090792
RNA polymerase Il proximal promoter

6 |G0:0044377 |sequence-specific DNA binding, MF 4 0.023090792
bending

7 |Go:2001198 [fégulation of dendritic cell BP 4 0.023090792
differentiation

8 |G0:0008202 |steroid metabolic process BP 15 0.025797351
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Supplemental Table 1(continued)

# |GO Category|Go Term Ontology# genes in DE Ov_er represented
category adjusted p-value

9 |G0:0043171 |peptide catabolic process BP 7 0.025797351

10/G0:0002244 |EMatopoietic progenitor cell BP 23 0.026603349
differentiation

11|G0:0006066 |alcohol metabolic process BP 7 0.026603349

12|G0:0042445 |hormone metabolic process BP 9 0.027583558

13|G0:0000050 |urea cycle BP 5 0.034349052
positive regulation of transcription

14/G0:1990440 [0 RNA polymerase Il promoter in |, 7 0.034349052
response to endoplasmic reticulum
stress

15|G0:0030126 |COPI vesicle coat CcC 6 0.034584659

16{G0:0010955 |Ne9ative regulation of protein BP 6 0.037329819
processing

17|G0:0002432 |granuloma formation BP 4 0.039081363

18|G0:0036488 |CHOP-C/EBP complex CC 4 0.039081363

19|G0:0031526 |[brush border membrane CC 19 0.049651203

20|G0:0006898 |receptor-mediated endocytosis BP 13 0.053905386

21/G0:0035711 |T-helper 1 cell activation BP 5 0.073368011

22|G0:1901700 |fESPONSe to oxygen-containing BP 37 0.077994795
compound

23|G0:0008395 |steroid hydroxylase activity MF 10 0.096941547

24|G0:0000139 |Golgi membrane CC 42 0.096941547

25|G0:0031699 |beta-3 adrenergic receptor binding |MF 4 0.096941547
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Supplemental Table 1(continued).

Herbivore vs. Omnivore Comparison

#|GO Category|Go Term Ontology #genes in DE O\{er represented
category adjusted p-value
1/GO:0070782 |Phosphatidyiserine exposure on BP 5 0.009319225
apoptotic cell surface
2|G0:0034703 |cation channel complex CcC 4 0.090068863
3|G0:0016213 [linoleoyl-CoA desaturase activity MF 3 0.090068863
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CHAPTER 5: Epilogue and Future Directions
Epilogue

In this body of work, | have explored the genetic basis of trelgiiel adaptation through
the integrative data analysis of different typebiofogical data. In Chapter 2, | identify regions
of the cichlid genome associated with divergence across trophic levels, as well as candidate
genes located inside the divergent regions and potential biological functions associated with
those genes. In adin, | have provided evidence that gene family expansion/shrinkage may
also contribute to dietary adaptations in cichlids. In Chapter 3, | have elucidated the genetic
architecture of gut length in a hybrid cichlid cross between an omnivorous and aaIgiv
species. | have provided strong evidence suggesting that the genetic architecture of this trait is
sexually dimorphic, and | have identified the location, magnitude, and orientation of the QTL
and epistatic interactions underlying this trait for esek independently. Finally, in chapter 4, |
have identified biological processes associated with trdphkig adaptation through a
comparative transcriptomic study.

Overall, the present work demonstrates the versatility of the cichlid systemaeafor
evolutionary studies regarding phenotypic diversity not present in model organisms. Our results
expand our knowledge of the evolution and genetic basis of trigletadaptation, a research
topic that has just recently begun to be exploredffarént models. Our results also highlight
the importance of integrating tools and conceptual frameworks from different subfields of
genetics. For example, by combining fundamental quantitative genetic principles, ad hoc
statistical genetics tools, andodagical data from cichlid species, we were able to infer profound
insights into the natural history of a dieflated adaptive trait in Chapter 3.

Though our understanding of the genetic basis of dietary adaptations and the genetic
basis of response todliis still limited, our work suggests that the use of the cichlid model will
be of great value in future research. The laboratory tractability of this group of species, the large
number of available genomic resources, and the unique biological propéttiesspecies set
cichlids apart from other evolutionary models. In addition, the dietary adaptations of cichlids are
not as extreme as that of other dietary evolution models, such as bats or cavefish, whose diet may

be too specific and of limited relewvee for medical or agricultural applications.
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Additional comments on the bioinformatic analysis of-traditional model organisms

In addition to the biological insights we have provided in the current work, it is also
worth noting that our analyses prdeireference points for the study of genomic information of
non-traditional model organisms. For instance, the extensive quality controls performed in
Chapter 2, as well as the careful assessment of the principal component analysis, allowed us to
obtain hgh-quality genetic variants that capture a high level of detail of the population structure
present in the Malawi radiation. Another example is the use of the program Blast2GO in order to
expand the annotations of GO terms for the species M. zebra. Befidesnenting this step in
the analyses of Chapters 2 and 4, the interpretability of our results was significantly more
limited.

Future studies are needed to expand the genomic and bioinformatic resources available
for biologists studying notraditional malel organisms. The transcriptomic data presented in
Chapter 3, for example, could be used to build-a@e transcriptome assembly and further
annotate the reference genome. Moreover, one of the most needed resourcesfissadlger
tool to aid in mapimg oneto-one orthologs between cichlids and bettenotated species in

order to be able to perform more expansive gene enrichment analyses.

Future directions
Connecting the comparative genomic and transcriptomic data

In Chapter 4 we have shown thagtté are clear differences in the gene expression profile
of gut tissue across different Malawi species. Thanks to our experimental design, involving
samples from juvenile fish that were raised under controlled laboratory conditions, we have also
shown thathese differences are unlikely to be influenced by phenotypic plasticity or other
confounding factors, such as differences in the composition of gut microbiota after the onset of
external feeding. In addition, we have provided examples of key genesranthgelies
displaying differences in expression across trophic levels that likely contribute to the adaptation
to different diets.However, we have not yet explored what is the genetic basis of such
expression differences; in other words, since we hawsdstrated that these expression
differences are likely genetically havdred, a logical next step is to investigate what are the

specific genetic variants driving these differences in expression.
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As mentioned in the introduction of Chapter 4, thoughethm@ution of the genome and
transcriptomic differences are closely related, studying the relationship between these two
evolutionary processes is not as direct as often expected. For instance, causal mutations for
differential expression patterns are abways located in close proximity to the differentially
expressed genes due to the presence oftegpuidators. Similarly, techniques like winddyased
Fst scans (like the one presented in Chapter 2) may not easily detect the causal mutations for
differertial expression patterist least not at a genomade scalé since the mutations may
consist of a small change in the genome inside a region without significant overall divergence
between the groups that are being compared (see the discussion in W¢lahing016).

However, we do observe at least a couple of candidate loci that have divergence signatures and
are located upstream of two developmental gewss2 andptchl- both previously implicated

in trophic evolution in Malawi cichlids (Roberts, 2D Fraser, 2013). Thus, it is necessary to use
more nuanced approaches for this research question. One option would be to perform a
phylogenetic analysis in order to look for regulatory regions in the genome displaying evidence
of accelerated evolution his, of course, would require a significant amount of time to develop
given that our system model is not a traditional model organism and has a discordant phylogeny.
Another alternative would be to perform eQTL analyses of candidate genes.

Despite the fadhat exploring the overall connection between the genomic and
transcriptomic data we have presented in this work is a big statistical and bioinformatic task, it is
also important to remember that smabernle experiments are also highly valuable in thdys
of trophiclevel adaptations. For instance, gPCR reactions could be performed across a larger
panel of cichlid species in order to measure the expression levels of some of the candidate genes
we have identified in Chapter 2, suchpashl, osr2, andhhip; in order to test for expression
differences across species. In addition, the characterization of genetic variants in the regulatory
regions of these particular genes may provide us with important insights regarding-egphic

associated mutations.

