
ABSTRACT 

COYLE, KAITLIN PATRICIA. Recent Evolution of Host Genetic Control of Microbiota in 
Cichlid Fishes and Humans. (Under the direction of Dr. Reade B. Roberts). 
 

Host-associated microbial communities form a mutually symbiotic relationship 

with their host organisms. In humans and other animals, microbes colonizing the gut, 

skin, and other body sites have important roles in homeostatic processes including 

digestion and immunity.  

In Chapter 2, I examine the impact of the human earwax gene ABCC11 on the 

composition of bacterial communities at two apocrine-associated body sites, the 

external auditory canal and the axilla. I found that ABCC11 genotype explained a large 

portion of overall beta diversity and was also associated with major shifts in clinically 

relevant taxa at both sites. 

In Chapter 3, I use an exploratory approach to assess the relative contributions 

of host species, diet, and gut region to variation in gut microbial communities in African 

cichlid fishes over developmental time. I found that both host species and gut region 

were major determiners of community composition, while diet has only a short-term 

effect. I also identified patterns in colonization potentially associated with functional 

specialization in the herbivorous species. 

In Chapter 4, I use a whole-genome sequencing strategy of 29 cichlid species in 

order to identify candidate genes for trophic level divergence. I identified a promising 

candidate, pancreatic alpha-amylase, and perform preliminary functional testing at the 

expression and activity level.  
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CHAPTER 1: The Evolution of Host-Microbe Interactions and Trophic 

Specializations 

 

Evolution of host-microbe interactions 

Humans and other animals carry massive and diverse communities of symbiotic 

microbes (Huttenhower et al. 2012); an estimated 47% of cells in the average human 

body are microbial cells (Sender, Fuchs, and Milo 2016). Some of these bacterial 

lineages are thought to have cospeciated with hominids over the past 15 million years 

(Moeller et al. 2016) and with other mammals (Groussin et al. 2017). These microbes 

colonize sites all over the body, including the skin and gut, and play important roles in 

organismal homeostasis. Microbes in the gut can impact nutrition by expanding the 

host’s metabolic repertoire (Hacquard et al. 2015) and often maintain a mutualistic 

relationship with the immune system (Hooper et al. 2001; Hooper, Littman, and 

Macpherson 2012; Kau et al. 2011). Healthy bacterial colonies contribute to pathogen 

resistance (van der Waaij et al. 1971; Buffie et al. 2015); as such, disturbances to or 

imbalances in these communities can cause a wide variety of health concerns for the 

host (Reviewed by Knight et al. 2017). Colonization of the gut and other body sites can 

play important roles in the development of host organisms (Shirkey et al. 2006; Koenig 

et al. 2011; Tropini et al. 2017). Gut microbial communities may even impact host 

behavior through interactions with the CNS (Cryan and Dinan 2012; Sampson and 

Mazmanian 2015).  

Factors such as host genetics, diet, and other environmental forces are known to 

impact microbial communities across body sites, but the relative contribution of these 

different confounding factors remains largely unknown. In multiple large studies of 

human gut microbiota, host diet and lifestyle factors have been shown to in total 

account for approximately 20% of microbial beta diversity (Rothschild et al. 2018; 

Zhernakova et al. 2016; Falony et al. 2016). While it is challenging to identify genetic 

variants underlying microbial colonization patterns due to wildly variable confounding 

environmental factors, several links between human genes and microbial colonization 

patterns have been identified. For example, amount of Bifidobacterium in the gut is 

associated with a variant in the lactase persistence gene LCT; lactase non-persisters 
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who consume dairy products tend to have increased levels of Bifidobacterium, which is 

thought to digest the lactose and confer a degree of lactase persistence to the host 

(Blekhman et al. 2015; Bonder et al. 2016; Goodrich et al. 2016; Wang et al. 2016). Si 

et al. (2017) found variations in the immune gene interleukin-5 (IL-5) associated with 

abundance of Prevotella in the usually Lactobacillus-dominated human vagina. Variants 

in the vitamin D receptor (VDR) gene have been associated with variation in amounts of 

individual bacterial taxa such as Parabacteroides in the human gut; furthermore, the 

VDR variant and 41 other SNPs were found to explain a total of 10% of the variation in 

beta diversity (Wang et al. 2016). Almost one third of human fecal microbiota were also 

found to be heritable in families (Turpin et al. 2016). In Chapter 2, I seek to add to this 

body of work by using a candidate gene approach to investigate the impact of a SNP in 

the human gene ABCC11 on the microbial communities at two apocrine-associated 

body sites, the external auditory canal and the axilla. In Chapter 3, I use an exploratory 

approach to assess the relative contributions of host species, diet, and gut region to 

variation in gut microbial communities in African cichlid fishes over developmental time. 

 

Trophic level evolution 

Adapting to a particular diet is one way to fill an ecological niche and create new 

species. Across taxa, carnivores tend to eat a nutrient-rich animal-based diet, while 

herbivores tend to eat a nutrient-poor, more difficult to digest plant-based diet. There 

are many traits that have evolved in response to diet among diverse taxa, optimizing an 

organism’s ability to find, consume, digest, and absorb nutrients from a variety of food 

sources. Mexican blind cave fish Astyanax mexicanus and African cichlids can modify 

their feeding posture and behavior to more efficiently collect food from the environment 

(Kowalko et al. 2013; Parsons et al. 2016). Among mammals and fishes, predators have 

adapted specialized vision systems to catch prey (Banks et al. 2015; O’Quin et al. 

2015). Trophic specialization drives variance in body morphology in sea snakes that are 

specialized for burrowing after prey (Sherratt, Rasmussen, and Sanders 2018). In 

mammals, teeth are optimized for ripping flesh (in carnivores) or grinding up plants 

(herbivores, Price et al. 2012). Many trophically diverse fish taxa, including sticklebacks 

(McGee, Schluter, and Wainwright 2013), cichlids (Albertson, Streelman, and Kocher 
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2003; Roberts et al. 2011; Parnell, Hulsey, and Streelman 2012; Stewart and Albertson 

2010; Parsons, Márquez, and Albertson 2012; Santos-Santos et al. 2015), damselfish 

(Cooper and Westneat 2009), and pupfish (Martin et al. 2016) have specialized jaws for 

feeding from different sources. Some organisms show phenotypic plasticity in adaptive 

trophic traits, which is often maintained in a fluctuating environment, but can lead to 

species diversification if the environment stabilizes (Gomez-Mestre and Jovani 2013; 

Waddington 1953; West-Eberhard 1989). For example, midas cichlid pharyngeal jaws 

display plasticity in response to the diet’s mechanical resistance (Muschick et al. 2011). 

Animals have also developed extensively specialized guts across trophic levels. 

Carnivores tend to have short, simple guts that secrete high levels of proteases such as 

aminopeptidase in order to break down nutrient-rich animal matter. Conversely, 

herbivores tend to have long, complex guts, that maximize food transit time and 

subsequently allow more time for the host to digest and absorb nutrients from starchy, 

difficult to digest plant-based foods. Herbivores also produce high levels of 

carbohydrases such as amylase (German et al. 2015; Day et al. 2011; Zemke-White 

and Clements 1999; Horn et al. 2006), and rely much more heavily on bacterial 

endosymbionts to assist with digestion and fermentation. Some herbivores have even 

developed specialized structures to assist in bacterial fermentation, such as a rumen or 

cecum, which have been shown to host convergent bacterial assemblages across 

divergent host taxa (Ley, Lozupone, et al. 2008; Godoy-Vitorino et al. 2012).  

These microbes inhabiting the gut perform an essential role in the digestion and 

absorption of nutrients for organisms across trophic levels. Hosts experimentally raised 

without gut microbes are often short-lived, unhealthy, or otherwise impaired (Coates 

1975). Gut microbes often produce digestive enzymes that complement the host’s own 

secreted enzymes; herbivores in particular rely on gut microbiota because they usually 

can’t produce their own cellulases, hemicellulases, or pectinases (Hanning and Diaz-

Sanchez 2015). Gut microbial communities vary by trophic level in mammals (Ley, 

Hamady, et al. 2008), lizards (Kohl et al. 2016), fishes (Sullam et al. 2015; Baldo et al. 

2017, 2015), whales (Sanders et al. 2015), among other taxa. I further investigate 

variation in gut microbiota among trophic levels in African cichlid fishes in Chapter 3. 
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While research has been done to identify the genetic underpinnings to some of 

these traits, there is still much we don’t know. In Chapter 4, I use a whole-genome 

resequencing strategy to investigate genomic patterns underlying diversification among 

29 Lake Malawi cichlid species spanning multiple trophic levels. My findings in Chapters 

3 and 4 will contribute to the growing body of work on the mechanisms underlying 

trophic level evolution and subsequent diversification of species. 
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CHAPTER 2: Cosmopolitan ABCC11 alleles modulate apocrine-associated skin 

microbiota 

 

Kaitlin P. Coyle, Natalie B. Roberts, M. Kaitlyn Stanley, Megan Thoemmes, Robert R. 

Dunn, Julie E. Horvath, and Reade B. Roberts 

 

Abstract 

Humans have evolved to modulate the microbial communities that live on their bodies, 

but specific allelic variants modulating the skin microbiota remain unknown. Here we 

demonstrate significant differences in apocrine skin microbiota associated with common 

alleles of the ABCC11 gene, a site of recent selection in the human genome. 

Microbiome composition differs by ABCC11 genotype in the ear canal and the axilla, 

including differences in the common skin microbes Staphylococcus, Propionibacterium, 

and Corynebacterium. In the ear canal, bacterial species of clinical relevance are highly 

correlated with ABCC11 genotype. Overall, a single SNP in ABCC11 explains 

approximately 15% of the variation in microbiota composition at either site, representing 

one of the largest human genetic host-microbiota effects identified. Our results establish 

a robust relationship between host genetic variation and apocrine-associated 

microbiota, provide potential clinical insight, and new hypotheses for unexplained 

signatures of selection on ABCC11 alleles and their global population distribution. 

 

Introduction 

Relatively few common allelic variants in humans have been shown to have 

strong impacts on the microbes living in or on the human body. There have been 

significant attempts at identifying genes underlying variation in human gut microbial 

communities via a GWAS approach with some success; for example, several studies 

have found correlates with lactase-persistence associated variation in the lactase gene 

LCT and the amount of Bifidobacterium in the gut (Blekhman et al. 2015; Bonder et al. 

2016; Goodrich et al. 2016; Wang et al. 2016). Variants in the vitamin D receptor (VDR) 

gene have been associated with variation in amounts of individual bacterial taxa such 

as Parabacteroides in the gut; furthermore, the VDR variant and 41 other SNPs were 
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found to explain a total of 10% of the variation in beta diversity in the gut (Wang et al. 

2016). Conversely, another recent study found no significant association between gut 

microbial colonization patterns and host genetics, despite having samples from 

approximately one thousand participants including extensive lifestyle data (Rothschild et 

al. 2018). Beyond the gut, associations have recently been found between host genetics 

and airway microbiota (Igartua et al. 2017), and Si et al. (2017) found variations in the 

immune gene IL-5 associated with abundance of Prevotella in the usually Lactobacillus-

dominated vagina. 

While skin-associated microbiota in the human external auditory canal (EAC) and 

axilla have been sampled and studied before, these studies have not considered the 

impact of host genetics (E. A. Grice et al. 2009; Costello et al. 2009; Huttenhower et al. 

2012). Here, we take a candidate approach to examine the impact of common variants 

of the ATP-binding cassette transporter sub-family C member 11 (ABCC11 or multidrug 

resistance protein 8/MRP8) gene, which encodes an ATP-driven efflux pump for 

amphipathic anions (Chen et al. 2004; Kruh and Belinsky 2003). Most studies that have 

looked for genetic determinants of skin microbiota have done so in populations of ethnic 

composition that likely would not include variance in ABCC11 alleles (i.e., cohorts of 

predominantly European ancestry; Costello et al., 2009; Grice et al., 2009). Two alleles 

of ABCC11 are common among humans: the ancestral allele (rs17822931-G) which is 

associated with wet earwax, and the derived allele which is associated with dry earwax 

(rs17822931-A, Yoshiura et al., 2006) and causes a loss of function of the ABCC11 

protein (Toyoda et al. 2009). The rs17822931-GG and GA genotypes (wet earwax) are 

also strongly associated with axillary osmidrosis (body odor), suggesting that the 

ABCC11 protein has an excretory function in the axillary apocrine gland in addition to 

the ear canal (Martin et al. 2010; Nakano et al. 2009; Toyoda et al. 2009; Ren et al. 

2017; Toyoda et al. 2017). Indeed, deodorant and antiperspirant use is strongly 

correlated with ABCC11 genotype (Harker et al. 2014). Given the overt differences in 

secretory phenotypes in the ear canal and axilla associated with ABCC11 variation, we 

hypothesized that ABCC11 genotype would have a major effect on apocrine microbial 

niches, and in turn the composition of microbial communities at these sites. 
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In the following, we determine the impact of ABCC11 variation on skin microbiota 

at two apocrine body sites: the external auditory canal (EAC), including cerumen, and 

the axilla. Previous work has examined potential association of ABCC11 genotype with 

microbiota at these sites. Harker et al. (2014) found differences in the axillary microbiota 

by ABCC11 genotype, but it is difficult to disentangle the direct impacts of ABCC11 

variation on the microbiota from secondary impacts related to differential hygiene 

product use by genotype. Another study examined EAC microbiota, which should not be 

impacted by product use, but the study was extremely underpowered and did not 

directly determine ABCC11 genotypes for participants (Prokop-Prigge et al. 2015). To 

our knowledge, our study is the first attempt at examining microbiota at both EAC and 

axilla in the context of ABCC11 genotype.  

 

Methods 

Ethics Statement 

All participants were informed of project goals and protocols and provided a copy 

of the Informed Consent form. Sampling techniques, the participant questionnaire, and 

Informed Consent were approved by the North Carolina State University’s Human 

Research Committee (Approval No. 6154) and the North Carolina Central University’s 

Institutional Review Board for the Protection of Human Subjects in Research (Approval 

No. 1201249). 

 

Sample collection 

Each participant self-reported information about lifestyle and daily habits and was 

given pre-sampling instructions: 1) Do not clean ears, including the use of cotton swabs 

or cloth for one week prior to sampling. 2) Do not use personal care products that 

include or resemble deodorant or antiperspirant for two days prior. 3) Do not shower 

within two hours prior. 4) No food or drink for one hour prior. 5) Wear a sleeveless shirt 

if possible to avoid contact with clothes while collecting samples. 

Each participant was given a sterile buccal swab (Copan 23-600-960) to swab 

the inside of their cheek for one minute to collect human cells for ABCC11 genotyping. 

The swab was carefully placed back in the packaging and stored at -20C until 
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processing. Each participant was then given a sterile single-tipped swab (BBL 

BD220115) for each ear and asked to swab in the area around the ear canal for one 

minute, being careful to avoid touching the swab to anything other than the area of 

interest. Participants were asked to do this themselves to avoid injury. Swabs were 

carefully placed back in their packaging and stored at -80C until processing.  Lab 

personnel used dual-tipped sterile swabs (BBL BD220135) to swab each armpit for one 

minute. Swabs were placed back in the individual packaging and stored at -80C until 

processing. Care was taken to avoid allowing the swab to touch anything other than the 

area of interest, including clothing, hair, and the sampler’s hands. 

 

ABCC11 genotyping 

ABCC11 genotype was determined using genomic DNA from buccal swabs. 

Swabs were swirled in 1X PBS for 1 minute. DNA was then extracted from the PBS 

using the mammalian blood genomic DNA purification protocol for the GeneJet 

Genomic DNA Extraction Kit (Thermo Fisher Scientific). A portion of the ABCC11 gene 

containing rs17822931 was amplified using primers ABCC11_259_F (5’-

CAGCTAAGTGCCAGGGACAT-3’) and ABCC11_960_R (5’-

CTGGCCCTGTGCTATGGTTT-3’) with the following cycling conditions: an initial 

denaturation step of 95C for 3 minutes; 40 cycles of 95C for 20 seconds, 63C for 45 

seconds, and 72C for 40 seconds; and a final extension of 72C for 7 minutes. The 

amplicons were then submitted to the North Carolina State University Genomic 

Sciences Laboratory for Sanger sequencing using the ABCC11_259_F primer. 

 

16S library preparation and sequencing 

DNA for 16S amplicon sequencing was extracted from ear and armpit swabs 

using the Powersoil DNA Isolation Kit (Qiagen). Swabs were ground by hand in 

Powerbead tubes for 1 minute, then processed as per the manufacturer’s instructions, 

except that samples were homogenized using the TissueLyser for 1 minute and the 

elution buffer was heated to 70C prior to the elution step. One spin column was 

prepared without any added sample, and the resulting DNA amplified and sequenced, 
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to identify contaminating bacteria from the spin column kit and buffers (Salter et al. 

2014). 

We used a two-step PCR protocol to amplify the V3 and V4 hypervariable 

regions of the bacterial 16S rRNA gene and add Illumina adapters and barcodes. First, 

we amplified the V3-V4 region using gene-specific primers (S-D-Bact-0341-b-S-17/S-D-

Bact-0785-a-A-21; Klindworth et al., 2013) that were altered to include an overhang 

sequence that would allow later addition of Illumina adapter sequences (Forward: 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3’; 

Reverse: 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-

3’). We used the following cycling conditions: 95°C for 3 minutes, followed by 27 cycles 

of 95°C for 30 seconds, 50°C for 1 minute, and 72°C for 90 seconds, followed by a final 

elongation step of 72°C for 10 minutes. We cleaned up the PCR product using BioMag 

carboxyl magnetic beads (Bangs Labs), then ran a second round of PCR to add Illumina 

adapters and barcodes to individual samples. We used the following cycling conditions: 

98°C for 2 minutes, followed by 10 cycles of 98°C for 10 seconds, 53°C for 30 seconds, 

and 72°C for 15 seconds, followed by a final elongation step of 72°C for 5 minutes. We 

quantified resulting PCR products with PicoGreen (Thermo Fisher), and pooled 96 

samples together for cleanup with a QIAquick PCR Cleanup Kit (Qiagen). The final 

pooled libraries were sequenced on the Illumina MiSeq platform using 300bp paired-end 

chemistry and a 10% PhiX spike at the North Carolina State University Genomic 

Sciences Laboratory. 