Further exploration of gene expression differences across trophic levels
One observation that was not discussed in Chapter 4 is that we did not detect differential
expression in some of the candidate genes identified in the comparative genomics analysis i

Chapter 2, such asmy2andslc1Q A possible explanation for this is that the pancreatic alpha
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amylase region was ovassembled in the M. zebra reference genome (version UMD2a), which
causes fewer than expected reads to align with this region. Synilellarge number @lic10
paralogs likely increases the chances of reads displayingmeyping, which are filtered out in
our pipeline. However, a possible biological explanation for the lack of differential expression of
these genes is that they nayly become expressed after the onset of external feeding. For
instance, differences in the expression of amylase may only be detected after the consumption of
starchrich diets. Future studies need to be developed to solve these issues. For instanaes the
alternative bioinformatic methods to measure the expression of gene families or gene clusters
rather than specific genes.

Another important aspect of intestinal gene expression not explored in this work is the
differences in gut regionalization asgodifferent cichlid species. Though the transcriptional
profile of different gut regions is widely conserved across vertebrates (Lickwar et al., 2017), our
results from Chapter 3 and 4, as well as the work presented by Coyle, 2018, suggests that
differentspecies may display different regionalization patterns or different sets of differentially

expressed genes by region.

Identifying candidate genes underlying gut length QTL

Our results in Chapter 3 offer important insights into the genetic basis ohgt le
differences in Malawi cichlids. In particular, we have shown that the genetic architecture of this
trait is sexspecific in the cross of the specMsmbenjiandA. koningsi and that in both the
female and male genetic architecture themggaificant evidence of epistatic interactions. Future
studies can take advantage of the genetic variant panel generated in Chapter 2 and the QTL
regions identified in Chapter 3 to perform precision mapping by complementing Fst scans and
the location of QT peaks. This strategy would be helpful in narrowing down the list of
candidate genes underlying a particular QTL peak. Additionally, the epistatic interactions may be
informative in selecting candidate genes or prioritizing functional validation studies.

As discussed in Chapter 3, the QTL analysis of gut length can also be replicated in other
hybrid crosses of cichlid species. By performing this type of experiment we could also survey
how homogeneous the genetic architecture of gut length is across tilvéadiation. In

addition, the same experiment could be performed on crosses involving cichlid species that do
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not display mouthbrooding in order to test whether differences in parental investment drive the
sexual dimorphism in the genetic architecturgutflength that we observed in our data.

Lastly, one important biological factor underlying the genetic architecture of quantitative
traits that was not explored in this work was the presence oflgeasvironment interactions.
Future studies could explthis question by performing QTL mapping of gut length on two
identical F2 mapping populations raised under different environmental conditions, for instance,
raised under different diets. This type of experiment may offer important insights into thie gene

basis of phenotypic plasticity in the gut.

Exploring the relationship between chromosomal structural variants and trégvet evolution

One aspect of the genomics of the Malawi cichlid radiation that was only minimally
explored in the currentork is the presence of chromosomal variations, which include
chromosomal inversions, rearrangements, and translocations; whose location could be estimated
primarily through the genetic map generated in Chapter 3, but also from the genomic information
preented in Chapter 2.

The role of chromosomal inversions in speciation and/or adaptation has been widely
discussed. One of the ideas that have been proposed is that selection favors the creation and
maintenance of inversions in order to bring multiple agagdoci into close proximity in the
genome and protect them from the impact of recombination. However, this idea is not widely
accepted. In addition to inversions, chromosomal translocations may also have a large impact on
the population dynamics of Malawichlids. For instance, several attempts have been performed
in the past to produce hybrid crosses betweehaheotropheusandAulonocaragenera, but
these attempts were unsuccessful. Contrastingly, the hybrid cross b&twedenjiandA.
koningsiwasreadily viable. Through the examination of the genetic map presented in Chapter 3,
and other cichlid genetic maps from different genera (not shown in this work) it was later
inferred that different genera have different chromosomal inversions, rearranigeamsl
translocations. It is highly likely that these variants contribute to some extent to the maintenance
of species boundaries, something that may be of particular relevance in a group of sympatric
species.

Besides characterizing specific mutationslenying the genetic basis of dietary traits,

future studies could also explore the relationship between some of the QTL or candidate genes
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that we have identified in this work, and chromosomal variants across the cichlid radiation. In
this way, the Malawcichlid radiation could serve as an excellent model for the study of genome

structure evolution and its relationship with adaptive processes.
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Appendix A: Chapter 2 SupplementalTables

Supplemental Table 2 Gene ontology category enrichment for high Fst windows for four pairwise comparisons.

comparison category

CvsH

CvsH

CvsH

CvsH

CvsH

CvsH

CvsH

CvsH

CvsH

CvsH

CvsH

CvsH

CvsH

CvsH

CvsH

G0:0009968

G0:0035640
G0:0050679

G0:0009888

GO0:0061373

G0:0060021

G0:0003025

G0:0021563

G0:0021564

G0:0098629

G0:1903056

G0:0006820
GO0:0010595

G0:0048663

G0:0008430

repressented
p-value

2.24E-05

3.22E-05
9.68E-05

0.000117

0.000135

0.000326

0.000402

0.000402

0.000402

0.000402

0.000402

0.000409
0.000440

0.000508

0.000516

over # #genes GO term ontology gene name /gene symbol
repressented  enriched in
p-value genes category
adjusted
0.281815 14 316 negative regulation of BP arrestin domain-containing protein 3;arrestin domain-containing protein
signal transduction 3;poclb;ddx43;crb2a;membrane-associated guanylate kinase, WW and

PDZ domain-containing protein 1;receptor-type tyrosine-protein
phosphatase beta;rgs19;interleukin-1 beta;protein NLRC3-
like;poly;poly;poly;protein NLRC3-like

0.281815 7 77 exploration behavior BP brinp3a.2;integrin alpha-3;5-hydroxytryptamine receptor 1A-beta;neuronal
acetylcholine receptor subunit alpha-10;ptpn5;jph3a;integrin alpha-3-like
0.472713 11 233 positive regulation of BP dab2ipa;kinesin heavy chain;csflrb;platelet-derived growth factor receptor
epithelial cell beta;crb2a;foxp1b;osr2;tbx2b;sox18;vascular endothelial growth factor
proliferation Cikif3b
0.472713 11 238 tissue development BP arrestin domain-containing protein 3;arrestin domain-containing protein

3;extracellular calcium-sensing receptor-like;extracellular calcium-sensing
receptor-like;ecm2;CXADR-like membrane protein;egflam;membrane
cofactor protein;integrin alpha-3-like;CXADR-like membrane
protein;sarcoplasmic/endoplasmic reticulum calcium ATPase 1-like

0.472713 2 2 mammillary axonal BP zeb2b;zeb2a
complex development
0.592473 11 268 roof of mouth BP platelet-derived growth factor receptor beta;lrp4;anp32e;BCL-6
development corepressor;prdm16;ephrin type-B receptor 2;pitx1;0sr2;tbx2b;paired box
protein Pax-7-like;poly
0.592473 2 3 regulation of systemic BP nav2a;nav3

arterial blood pressure
by baroreceptor

feedback
0.592473 2 3 glossopharyngeal BP nav2a;nav3
nerve development
0.592473 2 3 vagus nerve BP nav2a;nav3
development
0.592473 2 3 trans-Golgi network BP atp2cl;odcl
membrane
organization
0.592473 2 3 regulation of BP zeb2b;zeb2a
melanosome
organization
0.592473 3 13 anion transport BP extracellular calcium-sensing receptor-like;extracellular calcium-sensing
receptor-like;slc22al18
0.592473 8 153 positive regulation of BP csflrb;platelet-derived growth factor receptor beta;angiopoietin-related
endothelial cell protein 5;foxplb;rho-related GTP-binding protein RhoA-D;bcas3;prkcz;rho-
migration related GTP-binding protein RhoA-D
0.602576 6 86 neuron fate BP nrg3;ovol2;mothers against decapentaplegic homolog 4;crb2a;myoblast
commitment determination protein 1 homolog;paired box protein Pax-7-like
0.602576 3 14  selenium binding MF rph3aa;dio2;methanethiol oxidase-like
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Supplemental Table 2(continued).