 

16S Data Analysis 

Overlapping paired reads were merged with FLASH (v1.2.11, Magoč and 

Salzberg, 2011). Reads were clustered into OTUs at a 97% similarity threshold with the 

UPARSE pipeline (v8.0.1623_i86linux64, Edgar, 2013). Chimeras were identified for 

removal with UCHIME and the Gold database (Edgar et al., 2011, database version 

microbiomeutil-r20110519). Taxonomy was assigned using the UCLUST algorithm 

(Edgar 2010) as implemented in QIIME’s assign_taxonomy.py script, trained on the 
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Greengenes database (QIIME v1.9.1, Caporaso et al., 2010; Greengenes v13-8, 

DeSantis et al., 2006).  

OTUs were filtered for a consensus sequence length between 435 and 470 bp, 

and for >= .005% of total reads. OTUs with greater than 1% of reads from the spin 

column blank were removed, as were any OTUs classified as mitochondria, chloroplast, 

or unclassified. After filtering, samples had on average 85,543 ± 43,027 reads, with 

16,766,365 reads in the total dataset. Samples with less than 10,000 reads after OTU 

filtering were excluded from further analysis. Individual samples were rarefied to 10,000 

reads, and then left and right replicates were averaged together, resulting in one ear 

and one pit sample per participant. Ultimately, we managed to sample many fewer AA 

(dry) and GA (wet) individuals than we did GG (wet), so we subsampled from GG 

individuals to reduce the difference in variance between the three groups. We chose 

GG individuals to include based on completeness of their survey data for a final dataset 

of 26 GG, 12 GA, and 12 AA participants. 

 

Statistical analyses 

Alpha diversity was compared using the Shannon index as implemented in the R 

package vegan (R Core Team, 2015; Oksanen et al., 2016). The Shannon index was 

chosen because it considers both richness (OTU count) and evenness (distribution of 

reads across OTUs). Beta diversity was calculated using Bray-Curtis dissimilarity and 

visualized via nonmetric multidimensional scaling (NMDS) using phyloseq (McMurdie et 

al. 2013; Bray and Curtis 1957). Data was visualized using ggplot2 (Wickham 2009).  

Indicator taxa analysis was performed using the ‘indval’ function of the labdsv 

package (Dufrêne and Legendre 1997; Roberts 2007). This strategy considers both 

specificity (i.e., how represented an OTU is in a particular group versus the entire 

dataset) and fidelity (i.e., how many samples in a group contain the OTU). Indicator taxa 

sequences were aligned and placed on a phylogenetic tree using a Neighbor-Joining 

method as implemented in Geneious Tree Builder (Geneious v. 6.1.8) and visualized 

using GraPhlAn (v0.9.7, Asnicar et al., 2015). 
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Results 

Our data recapitulate known trends in antiperspirant usage 

Consistent with previous work, we found that antiperspirant or deodorant usage 

correlated with ABCC11 genotype/phenotype (Table 2.1, Figure 2.1). Unfortunately, we 

were limited in the number of AA individuals we could sample, so we do not have 

enough statistical power to interrogate the relationships between survey responses and 

our microbiome data. 

 

The EAC and axilla house similar taxa, but distinct colonization patterns 

Since both the EAC and axilla are home to apocrine glands, we expected both 

locations to be colonized with similar taxa. Indeed, at the level of bacterial class, both 

sites are colonized by the same common skin commensals, Actinobacteria and Bacilli 

(Figure 2.1), however, the two sites are distinct at lower taxonomic levels. When we 

ordinate the entire OTU-level dataset in an NMDS plot, samples cluster primarily by 

body site (PERMANOVA R^2=0.19, p<0.001, Figure 2.2A). We assessed patterns of 

bacterial diversity across body sites with the Shannon index, which considers both 

richness and evenness of OTUs. We found no correlation between participants’ earwax 

and axilla diversity (Figure 2.2D). We also compared left and right ears and pits and 

found that diversity was correlated between the two sides for both sites (EAC Figure 

2.2E, ANOVA R^2=0.6, p<0.001; axilla Figure 2.2F, R^2=0.52, p<0.001). We found no 

difference in alpha diversity between the two sites (ANOVA p=0.128). 

 

Both body sites differ in bacterial community membership and diversity across ABCC11 

genotypes 

When the two sites are considered separately, differences between the ABCC11 

genotypes become apparent. In armpit samples, diversity increases with more copies of 

the A allele (Figure 2.3C, ANOVA p=0.0204, Tukey’s HSD). While there is no significant 

difference between the different genotypes in earwax samples, there is a trend of 

increased diversity in dry samples, similar to the pattern seen in armpits (Figure 2.3B, 

ANOVA p=0.419).  
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We visualized between-sample beta diversity in ordination space and found that 

at each body site samples group together by ABCC11 genotype (Figure 2.4A and B). 

An adonis test on OTU-level data indicates that ABCC11 genotype accounts for 

approximately 15% of the variance in beta diversity at either site (PERMANOVA EAC 

R2=0.14796, p=0.002; axilla R2=0.15632, p=0.002). 

We used an indicator species analysis to infer which taxa might play a significant 

role in the earwax and armpit bacterial communities. At both sites, we found many 

indicators of the dry phenotype, but very few indicators of the wet phenotype. In earwax, 

we found 32 indicators of the homozygous dry phenotype (AA), zero indicators of the 

heterozygous genotype, and only one indicator of the homozygous wet genotype (GG; 

Figure 2.4C). The only indicator of wet earwax is Alloiococcus otitis, which 

predominates the wet homozygous samples and is nearly absent in dry ears (Figure 

2.4E, ANOVA p=0.00363). Among the dry indicator taxa are 3 OTUs of 

Propionibacterium acnes, which predominates in the dry earwax genotype, but is 

present at lower proportions in wet earwax genotypes (Figure 2.4F, ANOVA 

p=0.00955). Both A. otitis and P. acnes are present at intermediate amounts in the 

heterozygous individuals (Tukey’s HSD). 

In armpit samples, we found 20 indicators of the homozygous dry phenotype, two 

indicators of the homozygous wet genotype, and zero indicators of heterozygotes. The 

wet indicator OTUs are both from the genus Staphylococcus but were not identifiable to 

the species level (Figure 2.4D). The genus Staphylococcus dominates the wet genotype 

armpit samples (Figure 2.4G, ANOVA p=0.000773). Interestingly, within 

Staphylococcus, we also find two OTUs that are indicators for the dry phenotype. Four 

dry indicator OTUs fall within the genus Corynebacterium, which in turn dominates the 

dry genotype armpit samples (Figure 2.4H, ANOVA p=0.000629). As we saw in the 

earwax samples, both of these indicator genera appear at intermediate levels in the 

heterozygous individuals, except that Corynebacterium proportions are not significantly 

different between GG and GA individuals (Figure 2.3H, Tukey’s HSD). For a full list of 

indicator taxa, see Table 2.2. 

 

 



   

21 
 

Discussion 

ABCC11 genotype explains variation in microbial communities in the EAC and axilla 

In our dataset, ABCC11 genotype explains about 15% of variation in beta 

diversity in both EAC and axillary bacterial communities and is correlated with major 

shifts in microbial community membership at both body sites. Among the three 

genotypes, we see shifts in overall OTU diversity (Figure 2.2B and C) and in clinically 

significant taxa (Figure 2.3E-H) that constitute the majority of the bacterial community at 

each site. While only statistically significant in armpits, we see higher diversity, as 

measured by the Shannon index, in dry individuals at both sites (Figure 2.3B, C). Our 

candidate gene approach allowed us to identify these shifts in a relatively small dataset 

of 50 participants.  

A previous attempt at characterizing microbiota in human cerumen found no 

differences between ABCC11 genotypes (Prokop-Prigge et al. 2015). Prokop-Prigge et 

al. were limited by an extremely small sample size and inference of ABCC11 status 

from ethnicity, which likely led to the authors’ inability to discern any pattern in bacterial 

colonization. Variation in axillary microbes associated with ABCC11 genotype has been 

previously investigated by Martin et al. (2010) and Harker et al. (2014). Culture-based 

methods failed to elucidate differences by ABCC11 genotype (Martin et al. 2010), but a 

more modern marker gene-based approach used by Harker et al. (2014) successfully 

identified microbial colonization differences consistent with our results (see below). 

 

ABCC11 heterozygotes display intermediate microbial colonization patterns 

Early studies of families in dimorphic populations found that wet versus dry 

earwax type was inherited in a dominant Mendelian fashion (Matsunaga, 1962), which 

was later confirmed in the mapping study that identified ABCC11 alleles as the genetic 

basis of earwax difference (Yoshiura et al. 2006). At both sampled sites, we see inverse 

relationships in the proportions of major taxa between GG and AA individuals (Figure 

2.4E-H). For each of these taxa, heterozygotes display an intermediate level of 

colonization. Additionally, while we found no indicator taxa for the GA genotype, the GA 

group did have (low) indicator values for several GG-indicating OTUs (Figure 2.2C, D). 

It is possible that these intermediate colonization levels reflect an intermediate amount 
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of amino acid conjugate precursor production in heterozygote hosts, which may be 

indicative of a potential gene dosage effect (Gautschi, Natsch, and Schröder 2007) or of 

the altered ABCC11 protein still producing a low level of activity (Toyoda et al. 2009; 

Harker et al. 2014). In any case, our findings suggest that some ABCC11-modulated 

traits present intermediate phenotypes in heterozygotes, despite the long-standing 

consensus that the ancestral ABCC11 allele acts in a classical dominant Mendelian 

fashion. 

 

ABCC11 genotype causes shifts in colonization by Alloiococcus otitis or 

Propionibacterium acnes in the external auditory canal 

Samples from GG/wet individuals were primarily colonized by A. otitis, which was 

nearly absent in EAC samples from individuals with the dry earwax genotype (Figure 

2.4E). Interestingly, though it was our most dominant taxon in wet genotype EAC 

samples, A. otitis was not mentioned in two significant skin-associated microbe 

research cohorts (Costello et al., 2009; Grice et al., 2009).  

A. otitis is thought to be potentially linked to an increase in ear infections, though 

this assertion remains controversial. This difficulty may be due in part to the fact that A. 

otitis cannot be easily cultured, so it is usually only detected in PCR-based assays 

(reviewed by Ngo et al., 2016). Its frequent, though inconsistent, detection among 

clinical samples has made it unclear whether A. otitis is actually related to otitis media 

pathogenesis or simply part of the normal EAC flora. The prevalence of A. otitis in our 

cohort of individuals with healthy ears (based on self-reported survey data) is consistent 

with a role in normal ear flora, but further investigation of A. otitis in a cohort with varied 

ear infection histories would be required to confirm this.  

Dry (AA) earwax EAC samples were largely colonized by P. acnes (Figure 2.4F). 

P. acnes is a common skin commensal known to dominate sebaceous sites across the 

body (Costello et al., 2009; Grice et al., 2009). Some strains of P. acnes are 

opportunistic pathogens that have been implicated in a range of post-operative and 

device-related infections and other conditions (Perry and Lambert 2011). Some strains 

are associated with acne-prone skin, while others are associated with healthy skin (Fitz-

Gibbon et al. 2013). Unfortunately, we are unable to classify our P. acnes OTUs to 
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particular strains based solely on our 16S marker data, but further investigation into 

correlations between P. acnes strains, ABCC11 genotype, and skin health might reveal 

clinical implications of this relationship between host genetics and skin flora. 

 

ABCC11 genotype causes shifts in colonization by Staphylococcus or Corynebacterium 

in the axilla 

Samples taken from axilla were colonized primarily by Staphylococci and 

Corynebacteria, consistent with other studies that surveyed the axilla and other moist 

body sites (Grice et al. 2009; Harker et al. 2014; Troccaz et al. 2015). When we 

compare the relative proportions of these taxa across ABCC11 genotypes, we find an 

inverse relationship where GG (wet) individuals’ axilla are predominated by 

Staphylococcus and AA (dry) individuals’ axilla are largely colonized by 

Corynebacterium (Figure 2.4G, H). This pattern is consistent with a previous study by 

Harker et al. (2014) comparing axillary microbiota among individuals of different 

ABCC11 genotypes. 

The exact contribution of these taxa to the creation of armpit malador is unclear. 

There exists a debate in the literature as to how Staphylococci and/or Corynebacteria 

interact with host secretions to create odiferous compounds (Fredrich et al. 2013; 

Harker et al. 2014; Troccaz et al. 2015). Harker et al. (2014) found that GG/wet 

individuals had more odorous armpits and correspondingly high levels of 

Staphylococcus, consistent with our data (Figure 2.4G). Interestingly, Troccaz et al. 

(2015) investigated axillary microbiota in a group of Caucasians (i.e., likely all GG/wet) 

and found that Corynebacterium was associated with increased axillary odor. This is 

unexpected based on our findings, in which the presumably less-odorous AA individuals 

were colonized primarily by Corynebacterium. Troccaz et al. also found that 

Staphylococcus OTUs could be positively or negatively correlate with odor. In our 

dataset, even though Staphylococci were much more prevalent in GG individuals 

(Figure 2.4G), we did find some Staphylococcus OTUs that were indicators of the AA 

genotype (Figure 2.4D). Ultimately, these conflicting results are likely due to functional 

variation at the species or strain level within these genera. Strategies such as shotgun 
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metagenomics or bacterial transcriptomics could reveal functional differences between 

the species or strains present in our samples. 

ABCC11 is a site of strong selection in the human genome, yet the adaptive 

value or fitness impacts of variant genotypes remains unclear. Examination of 

frequencies of the common ABCC11 alleles across the global human population reveals 

intriguing geographic correlates. The derived A allele appears at higher frequency in 

cold parts of Asia, some cold parts of Europe, and among Native Americans in 

temperate North America and the Andes, but not the tropical Americas (Yoshiura et al. 

2006; Toyoda et al. 2009; Toyoda and Ishikawa 2010). Dry allele frequency is 

associated with absolute latitude, suggesting the selective advantage of the A allele is 

related to adaptation to a colder climate (Ohashi, Naka, and Tsuchiya 2011). Thus, a 

leading hypothesis for selection on ABCC11 is that some attribute of tropical 

environments favors individuals with the ancestral G allele, but that same allele proves 

costly in cooler climates, perhaps by supporting higher perspiration (Yoshiura et al. 

2006; Ohashi, Naka, and Tsuchiya 2011). 

While the most obvious physical marker of ABCC11 genotype is the composition 

of earwax, it is also associated with changes in the composition of oils produced by 

apocrine glands that are found around the body, particularly in the armpits, perianal and 

genital regions and belly button. These glands play little role in cooling the body, but 

instead play a primary role in feeding large populations of putatively beneficial bacteria 

(Troccaz et al. 2015). Thus, we posit that selection on the ABCC11 alleles relates to 

modulation of the skin microbiota, with associated variation in the microbiota producing 

fitness benefits and/or costs for the host. The composition of microbes on the skin is 

known to influence attractiveness to disease-vector mosquitoes, attractiveness to 

mates, recognition of individuals (in lemurs), and rates of infection of the skin, ears, and 

eyes (Bernier et al. 2000; Dormont, Bessière, and Cohuet 2013; Logan et al. 2008; 

Seenivasagan et al. 2014; Tauxe et al. 2013). Selection could act on any of these traits; 

however, we note the intriguing finding from our study that self-reported attractiveness 

to mosquitoes is significantly correlated to ABCC11 genotype, with individuals with the 

derived dry phenotype reporting higher attractiveness (Figure 2.5). Links between 

ABCC11 genotype, skin microbiota, and attractiveness to mosquitoes clearly need 



   

25 
 

further confirmation and functional study. Nevertheless, one speculative hypothesis is 

that the ancestral ABCC11 genotype provides some degree of protection against 

detection by mosquitoes, possibly via metabolites produced by the microbiota. This 

possibility does not exclude the standing hypothesis that the derived ABCC11 genotype 

improves fitness in cold climates (Ohashi, Naka, and Tsuchiya 2011), and may suggest 

a fitness tradeoff between disease vector resistance and temperature adaptation. In any 

case, our findings open up a new range of microbiota-mediated fitness hypotheses to 

explain the intriguing and unexplained case of ABCC11 evolution in humans. 

 

Conclusions 

In this study, we have shown that a single SNP in the ABCC11 gene explains 

about 15% of variation in bacterial beta diversity at two body sites, perhaps the highest 

impact of any human genetic variant characterized to-date. Additionally, we see huge 

shifts in well-known skin commensals A. otitis, P. acnes, Staphylococcus, and 

Corynebacterium. These taxa have been implicated in clinical diagnoses such as 

axillary malodor, atopic dermatitis, acne, and ear infections; however, our inability to 

classify our indicator taxa to a particular strain limits our ability to infer their functional 

contribution to the skin microbial community. Future function-focused analyses, such as 

shotgun metagenomics or bacterial transcriptomics may allow us to further elucidate the 

roles these taxa play in the ecosystem of human skin. In a broader sense, our findings 

open up novel hypotheses regarding the evolutionary history of the ABCC11 gene in 

humans, by adding microbiota-mediated fitness differences to the repertoire of ABCC11 

effects.  
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Figures 

 

Figure 2.1. Mosaic plot of underarm product usage survey responses by ABCC11 

genotype. 
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Figure 2.2. Proportional bar graph of class-level taxa in A) EAC and B) axilla samples. 

For both sites, samples are grouped by ABCC11 genotype. 
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Figure 2.3. (A) NMDS ordination of Bray-Curtis distances between all samples used in 

this study. Color indicates body site and shape indicates ABCC11 genotype. Each point 

corresponds to one individual’s averaged left and right samples. NMDS Stress = 0.183. 

(B and C) Shannon index of alpha diversity across ABCC11 genotypes in EAC (B) and 

axilla (C). In EAC samples, we see no difference between genotypes. In axillary 

samples, we see a significant difference by genotype. Color indicates earwax 

phenotype. (D) Comparison of Shannon index values for axilla (x-axis) and EAC (y-axis) 

per individual. For (D) and subsequent panels, color indicates ABCC11 phenotype and 

shape indicates ABCC11 genotype. (E and F) Comparison of Shannon index values 

between left and right ears (E) and armpits (F) per participant.  
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Figure 2.4. (A and B) NMDS ordination of Bray-Curtis distances between EAC (A) and 

axillary (B) samples. Color indicates ABCC11 phenotype, while shape indicates 

genotype. EAC NMDS stress = 0.166; Pit NMDS stress = 0.204. (C and D) Significant 

indicator taxa for EAC (C) and axilla (D). Terminal nodes are colored by bacterial class. 

Outer rings show Dufrene-Legendre indicator value for each ABCC11 genotype. (E and 

F) Proportion of Alloiococcus otitis (E) and Propionibacterium acnes (F) in EAC samples 

across ABCC11 genotypes. (G and H) Proportion Staphylococcus (G) and 

Corynebacterium (H) in axillary samples across ABCC11 genotypes. 
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Figure 2.4 (continued)
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Figure 2.5. Distribution of responses to survey question “Do you think you are bitten 

more or less than the average person?” by ABCC11 genotype. 
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Table 2.1. Tests for associations between survey responses and ABCC11 genotype.  

Variable Type Test p-value 

underarm.product.current.binned categorical 
Chi-
Square/Pearson 0.000310501 

mosquito.bites categorical 
Chi-
Square/Pearson 0.003615151 

sleep.side categorical 
Chi-
Square/Pearson 0.005458884 

shave.armpits.perweek continuous 
One-way 
ANOVA 0.014908133 

shower.bath.perweek continuous 
One-way 
ANOVA 0.051978039 

earbuds.earplugs.perweek continuous 
One-way 
ANOVA 0.060510254 

ear.infections.lifetime categorical 
Chi-
Square/Pearson 0.120747307 

age continuous 
One-way 
ANOVA 0.168717635 

wet.ears categorical 
Chi-
Square/Pearson 0.174946153 

clean.earbuds categorical 
Chi-
Square/Pearson 0.186792936 

phone.side categorical 
Chi-
Square/Pearson 0.403743814 

break.sweat.perweek continuous 
One-way 
ANOVA 0.45217196 

chew.gum.binned categorical 
Chi-
Square/Pearson 0.476465493 

antimicrobial.soap categorical 
Chi-
Square/Pearson 0.48115149 

caffeinated.bev.perweek.binned continuous 
One-way 
ANOVA 0.498411423 

hearing.right.left categorical 
Chi-
Square/Pearson 0.51833831 

caffeine.24hours continuous 
One-way 
ANOVA 0.541912222 

objects.in.ear continuous 
One-way 
ANOVA 0.588161161 

allergies.binned categorical 
Chi-
Square/Pearson 0.659318317 

hair.length categorical 
Chi-
Square/Pearson 0.68103583 

dog categorical 
Chi-
Square/Pearson 0.686649533 
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Table 2.1 (continued) 

Variable Type Test p-value 

alcohol.24hrs continuous 
One-way 
ANOVA 0.695484645 

csection.vaginal categorical 
Chi-
Square/Pearson 0.713075157 

birth.control categorical 
Chi-
Square/Pearson 0.74148571 

gender categorical 
Chi-
Square/Pearson 0.887878445 

alcohol.perweek.binned continuous 
One-way 
ANOVA 0.926213669 

shampoo.perweek continuous 
One-way 
ANOVA 0.927529881 

antibiotics.antifungals categorical 
Chi-
Square/Pearson 0.93125227 

cat categorical 
Chi-
Square/Pearson 0.988077401 
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Table 2.2. Taxonomy of significant indicator taxa in Figure 2.2C-D. OTU numbers in the table correspond to terminal node 

numbers in the trees. 

OTU Phylum Class Order Family Genus Species 

114 [Thermi] Deinococci Thermales Thermaceae Thermus  

628 Actinobacteria Actinobacteria Actinomycetales Actinomycetaceae Mobiluncus  

31 Actinobacteria Actinobacteria Actinomycetales Corynebacteriaceae Corynebacterium  

362 Actinobacteria Actinobacteria Actinomycetales Corynebacteriaceae Corynebacterium  

981 Actinobacteria Actinobacteria Actinomycetales Corynebacteriaceae Corynebacterium  

1535 Actinobacteria Actinobacteria Actinomycetales Corynebacteriaceae Corynebacterium  

287 Actinobacteria Actinobacteria Bifidobacteriales Bifidobacteriaceae Bifidobacterium  

253 Aquificae Aquificae Aquificales Aquificaceae   

755 Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella  

1 Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus  

1313 Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus  

327 Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus  

1385 Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus  

394 Firmicutes Bacilli Lactobacillales Leuconostocaceae Leuconostoc  

280 Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus anginosus 

207 Firmicutes Clostridia Clostridiales [Tissierellaceae] Anaerococcus  

172 Firmicutes Clostridia Clostridiales Clostridiaceae 
Thermoanaero- 
bacterium saccharolyticum 

605 Proteobacteria 
Alphaproteo- 
bacteria Rhodospirillales Acetobacteraceae   

62 Proteobacteria 
Betaproteo- 
bacteria Neisseriales Neisseriaceae Kingella  

123 Proteobacteria 
Gammaproteo- 
bacteria Pseudomonadales Moraxellaceae Acinetobacter  

153 Proteobacteria 
Gammaproteo- 
bacteria Pseudomonadales Moraxellaceae Enhydrobacter  

939 Proteobacteria 
Gammaproteo- 
bacteria Pseudomonadales Moraxellaceae Enhydrobacter  
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CHAPTER 3. Rapid evolution of host modulation of gut microbiota in Lake Malawi 

cichlid fish. 

 

Kaitlin P. Coyle, Natalie B. Roberts, and Reade B. Roberts 

 

Abstract 

Microbial communities associated with organisms impact the fitness of their 

hosts, providing selection pressures for host species to evolve mechanisms to regulate 

their microbiota. The gut niche provides an example of this potential co-evolution, where 

hosts harbor microbiota that provide digestive and metabolic functions corresponding to 

the specialized diet of the host. However, relatively little is known about the role of host 

genetics in modulating gut microbiota, particularly how evolved genetic differences 

support adaptive divergence and specialization for specific diets. Here we survey the 

gut microbiota of three recently diverged species of Lake Malawi cichlid representing 

three trophic levels, raised in the lab on controlled diets. Prior to first feeding the 

microbiota of all three species is similar to each other and their environment but 

diverges during post-feeding development. We find that the host species has a stronger 

effect on gut microbiota composition than diet, demonstrating a strong role for host 

genetics in modulating the make-up of the gut microbiota. Additionally, the herbivore 

species hosts the most diverse and distinct gut microbiota, while the carnivore-

associated microbiota appears relatively unconstrained. In adults, host species-specific 

signatures in the microbiota are strongest in the proximal gut, suggesting that host 

species may recruit specific microbial communities to aid in the digestion of their 

respective diets. Inferred functional profiles of the gut microbiota are consistent with 

their evolved dietary specializations, even when raised on a common lab diet. Although 

host genes guiding the gut microbiota remain unknown, our results demonstrate rapid 

evolution of host modulation of gut microbiota in East African cichlid fish and support 

their use as an evolutionary genetic model for the study of host-microbiota interactions 

and dietary adaptation. 
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Introduction 

Specialization for use of different food sources is responsible for much of the 

phenotypic and species diversity on the planet. Dietary adaptation involves changes in a 

variety of traits, including trophic morphology, behavior, and the ability of the 

gastrointestinal tract to process different diets. The development and function of the 

intestinal tract arise from the complex interplay of host genetics, phenotypic plasticity in 

response to diet, and interactions with intestinal microbiota (Spor, Koren, and Ley 

2011). Microbes inhabiting the gut have been implicated as important contributors to a 

range of traits in their hosts, including intestinal development (Hooper et al. 2001), 

metabolism of food and nutrients (Semova et al. 2012; Wu et al. 2012), immune function 

(Kau et al. 2011; Buffie and Pamer 2013), and behavioral patterns (Neufeld and Foster 

2009; O’Mahony et al. 2009; Dillon and Dillon 2004). 

Evolutionarily, broad taxonomic comparisons reveal clear trends of convergence 

for intestinal and microbiota traits, with species at lower trophic levels generally having 

longer, more complex gastrointestinal tracts and more specialized microbiota than 

species at higher trophic levels (Ley, Lozupone, et al. 2008). Gut microbial community 

composition has been shown to vary with trophic level in mammals (Carrillo-Araujo et al. 

2015; Ley, Hamady, et al. 2008), insects (Colman, Toolson, and Takacs-Vesbach 2012; 

Russell et al. 2009), birds (Hird et al. 2015) and fish (Sullam et al. 2012). Herbivorous 

hosts are especially reliant on their gut microbiota for efficient processing of difficult-to-

digest plant material (Russell et al. 2009; Sanders et al. 2015; Xue et al. 2015). In some 

cases, species evolve digestive tracts with specialized structures (e.g., rumens or ceca) 

that facilitate enzymatic breakdown of plant matter by housing resident microbes. 

Indeed, microbiota are so fundamental to the fitness of some hosts that symbiotic 

relationships evolve with strong host dependence on particular microbial species, and 

strategies to pass their microbiota to their offspring (Russell et al. 2009). 

Together, the above trends support a role for host biology in modulating the gut 

microbiota, though the relative contribution of host genetics and environment to gut 

microbial composition remains unresolved across various taxonomic scales. Large-

scale taxonomic surveys described above generally consider evolutionarily diverged 

hosts with highly varied and often uncontrolled environments, limiting the ability to 
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discern links between host genetics and microbiota. Also, microbiota may coevolve with 

hosts due to diet-driven evolution, so relative influence of diet and taxonomy on host gut 

communities is unclear due to potentially confounding correlation of diet and host 

(Colman, Toolson, and Takacs-Vesbach 2012). Within-species studies in humans and 

mice have identified replicable associations between host genotype and microbiota 

composition (Benson et al. 2010; Goodrich et al. 2016; Wang et al. 2015; Si et al. 2017; 

Turpin et al. 2016), clearly demonstrating a role for host genetic variation in control of 

microbiota. However, interspecies divergence, particularly across trophic levels, 

involves both host genome evolution and environmental shifts due to ecological 

changes. The relative contribution of genetic and environmental factors and the order in 

which they impact microbiota during early stages of host dietary adaptation remain 

unresolved. 

Cichlid fishes represent one attractive comparative model system for the study of 

proximate factors supporting or driving evolutionary shifts in trophic level. In Lake 

Malawi, an explosive adaptive radiation produced several hundred species within the 

past one to two million years, with strong phenotypic divergence in relatively closely 

related species (Kocher 2004). A major axis of diversification is dietary specialization 

across trophic levels, with craniofacial trophic morphology helping define genus-level 

distinctions in the radiation (Danley and Kocher 2001). With their recent evolutionary 

divergence but high phenotypic diversity, the Malawi cichlid species flock supports 

robust comparative genomic mapping strategies, including production of interspecific 

crosses in the lab for mapping of species-specific traits. A significant body of work has 

used cichlids as a natural model system to identify gene evolution underlying foraging-

associated variation in trophic traits such as jaw morphology and vision (Craig 

Albertson, Streelman, and Kocher 2003; Powder et al. 2014; Roberts et al. 2011; 

O’Quin et al. 2010), and to understand the role of environmentally-induced plasticity in 

shaping those phenotypes (Muschick et al. 2011; Gunter et al. 2013; Parsons et al. 

2016; Dalton et al. 2015). 

In contrast, the gastrointestinal tracts of East African cichlids have been sparsely 

studied. Surveys of intestinal length from field collections of Lake Malawi and Lake 

Tanganyikan cichlids demonstrate that intestinal length varies with trophic level in a 
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manner that is consistent with broader taxonomic comparisons (Reinthal 1990; Wagner 

et al. 2009), with herbivores having relatively longer intestines than carnivores. 

Additionally, in at least one algivorous species in Tanganyika, intestinal length varies by 

algal nutrient content among populations, consistent with phenotypic plasticity 

associated with diet (Wagner et al. 2009). Recently, the gut microbiota of Lake 

Tanganyikan cichlids in their natural habitats has also been characterized, revealing 

significant divergence between herbivorous and carnivorous species (Baldo et al. 2017). 

However, because the above analyses of cichlid gut length and microbiota were 

performed from field collections, confounding environmental factors including a lifetime 

of dietary differences makes it difficult to infer the relative impacts of host genetics and 

diet on gut microbial communities. 

We sought to compare the gut microbiota profiles of cichlids raised in the lab, on 

controlled diets and in a common aquaculture system to minimize variation in other 

environmental factors. We chose three Malawi cichlid species to represent three trophic 

levels: Labeotropheus trewavasae, an algavore/herbivore; Metriaclima pyrsonotos, a 

generalist/omnivore; and Aulonocara baenschi, an invertivore/carnivore. These three 

genera are defined by their trophic specializations. Labeotropheus is essentially an 

obligate algavore, with a specialized flat, inferior jaw and tricuspid teeth for scraping 

algae from rocks (Ribbink et al. 1983; Stauffer and Posner 2006). Metriaclima has a 

terminal isognathus jaw and opportunistically feeds on a variety of nutrient sources, 

including scraping algae and suction feeding of zooplankton (Stauffer et al. 1997). 

Aulonocara has a pointed, beak-like jaw adapted for picking invertebrates from the 

sand, and specialized lateral-line adaptations for detecting invertebrate prey movement 

in sandy substrates (Schwalbe, Bassett, and Webb 2012). These three genera also 

differ in normalized intestinal length, with Aulonocara species having significantly 

shorter intestines than species of Metriaclima and Labeotropheus (Ciccotto et al., 

submitted). These jaw shape patterns are consistent with those seen in other fishes 

(López-Fernández et al. 2012). Importantly, the variation in these species’ jaw and gut 

morphology recapitulates trends seen broadly across other taxa, such as mammals. 

Here, we assess the relative contribution of developmental time, gut region, host 

species, and fed diet on the composition of gut microbial communities. Our findings 
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inform the use of Malawi cichlids as a natural model system to understand co-evolution 

of host and microbiota across trophic levels, and to identify evolved genetic variation 

underlying host-microbiota interactions. 

 

Materials and Methods 

Fish husbandry and sampling strategy 

Fish husbandry and procedures were performed under Institutional Animal Care 

and Use Committee-approved protocols at North Carolina State University. Fish 

sampled in this experiment were all housed in a common recirculating system, and 

breeding stock of all three species were fed the same flake diet of a 1:1 mix of animal 

and vegetable flake. Eggs were collected from brooding mothers prior to hatch at 2 dpf 

(days post-fertilization) and briefly bleached to remove any maternally-contributed 

microbes, then tumbled in flasks until fry were free-swimming. Guts were sampled from 

a subset of individuals at 21 dpf, when the yolk sac had been fully absorbed but fish had 

not yet begun feeding from an external source. Remaining individuals were then split 

into three cohorts in separate 3L tanks and fed one of the following diets: brine shrimp 

flake, vegetable flake, or a 1:1 mixture of the two (Ken’s Fish). Ten days later (31 dpf), 

guts were sampled from additional individuals. Remaining fish were grown out to 120 

dpf in 10L tanks and then sampled. Five to seven individuals were sampled from each 

cohort at each time point. 

All fish were euthanized in a bath of 250mg/L tricaine methanesulfonate (Tricane-

S, Western Chemical) prior to dissection. Cohorts at 31 dpf and 120 dpf were fasted for 

24 and 48 hours, respectively, before dissection to avoid sampling transient microbial 

contributions from food. Guts were dissected out whole from the posterior end of the 

stomach to the anus, measured for length, and frozen on dry ice for later processing. 

Guts at 21 dpf and 31 dpf were frozen whole, and 120 dpf guts were divided into thirds 

for separate freezing and processing. 

 

DNA extraction and sequencing 

Whole guts (21 dpf, 31 dpf) or gut segments (120 dpf) were homogenized with 

glass bead-beating, digested with lysozyme and proteinase K, then prepared with 
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GeneJET Genomic DNA Purification kits as per the manufacturer’s protocol (Thermo 

Fisher Scientific). Microbial DNA was also extracted from 100ul of system water in the 

same way, starting with the lysozyme digestion step. One spin column was prepared 

without any added sample, and the resulting DNA amplified and sequenced, to identify 

contaminating bacteria from the spin column kit and buffers (Salter et al. 2014). 

We used a two-step PCR protocol to amplify the V3 and V4 hypervariable 

regions of the bacterial 16S rRNA gene and add Illumina adapters and barcodes. First, 

we amplified the V3V4 region using gene-specific primers (S-D-Bact-0341-b-S-17/S-D-

Bact-0785-a-A-21; Klindworth et al. 2013) that were altered to include an overhang 

sequence that would allow later addition of Illumina adapter sequences (Forward: 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3’; 

Reverse: 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-

3’). We used the following cycling conditions: 95°C for 3 minutes, followed by 27 cycles 

of 95°C for 30 seconds, 50°C for 1 minute, and 72°C for 90 seconds, followed by a final 

elongation step of 72°C for 10 minutes. We cleaned up the PCR product using BioMag 

carboxyl magnetic beads (Bangs Labs), then ran a second round of PCR to add Illumina 

adapters and barcodes to individual samples. We used the following cycling conditions: 

98°C for 2 minutes, followed by 10 cycles of 98°C for 10 seconds, 53°C for 30 seconds, 

and 72°C for 15 seconds, followed by a final elongation step of 72°C for 5 minutes. We 

quantified resulting PCR products with PicoGreen (Thermo Fisher Scientific), and 

pooled 96 samples together for cleanup with a QIAquick PCR Cleanup Kit (Qiagen). 