comparison category over over # #genes in
repressented repressented p- enriched category
p-value value adjusted genes
CvsH GO:0042177 0.000727 0.712961 6 92
CvsH G0:0005614 0.000788 0.712961 4 36
CvsH GO:0070171 0.000797 0.712961 2 4
CvsH G0:1902748 0.000797 0.712961 2 4
CvsH G0:0042462 0.000814 0.712961 6 94
CvsO G0:0002686 2.12E-06 0.037182 5 29
CvsO G0:0045656 5.60E-06 0.049032 5 35
CvsO G0:0001953 2.46E-05 0.119667 5 47
CvsO GO0:0045617 2.73E-05 0.119667 5 48
CvsO G0O:0009952 4.10E-05 0.143830 10 276
CvsO G0:0031397 0.000113 0.329522 7 147
CvsO G0:0051965 0.000147 0.367750 8 205
CvsO G0:0048839 0.000191 0.383628 7 160
CvsO G0:0060216 0.000204 0.383628 6 114
CvsO G0:0035640 0.000265 0.383628 5 77
CvsO G0:0016322 0.000317 0.383628 5 80
CvsO G0:0005607 0.000321 0.383628 2 4
CvsO G0:0021812 0.000321 0.383628 2 4

GO term

negative regulation of
protein catabolic process
interstitial matrix

negative regulation of
tooth mineralization
positive regulation of lens
fiber cell differentiation
eye photoreceptor cell
development

negative regulation of
leukocyte migration
negative regulation of
monocyte differentiation
negative regulation of
cell-matrix adhesion
negative regulation of
keratinocyte
differentiation
anterior/posterior pattern
specification

negative regulation of
protein ubiquitination
positive regulation of
synapse assembly

inner ear development

definitive hemopoiesis
exploration behavior

neuron remodeling

laminin-2 complex

neuronal-glial interaction
involved in cerebral cortex
radial glia guided
migration

ontology gene name /gene symbol

BP

CcC
BP

BP

BP

BP

BP

BP

BP

BP

BP

BP
BP
BP

cC

nrg3;mothers against decapentaplegic homolog
4;grin2ab;adgrbla;odcl;adhesion G protein-coupled receptor Bl-like

nav2a;ecm2;egflam;nav3

aspn;BCL-6 corepressor
zeb2b;zeb2a

tubby-related protein 3;crb2a;retinol dehydrogenase
12;photoreceptor-specific nuclear receptor;prkcz;retinol
dehydrogenase 12-like
hoxb5a;hoxb9a;hoxb4a;hoxb7a;hoxb6a

hoxb5a;hoxb9a;hoxb4a;hoxb7a;hoxbba
hoxb5a;hoxb9a;hoxb4a;hoxb7a;hoxbba

hoxb5a;hoxb9a;hoxb4a;hoxb7a;hoxb6a

hoxb5a;hoxb9a;hoxb13a;bsx;homeobox protein Hox-Bla-
like;hoxb4a;homeobox protein Hox-B3a;hoxb8a;hoxb7a;hoxb6a

n4bpl;prmt3;sqstml;adgrbla;prkcz;uncharacterized
LOC112430075;adhesion G protein-coupled receptor B1-like

cbin1;slitrk6;slitrk5;leucine-rich repeat transmembrane neuronal
protein 4;adgrbla;ephrin type-B receptor 2;si:dkey-246i14.3;adhesion
G protein-coupled receptor B1-like

hoxb13a;anp32e;igfbp7;acidic leucine-rich nuclear phosphoprotein
32 family member E;plasminogen-like;ptpnlla;prospero homeobox
protein 1

hoxb5a;hoxb9a;hoxb13a;homeobox protein Hox-Bla-
like;hoxb4a;homeobox protein Hox-B3a
brinp3a.2;5-hydroxytryptamine receptor 1A-beta;leucine-rich repeat
transmembrane neuronal protein 4;junctophilin-1;brinp2

laminin subunit beta-1;adgrbla;rho-related GTP-binding protein
RhoE;laminin subunit beta-1-like;adhesion G protein-coupled
receptor B1-like

laminin subunit beta-1;laminin subunit beta-1-like

laminin subunit beta-1;laminin subunit beta-1-like
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Supplemental Table 2(continued).

comparison category ?g;rressented ?g:rressented p- znriched iaazggfym
p-value value adjusted  genes
CvsO G0:0043257 0.000321 0.383628 2 4
CvsO G0:0045446 0.000337 0.383628 4 45
CvsO G0:1904047 0.000350 0.383628 3 19
CvsO G0:0099558 0.000410 0.422480 3 20
CvsO G0:0048704 0.000450 0.437578 6 132
CvsO G0:0043083 0.000493 0.454499 5 88
CvsO G0:0070139 0.000533 0.466887 2 5
CvsO G0:0060007 0.000796 0.641044 2 6
CvsO G0:0043237 0.000805 0.641044 3 25
HvsO G0:0097108 3.68E-06 0.064504 3 4
HvsO G0:0043259 3.15E-05 0.276116 3 7
HvsO G0:0099061 6.65E-05 0.278796 10 220
HvsO G0:0004556 9.55E-05 0.278796 2 2
HvsO GO0:0018549 9.55E-05 0.278796 2 2
HvsO G0:0103025 9.55E-05 0.278796 2 2
HvsO G0:0048663 0.000202 0.501795 6 86
HvsO G0:0051101 0.000229 0.501795 4 31
HvsO G0:0086010 0.000330 0.642462 4 34

GO term

laminin-8 complex

endothelial cell
differentiation
S-adenosyl-L-
methionine binding
maintenance of
synapse structure
embryonic skeletal
system
morphogenesis
synaptic cleft

SUMO-specific
endopeptidase
activity

linear vestibuloocular
reflex

laminin-1 binding

hedgehog family
protein binding
laminin-10 complex

integral component
of postsynaptic
density membrane

alpha-amylase
activity

methanethiol oxidase
activity
alpha-amylase
activity (releasing
maltohexaose)
neuron fate
commitment
regulation of DNA
binding

membrane
depolarization during
action potential

ontology gene name / gene symbol

CcC
BP

MF

BP

CcC

MF

BP

MF

BP

BP

BP

laminin subunit beta-1;laminin subunit beta-1-like

hoxb5a;hoxb4a;hoxb7a;hoxb6a
prmt3;suv39h1;cystathionine beta-synthase
cbinl;adgrbla;adhesion G protein-coupled receptor B1-like

hoxb5a;hoxb4a;homeobox protein Hox-B3a;hoxb8a;hoxb7a;hoxb6a

cbinl;laminin subunit beta-1;adgrbla;laminin subunit beta-1-like;adhesion
G protein-coupled receptor B1-like
sentrin-specific protease 7;uncharacterized LOC112430075

slitrk6;slitrk5

uncharacterized LOC101466519;laminin subunit beta-1;laminin subunit
beta-1-like
ptchl;hhip;hedgehog-interacting protein-like

lamas5;laminin subunit beta-1;laminin subunit beta-1-like

leucine-rich repeat transmembrane neuronal protein 4;Irrtm4l1;leucine-rich
repeat and fibronectin type-lll domain-containing protein
2;cnih3;si:cabz01090165.1;receptor-type tyrosine-protein phosphatase

mu;sorcs2;scndab;atp2b3b;receptor-type tyrosine-protein phosphatase S
pancreatic alpha-amylase-like;pancreatic alpha-amylase

methanethiol oxidase;methanethiol oxidase-like

pancreatic alpha-amylase-like;pancreatic alpha-amylase

nrg3;mothers against decapentaplegic homolog 4;tgfb2;paired box protein
Pax-7-like;uncharacterized LOC101480428;paired box protein Pax-7-like
tgfb2;paired box protein Pax-7-like;cbfa2t2;paired box protein Pax-7-like

kenh2b;cacnalg;14-3-3 protein zeta/delta;scn4ab
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Supplemental Table 2(continued).