Individually barcoded libraries were normalized and pooled at 96 samples per lane for 

300bp paired-end sequencing on an Illumina MiSeq with a 10% PhiX spike at the North 

Carolina State University Genomic Sciences Laboratory. 

 

16S data analysis 

Overlapping paired reads were merged with FLASH (v1.2.11, Magoč and 

Salzberg 2011). Reads were clustered into OTUs at a 97% similarity threshold with the 

UPARSE pipeline (v8.0.1623_i86linux64, Edgar 2013).  Chimeras were identified for 

removal with UCHIME and the Gold database (Edgar et al. 2011). Taxonomy was 
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assigned using the UCLUST algorithm (Edgar 2010) as implemented in QIIME’s 

assign_taxonomy.py script, trained on the GreenGenes database (QIIME v1.9.1, 

Caporaso et al. 2010; Greengenes v13-8, DeSantis et al. 2006).  

OTUs were filtered for a consensus sequence length between 435 and 470 bp, 

and for >= .005% of total reads. OTUs with greater than 1% of reads from the spin 

column blank were removed, as were any OTUs classified as mitochondria, chloroplast, 

or unclassified. Samples with less than 2000 reads after OTU filtering were excluded 

from further analysis. The filtered dataset included a total of 19,624,069 reads across 

245 OTUs.  

 

Statistical analyses 

Alpha diversity was compared using the Shannon index as implemented in the R 

package vegan (R Core Team 2015; Oksanen et al. 2016). The Shannon index was 

chosen because it considers both richness (number of OTUs) and evenness 

(distribution of reads across OTUs). Beta diversity was calculated using Bray-Curtis 

dissimilarity and visualised via nonmetric multidimensional scaling (NMDS) using 

phyloseq (Bray and Curtis 1957; McMurdie et al. 2013). PERMANOVA (Anderson 2001) 

and ANOSIM (Clarke 1993) tests were performed with vegan functions ‘adonis’ and 

‘anosim’, respectively. Data was visualized using ggplot2 (Wickham 2009). 

OTUs were included in the “core” set if found within at least 80% of samples of a 

particular species. The 80% threshold was chosen to avoid excluding an OTU from a 

species core due to its absence from a subset of a species’ samples (e.g., one time 

point, section, or diet). Core sequences were aligned and used to build a phylogenetic 

tree using a Neighbor-Joining method as implemented in Geneious Tree Builder 

(Geneious v. 6.1.8). Taxon membership across the three species cores was visualized 

using GraPhlAn (v0.9.7, Asnicar et al. 2015).  

While 16S rRNA sequencing provides a powerful method for assaying the 

composition of bacterial communities, it alone cannot provide much insight into the 

functional implications of those communities. We can, however, infer putative function 

via phylogenetic methods as implemented in PICRUSt (v1.1.0, Langille et al. 2013). The 

PICRUSt pipeline uses marker gene information (in this case, 16S sequence) and 
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ancestral state reconstruction methods to predict the metagenomic contributions of 

OTUs.  

 

Results 

Changes over time/succession 

Organismal development is marked by large shifts in patterns of microbial 

colonization in the gut, including in fish (Stephens et al. 2015). In this study, we set out 

to characterize these shifts in the cichlid gut and determine the impact of host species 

and diet. Prior to the start of feeding, gut communities show only slight differences by 

host species, but remarkable similarity to the common recirculating system water 

relative to samples taken after feeding (Figure 3.1A). The compositions of bacterial 

communities shift after feeding begins and continue to shift as the host fish mature to 

adulthood. There are significant changes in the predominant class of microbes in the 

gut bacterial profiles over time. At 21 dpf, before feeding begins, the guts are 

predominantly colonized with microbes from the class Betaproteobacteria (Figure 3.3A). 

Higher levels of Gammaproteobacteria are seen at 31 dpf, shortly after feeding begins, 

followed by Fusobacteria at 120 dpf (Figure 3.3A). See Figure 3.2 for class-level 

compositional bar graph of each sample represented in Figure 3.1A. 

 

Effects of host species, diet, and gut region 

We sought to determine the relative impacts of experimental factors on the 

intestinal microbiota, examining developmental time points separately because each 

involved different variables (Table 3.1). Prior to sampling at 21 dpf, individuals from all 

three species were solely sustained by their yolk and did not feed externally. Since no 

food was provided, the only inoculant available to colonize the developing gut was the 

common recirculating system water. Even so, 16S profiles reveal early differences 

between the three species. The omnivorous Metriaclima and the herbivorous 

Labeotropheus are predominantly colonized by the classes Betaproteobacteria and 

Fusobacteria, while the carnivorous Aulonocara are largely colonized by 

Gammaproteobacteria (Figures 3.2, 3.3B). Indeed, the 21 dpf Aulonocara samples 

appear distinct from the other species in Figure 3.1A; this slight difference can also be 
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seen in PERMANOVA and ANOSIM results in Table 3.1. At this time point, there is no 

detectable difference between species in Shannon alpha diversity (ANOVA p = 0.305). 

Ten days after feeding begins, we see an even stronger effect of host species on 

the gut microbiome and a slight effect of diet (Table 3.1). The classes 

Gammaproteobacteria, Fusobacteria, and Alphaproteobacteria all significantly differ 

among the three host species (Figure 3.3C). Additionally, we see enrichment for some 

OTUs in particular species by diet cohorts. For example, the class Bacilli is enriched in 

the specialist hosts (Aulonocara and Labeotropheus) on the omnivore diet (Figure 3.4). 

Similar patterns can be seen in alpha diversity at this time point. Diet appears to have 

no effect on Shannon index (ANOVA p = 0.64), but there is a significant effect of host 

species (p = 0.004792) and a slight effect of diet by species interaction (p = 0.054379). 

At the 120 dpf time point, the gut communities have shifted further (Figure 3.1A), 

with host species having a greater effect on community composition, and the loss of any 

detectable effect of diet (Table 3.1; Figure 3.1B, D). Because these cichlids have no 

morphologically distinct gut regions posterior to the stomach, we divided 120 dpf guts 

into simple thirds (referred to as fore-, mid-, and hindgut) to examine potential variation 

in the gut microbiota along the length of the gut. Indeed, 16S profiles show patterns 

along the length of the gut that are consistent regardless of host species. These 

patterns are clear when 120 dpf samples in ordination space are color-coded by 

different categories (Figure 3.1C). The samples cluster by host species on NMDS1 and 

by gut section on NMDS2 (Figure 3.1B, C), but do not show an obvious difference by 

diet (Figure 3.1D). OTUs of the classes Fusobacteriia and Clostridia tend to largely 

colonize the fore- and midgut, while the hindgut is predominantly colonized by 

Fusobacteriia alone (Figure 3.3D). At 120 dpf, we also see effects of both host species 

and section on Shannon diversity (Figure 3.5A; ANOVA, p = 2.911e-5 and p < 2.2e-15, 

respectively), but no effect of diet (p = 0.26). There is a slight signal for species by diet 

interaction (p = 0.03352), but no other interaction appears significant. Foregut samples 

show the highest alpha diversity (Figure 3.5A) and show the most variation in 

composition across host species.  

To characterize how similar adult bacterial profiles were among host species, we 

compared pairwise Bray-Curtis dissimilarity within 120 dpf sample groups (Figure 3.5B). 
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The Aulonocara gut microbiota show the greatest dissimilarity among samples, while 

Labeotropheus guts show the least (ANOVA p < 2e-16).  

 

Core microbiota 

In order to establish and compare intestinal core microbiota in our cichlid 

species, we examined OTUs that were present in a high proportion of samples for each 

species and compared the overlap of these “species cores” (Figure 3.6, Table 3.2). 

Eight OTUs were present in the overlap of all three species cores. These OTUs are taxa 

from the phyla Fusobacteria, Firmicutes, and Proteobacteria. Both Fusobacteria OTUs 

are classified as Cetobacterium somerae and account for approximately 37% of all 

reads in the dataset. 

The number of OTUs specific to the Metriaclima and Aulonocara species cores 

are very small, relative to the herbivore Labeotropheus. Aulonocara has two unique 

OTUs, both from the phylum Proteobacteria. Metriaclima only has one unique OTU, a 

Firmicutes. In contrast, the Labeotropheus species core has 25 OTUs unique to its core, 

by far the highest number across the three species. These taxa are mostly 

Alphaproteobacteria, and predominantly Rhizobiales (Figure 3.6, Table 3.2).  

 

Functional outcomes of species-specific microbiota 

Microbiota functional profiles of the foregut samples of adult (120 dpf) individuals 

were inferred from 16S data. We focus on these samples as most likely to reveal 

adaptive outcomes related to dietary processing for adult trophic specializations, 

because the foregut interacts with dietary components in their most native state, and 

because foregut microbiota composition has the most species-specific signature. 

Significant differences by host species are found in KEGG pathways by host species 

regardless of dietary treatment (Figure 3.7). Carbohydrate metabolism (Level 2) is 

enriched in the microbial functional profiles of the two host species whose evolved diet 

include plant material, even when individuals of those species are raised on an animal-

based diet. 
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Discussion 

Our results provide a characterization of the gut microbiota of three 

representative Lake Malawi cichlid species spanning three trophic levels, raised under 

controlled laboratory conditions akin to those used for more traditional model organisms 

such as zebrafish. We find host species to be a primary driver of gut microbiome 

composition, with diet having relatively little effect. Moreover, putatively adaptive host-

specific microbiota and microbial functional profiles persist even when an evolutionary 

mismatch is present (e.g., when the herbivorous species raised on an animal-based 

diet). Notably, the divergence time of the three cichlid species is recent, approximately 

400 thousand years ago based on recent phylogenomic estimates (Malinsky et al. 

2017). Thus, our results provide strong support for the rapid evolution of species-

specific host factors modulating the gut microbiota, alongside evolution of morphological 

trophic adaptations in cichlids such as jaw shape and gut morphology (Albertson and 

Kocher 2006; Ciccotto et al., submitted). 

          

Colonization/succession over time 

Colonization of the developing gut is a complex process influenced by multiple 

host and environmental factors (Koenig et al. 2011; Vaishampayan et al. 2010; Palmer 

et al. 2007). While we did not seek to fully characterize this process in cichlids, we did 

manage to capture significant variation in the developing gut at the three time points 

included in our study. We observed that host genetic factors appear to influence the gut 

bacterial communities throughout development, while diet only has an impact shortly 

after feeding begins (Table 3.1). Because the fish used here were all raised in a 

common recirculating system, it is likely that the larval fish and their guts were all 

inoculated with the same microbes upon hatching at approximately 6 dpf. Similar 

microbial profiles can be seen in the 21 dpf samples, where all samples closely 

resemble the bacterial profile of the recirculating system water, regardless of species 

(Figure 3.1A). Just ten days after feeding begins, we see drastic changes in microbial 

communities, consistent with the introduction of food as a new inoculant, and host and 

microbiota changes related to digestion and metabolism. By 120 dpf, the communities 

have diverged even further from both their initial (pre-feed) composition and from each 
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other. These changes over time mirror trends seen by Stephens et al. (2015), where gut 

microbial communities in zebrafish became less like their environment over 

developmental time. 

At the level of specific bacterial taxa, we also see similarities between our data 

and findings in other fish species. Stephens et al. found the class Gammaproteobacteria 

to be most abundant in their samples, especially in larval intestines. We similarly see 

high levels of Gammaproteobacteria in juvenile cichlids at 31 dpf. We also see a major 

increase in the levels of the class Fusobacteria, especially Cetobacterium somerae, 

over developmental time, a pattern that has been previously found in several zebrafish 

studies (Stephens et al. 2015; Roeselers et al. 2011; Rawls et al. 2006; Rawls, Samuel, 

and Gordon 2004). C. somerae is a vitamin B12-producing obligate anaerobe found in 

diverse freshwater fish including guppies, goldfish, carp, and ayu (Sullam et al. 2015; 

Tsuchiya, Sakata, and Sugita 2007; Sugita et al. 1988) as well as in wild-caught 

Tanganyikan cichlids (Baldo et al. 2017, 2015). Of the eight OTUs we assigned to the 

core microbiota for all three cichlid species we studied, two represented C. somerae. 

  

Gut region shows large effect on bacterial communities 

Though Malawi cichlids have no gross morphologically distinct gut regions 

between the stomach and anus, we hypothesized that there still might be variation in 

bacterial communities along the length of the gut. Indeed, by sectioning the gut into 

thirds, we see major effects of gut region on both composition (Figure 3.1C) and 

diversity (Figure 3.5A) of resident microbial communities. Based on PERMANOVA 

results, it seems that gut region may be an even stronger driver of community 

composition than host species (Table 3.1). This may be indicative of conserved 

digestive function across the length of the gut, even across trophic levels. Additionally, 

composition differences by host species may also be restricted to a specific region of 

the gut. 

A similar pattern was observed by Godoy-Vitorino et al. (2012) in their 

comparison of foregut and hindgut microbiota from hoatzins and cows. While 

phylogenetically distant, both hoatzins and cows have complex digestive tracts 

specialized for foregut fermentation, and patterns in their gut microbial communities 
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reflect this functional convergence. In a large analysis of mammalian gut microbiota, 

herbivore gut samples separately clustered into foregut versus hindgut fermenters (Ley, 

Lozupone, et al. 2008), demonstrating that the microbiota can be modulated by the 

interaction of gut region and host species to produce convergence at broad taxonomic 

levels. It is unlikely that Malawi cichlids use fermentation to break down food, since they 

have no pyloric ceca and fermentation is rare in freshwater fish (reviewed in Clements 

et al. 2014). There is some evidence of putative hindgut fermentation in a tilapiine 

cichlid (Oreochromis niloticus) based on presence of short-chain fatty acids, but such 

signals may also be due to starchy captive diet (Kihara and Sakata 1997; Leenhouwers 

et al. 2007). A recent study of Atlantic salmon gut regions revealed variation along the 

length of the gut in both the digesta and mucosa (Gajardo et al. 2016). Interestingly, 

Gajardo et al. found that alpha diversity was higher in distal gut samples than proximal 

gut samples, which is the opposite of what we see in all three of our cichlid species 

(Figure 3.5A). Further comparative studies of regional metabolic processes among 

cichlid species may help determine if consistent microbial patterns by gut region across 

host taxa reflect conserved digestive functions. 

  

Diet effects appear only transiently 

While the relative contributions of host genetics and environment to gut microbial 

communities remain under debate, prior studies have shown a significant impact of diet 

on the gut microbiome across taxa including humans (David et al. 2014; Rothschild et 

al. 2018), mice (Snijders et al. 2016), guppies (Sullam et al. 2015), stickleback (Smith et 

al. 2015; Bolnick et al. 2014), and birds (Hird et al. 2015). In this study, we sought to 

characterize the response of cichlid gut communities to either adaptive or maladaptive 

diets (i.e., matching the species’ trophic level or not). Surprisingly, we saw only a slight 

effect of diet on overall community composition, and this effect is only seen transiently 

at 31 dpf (Table 3.1). By 120 dpf, we no longer see any significant effect of diet (Figure 

3.1D, Table 3.1). 

Diet has been shown to play a crucial part in the establishment of gut microbial 

communities in several mammalian taxa, including humans (Koenig et al. 2011). Diet-

related colonization differences can impact fitness; for example, the ceca of juvenile 
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rabbits fed only milk are not colonized with cellulolytic bacteria that are necessary for 

digestion of plant matter as an adult (Padilha et al. 1999). Early colonization patterns 

can also impact the development of the host organism, as seen in gnotobiotic pigs, 

wherein gut tissue architecture and immune response is dependent on which bacteria 

initially colonize the gut (Shirkey et al. 2006). The impact of diet (or changes to diet) 

later in life varies. Bacterial communities in the guts of humans and humanized 

gnotobiotic mice change in a single day in response to a change in diet (Turnbaugh et 

al. 2009; David et al. 2014). However, microbial communities in adult organisms have 

also been shown to be robust to changes to diet or other perturbations (Seedorf et al. 

2014). The patterns we see in our cichlid species suggest that when feeding begins at 

22 dpf, microbes from food may act as an inoculant, but host genetic factors ultimately 

prevail. Alternatively, differential host impact on the microbiota after feeding begins may 

result from differences in early host digestion and metabolism, or heterochrony in gut 

maturation, that are not revealed until feeding and digestion begins.  

  

Species effects arise early and persist through development 

A main focus of this experiment was to characterize the impact of host species 

and trophic level on gut microbial colonization patterns. At all developmental time points 

surveyed in this experiment, we found a significant effect of host species on overall gut 

microbe composition (Table 3.1). Differences before feeding begins could be due to 

differences in yolk composition between species, or heterochrony in gut development or 

immunity. The fish are first exposed to environmental microbes in the common 

recirculating system water, then to any microbes present in experimental diets. 

Microbes ingested from the environment could transiently pass through the gut, fail to 

survive inside the gut, or successfully persist and proliferate in the gut. All of our fish 

were inoculated with the same system water and food, suggesting host-specific factors 

are responsible for enabling particular taxa to flourish in the different host species. The 

host-contributed mechanisms underlying this colonization remain unclear, but may 

involve factors such as gut morphology, mucosal immunity, or host metabolism. 