comparison category ?g;rressented ?g::essented p- znriched gaazggfyin
p-value value adjusted genes
HvsO G0:0001518 0.000413 0.707655 4 36
HvsO G0:0046068 0.000472 0.707655 3 16
HvsO G0:0005607 0.000566 0.707655 2 4
HvsO G0:0021812 0.000566 0.707655 2 4
HvsO G0:0043257 0.000566 0.707655 2 4
HvsO G0:0008627 0.000800 0.797982 3 19
HvsO G0:0060173 0.000803 0.797982 5 74
HvsO G0:0060291 0.000883 0.797982 8 202
HvsO G0:0008201 0.000891 0.797982 9 252
HvsO G0:0044323 0.000934 0.797982 3 20
HvsO G0:0016052 0.000936 0.797982 2 5
HvsO G0:0005248 0.000975 0.797982 4 45
SvsL G0:0002686 2.70E-06 0.047232 5 29
SvsL G0:0045656 7.10E-06 0.062171 5 35
SvsL G0:0009952 1.10E-05 0.064137 11 276
SvsL G0:0001953 3.11E-05 0.120905 5 47
SvsL G0:0045617 3.45E-05 0.120905 5 48
SvsL G0:0060216 0.000266 0.775621 6 114
SvsL G0:0045446 0.000405 1 4 45

GO term

voltage-gated sodium
channel complex
cGMP metabolic process

laminin-2 complex

neuronal-glial interaction
involved in cerebral
cortex radial glia guided
migration

laminin-8 complex

intrinsic apoptotic
signaling pathway in
response to osmotic
stress

limb development

long-term synaptic
potentiation

heparin binding

retinoic acid-responsive
element binding
carbohydrate catabolic
process

voltage-gated sodium
channel activity
negative regulation of
leukocyte migration
negative regulation of
monocyte differentiation
anterior/posterior pattern
specification

negative regulation of
cell-matrix adhesion
negative regulation of
keratinocyte
differentiation
definitive hemopoiesis

endothelial cell
differentiation

ontology gene name /gene symbol

CcC

BP
CcC
BP

CcC
BP

BP
BP

MF
MF

BP

MF

BP

BP

BP

BP

BP
BP

sodium channel protein type 4 subunit alpha B;sodium channel
protein type 4 subunit alpha B;cacnalg;scn4ab

pde6a;nrld2a;atp2b3b
laminin subunit beta-1;laminin subunit beta-1-like

laminin subunit beta-1;laminin subunit beta-1-like

laminin subunit beta-1;laminin subunit beta-1-like

sodium channel protein type 4 subunit alpha B;sodium channel
protein type 4 subunit alpha B;scn4ab

solute carrier family 39 member 1;tgfb2;ift80;rxraa;bmpr2

leucine-rich repeat transmembrane neuronal protein
4;mbd2;nfatc3a;lIrrtm4l1;tncb;synapse differentiation inducing 1
like;tshz3b;crhrl
nav2a;nelll;ptchl;tnch;slitlb;rspol;pil5a;receptor-type tyrosine-
protein phosphatase S;histone H1-like

rxraa;mytllb;znf536

pancreatic alpha-amylase-like;pancreatic alpha-amylase
sodium channel protein type 4 subunit alpha B;sodium channel
protein type 4 subunit alpha B;cacnalg;scn4ab
hoxb5a;hoxb9a;hoxb4a;hoxb7a;hoxb6a

hoxb5a;hoxb9a;hoxb4a;hoxb7a;hoxb6a

hoxb5a;hoxb9a;hoxb13a;photoreceptor-specific nuclear
receptor;homeobox protein Hox-Bla-like;hoxb4a;homeobox protein
Hox-B3a;hoxb8a;hoxb7a;hoxb6a;kinesin-like protein KIF20B
hoxb5a;hoxb9a;hoxb4a;hoxb7a;hoxb6a

hoxb5a;hoxb9a;hoxb4a;hoxb7a;hoxb6a

hoxb5a;hoxb9a;hoxb13a;homeobox protein Hox-Bla-
like;hoxb4a;homeobox protein Hox-B3a
hoxb5a;hoxb4a;hoxb7a;hoxb6a
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Supplemental Table 2(continued).

comparison category over over repressented # enriched #genesin GO term ontology gene name / gene symbol
repressented p- p-value adjusted genes category
value
SvsL G0:0048704 0.000582 1 6 132 embryonic skeletal BP hoxb5a;hoxb4a;homeobox protein Hox-B3a;hoxb8a;hoxb7a;hoxb6a
system
morphogenesis
SvsL G0:0009968 0.000835 1 9 316 negative regulation of BP arrestin domain-containing protein 3;arrestin domain-containing
signal transduction protein 3;poclb;ddx43;membrane-associated guanylate kinase, WW
and PDZ domain-containing protein 1;dusp12;poly;poly;poly
SvsL G0:0000407 0.000927 1 3 25 phagophore CcC inflammation and lipid regulator with UBA-like and NBR1-like
assembly site domains;sgstm1;serine/threonine-protein kinase pim-2-like
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Supplemental Table 3 Location and gene content at deletions identified in gersmaue.

Wind.
1

2
3
4

a1

w N

~N o o A~

w N PO )] AW N PN

IN

Chromosome Start (Kb) End (Kb)

NC_036780.1
NC_036780.1
NC_036780.1
NC_036780.1

NC_036780.1
NC_036780.1

NC_036780.1
NC_036781.1

NC_036781.1
NC_036781.1

NC_036781.1
NC_036781.1
NC_036781.1
NC_036781.1

NC_036781.1

NC_036781.1

NC_036781.1
NC_036782.1
NC_036782.1

NC_036782.1

NC_036782.1
NC_036783.1
NC_036783.1
NC_036783.1
NC_036783.1

NC_036783.1

NC_036783.1
NC_036784.1
NC_036784.1
NC_036784.1

NC_036784.1
NC_036784.1

NC_036785.1

NC_036785.1

3060
11265
23460
28710

33315
35115

36870
2100

4050
5100

10185
10755
12795
22815

23745

29595

31755
2175
3360

3720

16350
600
3285
3900
4965

7875

10710

3255
15315
17925

30420
33000

3720

6885

3105
11295
23490
28740

33360
35160

36900
2175

4080
5130

10230
10800
12825
22845

23775

29625

31785
2235
3390

3750

16380
630
3360
3945
4995

7905

10755

3285
15345
17985

30450
33030

3750

6915

NCBI gene names
hdgfl3;tssk6
LOC101482850
rasa3

LOC112435194,LOC1
01470435

LOC112435300
cdhr5a;drd4b

shank2

LOC112436265;LOC1
12436262
LOC101482142

LOC112429712;elovlé

NA
LOC106675165
NA

hnrnpaba;nme5;rackl;
LOC112435754;LOC1
12436153;L0C112435
753;L0C112435752;L
0C112435755

LOC101487913;LOC1
12436417
srpx2;sytl4;trmt12

gfradb
NA

LOC106676566;LOC1
12431582;L.0C101482
534;L0C112431584

LOC112431646;LOC1
12432457,L0C112432
534

LOC101472636

LOC101475242
LOC101481144;NA
NA

LOC106674568;LOC1
01484624

cdc42eplb;LOC10148
7113
NA

igseclb
0s9

LOC101464680;LOC1
01487535
NA

LOC101485654;L0OC1
01472666
LOC101464297

LOC112434923

Long gene names

HDGEF like 3;testis-specific serine kinase 6

protein unc-13 homolog C

RAS p21 protein activator 3

A disintegrin and metalloproteinase with
thrombospondin motifs 7-like;A disintegrin and
metalloproteinase with thrombospondin motifs 7
uncharacterized LOC112435300

cadherin-related family member 5a;dopamine

receptor D4b

SH3 and multiple ankyrin repeat domains 2

uncharacterized LOC112436265;uncharacterized

LOC112436262
C-terminal-binding protein 1

uncharacterized LOC112429712;ELOVL fatty acid

elongase 6
NA

uncharacterized LOC106675165

NA

heterogeneous nuclear ribonucleoprotein
A/Ba;NME/NM23 family member 5;receptor for
activated C kinase 1;uncharacterized
LOC112435754;leukocyte elastase inhibitor-
like;transcription factor 7-like 1-A;serine/threonine-
protein kinase pim-1-like;uncharacterized

LOC112435755

uncharacterized LOC101487913;uncharacterized

LOC112436417

sushi-repeat containing protein X-linked
2;synaptotagmin-like 4;tRNA methyltransferase 12

homolog

GDNF family receptor alpha 4b

NA

uridine 5-monophosphate synthase-

like;uncharacterized

LOC112431582;multifunctional protein
ADE2;multifunctional protein ADE2-like

zinc finger protein 665-like;uncharacterized
LOC112432457;uncharacterized LOC112432534

uncharacterized LOC101472636
beta-1,4 N-acetylgalactosaminyltransferase 2

retinoic acid receptor alpha-B;NA

NA

uncharacterized LOC106674568;ATP synthase
F(0) complex subunit C3, mitochondrial
CDCA42 effector protein (Rho GTPase binding)
1b;GTPase IMAP family member 8-like

NA

1Q motif and Sec7 domain ArfGEF 1b
0S9 endoplasmic reticulum lectin

inter-alpha-trypsin inhibitor heavy chain H3;inter-
alpha-trypsin inhibitor heavy chain H3

NA

deoxyribonuclease-1;granzyme B-like

voltage-dependent T-type calcium channel subunit

alpha-1l

tRNA (guanine(26)-N(2))-dimethyltransferase-like

Entrez IDs
101465811;101466092
101482850
101481601
112435194,101470435

112435300
101473654;101473958

101468956
112436265;112436262

101482142
112429712;101486796

NA
106675165
NA

101480042;101479282;1
01479006;112435754,11
2436153;112435753;112
435752;112435755

101487913;112436417

101478836,101478175;1
01477717

101470683
NA

106676566;112431582;1
01482534;112431584

112431646;112432457;1
12432534

101472636

101475242
101481144,105941469
NA
106674568;101484624

101486249;101487113

101483399
101485759
101478452
101464680;101487535

NA
101485654,101472666

101464297

112434923
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Supplemental Table 3(continued.

Wind.
3

10

11

12

13

10
11
12

13
14

Chromosome Start (Kb) End (Kb)

NC_036785.1

NC_036785.1
NC_036785.1

NC_036785.1
NC_036785.1
NC_036785.1

NC_036785.1
NC_036785.1

NC_036785.1

NC_036785.1

NC_036785.1
NC_036786.1
NC_036786.1
NC_036786.1

NC_036786.1
NC_036786.1
NC_036786.1

NC_036786.1
NC_036786.1

NC_036786.1
NC_036786.1
NC_036786.1
NC_036786.1

NC_036786.1
NC_036786.1

NC_036787.1
NC_036787.1

NC_036787.1
NC_036787.1

NC_036788.1
NC_036788.1
NC_036788.1

7470

7530
7965

9855
10350
11160

13560
17685

19500

20850

31590
2025
3315
5025

5280
19200
28950

34410
34515

35850
39690
47835
58680

61335
61815

495
2880

10410
16830

1845
5565
7065

7500

7560
7995

9885
10380
11205

13590
17715

19545

20880

31635
2055
3345
5055

5310
19230
28980

34455
34545

35880
39720
47865
58710

61365
61845

525
2910

10440
16860

1890
5595
7095

NCBI gene names

LOC112434899;LOC1
06674556;L0C112429
997;zdhhc5a

zdhhcba

spcs3;L0C112435050;
galnt7

NA
LOC112434937

LOC106676692;trnav-
aac;L0C101463632;rp
s19bp1;mpst

NA

LOC101487540;LOC1
01487826
LOC106675116;lonrfll;
cabp4

LOC106675118;LOC1
12434904
NA

cdh13
LOC101481124
abcc8;NA

mrpl23
peakl
hsdI2;LOC112435164

NA

LOC106674539;LOC1
12435205
NA

NA
NA

myo018b;LOC11243516
7
LOC112435089

ldhd;trnag-gcc;trnag-
gcc;trnag-gcc;trnag-
gcc;trnag-gcc;trnag-
gcc;trnag-gec;fam169b

LOC101482887
sult2st2

si:ch211-136m16.8

trim8b;LOC111500633;
LOC101474318

NA
LOC112429806
NA

Long gene names

uncharacterized LOC112434899;zinc finger MYM-
type protein 1-like;thioredoxin-related
transmembrane protein 2-B-like;zinc finger DHHC-
type palmitoyltransferase 5a

zinc finger DHHC-type palmitoyltransferase 5a

signal peptidase complex subunit 3;ankyrin repeat
and SOCS box protein 5-like;UDP-N-acetyl-alpha-
D-galactosamine: polypeptide N-
acetylgalactosaminyltransferase 7

NA

teneurin-3-like

zinc finger MYM-type protein 1-like;transfer RNA
valine (anticodon AAC);interleukin-2 receptor
subunit beta;ribosomal protein S19 binding protein
1;mercaptopyruvate sulfurtransferase

NA

leucine-rich repeat LGI family member
2;uncharacterized LOC101487826
serine/threonine-protein kinase PAK 3;LON
peptidase N-terminal domain and ring finger 1,
like;calcium binding protein 4

uncharacterized LOC106675118;uncharacterized
LOC112434904

NA

cadherin 13, H-cadherin (heart)
protein arginine N-methyltransferase 8-B

ATP-binding cassette, sub-family C (CFTR/MRP),
member 8;NA
mitochondrial ribosomal protein L23

pseudopodium-enriched atypical kinase 1

hydroxysteroid dehydrogenase like
2;uncharacterized LOC112435164
NA

G2/M phase-specific E3 ubiquitin-protein
ligase;uncharacterized LOC112435205
NA

NA
NA

myosin XVIIIB;zinc finger BED domain-containing
protein 5-like
olfactomedin-4-like

lactate dehydrogenase D;transfer RNA glycine
(anticodon GCC);transfer RNA glycine (anticodon
GCC);transfer RNA glycine (anticodon
GCC);transfer RNA glycine (anticodon
GCC);transfer RNA glycine (anticodon
GCC);transfer RNA glycine (anticodon
GCC);transfer RNA glycine (anticodon
GCC);family with sequence similarity 169 member
B

RNA binding protein fox-1 homolog 3

sulfotransferase family 2, cytosolic sulfotransferase
2

trichohyalin-like

tripartite motif containing 8b;U5 spliceosomal
RNA;alpha-N-acetylgalactosaminide alpha-2,6-
sialyltransferase 1

NA

MAGUK p55 subfamily member 7-like
NA

Entrez IDs

112434899;106674556
;112429997;10148197
1

101481971

112429988;112435050
;101487348

NA
112434937

106676692,111501608
;101463632;10148775
1;101487463

NA
101487540;101487826

106675116;101476224
;101475539

106675118;112434904

NA

101486372
101481124
101476511;101481129

101469021
101471742
101479645;112435164

NA
106674539;112435205

NA
NA
NA
101481518;112435167

112435089

101481018;111500762
;111500752;11150075
3;111500754;1115007
55;111500756;111500
757,101471230

101482887
101464137

112430021

101481371;111500633
;101474318

NA
112429806
NA
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Supplemental Table 3(continued.