Whatever the mechanism of host-specific factors, they appear to be strong enough to 

overcome any impacts of prolonged dietary differences by adulthood (Table 3.1, Figure 
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3.1B and D). Previous work has shown a greater impact of host trophic level, taxonomy, 

or genotype than diet in organisms including guppies (Sullam et al. 2015), stickleback 

(Smith et al. 2015), and Neotropical birds (Hird et al. 2015). 

  

Potential functional specialization of microbiota by host trophic level 

In mammals, trophic level specialization of gut morphology and function is well 

understood; herbivores tend to have complex guts that rely on carbohydrate-digesting 

microbes, while carnivores tend to have shorter, simpler guts and rely more heavily on 

endogenous proteinases. Regardless of trophic level or dietary specialization, Lake 

Malawi cichlids have relatively uniform gastrointestinal anatomy, with a stomach and 

simple tube-like intestine leading to the anus (Reinthal 1988). Nevertheless, there are 

gross morphological differences at the level of intestinal length, with longer intestines in 

the herbivorous Labeotropheus and shorter intestines in the carnivorous Aulonocara 

(Ciccotto et al., submitted). In the wild, these species display very different foraging 

behaviors and subsequently ingest different food sources. Thus, we expected to find 

differences in gut bacterial communities reflecting these divergent feeding 

specializations. 

As adults, Labeotropheus gut microbiota composition has low variance across 

individuals, while Aulonocara microbiota profiles show much more within-species 

variation (Figure 3.1 and 3.5B). This low variance in the herbivorous Labeotropheus 

may reflect tight host control of gut microbial communities necessary for breakdown of a 

plant-based diet. Similar trends were observed by Baldo et al. (2017) among the 

microbiota of 29 wild-caught cichlid species from Tanganyika and Barombi Mbo Lakes. 

The authors suggested the apparent convergence of microbiota among herbivorous 

species might be indicative of host retention of a select few taxa capable of processing 

a plant-heavy diet, while the greater variance seen among carnivores may reflect a less 

stable microbial community due to simpler protein metabolism and a faster transit time 

through a shorter gut. At a broad level, the gut microbiota of the omnivorous Metriaclima 

species in our study appears intermediate to the herbivore and carnivore associated gut 

microbiota. Within-Metriaclima variance is intermediate to the other two species, but 

more similar to Labeotropheus. Overall composition of Metriaclima gut microbiota 
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appears more similar to Aulonocara, with overlap of the microbiota communities from 

the two species in the NMDS ordination; however, the centroid of the Metriaclima 

microbiota cluster is intermediate to the other two species along the first NMDS axis 

(Figure 3.5B). Despite the non-overlapping distribution of Metriaclima and 

Labeotropheus microbial communities in NMDS space (Figure 3.5B), 20 out of the 21 

OTUs that make up the Metriaclima core microbiota are also found in the 

Labeotropheus core microbiota, though the Metriaclima and Aulonocara core microbiota 

also show strong overlap (Figure 3.6). Together, these results suggest that the 

omnivore-associated microbiota shares characteristics of the herbivore- and carnivore- 

associated microbiota, rather than having a distinct profile that might support a 

generalist feeding strategy. 

Previous attempts at characterizing trophic-level variation in gut microbiota have 

highlighted specific bacterial taxa that are putatively providing particular metabolic 

abilities to their hosts. For examples, Liu et al. (2016) compared freshwater fishes 

across trophic levels and found that herbivore guts were enriched for cellulose-

degrading Clostridium, while protease-producing Halomonas was dominant in 

carnivores. We also see higher levels of Clostridium in our herbivore and omnivore 

relative to the carnivore (Tukey-Kramer Metriaclima-Aulonocara p<0.01, 

Labeotropheus-Aulonocara p<0.05, Metriaclima-Labeotropheus p>0.1). Halomonas, 

however, was identified as a contaminant in our spin column blank and excluded from 

subsequent analyses. If we do not filter “contaminant” OTUs, we do see the highest 

proportion of Halomonas in carnivore samples. One technical hypothesis is that given 

its high prevalence in our spin column blank, Halomonas is a contaminant that has 

proportionally higher amplification in samples from carnivorous species due to a 

relatively lower level of endogenous gut microbes. While Halomonas is not commonly 

reported in teleost gut microbiota, in addition to the results of Liu et al. mentioned 

above, it has been reported to be present at high levels in New World cichlids; however, 

it does not appear that these studies performed technical blanks (Liu et al. 2016; 

Franchini et al. 2014). 

The herbivorous Labeotropheus has the largest number of core microbiome 

OTUs of the three species, with 25 OTUs not present in either the omnivore or carnivore 
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core. Many of the herbivore-specific OTUs are Alphaproteobacteria, a class not present 

in the core of the other two species. Six of the Alphaproteobacteria OTUs are in turn 

members of the order Rhizobiales, which is typically found in environmental samples 

and therefore could be present in the gut only transiently. However, it has also 

previously been implicated as a nitrogen-fixing endosymbiont in herbivorous ants that 

may have facilitated convergent evolution of herbivory across ant taxa (Russell et al. 

2009). While further investigation would be needed to confirm the role of Rhizobiales 

(and other purported key taxa) in the gut bacterial communities, it is possible that the 

presence of this order in both herbivorous cichlids and ants may represent convergent 

co-evolution of gut symbionts with herbivorous hosts across a wide phylogenetic divide. 

A survey of gut microbiota from cichlid species of the Lake Tanganyika radiation 

reported the presence of Rhizobiales, but not its association with trophic level; however, 

other Proteobacteria provided power to discriminate herbivorous species (Baldo et al. 

2017). 

We find a number of differences when comparing our results in lab-reared Lake 

Malawi cichlids to those of the field survey of Tanganyikan cichlid gut microbiota (Baldo 

et al. 2017). In the Tanganyikan cichlids, herbivorous species’ microbial profiles display 

higher alpha diversity than those of carnivorous species, but this trend is not clear in our 

data. However, Baldo et al. analyzed several species within each trophic group, and we 

may see a similar trend if we were to also sample a greater variety of Lake Malawi 

species. The variation in diversity reported in Baldo et al. (2017) could also be due to 

input from varied diets in the lake; in this case, we would not see a similar trend in our 

families fed controlled diets. Baldo et al. also produced different functional predictions 

for their bacterial profiles, describing enrichment for xenobiotic degradation and 

terpenoid and polyketide metabolism in herbivores, along with the hypothesis that the 

enrichment could be related to detoxifying plant or algae secondary compounds. In our 

study the herbivorous gut microbiota actually has the lowest value for both of these 

KEGG Level 2 pathways (these pathways are highest in the omnivore microbiota profile, 

but not significant after correction for multiple tests). Instead, we infer enrichment for 

carbohydrate metabolism in the microbiota of the herbivore (Figure 3.7). Notably, even 

when herbivorous Labeotropheus individuals are raised on an animal-based diet in the 
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lab, they retain their distinct microbiota enriched for carbohydrate metabolism pathways. 

Thus, we suggest the hypothesis that the herbivorous host may be genetically or 

developmentally hardwired to preferentially recruit or maintain microbes that break 

down algal or plant starches. However, all of the metabolic profiles from our study and 

that of Baldo et al. (2017) are inferred from 16S profiles, which should be further 

investigated with shotgun metagenomics and/or bacterial transcriptomics before 

drawing solid conclusions. We attempted shotgun metagenomics in a subset of samples 

from this study, but the sequence was massively overwhelmed by host genomic DNA 

and no valid comparisons could be made (data not shown). 

  

Conclusions 

In this study, we characterized the gut microbiota of three Malawi cichlid species 

representing divergent trophic levels in order to assess the relative contributions of host 

species, diet, and gut region over developmental time. Gut microbiota divergence with 

host species and/or trophic level have been described in a number of taxa, including 

comparisons of sister species at a range of divergence times, but rarely under 

controlled conditions. For example, Ley et al. (2008) previously characterized variation 

in mammalian gut microbiota and found impressive large-scale patterns by trophic level; 

however, sample donors used in that experiment were raised in many different 

conditions and were phylogenetically highly divergent. Baldo et al. (2017) provide a gut 

microbiota survey perhaps most similar to the results we describe here – they examine 

the microbiota of wild-caught Tanganyikan cichlids with diverged dietary adaptations, 

with species divergence on the order of 5 – 10 million years. Though our study 

examined fewer species, we raised study animals under common controlled conditions 

and on multiple diets, allowing us to minimize confounding environmental factors at 

play. Additionally, the three cichlid species we study are diverged from one another 

approximately 400 thousand years ago (Malinsky et al. 2017), and may represent the 

most recent phylogenetic split across three trophic levels studied to date. Our results 

support strong, host-species-specific differences in gut microbiota, with the herbivorous 

species having the most distinct and diverse core microbiota. Gut microbiota diverges 

by species over development, and particularly after feeding starts. In adult fish, both 
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region of the gut and host species strongly impact the gut microbiota, while diet has no 

significant impact on overall composition of the gut microbiota. As a result, host species-

specific microbiota and their associated metabolic functions are maintained even in the 

face of evolutionary mismatch with experimental diets.  

Together, our results suggest recent and strong genetic evolution of host control 

of microbiota in Lake Malawi cichlids, and represent progress towards disentangling 

relative contributions of host genetics and environmental factors in establishment and 

maintenance of the gut microbiome in evolutionary context. Future studies should 

further characterize taxa via shotgun metagenomics, bacterial transcriptomics, and 

traditional microbiology techniques to determine functional implications of microbiota 

differences through development, by gut region, and by species. Notably, the shallow 

evolutionary divergence of the species studied here allows them to be interfertile, and in 

vitro fertilization in the lab has already produced hybrid crosses that will be analyzed in 

the same manner as the cohorts described here, with the ultimate goal of identifying the 

genetic architecture and specific genetic variants modulating microbiota in the cichlid 

gut. 

 

Acknowledgements 

This study was supported by funding from the Arnold and Mabel Beckman Institute 

Young Investigator grant awarded to RBR.  

 



   

61 
 

References 

Albertson, R C, and T D Kocher. 2006. “Genetic and Developmental Basis of Cichlid 

Trophic Diversity.” Heredity 97 (3): 211–21. https://doi.org/10.1038/sj.hdy.6800864. 

Albertson, R Craig, J Todd Streelman, and Thomas D Kocher. 2003. “Directional 

Selection Has Shaped the Oral Jaws of Lake Malawi Cichlid Fishes.” Proceedings 

of the National Academy of Sciences of the United States of America 100 (9): 

5252–57. https://doi.org/10.1073/pnas.0930235100. 

Anderson, Marti J. 2001. “A New Method for Non-Parametric Multivariate Analysis of 

Variance.” Austral Ecology 26 (1): 32–46. https://doi.org/10.1111/j.1442-

9993.2001.01070.pp.x. 

Asnicar, Francesco, George Weingart, Timothy L. Tickle, Curtis Huttenhower, and 

Nicola Segata. 2015. “Compact Graphical Representation of Phylogenetic Data and 

Metadata with GraPhlAn.” PeerJ 3 (June): e1029. 

https://doi.org/10.7717/peerj.1029. 

Baldo, Laura, Joan Lluís Pretus, Joan Lluís Riera, Zuzana Musilova, Arnold Roger Bitja 

Nyom, and Walter Salzburger. 2017. “Convergence of Gut Microbiotas in the 

Adaptive Radiations of African Cichlid Fishes.” The ISME Journal 11 (9): 1975–87. 

https://doi.org/10.1038/ismej.2017.62. 

Baldo, Laura, Joan Lluís Riera, Ave Tooming-Klunderud, M. Mar Albà, and Walter 

Salzburger. 2015. “Gut Microbiota Dynamics during Dietary Shift in Eastern African 

Cichlid Fishes.” PLoS ONE 10 (5): 1–23. 

https://doi.org/10.1371/journal.pone.0127462. 

Benson, Andrew K, Scott A Kelly, Ryan Legge, Fangrui Ma, Soo Jen Low, Jaehyoung 

Kim, Min Zhang, et al. 2010. “Individuality in Gut Microbiota Composition Is a 

Complex Polygenic Trait Shaped by Multiple Environmental and Host Genetic 

Factors.” Proceedings of the National Academy of Sciences of the United States of 

America 107 (44): 18933–38. https://doi.org/10.1073/pnas.1007028107. 

Bolnick, Daniel I., Lisa K. Snowberg, Philipp E. Hirsch, Christian L. Lauber, Rob Knight, 

J. Gregory Caporaso, and Richard Svanbäck. 2014. “Individuals’ Diet Diversity 

Influences Gut Microbial Diversity in Two Freshwater Fish (Threespine Stickleback 

and Eurasian Perch).” Edited by David Post. Ecology Letters 17 (8): 979–87. 



   

62 
 

https://doi.org/10.1111/ele.12301. 

Bray, J. Roger, and J. T. Curtis. 1957. “An Ordination of the Upland Forest Communities 

of Southern Wisconsin.” Ecological Monographs 27 (4): 325–49. 

https://doi.org/10.2307/1942268. 

Buffie, Charlie G., and Eric G. Pamer. 2013. “Microbiota-Mediated Colonization 

Resistance against Intestinal Pathogens.” Nature Reviews Immunology 13 (11): 

790–801. https://doi.org/10.1038/nri3535. 

Caporaso, J Gregory, Justin Kuczynski, Jesse Stombaugh, Kyle Bittinger, Frederic D 

Bushman, Elizabeth K Costello, Noah Fierer, et al. 2010. “QIIME Allows Analysis of 

High-Throughput Community Sequencing Data.” Nature Methods 7 (5): 335–36. 

https://doi.org/10.1038/nmeth.f.303. 

Carrillo-Araujo, Mario, Neslihan Taş, Rocio J Alcántara-Hernández, Osiris Gaona, Jorge 

E Schondube, Rodrigo A Medellín, Janet K Jansson, and Luisa I Falcón. 2015. 

“Phyllostomid Bat Microbiome Composition Is Associated to Host Phylogeny and 

Feeding Strategies.” Frontiers in Microbiology 6: 447. 

https://doi.org/10.3389/fmicb.2015.00447. 

Ciccotto, Patrick J., Natalie B. Roberts, Kaitlin P. Coyle, Amanda N. Cass, and Reade 

B. Roberts. n.d. “Comparative Analysis of Intestine Lengths of Lake Malaŵi 
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Figure 3.1. A) Non-metric multidimensional scaling (NMDS) plot displaying all samples 

used in this study. Shape indicates time point, while color indicates host species. The 

black asterisk indicates a sample of system water. Stress = 0.162. B-D) NMDS plots of 

120 dpf samples, color coded by B) species, C) section, D) diet. Stress =0.149. All 

NMDS ordinations were calculated from a Bray-Curtis dissimilarity matrix. 

Corresponding PERMANOVA and ANOSIM statistics are shown in Table 3.1. 
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Figure 3.1 (continued) 
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Figure 3.2. Proportional bar graphs of all samples included in this study. Samples are organized into rows by species and 

columns by time point, gut section, and experimental diet. Bar colors indicate bacterial class. 
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Figure 3.3. Bacterial classes vary by developmental time point, host species, and gut 

section. A) When looking at all samples (all species, diets, and gut sections), we see 

patterns of succession over developmental time. 21 dpf samples are enriched for 

Betaproteobacteria (ANOVA p<2x10-16). 31 dpf samples are enriched for 

Gammaproteobacteria (p<2x10-16). 120 dpf samples are enriched for Fusobacteriia 

(p=5.76x10-15). B) Bacterial colonization patterns among different host species before 

feeding begins, at 21 dpf. A. baenschi is enriched for Gammaproteobacteria (p=0.022) 

and depleted of Betaproteobacteria and Fusobacteriia (though not significantly; p=0.122 

and 0.211, respectively) relative to the other two species. C) Gut bacterial profiles 

diverge ten days after feeding begins. Alphaproteobacteria is enriched for in carnivorous 

A. baenschi (p=0.000538). Gammaproteobacteria is enriched in omnivorous M. 

pyrsonotos (p=8.94x10-7). The herbivorous L. trewavasae is enriched for Fusobacteriia 

(p=8.43x10-14). D) At 120 dpf, new patterns emerge across both host species 

(p=0.00376) and gut section (Clostridia p=3.34x10-12; Fusobacteriia p=1.07x10-15). For 

all boxplots, the black line in the middle of the box represents the median value. 
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Figure 3.3 (continued)
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Figure 3.4. Effect of species by diet interaction on bacterial taxa. At 31 dpf, Bacilli is 

enriched for in both carnivorous A. baenschi and herbivorous L. trewavasae, but only 

when fed the mixed diet (ANOVA species p=1.92x10-6; diet p=0.00854; species*diet 

p=0.02772). 
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Figure 3.5. Diversity in 120 dpf fish guts varies by host species and gut section. A) 

Within-sample alpha diversity. The Shannon index considers both richness and 

evenness of OTUs within a single sample. All three host species shows highest alpha 

diversity in the proximal section of the gut. B) Between-sample beta diversity. Bray-

curtis dissimilarity quantifies the compositional differences between the microbial 

profiles of pairs of samples. Here, a higher dissimilarity value indicates greater 

compositional differences among samples of a given group. Aulonocara foreguts are 

most dissimilar from each other; Labeotropheus hindguts are most similar to each other. 

Samples fed both experimental diets are included in this plot. 
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Figure 3.6. Core microbiota of each host species. OTUs present in at least 80% of 

samples (all time points, diets, and gut sections) for a given species were considered 

part of the “core”. Individual OTUs are displayed in a phylogenetic tree. Terminal node 

colors reflect the OTU’s bacterial class. Outer rings indicate membership in Aulonocara 

baenschi (red), Metriaclima pyrsonotos (blue), and/or Labeotropheus trewavasae 

(green) core. Eight OTUs are present in all three species cores. 14 Alphaproteobacteria 

OTUs (highlighted in light blue shading) are present only in the Labeotropheus core. 