Wind. Chromosome Start (Kb) End (Kb) NCBI gene names Long gene names Entrez IDs
4 NC_036788.1 8790 8820 ncapg2;esyt2b non-SMC condensin Il complex, subunit 101471254;101471540
G2;extended synaptotagmin-like protein 2b
5 NC_036788.1 10125 10170 NA NA NA
6 NC_036788.1 11730 11760 NA NA NA
1 NC_036789.1 1200 1230 LOC106676207 rab3 GTPase-activating protein catalytic subunit 106676207
2 NC_036789.1 2670 2715 LOC112435393 uncharacterized LOC112435393 112435393
3 NC_036789.1 3480 3510 gdpd5a;NA glycerophosphodiester phosphodiesterase domain  101481683;101478246
containing 5a;NA
4 NC_036789.1 4215 4245 cblb Cbl proto-oncogene B, E3 ubiquitin protein ligase 101484242
5 NC_036789.1 6180 6210 opcml opioid binding protein/cell adhesion molecule-like 112435424
6 NC_036789.1 15060 15090 NA NA NA
7 NC_036789.1 15105 15135 mtnrlbb melatonin receptor 1Bb 101479329
8 NC_036789.1 20850 20880 NA NA NA
9 NC_036789.1 31035 31080 LOC101471691 neuronal acetylcholine receptor subunit alpha-10 101471691
1 NC_036790.1 510 555 NA NA NA
2 NC_036790.1 8955 8985 LOC101465138;LOC1  sulfotransferase family cytosolic 2B member 101465138;112435592
12435592 1;uncharacterized LOC112435592
3 NC_036790.1 31125 31155 LOC101483277;LOC1 uncharacterized LOC101483277;C-type mannose  101483277;112429792
12429792 receptor 2-like
1 NC_036791.1 3660 3690 arvcfb ARVCF delta catenin family member b 101486178
2 NC_036791.1 4680 4725 zgc:65851;cds2 uncharacterized LOC101467048;CDP- 101467048;101467538

diacylglycerol synthase (phosphatidate
cytidylyltransferase) 2

3 NC_036791.1 7125 7155 NA NA NA

4 NC_036791.1 14565 14595 LOC101465137 ultraviolet-B receptor UVR8 101465137

5 NC_036791.1 14820 14850 LOC101465916 arrestin domain-containing protein 3 101465916

6 NC_036791.1 22185 22215 efna5b ephrin-A5b 101485613

7 NC_036791.1 22905 22935 atxn2;sh2b3 ataxin 2;SH2B adaptor protein 3 101470581;101469716

8 NC_036791.1 26310 26340 LOC112435650 uncharacterized LOC112435650 112435650

9 NC_036791.1 30045 30075 frasl Fraser extracellular matrix complex subunit 1 101480404

1 NC_036792.1 9600 9645 camkmt calmodulin-lysine N-methyltransferase 101465341

2 NC_036792.1 12975 13005 LOC101480295 receptor-type tyrosine-protein phosphatase epsilon 101480295

3 NC_036792.1 13560 13590 sh3pxd2a SH3 and PX domains 2A 101485065

4 NC_036792.1 14175 14205 LOC101467287;LOC1 protocadherin-15;G2/M phase-specific E3 101467287;106675079
06675079 ubiquitin-protein ligase

5 NC_036792.1 15975 16005 LOC101476718 uncharacterized LOC101476718 101476718

6 NC_036792.1 17880 17910 rassf4a;LOC10148194 Ras association domain family member 4a;protein | 101487090;101481949
9;L0C101482825;LOC DEPP;peroxisomal N(1)-acetyl- ;101482825;10148309
101483098 spermine/spermidine oxidase;peroxisomal N(1)- 8

acetyl-spermine/spermidine oxidase
7 NC_036792.1 26340 26385 LOC106676012;LOC1 uncharacterized LOC106676012;transmembrane  106676012;101474219

01474219;valopa protein 254;vertebrate ancient long opsin a ;101471576

8 NC_036792.1 26490 26520 inpp5a inositol polyphosphate-5-phosphatase A 101472350

9 NC_036792.1 30720 30750 slc24a3 solute carrier family 24 member 3 101488034

1 NC_036793.1 3345 3375 phfi2b PHD finger protein 12b 106674688

2 NC_036793.1 3945 3975 usp32 ubiquitin specific peptidase 32 101486640

3 NC_036793.1 4605 4635 clcn2 chloride voltage-gated channel 2 101483601

4 NC_036793.1 8295 8325 Isamp limbic system associated membrane protein 101472294

5 NC_036793.1 12600 12630 atm;LOC112435977 ATM serine/threonine kinase;uncharacterized 112435930;112435977

LOC112435977

6 NC_036793.1 14775 14805 LOC101482192;LOC1 P2X purinoceptor 5;uncharacterized 101482192;101482969
01482969 LOC101482969

7 NC_036793.1 23115 23145 LOC101484467;,LOC1 extracellular calcium-sensing receptor- 101484467;101484194
01484194 like;extracellular calcium-sensing receptor-like
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Supplemental Table 3continued).

Wind. Chromosome Start (Kb) End (Kb)

8
9

10
11

(9] AW N P © 0 N O a A W N P

w N kO

IN

NC_036793.1
NC_036793.1

NC_036793.1
NC_036793.1

NC_036794.1
NC_036794.1
NC_036794.1
NC_036794.1
NC_036794.1

NC_036794.1
NC_036794.1
NC_036794.1
NC_036794.1

NC_036794.1

NC_036795.1
NC_036795.1
NC_036795.1
NC_036795.1

NC_036795.1

NC_036795.1
NC_036796.1
NC_036796.1
NC_036796.1

NC_036796.1
NC_036796.1

NC_036797.1

NC_036797.1
NC_036797.1

NC_036797.1
NC_036797.1
NC_036798.1

NC_036798.1
NC_036798.1

23175
26190

35475
37095

8820
10305
18600
21270
21975

22485
24225
26040
28665

29625

585
7590
22350
22740

24405

26010

8190
10815
13485

14070
23580

8355

18705
24390

25590
27840
840

1950
4275

23205
26280

35505
37125

8865
10335
18630
21300
22005

22515
24270
26070
28710

29670

615
7635
22380
22770

24465

26040

8235
10845
13515

14100
23610

8400

18735
24420

25620
27870
870

1980
4305

NCBI gene names
NA

LOC101483095;LOC1
12435914;L0C106674
540;L0C112435913;L
0C112435947,LOC11
2435915;L0C1124300
56;LO0C106675058;LO
C101471696;LOC1124
35948

NA

LOC112435971;,LOC1
01475536;L0C101475
244

NA

wasfl
NA
slc35d3

LOC112436021;LOC1
12430064
LOC101486590

NA
hs3st5

mast3b;ndufa7;LOC10
1473417

LOC101465399;anklel
;LOC112436048;LOC1
01464818

cntnap5
LOC112436097
NA
LOC101481846

LOC112436136;LOC1
06676930;L0C112436
137;NA
LOC106674663

NA
NA
LOC101483618

NA

LOC101484317;cracr2
ab;ccdc59;mettl25

amy2a;L0C101467389
;LOC101467708
wis

pigr;lrrc24
LOC101474626
LOC101470953
dappl
zgc:109986

NA

Long gene names
NA

dehydrogenase/reductase SDR family member
11;uncharacterized
LOC112435914;dehydrogenase/reductase SDR
family member 11;uncharacterized
LOC112435913;dehydrogenase/reductase SDR
family member 11-like;uncharacterized
LOC112435915;dehydrogenase/reductase SDR
family member 11-like;dehydrogenase/reductase
SDR family member 11;carbonic anhydrase
4;RIMS-binding protein 2-like