Numbers at terminal nodes correspond to OTU IDs in Table 3.2.  
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Figure 3.6 (continued)
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Figure 3.7. PICRUSt-inferred metagenomic functions from 120 dpf foreguts at KEGG 

levels 1 and 2. Bar color indicates host species. Lines indicate standard error. Asterisks 

indicate comparisons with ANOVA p-values < 0.05 after Bonferroni correction. 
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Table 3.1. Adonis and ANOSIM statistics assess the effect of host species, 

experimental diet, and gut section on Bray-Curtis beta diversity between samples 

across time points.  

Time 
point 

Factor Adonis R2 
Adonis 
p 

ANOSIM 
R 

ANOSIM 
p 

20dpf species 0.22999 0.013 0.21 0.051 

30dpf species 0.24186 0.001 0.5229 0.001 

  diet 0.10495 0.001 0.2 0.001 

120dpf species 0.13477 0.001 0.2241 0.001 

  diet 0.00744 0.342 -7.91E-05 0.395 

  section 0.17013 0.001 0.2336 0.001 
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Table 3.2. Taxonomy of core OTUs shown in Figure 3.3.  

OTU Phylum Class Order Family Genus/Species 

1 Fusobacteria Fusobacteriia Fusobacteriales Fusobacteriaceae 
Cetobacterium 
somerae 

2 Proteobacteria Gammaproteobacteria Aeromonadales Aeromonadaceae  
3 Firmicutes Clostridia Clostridiales Peptostreptococcaceae  
4 Proteobacteria Betaproteobacteria Neisseriales Neisseriaceae Deefgea 

5 Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae  
9 Proteobacteria Gammaproteobacteria Alteromonadales Shewanellaceae Shewanella 

10 Firmicutes Clostridia Clostridiales Peptostreptococcaceae  
11 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae  
24 Actinobacteria Actinobacteria Actinomycetales Mycobacteriaceae Mycobacterium 

26 Proteobacteria Alphaproteobacteria Rhizobiales   
28 Proteobacteria Gammaproteobacteria Alteromonadales Shewanellaceae Shewanella 

29 TM6 SJA-4    
33 Proteobacteria Alphaproteobacteria Rhizobiales   
35 Proteobacteria Betaproteobacteria Neisseriales Neisseriaceae  
37 Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae Paludibacter 

38 Proteobacteria Betaproteobacteria Burkholderiales Alcaligenaceae  

44 Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae 
Acinetobacter 
rhizosphaerae 

45 Firmicutes Clostridia Clostridiales Clostridiaceae  
48 Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae  
49 Proteobacteria Alphaproteobacteria Rhizobiales   
52 Planctomycetes Planctomycetia Pirellulales Pirellulaceae  
59 Firmicutes Clostridia Clostridiales Clostridiaceae  
60 Proteobacteria Alphaproteobacteria Rhizobiales   
62 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter 

63 SBR1093 VHS-B5-50    
64 Proteobacteria Deltaproteobacteria Syntrophobacterales Syntrophobacteraceae  
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Table 3.2 (continued) 

OTU Phylum Class Order Family Genus/Species 

66 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter 

67 Proteobacteria Gammaproteobacteria    
71 Proteobacteria Alphaproteobacteria Rhizobiales Phyllobacteriaceae  
74 Actinobacteria Actinobacteria Actinomycetales Nocardiaceae Nocardia 

75 Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Rhodoplanes 

76 Proteobacteria Alphaproteobacteria Rhodospirillales Rhodospirillaceae  
88 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter 

91 Proteobacteria Alphaproteobacteria Rhizobiales   
92 Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae  
98 Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Hyphomicrobium 

99 Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Hyphomicrobium 

106 Firmicutes Clostridia Clostridiales Lachnospiraceae Epulopiscium 

109 Planctomycetes Planctomycetia Pirellulales Pirellulaceae  
110 Actinobacteria Actinobacteria Actinomycetales Mycobacteriaceae Mycobacterium 

112 Proteobacteria Alphaproteobacteria Rhizobiales Beijerinckiaceae  
130 Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae  
135 Fusobacteria Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacterium 

671 Firmicutes Clostridia Clostridiales Peptostreptococcaceae  

888 Fusobacteria Fusobacteriia Fusobacteriales Fusobacteriaceae 
Cetobacterium 
somerae 

1043 Fusobacteria Fusobacteriia Fusobacteriales Fusobacteriaceae 
Cetobacterium 
somerae 

1328 Firmicutes Clostridia Clostridiales Clostridiaceae  
3363 Firmicutes Clostridia Clostridiales Clostridiaceae  
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CHAPTER 4: Complex evolution of a pancreatic amylase across three trophic 

levels in Lake Malawi cichlid fishes 

 

Kaitlin P. Coyle and Reade B. Roberts 

 

Abstract 

Adaptation to available trophic niches is a major axis of speciation in nature, 

however, the genetic basis of these vital shifts remains poorly understood. Trophic 

specialization involves a wide variety of phenotypes, including behavior, vision, jaw 

morphology, gut morphology, gut microbiota, and metabolism. Lake Malawi cichlid 

fishes have recently undergone an explosive adaptive radiation and show variation in all 

of these traits among closely-related sister taxa. Here, we performed whole genome 

resequencing of 29 cichlid species representing a range of trophic specializations. We 

searched for genetic variants that were alternatively fixed between carnivores and 

herbivores and identified a pancreatic alpha-amylase (amy2) locus as a strong outlier, 

with three haplotypes correlating to three trophic levels in our cichlid species panel. Two 

novel trophic level-specific deletion haplotypes produce copy number variation in the 

pancreatic alpha-amylase locus. Additionally, the herbivore haplotype carries several 

derived nonsynonymous SNPs in the catalytic domain of amy2, suggesting positive 

selection on protein evolution. We assayed relative amy2 expression and activity of 

each genotype, revealing differences in gene expression that do not directly correlate to 

copy number. Thus, amy2 appears to have rapidly evolved in both a structural and 

regulatory manner in Malawi cichlids.  Interestingly, copy number variation in amylase 

has previously been linked to adaptation to a starchy diet in both humans and 

domesticated dogs, suggesting broad evolutionary convergence and a key role for 

amylase evolution in dietary adaptation. Further research is required to fully understand 

how variation in pancreatic alpha-amylase genes contributes to trophic specializations 

and fitness differences among species. 
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Introduction 

Trophic level evolution is a major axis of speciation 

The ability to adapt to available diet is crucial for the diversification and 

establishment of new species. Evolving to fill a trophic niche is a complex process that 

can involve many phenotypes including behavior, vision, tooth and jaw morphology, gut 

morphology, digestive enzyme secretion, and gut microbiota. Animals can adapt to fill a 

wide range of specific trophic niches, but carnivorous and herbivorous specializations 

tend to follow many of the same common patterns. Herbivores tend to have a long, 

complex gut in order to maximize time for contact and processing of generally difficult-

to-digest, starchy, and nutrient-poor plant-based diet. Carnivores, conversely, tend to 

have short, simple guts optimized for enzymatic breakdown of protein- and nutrient-rich 

animal matter. 

Dietary adaptation involves a diverse set of trophic phenotypes and has been 

observed across many animal taxa. Mexican blind cave tetras and African cichlids 

adjust their behavior to feed from different substrates (Kowalko et al. 2013; Parsons et 

al. 2016). Mammalian and piscine predators have developed specialized vision systems 

to aid in catching prey (O’Quin et al. 2015; Banks et al. 2015). In mammals, herbivores 

and carnivores have evolved distinct tooth morphologies specialized for grinding up 

plant material and tearing into flesh, respectively (Price et al. 2012). Divergence in jaw 

morphology across trophic specializations has been observed in many fish taxa, 

including cichlids (Albertson, Streelman, and Kocher 2003; Roberts et al. 2011; Parnell, 

Hulsey, and Streelman 2012; Stewart and Albertson 2010; Parsons, Márquez, and 

Albertson 2012; Santos-Santos et al. 2015), sticklebacks (McGee, Schluter, and 

Wainwright 2013), damselfish (Cooper and Westneat 2009), and pupfish (Martin et al. 

2016). Another important aspect of dietary adaptation is the host’s colonization with 

symbiotic gut microbes (Ley et al. 2008). Herbivores in particular are reliant on these 

microbial communities to assist with breakdown of starchy plant matter (Russell et al. 

2009, Sanders et al. 2015); some herbivores have even developed specialized 

structures (e.g., ceca or rumens) that act as hotspots for bacterial fermentation (Godoy-

VItorino et al. 2012, Ley et al. 2008). While the evolutionary importance of trophic 

adaptation is clear, the genetic basis of this process remains understudied. 
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Cichlids as a model of dietary adaptation 

The cichlid fishes of East Africa provide a natural, comparative model system to 

identify the evolutionary genetic basis of trophic adaptations. In the past 1-2 million 

years, the cichlid fishes of Lake Malawi have undergone an explosive adaptive 

radiation, resulting in the diversification of hundreds of new species with huge 

phenotypic divergence despite their close genetic relationship (Kocher 2004). Cichlids 

display divergent specialization in a wide variety of traits, including those involved in 

adaptation to diet. Trophic specialization is so important to the establishment of the 

Malawi cichlid flock that craniofacial trophic morphology helps define genus-level 

distinctions in the radiation (Danley and Kocher 2001). Cichlid fishes have been used as 

a model to investigate the genetic architecture underlying trophic traits including vision 

(O’Quin et al. 2010), feeding behavior (Parsons et al. 2016), and jaw morphology 

(Albertson, Streelman, and Kocher 2003; Powder et al. 2014; Roberts et al. 2011). 

Cichlid species also show variation in gut microbial communities across trophic levels 

(Chapter 3, Baldo et al. 2017), though the exact environmental and genetic factors 

responsible for this variation remain unknown. Furthermore, cichlids show plasticity in 

key adaptive phenotypes that have likely contributed to the rapid divergence of cichlid 

radiations (Muschick et al. 2011; Gunter et al. 2013; Parsons et al. 2016; Dalton et al. 

2015). 

Cichlid fishes can be raised and experimentally manipulated in a laboratory 

setting similar to traditional model organisms such as zebrafish. The African rift lake 

radiation also has a set of high-quality references genomes (Brawand et al. 2014), 

which combined with the system’s incredible phenotypic variation, minimal genomic 

divergence, and laboratory tractability make cichlids a powerful and elegant model in 

which to study the genetic underpinnings of adaptive traits. Here, we perform whole-

genome resequencing of 29 cichlid species spanning a range of trophic specializations 

in order to find genetic variants that may play a role in diversification between 

herbivorous and carnivorous species. 
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Methods 

Preparation of DNA sequencing libraries 

A list of species for which we prepared sequencing libraries can be found in 

Table 4.1. Genomic DNA was extracted from caudal fin clips using the DNeasy spin 

column kit and the manufacturer’s protocol (Qiagen). DNA was sheared via 

ultrasonication with a 400bp target size on a Covaris S2. Fragmented DNA ends were 

repaired and dA-tailed for ligation to barcoded Illumina adapters (Bioo). Fragments in 

the 400-600bp size range were selected for via gel extraction with a QIAquick kit 

(Qiagen). Libraries were amplified for 8 cycles of PCR, then quantified with a Qubit 2.0 

fluorometer and the dsDNA BR kit (Thermo Fisher Scientific) for pooling. Pooled 

libraries were sequenced on an Illumina NextSeq with 125 bp paired-end chemistry at 

the North Carolina State University Genomic Sciences Laboratory. 

Whole-genome sequence analysis 

Demultiplexed reads were trimmed with Trimmomatic using the following 

parameters: LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36 (v0.32, 

Bolger, Lohse, and Usadel 2014). Trimmed reads were aligned to the Metriaclima zebra 

UMD1 genome (Conte and Kocher 2015) with the BWA-mem algorithm (v0.7.12-r1039, 

Li and Durbin 2010). Alignments were converted to BAM format and sorted with 

samtools (v1.1, Li et al. 2009).  

Duplicate reads were marked with Picard function MarkDuplicates (v2.1.1, 

http://broadinstitute.github.io/picard/). Variant calling was performed using Freebayes 

(v1.0.2-14-g9e98366, Garrison and Marth 2012). Variant loci were filtered for a quality 

score over 30 and for data from at least 18 samples. Filtered variants were annotated 

with ANNOVAR (version 2016Feb01, Wang, Li, and Hakonarson 2010) using UMD1 

annotations from NCBI.  

To find candidate loci, we ran an Fst scan as implemented in VCFtools (v0.1.15, 

Danecek et al. 2011) on exonic SNPs. We compared species with short guts 

(Aulonocara baenschi, Aulonocara jacobfreibergi, Aulonocara koningsi, 

Champsochromis caeruleus, Copadichromis trewavasae, Otopharynx lithobates) to 

species with long guts (Labeotropheus fuelleborni, Labeotropheus trewavasae “Mpanga 

Red”, L. trewavasae “Thumbi West”) using a window size of 10,000bp and a step size of 

http://broadinstitute.github.io/picard/
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5000bp. We chose candidate bins with a weighted Fst of 1 for further investigation 

(Table 4.2). Read coverage at regions of interest were manually inspected with IGV 

(Robinson et al. 2011; Thorvaldsdottir, Robinson, and Mesirov 2013).  

 

Expanded genotyping 

We broadened our dataset by adding publicly available genome sequence data 

from the cichlid genome project (Table 4.3, NCBI Sequence Read Archive BioProject 

PRJEB1254, Malinsky et al. 2017). Raw sequences were downloaded from NCBI and 

processed in the same way as our sequencing data. We then exported genotypes at the 

5 nonsynonymous SNPs with VCFtools and examined deletion breakpoints in IGV.  

 

amy expression and activity  

To test the impact of amylase genotype on gene expression levels, protein 

activity levels, and other phenotypes, we sampled the guts of 120 days post-fertilization 

(dpf) cichlid juveniles. Families of 6 species (Table 4.5) were raised in a common 

recirculating system and fed a diet of mixed commercially-available brine shrimp-based 

and vegetable-based flake. Fish were fasted for 48 hours prior to sampling to avoid any 

effect of transient food in the gut. Fish were euthanized and measured for standard 

length and mass, and their guts dissected out from stomach to anus. The stomach was 

discarded, and the remaining segment of gut was measured for length and cut into 

thirds as a proxy for different functional regions of the gut, which we will refer to as the 

fore-, mid-, and hindgut. Each third was further divided into thirds, and those three 

segments were respectively: 1) stored at -80C for 16S amplicon sequencing, 2) flash-

frozen in chilled ethanol, then stored at -80C for later RNA extraction, and 3) stored in 

phosphate-buffered saline (PBS) and frozen at -20C for later use in an amylase activity 

assay. Preliminary testing showed highest amylase expression and activity in the 

foregut, so only the first third of the gut was used in real-time quantitative PCR and the 

amylase activity assay. 

RNA samples were processed using a tri-reagent/spin column hybrid protocol. 

Gut segments were homogenized in 1mL TRIzol (Thermo Fisher Scientific) using 

0.7mm garnet beads and a TissueLyser LT homogenizer (Qiagen). We continued using 
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the standard TRIzol protocol through the phase separation step, then transferred the 

aqueous phase containing RNA to a new tube for extraction using an RNeasy spin 

column and the manufacturer’s protocol (Qiagen). RNA yield was quantified with a Qubit 

2.0 fluorometer and the RNA HS assay kit (Thermo Fisher Scientific). Equal quantities 

of RNA from each sample was used to make cDNA using a polyTamp primer (5’-

sequence-3’) and SuperScript III Reverse Transcriptase (Thermo Fisher Scientific) 

following the manufacturer’s suggested protocol.  

We designed two primer sets to assay expression levels. Each primer set 

spanned the first 5’ intron of either amy2a or amy2b. Before running any qPCR 

reactions, we verified that the amy2b primers did not amplify in any species with either 

the herbivore or carnivore deletion, since both of these deletions removed the 5’ end of 

amy2b. qPCR reactions were run in triplicate for one or both amylase primer sets and 

for a housekeeping gene, beta-actin. We used SsoAdvanced Universal SYBR reaction 

mix and ran the reactions on a StepOnePlus cycler (Applied Biosystems). Relative 

expression of amylase genes was calculated by normalizing to beta-actin expression 

using the delta delta Ct method (Livak and Schmittgen 2001). 

Gut segments designated for use assaying amylase activity were homogenized 

in PBS with a micropestle. Homogenized gut samples were diluted 10X and 100X and 

both dilutions were assayed for amylase activity using the EnzChek Ultra Amylase 

Assay Kit (Thermo Fisher Scientific) with an alpha-amylase from Bacillus sp. standard 

(Sigma-Aldrich). Amylase activity values were normalized to gut length. 

 

Results and Discussion 

Our resequenced genomes had, on average, sequencing depth of 6.6X, 6.7% 

heterozygosity, 1.06 million transitions, 843 thousand transversions and 411 thousand 

indels. Statistics for each sequenced library can be found in Table 4.1. Astatotilapia 

burtoni was excluded from averaged statistics because it is a riverine outgroup that was 

sequenced at greater depth for a separate project. The data was included here to give 

added phylogenetic context to our findings. 
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Pancreatic alpha-amylase is a candidate for trophic level evolution 

For our first set of candidate genes, we focused on loci with Fst > 0.8 in our 

carnivore versus herbivore comparison (Table 4.2). The top hit was on scaffold 

NW_014444598.1, where we found 5 nonsynonymous SNPs in exons of the pancreatic 

alpha-amylase (amy2) gene. Pfam analysis suggests these SNPs are located in the 

catalytic domain of the protein. Upon closer inspection of coverage patterns in the 

amylase gene region, we found two different deletion patterns relative to the M. zebra 

reference which segregated among species by trophic level (Figure 4.1). The M. zebra 

reference has two copies of an alpha-amylase at this locus, spaced about 20kb apart, 

and with sufficient exonic sequence variation to distinguish them, which we called 

amy2a and amy2b (Figure 4.2, center). Omnivores in our dataset tend to have full read 

coverage of both copies (Table 4.3) and based on subsequent comparisons to outgroup 

cichlid and other teleost species, the omnivore haplotype represents the ancestral state 

at this locus. We then found two deletion patterns that we have called the “carnivore” 

and “herbivore” haplotypes. The carnivore haplotype appears to be the result of a 

deletion such that the six most 5’ exons of amy2a and the three most 3’ exons of amy2b 

remain to produce one functional amy2 copy (Figure 4.2, top). The herbivore haplotype 

features a similar deletion but at different breakpoints, with four 5’ exons from amy2a 

and five 3’ exons from amy2b remaining (Figure 4.2, bottom). Across our sequenced 

species, the observed amylase deletion genotype is remarkably consistent with host 

trophic level. Omnivorous species all have both ancestral amy2 copies, while carnivores 

and herbivores either have both copies or the derived copy matching their trophic level 

(Table 4.4A).  