NA

olfactory receptor 11A1-like;olfactory receptor
11A1-like;olfactory receptor 10A6-like

NA

WASP family member 1

NA

solute carrier family 35 member D3

uncharacterized LOC112436021;interferon-
induced protein 44-like
C-1-tetrahydrofolate synthase, cytoplasmic

NA
heparan sulfate-glucosamine 3-sulfotransferase 5

microtubule associated serine/threonine kinase
3b;NADH:ubiquinone oxidoreductase subunit
AT7;low-density lipoprotein receptor-related protein
8

uncharacterized LOC101465399;ankyrin repeat
and LEM domain containing 1;uncharacterized
LOC112436048;alkaline phosphatase

contactin associated protein family member 5

amine oxidase
NA

dehydrogenase/reductase SDR family member on
chromosome X

olfactory receptor 10Z1-like;olfactory receptor 142-
like;olfactory receptor 142-like;NA

serine/threonine-protein kinase pim-1
NA
NA

potassium voltage-gated channel subfamily D
member 2
NA

protein arginine N-methyltransferase 8-B;calcium
release activated channel regulator 2Ab;coiled-coll
domain containing 59;methyltransferase like 25
amylase alpha 2A;pancreatic alpha-amylase-
like;pancreatic alpha-amylase

Whnt ligand secretion mediator

polymeric immunoglobulin receptor;leucine rich
repeat containing 24
neuropilin and tolloid-like protein 1

uncharacterized LOC101470953

dual adaptor of phosphotyrosine and 3-
phosphoinositides
uncharacterized LOC101485621

NA

Entrez IDs
NA

101483095;112435914;
106674540;112435913;
112435947;112435915;
112430056;106675058;
101471696;112435948

NA

112435971;101475536;
101475244

NA

101463877

NA

101487193
112436021,112430064

101486590
NA
101477610

101472640;101473119;
101473417

101465399;101465114;
112436048;101464818

101464205
112436097
NA

101481846

112436136,106676930;
112436137,112436138

106674663
NA
NA
101483618

NA

101484317,101481136;
101484031,101483757

101466999;101467389;
101467708

101470383
101482571,101482275

101474626
101470953
101469133

101485621
NA
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Supplemental Table 3continued).

Wind.
4

5

Chromosome Start (Kb) End (Kb)

NC_036798.1
NC_036798.1

NC_036798.1
NC_036798.1

NC_036798.1
NC_036799.1
NC_036799.1

NC_036799.1

NC_036799.1

NC_036799.1

NC_036799.1
NC_036799.1

NC_036799.1

NC_036800.1
NC_036800.1

NC_036800.1

NC_036800.1
NC_036800.1
NC_036800.1

NC_036800.1

NC_036801.1
NC_036801.1

NC_036801.1
NC_036801.1
NC_036801.1

NC_036801.1

NC_036801.1
NC_036801.1
NC_036801.1

NC_036801.1
NW_020192331.1

NW_020192332.1

NW_020192337.1

6330

7395

14775
18600

20790

10515

13860

14040

15540

16755

16935
17430

29685

840
2790

7140

10545
33120
34020

34170

17130
17895

22065
23325
28395

29670

30270
32805
39945
40080
1425
900
105

6375

7425

14805
18630

20820

10545

13890

14085

15585

16785

16980
17460

29730

870
2820

7170

10575
33195
34050

34245

17160
17940

22095
23355
28425

29700

30300
32850
39975
40110
1455
930
150

NCBI gene names

LOC106674644,LOC
106674730
rtndip1;qrsil

capn3a;znfl06a

fyna;marcksb;col10a
la

LOC112436565;LOC
112436571
LOC101478036;atpl
3a2
LOC111500405;LOC
101477396
magi3a;si:ch73-
206d17.1;tmem269;h
spg2

LOC101468227;LOC
101467924;L0OC101
476057,LOC101475
768;ccn5
abtb1;L0C10146457
1

eif2d

wdr46;b3galt4;nr2c2

LOC101486938;LOC
105941289;ccdc135
NA

LOC112430281;LOC
112430273;L0C112
430280
LOC112430248;LOC
106674948;LOC112
430134,L0C112430
133;L0C112430156

med30
LOC106676342
LOC101471481

LOC112430289;LOC
101484590

LOC101470062

LOC101487632;LOC
101483621
NA

LOC101486445

LOC101471943;nfkbi
z

LOC101484952;bmp
r2
NA

LOC112430447
NA

NA

NA

NA

mtr;ryr2a

Long gene names

uncharacterized LOC106674644;uncharacterized
LOC106674730

reticulon 4 interacting protein 1;glutaminyl-tRNA
amidotransferase subunit QRSL1

calpain 3a, (p94);zinc finger protein 106a

FYN proto-oncogene, Src family tyrosine kinase
a;myristoylated alanine-rich protein kinase C
substrate b;collagen, type X, alpha 1a
cathepsin L1-like;cathepsin L1-like

succinate dehydrogenase;ATPase cation
transporting 13A2

uncharacterized LOC111500405;membrane
cofactor protein

membrane associated guanylate kinase, WW and
PDZ domain containing 3a;tyrosine-protein kinase
STYKZ1;transmembrane protein 269;heparan
sulfate proteoglycan 2

P2Y purinoceptor 1-like;P2Y purinoceptor 1-
like;P2Y purinoceptor 1-like;P2Y purinoceptor
1;cellular communication network factor 5

ankyrin repeat and BTB (POZ) domain containing
1;keratin, type Il cytoskeletal 8
eukaryotic translation initiation factor 2D

WD repeat domain 46;UDP-Gal:betaGIcNAc beta
1,3-galactosyltransferase, polypeptide 4;nuclear
receptor subfamily 2, group C, member 2

PHD finger protein 20;polymeric immunoglobulin
receptor;coiled-coil domain containing 135

NA

Ig lambda chain C region-like;histone H1-
like;immunoglobulin kappa variable 2-30-like

C-type lectin domain family 4 member E-
like;mitogen-activated protein kinase kinase kinase
2;uncharacterized
LOC112430134;uncharacterized
LOC112430133;uncharacterized LOC112430156
mediator complex subunit 30

uncharacterized LOC106676342

CMP-N-acetylneuraminate-beta-galactosamide-
alpha-2,3-sialyltransferase 1-like

uncharacterized LOC112430289;CMP-N-
acetylneuraminate-beta-galactosamide-alpha-2,3-
sialyltransferase 1

BCL-6 corepressor

sentrin-specific protease 7;ALK and LTK ligand 2

NA
collagen alpha-2(V) chain

glycerol kinase;nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor, zeta
dedicator of cytokinesis protein 9;bone
morphogenetic protein receptor type 2

NA

uncharacterized LOC112430447
NA
NA
NA
NA

5-methyltetrahydrofolate-homocysteine
methyltransferase;ryanodine receptor 2a (cardiac)

Entrez IDs

106674644;106674730
101483249;101479385

101466182;101466665

101474799;101475091
;101475390

112436565;112436571
101478036;101478591
111500405;101477396

101475769;101470836
;101473555;10147305
5

101468227;101467924
;101476057;10147576
8;101474881

101464290;101464571

101470379

101480069;101480560
;101480850

101486938;105941289
;101485686
NA

112430281;112430273
;112430280

112430248;106674948
;112430134;11243013
3;112430156

101464873
106676342
101471481

112430289;101484590

101470062
101487632;101483621

NA
101486445
101471943;101472711

101484952;101485979

NA

112430447

NA

NA

NA

NA
101471939;101474189
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Supplemental Table 3continued).