Additionally, the herbivore haplotype contains the five nonsynonymous SNPs 

from the Fst scan, all of which fall in the exons derived from the ancestral amy2a. Upon 

further examination of the genomes from all of our sequenced herbivores, we found that 

the five SNPs were not fixed across all species with the herbivore deletion genotype but 

were often segregating (Table 4.3).  

In order to validate these patterns in a wider panel of species, we examined 

publicly available sequencing data from the Malawi cichlid genome project (Malinsky et 

al. 2017). While our data consists largely of omnivorous and herbivorous mbuna 
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species, the Malawi cichlid genome project dataset primarily contains open-water 

carnivores. The amy2 deletion and SNP genotypes for all sequenced cichlid species 

can be found in Table 4.3. Interestingly, some of the species in the Malawi cichlid 

genome project dataset have the carnivore deletion genotype but are segregating one 

or more of the putatively herbivore-specific SNPs (Table 4.3). Additionally, some of 

these species show mismatches between their estimated trophic level and their 

amylase deletion genotype (Table 4.4B). This may be due to incorrect trophic level 

assignments based on inferred or incomplete natural ecology data, or potentially an 

indication that the amylase gene sequence is less constrained in carnivorous species, 

which likely rely much more on proteinases to digest an animal-based diet. 

 

Amylase is a clear candidate for trophic level evolution 

Pancreatic alpha-amylase (amy2) is a carbohydrase that works in the intestine to 

break down starches into oligo- and disaccharides, which are then broken down into 

glucose by intestinal disaccharidases (Ferey-Roux et al. 1998; Krogdahl, Hemre, and 

Mommsen 2005). Some mammals additionally produce salivary alpha-amylase (amy1), 

but fishes appear to only produce amy2 (Ferey-Roux et al. 1998; Janecek 1997). 

Activity levels of digestive enzymes are frequently used as a metric of digestive ability, 

to distinguish herbivores that rely on amylases and other carbohydrases to break down 

carbohydrate-rich plants from carnivores that use aminopeptidases and other proteases 

to break down protein-rich animal matter (Krogdahl, Hemre, and Mommsen 2005; 

Karasov and Douglas 2013). Hypothetically, the activities of enzymes involved in 

digestion are evolutionarily adjusted to the amount of their substrates in an animal’s 

typical diet (adaptive modulation hypothesis; Karasov and Diamond 1988; Diamond and 

Hammond 1992). Indeed, studies have found a correlation between dietary starch 

content and alpha-amylase activity level in fishes (Horn et al. 2006; German et al. 

2010), birds (Kohl et al. 2011), humans (Perry et al. 2007), and domestic dogs 

(Axelsson et al. 2013). In fishes, herbivores and omnivores display higher amy2 activity 

than carnivores (Zemke-White and Clements 1999; Horn et al. 2006; German, Horn, 

and Gawlicka 2004; German et al. 2010, 2016). In prickleback fishes, this pattern holds 
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even when fish are fed a starch-poor diet, suggesting amylase may be expressed 

constitutively in some species (German, Horn, and Gawlicka 2004; Kim et al. 2014).  

 

Potential mechanisms by which amylase activity is upregulated 

Because herbivores are typically more reliant on amylase and other 

carbohydrases to digest starchy plant matter, we hypothesized that the herbivore amy2 

deletion haplotype should produce a higher level of amylase activity than the omnivore 

or carnivore haplotype. German et al. (2016) suggest three potential mechanisms by 

which fishes may achieve increased amy2 activity: increased gene copy number, 

elevated expression of existing genes, or structural evolution of more efficient proteins. 

Increase in copy number tends to lead to increased expression in genes (Gout et 

al. 2010; Springer, Weissman, and Kirschner 2010; Qian and Zhang 2014). Elevated 

gene copy number explains increased amylase activity in Drosophila (Shibata and 

Yamazaki 1995; Inomata, Tachida, and Yamazaki 1997; Inomata and Yamazaki 2000), 

mice (Sugino 2007), humans (Perry et al. 2007), and domestic dogs (Axelsson et al. 

2013). However, more copies of a gene do not necessarily lead to increased transcript 

expression or protein activity levels. For example, dosage compensation can reduce the 

expression of the gene to pre-duplication levels or subfunctionalization can occur, in 

which different paralogs of a gene diverge in function (Qian and Zhang 2014).  

There is also evidence of amylase activity being controlled at the RNA 

expression level in some organisms. Small promoter regions have been identified 

upstream of one or more copies of amylase in Drosophila, mice, rats, and humans 

(Cockell et al. 1989; Howard et al. 1989; Choi and Yamazaki 1994; Ma et al. 2004). It is 

highly likely that the large structural mutations we identify at the amy2 locus in cichlids 

impact the regulatory landscape of the gene, and additional evolution of extant 

regulatory elements would likewise be under selection. 

Coding changes in amylase paralogs could cause an increase in catalytic 

efficiency towards some substrates. Shibata and Yamazaki (1995) found an “excess” of 

nonsynonymous substitutions in amylase in D. erecta relative to other Drosophila 

species and suggested this species may have evolved as a specialist for host plants. 

German et al. (2016) found 20 amy2 amino acid sites in Cichlidae under positive 
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selection based on PAML analysis. While the authors suggest this signal is likely due to 

narrow taxon sampling in such a large family, this may also be a real signal that reflects 

the abundance of nonsynonymous SNPs we found in our amylase haplotypes. 

 

amy2a expression varies by trophic level, not copy number 

In order to determine the impact of our different amy2 haplotypes on expression 

levels, we performed real-time quantitative PCR on samples from intestine of multiple 

cichlid species (Table 4.5). We had two competing hypotheses for this experiment: 1) 

amylase expression will be higher in species with higher gene copy number, consistent 

with patterns seen in humans and dogs, or 2) amylase expression will be upregulated in 

the herbivore, consistent with the digestive needs of an animal that eats a starchy plant- 

and algae-based diet. 

We found that amy2a expression is highest in herbivorous L. trewavasae, 

intermediate in omnivorous M. zebra, and lowest in three carnivorous Aulonocara 

species. Notably, Aulonocara koningsi expression tracks with that of the other two 

Aulonocara species, even though it has four diploid amy2a copies like M. zebra (Figure 

4.3A, ANOVA by genus p=0.00831, Tukey’s HSD). Similarly, amy2b expression, which 

was only assayed in the two species that have both ancestral amylase copies, is higher 

in M. zebra than A. koningsi (Figure 4.3B, ANOVA by species p=0.0546). Collectively, 

these results suggest that amylase expression level is determined by host trophic level 

or phylogeny, not by amylase copy number. Note, however, that we do not know how 

the total expression of both amy2 copies in M. zebra compares to the level of amy2a 

expression in L. trewavasae. An attempt to design an assay with primers that could 

amplify both amy2a and amy2b was unsuccessful.  

 

Amylase activity level appears to increase with gene copy number 

Next, we sought to characterize the impact of our amylase deletion haplotypes 

on amylolytic activity. Due to technical issues, we do not have activity data for the 

species in which we assayed amylase expression. Instead, we have data from a family 

of Tropheops tropheops in which the omnivore and herbivore deletion genotypes are 

segregating. Species in the genus Tropheops segregate a range of trophic ecomorphs 



   

96 
 

spanning a range of herbivore- to omnivore- characteristic phenotypes, were previously 

shown to segregate alleles that modulate oral jaw shape, and are alternately fixed in 

herbivore and omnivore genera (Roberts et al. 2011). In a family of 14 T. tropheops 

individuals produced in the lab, we identified 4 omnivore homozygotes, 4 heterozygotes, 

and 6 herbivore homozygotes. Based on our expression data, we expected Tropheops 

individuals homozygous for the herbivore deletion to have the highest level of amylase 

activity. Surprisingly, we instead found that the omnivore homozygotes showed the 

highest level of activity, though the pattern was not significant, likely in part due to the 

small sample size (Figure 4.4, ANOVA p=0.12).  

We have a few hypotheses as to why we see a discrepancy between gene 

expression and protein activity data. It is possible that the Tropheops herbivore allele 

differs somehow from the Labeotropheus allele assayed in gene expression studies. 

The deletion and three of the five nonsynonymous SNPs match, but the increased 

herbivore expression seen in Figure 4.2A could be due to other regulatory differences 

present in Labeotropheus but not Tropheops. Another possible explanation is that the 

herbivore amylase protein may be more efficient at digesting a different type of starch 

than tested. German et al. (2016) showed that pancreatic amylase activity varied both 

between herbivorous fish species and with the starch type used in the activity assay. 

The kit we used for testing uses cornstarch as a substrate, which may not be a good 

proxy for the types of starch our sampled species would ingest in Lake Malawi. Since 

our herbivore amylase haplotype contains multiple nonsynonymous SNPs in the 

catalytic domain, we hypothesize that we may see much higher amylase activity levels 

from the herbivorous haplotype if we used a more appropriate starch source, such as 

cellulose (from plants), amylose, or amylopectin (from algae, Love et al. 1963; Painter 

1983).  

Another caveat for the protein activity findings is that we cannot distinguish host 

amylase activity from any amylase activity provided by the gut microbiota. The 

microbiota can have compensatory shifts in response to metabolic changes in the host 

which would be confounding to demonstrating differences in host amylase. For 

example, human individuals with low lactase activity who consume lactose tend to have 

higher proportions of bacterial lactase in their microbiome, compared to individuals with 
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high endogenous lactase activity, or individuals who do not consume lactose (Goodrich 

et al. 2016). In a similar manner, amy2 variation in cichlids may be associated with 

variation in carbohydrate substrate levels in the gut, which in turn could differentially 

support microbial species colonizing the gut. Thus, amy2 is also a candidate gene for 

host-microbiota interactions in cichlids. In any case, confirmation of amy2 activity 

differences related to structural changes to the protein may be best performed using in 

vitro strategies, testing activity of expressed, purified protein versus a variety of 

starches. 

 

Conclusions 

In building low-coverage whole-genome sequences for these cichlid species, we 

have created a resource through which a variety of evolutionarily important traits could 

be investigated. We have found a series of candidate genes that may have played a 

role in diversification of Malawi cichlids via specialization for different food sources. 

Furthermore, we found that the pancreatic alpha-amylase region of the Malawi cichlid 

genome has undergone two separate deletions to create three copy number variant 

haplotypes, one of which contains five nonsynonymous SNPs. We have begun to 

investigate how these different amylase haplotypes manifest at the RNA and protein 

levels; findings thus far suggest that herbivorous cichlids use a mechanism other than 

elevated gene copy number in order to produce enough amylase. Currently, we are 

unsure how amylase expression is regulated to create this pattern of higher expression 

in the herbivore. Further investigation of the five nonsynonymous SNPs and of the 

region upstream of the gene may yield insight into possible regulatory mechanisms. 

Moving forward, we will sample more species to test amylase expression and activity 

levels, as well as begin investigating how the gut microbiota, another important part of 

the digestive system, correlate to host amylase haplotype.  
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Figure 4.1. Mapped sequencing reads from select species as viewed in IGV. A. koningsi, while phenotypically a carnivore, 

shows coverage across both copies of the alpha-amylase gene. The other taxa have gaps in coverage; carnivores (in red) 

and herbivores (in green) have coverage drop-offs in different locations.  
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Figure 4.2. Diagram of amy2 deletion haplotypes found in our cichlid genomes. The ancestral “omnivore” haplotype 

(center) features 2 copies of amy2 with an approximately 20kb gap in between. Exonic sequences of the two copies are 

distinct. The “carnivore” haplotype (top) has only one copy due to a suspected deletion of 3’ exons of amy2A and 5’ exons 

of amy2B. The “herbivore” haplotype (bottom) also has one copy due to a suspected deletion at a different point in the 

amy2 genes. Additionally, the herbivore haplotype has 5 nonsynonymous SNPs spanning 3 exons.  
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Figure 4.3. Boxplot of relative expression of amy2a (A) and amy2b (B) in foregut 

samples of five sampled cichlid species. Only A. koningsi and M. zebra have both 

copies of amylase, so only those two species were assayed for amy2b expression. For 

both assays, expression fold change was calculated relative to expression in A. 

koningsi. Box color denotes host species trophic level: carnivores are red, the omnivore 

is blue, and the herbivore is green. Amylase deletion genotype and diploid copy number 

for each species are listed under each plot. Letters in (A) indicate Tukey’s HSD 

significance groups. 
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Figure 4.3 (continued)
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Figure 4.4. Boxplot of amylase activity in foregut samples of Tropheops tropheops 

juveniles segregating the omnivore and herbivore amylase deletion haplotypes. 
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Table 4.1. Statistics for all species/populations sequenced in this study. Astatotilapia burtoni and Metriaclima tarakiki were 

both sequenced at high depth for different projects. Astatotilapia burtoni is a riverine outgroup to the Lake Malawi radiation 

and subsequently has the greatest number of coding SNPs relative to the reference genome. 

Species/population 
% 
heterozygosity # transitions 

# 
transversions # indels 

average read 
depth 

Astatotilapia burtoni 8.48328 3504980 2401311 1070508 14.1 

Astatotilapia calliptera 7.09304 1184464 959250 454175 6.8 

Aulonocara baenschi Nkhomo Reef 
"Yellow Regal" 5.67967 1175849 940546 455841 6.9 

Aulonocara jacobfreibergi 4.66444 870583 699884 320476 2.9 

Aulonocara koningsi Mbenji "Blue 
Regal" 7.32349 1234432 989795 477976 6.8 

Champsochromis caeruleus "Malawi 
Trout" 4.3394 1124849 904409 435535 5.8 

Copadichromis trewavasae 6.55411 1166778 938332 437889 5.6 

Cynotilapia zebroides Cobwe "Orange 
Black" 8.21985 1102412 880415 431820 8.8 

Cynotilapia zebroides Nhkata Bay 
"Yellow Blaze" 4.66704 668982 540789 249073 3 

Hemitilapia oxyrhynchus 3.76691 805331 655898 301663 2.4 

Labeotropheus fuelleborni Chilumba 7.63352 1148723 907320 448722 6.7 

Labeotropheus fulleborni 5.17738 1056655 851034 412685 6.8 

Labeotropheus trewavasae "Mpanga 
Red" 3.67329 948939 759312 367801 5.2 

Labeotropheus trewavasae Thumbi 
West 7.55706 1168173 924810 460332 10.2 

Labidochromis caeruleus Nkhata Bay 6.71952 1094691 878053 431552 6.1 

Labidochromis sp. "Hongi" 3.53601 621859 502185 231560 2 

Metriaclima aurora 5.99964 978268 774622 369684 4.6 

Metriaclima aurora 6.99452 1108378 880357 431800 8.1 
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Table 4.1 (continued) 

Species/population 
% 

heterozygosity # transitions 
# 

transversions # indels 
average read 

depth 

Metriaclima callainos 7.56036 1062268 852582 417040 7.2 

Metriaclima mbenjii 9.82242 1145332 907261 440127 9.7 

Metriaclima phaeos 7.30859 1090057 868733 430384 9.8 

Metriaclima pyrsonotos 8.05807 1087759 867525 421184 9.6 

Metriaclima sp. "Mbweca" 6.5863 1098712 872333 439098 10.7 

Metriaclima tarakiki 8.01476 1139452 893239 458952 7.3 

Metriaclima tarakiki 7.62656 1103556 846883 416171 6.4 

Metriaclima tarakiki 7.59431 1118285 885306 453925 6.7 

Metriaclima tarakiki 6.83823 1078395 855140 435764 5.5 

Metriaclima tarakiki 8.04449 1136865 894049 456491 6.5 

Metriaclima tarakiki 7.17036 1102090 862813 431282 7.1 

Metriaclima zebra "Red Top" 9.88062 1162763 917623 451938 8.1 

Metriaclima zebra Makonde 6.8129 970893 780575 378444 4.9 

Otopharynx lithobates Zimbabwe Rock 
"Yellow Blaze" 5.09857 1190369 948691 463932 8.4 

Pseudotropheus livingstonii 4.54718 730146 583440 267632 2.3 

Tropheops tropheops 8.50406 1171175 931421 456286 7.5 

Tropheops tropheops 7.51422 1150264 913197 452593 7.8 
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Table 4.2. Candidate genes with Fst > 0.8 in carnivore versus herbivore genome comparisons. 

Gene Candidate role Reference 

amy2a (pancreatic amylase) 
starch digestion, evolution implicated in dietary 
adaptation 

Axelsson et al. 
2013; German et 
al. 2016 

ccr6 (c-c motif chemokine receptor 
6) 

mucosal immunity in the gut 
Ito et al. 2011 

kif26a (kinesin family member 26a) enteric nervous system development Zhou et al. 2009 

marcksl1 (marcks related 1) 
epithelial differentiation; intestinal M-cell marker 
modulating immune response to lumenal microbes 

Kanaya et al. 
2012; Ohno 2016 

muc5ac (mucin-5ac) gastric-specific mucin in mammals 
Holmen et al. 
2013 

sfrp1 (secreted frizzled related 
protein 1) 

modulates Wnt signaling in intestine, and intestinal 
length in mouse 

Satoh et al. 2006; 
Matsuyama et al. 
2009 

st3gal1 (beta-galactoside alpha-2,3-
sialyltransferase 1) 

glycoprotein and glycolipid modification, including 
intestinal mucins 

Jeanneau et al. 
2004 

stra6 (stimulated by retinoic acid) 
response to dietary vitamins; activator of jak/stat 
pathways Ruiz et al. 2012 
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Table 4.3. Alpha-amylase deletion and SNP genotype data. Deletion genotype was determined from sequence coverage. 