Wind.
1

2

P RN RN R

N N

PR R R R RN R R R R PR R R

Chromosome Start (Kb) End (Kb)

NW_020192338.1

NW_020192338.1

NW_020192341.1
NW_020192342.1

NW_020192342.1

NW_020192350.1

NW_020192353.1

NW_020192355.1

NW_020192374.1

NW_020192377.1

NW_020192391.1
NW_020192391.1
NW_020192395.1
NW_020192395.1
NW_020192397.1

NW_020192399.1

NW_020192437.1

NW_020192440.1

NW_020192459.1
NW_020192469.1
NW_020192470.1

NW_020192497.1

NW_020192510.1

NW_020192518.1
NW_020192528.1
NW_020192550.1
NW_020192553.1
NW_020192581.1
NW_020192601.1
NW_020192622.1
NW_020192622.1
NW_020192642.1
NW_020192653.1
NW_020192654.1
NW_020192688.1
NW_020192708.1

NW_020192711.1

NW_020192714.1

255

855

0
975
1065

300
405

840
90

210

180
570

15
165
476
330

120

330
30

135

195
120
45
197
30
45
15
155
145
90
60

114
112

285

885

30
1005
1095

330
435

870
120

240

225
600

45
195
506
375

165
30

360
60
21
45

165

225
150
75
227
75
75
45
185
175
120
90
45
144
142

30

NCBI gene names

LOC112430653;rcc2

LOC101473793;trap
pcéb
NA

LOC112430670

LOC106676253;LOC
106674793
NA

camk2d2;LOC10146
8246
LOC112430722

LOC105940494

LOC112430836;LOC
111500600;LOC112
430834
LOC101470714

NA
LOC112430930
LOC112430920
pmm1

LOC101468596;LOC
101481677;LOC112
430942

NA

LOC112431127;LOC
101473026;mapkapk
3

LOC106674729

NA
LOC101476793

LOC112431334,LOC
112431338
LOC106675662;LOC
106675661;,LOC101
475671;,LOC106675
660

LOC111501185

LOC106675415
NA

NA

NA

atp2b3b

NA

rasl12

NA;NA

NA
LOC112431847
plxncl
LOC112432098

LOC105940651;LOC
112432110

LOC112432121;LOC
112432122

Long gene names

atrial natriuretic peptide receptor 1-like;regulator of
chromosome condensation 2

putative beta-lactamase-like 1;trafficking protein
particle complex subunit 6B

NA

uncharacterized LOC112430670

uncharacterized LOC106676253;uncharacterized
LOC106674793
NA

calcium/calmodulin-dependent protein kinase
(CaM kinase) Il delta 2;permeability factor 2
uncharacterized LOC112430722

inactive tyrosine-protein kinase transmembrane
receptor ROR1

uncharacterized LOC112430836;zinc finger protein
227-like;uncharacterized LOC112430834

sodium channel protein type 4 subunit alpha B
NA

uncharacterized LOC112430930
uncharacterized LOC112430920
phosphomannomutase 1

recombining binding protein suppressor of
hairless-like protein;matrilin-4;uncharacterized
LOC112430942

NA

uncharacterized LOC112431127;dynein heavy
chain 1, axonemal-like;MAPK activated protein
kinase 3

uncharacterized LOC106674729

NA
iroquois-class homeodomain protein IRX-5

uncharacterized LOC112431334;uncharacterized
LOC112431338

olfactory receptor 4N2-like;olfactory receptor
2AK2-like;olfactory receptor 7G1-like;olfactory
receptor 4N2-like

nuclear factor 7, brain-like
uncharacterized LOC106675415

NA

NA

NA

ATPase plasma membrane Ca2+ transporting 3b
NA

RAS-like, family 12

NA;NA

NA

probable E3 ubiquitin-protein ligase ARI7
plexin C1

probable G-protein coupled receptor 135

ankyrin repeat domain-containing protein
SOWAHC-like;iroquois-class homeodomain
protein IRX-5-like

uncharacterized LOC112432121;uncharacterized
LOC112432122

Entrez IDs

112430653;101469719
101473793;101474097

NA
112430670
106676253;106674793

NA
101466566;101468246

112430722
105940494

112430836;111500600
;112430834

101470714
NA

112430930
112430920
101476238

101468596;101481677
;112430942

NA

112431127;101473026
;101473327

106674729

NA

101476793
112431334;112431338

106675662;106675661
;101475671;10667566
0

111501185
106675415

NA

NA

NA

101484596

NA

101484127
112431808;101466827
112429666
112431847
101467251
112432098
105940651;112432110

112432121;112432122
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Supplemental Table 3continued).

Wind.
1
1
1

N N e e e = = = == S N
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Chromosome Start (Kb) End (Kb)

NW_020192723.1
NW_020192731.1

NW_020192746.1

NW_020192828.1

NW_020192828.1

NW_020192834.1
NW_020192850.1
NW_020192927.1
NW_020192929.1
NW_020192980.1
NW_020193037.1
NW_020193051.1
NW_020193115.1
NW_020193123.1
NW_020193137.1

NW_020193233.1

NW_020193273.1
NW_020193300.1
NW_020193324.1
NW_020193341.1

NW_020193343.1

NW_020193399.1
NW_020193433.1

NW_020193523.1

NW_020193542.1
NW_020193561.1
NW_020193581.1
NW_020193641.1
NW_020193735.1
NW_020193830.1
NW_020193851.1
NW_020193891.1
NW_020193899.1
NW_020193909.1
NW_020193964.1

NW_020193972.1

15
45
0

0
45

30
60
45
45
45

39

36
15

26
24

20
45

15
16
11

o A~ N O O

60
75
30

30
75

30
75
91
88
83
75
30
69
30
66
45

56
54
30
50
75

47
46
41

40
38
37
34
30
26
25
24
23
23
20
20

NCBI gene names
NA
NA

LOC112432201;,LOC
101484503
NA

LOC101468095;LOC
112429902
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA

LOC101485511;LOC
112429933;L0OC112
433230
LOC112433293

LOC101469919
NA
LOC112433474

LOC112433476;LOC
112433478
LOC112433588

NA

LOC112433873;LOC
112433874
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA;LOC101475226

Long gene names
NA
NA

uncharacterized LOC112432201;uncharacterized
LOC101484503
NA

sodium channel protein type 4 subunit alpha
B;laminin subunit beta-1-like
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA

low affinity immunoglobulin gamma Fc region
receptor Ill-like;junctional adhesion molecule B-
like;uncharacterized LOC112433230

polycystic kidney disease protein 1-like 2

mannose-1-phosphate guanyltransferase beta
NA
amine oxidase

uncharacterized LOC112433476;ATP-dependent
RNA helicase DDX54-like
uncharacterized LOC112433588

NA

collagen alpha-4(VI) chain-like;collagen alpha-
6(VI) chain-like
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA;integumentary mucin C.1

Entrez IDs

NA

NA
112432201;101484503

NA
101468095;112429902

NA
NA
NA
NA
NA
112432896
NA
112433039
NA
NA

101485511;112429933
;112433230

112433293
101469919

NA

112433474
112433476;112433478

112433588
NA
112433873;112433874

NA

NA

NA
105941458
NA

NA

NA

NA

NA

NA

NA
106675400;101475226
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Appendix B: Chapter 4 Supplemental Figures

Supplemental Figure 1.Heatmaps showing gene expression differences by species and trophic
level fordifferentially expressed genes in gene ontology categories enriched in carnivore vs.
herbivore comparison.
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G0:0009892: negative regulation of metabolic process
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G0:0008405: arachidonic acid 11,12-epoxygenase activity
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GO:0015491: cation:cation antiporter activity
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G0:0006636: unsaturated fatty acid biosynthetic process
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n paired donors, with incorporation or reduction of molecular oxygen, reduced flavin or flavoprotein as one donor, and incorporation of one &
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G0:1901170: naphthalene catabolic process
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Supplemental Figure 2. Heatmaps showing gene expression differences by species and trophic
level for differentially expressed genes in gene ontology categories enriched in carnivore vs.
omnivore comparison.
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G0:2000120: positive regulation of sodium-dependent phosphate transport
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