Samples include genomes sequenced for this project and select data from Malinsky et al. (2017). Genotypes are 

presented in “012” format, in which then numbers 0, 1, and 2 indicate the number of non-reference alleles at each locus; -

1 indicates missing data. 

source species 
approximate 
trophic level 

deletion 
genotype 

Amy2A coding SNP genotype 

1711377 1711515 1712707 1712730 1713148 

this project Astatotilapia burtoni omnivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 Cynotilapia afra omnivore omni 0 0 0 0 0 

this project 
Cynotilapia zebroides 
Cobwe "Orange Black" omnivore omni 0 0 0 0 0 

this project 

Cynotilapia zebroides 
Nhkata Bay "Yellow 
Blaze" omnivore omni -1 -1 0 1 1 

Malinsky et 
al., 2017 

Iodotropheus 
sprengerae omnivore carn 0 0 0 2 2 

this project Metriaclima callainos omnivore omni 0 0 0 0 2 

this project Metriaclima mbenjii omnivore omni 0 0 0 0 0 

this project Metriaclima phaeos omnivore omni 0 0 0 2 1 

this project Metriaclima pyrsonotos omnivore omni 0 0 0 0 0 

this project 
Metriaclima sp. 
"Mbweca" omnivore omni 0 0 0 0 0 

this project Metriaclima tarakiki omnivore omni 0 0 0 0 2 

this project 
Metriaclima zebra 
"Red Top" omnivore omni 0 0 0 0 0 

this project 
Metriaclima zebra 
Makonde omnivore omni 0 0 0 0 -1 

this project 
Pseudotropheus 
livingstonii omnivore omni 0 0 0 0 0 
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Table 4.3 (continued) 

source species 
approximate 
trophic level 

deletion 
genotype 

Amy2A coding SNP genotype 

1711377 1711515 1712707 1712730 1713148 

Malinsky et 
al., 2017 

Cyathochromis 
obliquidens herbivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 Hemitilapia oxyrhyncha herbivore omni 0 0 0 1 1 

this project 
Hemitilapia 
oxyrhynchus herbivore omni 1 0 0 0 0 

this project 
Labeotropheus 
fuelleborni Chilumba herbivore herb 1 2 1 1 2 

this project 
Labeotropheus 
fulleborni herbivore herb 2 2 0 2 2 

Malinsky et 
al., 2017 

Labeotropheus 
trewavasae herbivore herb 2 2 2 2 2 

this project 

Labeotropheus 
trewavasae "Mpanga 
Red" herbivore herb 2 2 2 2 -1 

this project 

Labeotropheus 
trewavasae Thumbi 
West herbivore herb -1 2 0 2 2 

this project 
Labidochromis sp. 
"Hongi" herbivore herb 1 1 -1 -1 1 

this project Metriaclima aurora herbivore omni 0 0 1 0 0 

Malinsky et 
al., 2017 Petrotilapia genalutea herbivore [unclear] 0 0 2 2 2 

this project Tropheops tropheops herbivore omni 0 0 0 0 0 

this project Tropheops tropheops herbivore herb 1 0 2 2 2 

Malinsky et 
al., 2017 Alticorpus geoffreyi carnivore [unclear] -1 -1 -1 -1 0 

this project Astatotilapia calliptera carnivore omni 0 0 0 0 0 
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Table 4.3 (continued) 

source species 
approximate 
trophic level 

deletion 
genotype 

Amy2A coding SNP genotype 

1711377 1711515 1712707 1712730 1713148 

this project 

Aulonocara baenschi 
Nkhomo Reef "Yellow 
Regal" carnivore carn 0 0 0 0 0 

this project 
Aulonocara 
jacobfreibergi carnivore carn 0 0 0 0 0 

this project 
Aulonocara koningsi 
Mbenji "Blue Regal" carnivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 Aulonocara sp. "gold" carnivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 

Aulonocara sp. 
"yellow" carnivore carn 0 0 0 1 0 

Malinsky et 
al., 2017 Aulonocara stuartgranti carnivore carn 0 0 0 0 0 

Malinsky et 
al., 2017 

Buccochromis 
nototaenia carnivore omni 0 0 0 1 0 

this project 

Champsochromis 
caeruleus "Malawi 
Trout" carnivore carn 0 0 0 0 0 

Malinsky et 
al., 2017 Chilotilapia rhoadesii carnivore carn 0 0 0 2 1 

Malinsky et 
al., 2017 Copadichromis borleyi carnivore carn 0 0 0 2 2 

Malinsky et 
al., 2017 Copadichromis mloto carnivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 

Copadichromis 
quadrimaculatus carnivore omni 0 2 0 2 1 

this project 
Copadichromis 
trewavasae carnivore omni 0 0 0 0 0 
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Table 4.3 (continued) 

source species 
approximate 
trophic level 

deletion 
genotype 

Amy2A coding SNP genotype 

1711377 1711515 1712707 1712730 1713148 

Malinsky et 
al., 2017 

Copadichromis 
trimaculatus carnivore omni 0 0 0 2 2 

Malinsky et 
al., 2017 

Copadichromis 
virginalis carnivore omni 0 1 0 1 0 

Malinsky et 
al., 2017 

Ctenopharynx 
intermedius carnivore omni 0 0 0 1 1 

Malinsky et 
al., 2017 

Dimidiochromis 
compressiceps carnivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 

Dimidiochromis 
strigatus carnivore carn 0 0 0 0 0 

Malinsky et 
al., 2017 

Diplotaxodon cf. 
macrops "black dorsal" carnivore herb -1 0 0 0 0 

Malinsky et 
al., 2017 

Diplotaxodon 
limnothrissa carnivore omni 0 0 0 1 1 

Malinsky et 
al., 2017 Diplotaxodon macrops carnivore omni 0 0 0 1 0 

Malinsky et 
al., 2017 

Eclectochromis 
ornatus carnivore omni 0 0 0 1 1 

Malinsky et 
al., 2017 

Fossorochromis 
rostratus carnivore omni 0 0 0 1 1 

Malinsky et 
al., 2017 Genyochromis mento carnivore omni 0 0 0 0 0 

this project 
Labidochromis 
caeruleus Nkhata Bay carnivore omni 0 0 1 1 0 

Malinsky et 
al., 2017 Lethrinops albus carnivore carn 0 0 0 2 0 

Malinsky et 
al., 2017 Lethrinops auritus carnivore omni 0 0 0 1 1 
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Table 4.3 (continued) 

source species 
approximate 
trophic level 

deletion 
genotype 

Amy2A coding SNP genotype 

1711377 1711515 1712707 1712730 1713148 

Malinsky et 
al., 2017 Lethrinops gossei carnivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 Lethrinops lethrinus carnivore carn 0 0 0 0 0 

Malinsky et 
al., 2017 Lethrinops longimanus carnivore carn 0 0 0 0 0 

Malinsky et 
al., 2017 Lethrinops sp. "oliveri" carnivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 

Mylochromis 
anaphyrmus carnivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 

Mylochromis 
lateristriga carnivore herb -1 0 0 0 0 

Malinsky et 
al., 2017 Nimbochromis linni carnivore omni 0 0 0 0 1 

Malinsky et 
al., 2017 

Nimbochromis 
livingstonii carnivore carn 0 0 0 2 2 

Malinsky et 
al., 2017 

Nimbochromis 
polystigma carnivore omni 0 0 0 2 2 

Malinsky et 
al., 2017 Otopharynx brooksi carnivore carn 0 0 0 0 0 

this project 

Otopharynx lithobates 
Zimbabwe Rock 
"Yellow Blaze" carnivore carn 0 0 0 0 0 

Malinsky et 
al., 2017 Otopharynx speciosus carnivore carn 0 0 0 0 0 

Malinsky et 
al., 2017 Placidochromis electra carnivore carn 0 0 0 0 0 

Malinsky et 
al., 2017 

Placidochromis 
johnstoni carnivore carn 0 0 0 1 1 
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Table 4.3 (continued) 

source species 
approximate 
trophic level 

deletion 
genotype 

Amy2A coding SNP genotype 

1711377 1711515 1712707 1712730 1713148 

Malinsky et 
al., 2017 Placidochromis milomo carnivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 

Placidochromis 
subocularis carnivore carn 0 0 0 0 0 

Malinsky et 
al., 2017 

Placidochromis 
vulgaris carnivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 Protomelas spilopterus carnivore carn 0 0 0 1 1 

Malinsky et 
al., 2017 

Serranochromis 
robustus carnivore omni 0 0 0 0 0 

Malinsky et 
al., 2017 

Trematocranus 
placodon carnivore carn 0 0 0 0 0 
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Table 4.4. Summary of amy2 deletion genotypes by host trophic level in (A) fish 

sequenced in this project and (B) samples sequenced by Malinsky et al. (2017). 

Assigned trophic levels are approximate; deletion genotypes were determined by read 

coverage (Table 3).  

A  phenotypic trophic level 

  carnivore omnivore herbivore 

amylase 
deletion 

genotype 

carnivore 4 0 0 

omnivore 4 12 3 

herbivore 0 0 6 

 

B  phenotypic trophic level 

  carnivore omnivore herbivore 

amylase 
deletion 

genotype 

carnivore 17 1 1 

omnivore 22 1 2 

herbivore 2 0 1 

 

 

 

Table 4.5. Samples collected for amylase functional assays. We collected guts from five 

species representing different trophic levels and different amylase deletion genotypes. 

Species 
# 
individuals 

Trophic 
level 

AMY deletion 
genotype 

Aulonocara baenschi 8 carnivore carnivore 

Aulonocara 
jacobfreibergei 

7 carnivore carnivore 

Aulonocara koningsi 8 carnivore omnivore 

Metriaclima zebra 8 omnivore omnivore 

Labeotropheus 
trewavasae 

8 herbivore herbivore 

Tropheops tropheops 14 omnivore herbivore/omnivore 
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CHAPTER 5: Epilogue and Future Directions 

 

Epilogue 

In this body of work, I have explored the dynamics of host-microbe interactions in 

two different host systems, humans and African cichlids. In humans, I have shown that 

a single SNP in the ABCC11 gene explains approximately 15% of the variation in beta 

diversity in microbiota at two body sites: the external auditory canal (EAC) and axilla. 

Additionally, I have shown that these ABCC11 alleles correlate with major shifts in 

clinically relevant taxa at both sites. In cichlids, I have explored the relative contributions 

of host genetic factors, diet, gut region, and developmental time point to bacterial 

colonization of the gut. Furthermore, I have identified colonization patterns potentially 

indicative of herbivore specialization to a starch-rich diet. I have also identified a 

candidate gene contributing to evolution of trophic specializations in cichlids, pancreatic 

alpha-amylase (amy2). Finally, I have begun to characterize and validate the role of 

amy2 in digestion across a wide array of cichlid species. 

 

Future directions for understanding the impact of ABCC11 alleles on microbial 

communities in the human external auditory canal and axilla 

While our sampling efforts in Chapter 2 were sufficient to characterize 

differences both in overall beta diversity and specific bacterial taxa among individuals of 

differing ABCC11 genotype, we would like to sample more individuals (especially AA 

and GA) in order to have the statistical power to also interrogate the impact of daily 

habits on microbial communities at these body sites. Several recent studies have shown 

that diet and other lifestyle factors can explain around 20% of the variation in gut 

microbiota, but these studies had hundreds or thousands of participants and very 

extensive lifestyle data to work with (Falony et al. 2016; Zhernakova et al. 2016; 

Rothschild et al. 2018). While we do not seek to characterize the EAC and axillary 

microbiota to that extent, we would like to delve more into the relative impacts of habits 

such as antiperspirant use, in-ear earbud use, and cohabitation with others.  

There is some evidence that individuals with the AA genotype tend to be more 

attractive to mosquitos; in our study, individuals with dry earwax tended to self-report 
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feeling relatively more likely to be bit by mosquitos than others. During our sampling 

effort, we collected swabs to use in mosquito feeding assays to test this assertion, but 

initial testing by collaborators has been inconclusive thus far. Future tests with more 

samples, a different species of mosquito, or a different feeding assay may still allow us 

to experimentally validate this largely anecdotal link between ABCC11 and mosquito 

attractiveness. 

Our collaborator Julie Horvath is continuing sampling for this project in her lab. 

Student Kathryn Jenkins has expanded the sampling effort to see if ABCC11 genotype 

also plays a role in bacterial colonization at non-apocrine body sites. She has also 

prepared and analyzed samples from both US and Malagasy people to see if our 

patterns are consistent across multiple populations with different lifestyles. 

 

Further directions for investigating the genetic architecture of trophic level 

evolution in Lake Malawi cichlids 

Validating the role of pancreatic alpha-amylase 

Due to technical issues with samples and assays, we were only able to obtain 

amy2 expression data for five cichlid species and activity data for one in Chapter 4. 

Since the initial sampling effort, I have continued to sample additional species, 

including: Metriaclima aurora, a generalist/detritivore; Labeotropheus fuelleborni, an 

algavore; Labidochromis sp. “Hongi”, an herbivore; and Labidochromis caeruleus, and 

invertivore. We plan to assay both amylase expression and activity in these new 

samples. This expanded dataset will include multiple species per trophic level and 

amylase deletion genotype. Additionally, two genera in the expanded dataset, 

Aulonocara and Labidochromis, have species with divergent amy2 deletion patterns, 

allowing us to investigate phenotypic consequences of these deletions on closely 

related taxa. We are especially interested in species such as A. koningsi and L. 

caeruleus, where their amylase deletion genotype does not match our expectations 

based on their known trophic specializations. 

One goal of this project has been to assess the impact of genetic variants on gut 

microbial communities. To accomplish this, I have collected additional samples from 

multiple families of T. tropheops, a species in which both the omnivore and herbivore 
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Amy2 deletion genotypes are segregating. Our lab has also generated a hybrid cross 

between two Labidochromis species with different deletion genotypes: Labidochromis 

caeruleus, an invertivore with the ancestral omnivore deletion haplotype; and 

Labidochromis sp. “Hongi”, an herbivore with the herbivore deletion haplotype. To date, 

I have sampled over 100 F2s from this cross. We plan to use gut samples from multiple 

families of both T. tropheops and the L. caeruleus x L. sp. “Hongi” cross to assay 

relative gene expression of amy2 gene copies, overall amylase activity, and microbial 

community composition. We expect that we will be able to find differences in all three 

phenotypes when comparing across amylase genotypes within these two lines. We 

hypothesize that individuals with lower endogenous alpha-amylase activity will be 

colonized by relatively more bacteria with amylolytic or other fermentative capabilities to 

compensate for the host’s insufficient digestion abilities. Such a finding would mirror the 

trend seen in lactase nonpersisters who consume dairy products and show increased 

amounts of fermentative Bifidobacteria in the gut (Goodrich et al. 2017). 

Finally, while it is assumed that these different copies of amy2b have evolved 

because they confer an evolutionary advantage in digestion ability, we have not 

experimentally validated this claim. In order to do that, we would like to develop a 

fitness assay in which families of fish segregating different amy2b haplotypes are raised 

on foods with different levels of starch. We hypothesize that individuals with the 

herbivore haplotype will be better suited to digest starchier diets, and this advantage will 

be reflected in growth and body condition. 

 

Understanding the molecular mechanism underlying differences in alpha-amylase 

expression and activity 

In addition to extending our datasets used in Chapter 4, we would like to further 

investigate the molecular mechanism causing the observed patterns in amylase 

expression and activity. Our limited expression and activity data available so far 

suggests conflicting regulatory mechanisms; activity appears to increase with gene copy 

number (Figure 4.4) while expression patterns suggest a deletion-specific external 

regulator (Figure 4.3). Previous work in pricklebacks and other fishes suggests that 

increased amylase activity could be due to increased gene copy number, elevated 
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expression of fewer genes, or expression of more efficient proteins (German et al. 

2016). Based on our current data, any of these proposed mechanisms could be at work.  

We plan to examine expression and activity patterns in additional species (as 

described above) in order to more thoroughly understand how the different deletion 

haplotypes manifest at these different phenotypic levels. We also plan to further 

investigate the impact of the five nonsynonymous SNPs in the herbivore haplotype, 

which could potentially reflect specialization for breakdown of specific starches (Shibata 

and Yamazaki 1995; German et al. 2016). Additionally, we will investigate other variants 

in the region upstream of each gene, as even small changes to regulatory elements 

have been shown to significantly impact amylase expression in fruit flies, mice, rats, and 

humans (Cockell et al. 1989; Howard et al. 1989; Choi and Yamazaki 1994; Ma et al. 

2004). 

 

Additional uses for our cichlid genome panel 

Pancreatic alpha-amylase emerged immediately from this dataset as a promising 

candidate gene for trophic level evolution. We found many additional candidates with 

our initial Fst scan that warrant further investigation (Table 4.2). Furthermore, our initial 

scan included only exonic SNPs, but there are many other types of variants that can 

and should be investigated (e.g., indels, inversions, repeats). Our dataset also contains 

species that show diversity in many phenotypes besides trophic specialization and can 

be used to find candidate genes associated with variance in these different phenotypes. 

A postdoc in our lab, Emily Moore, is using our cichlid genome panel to find candidate 

genes for divergence between rock- and sand-dwelling cichlids, which display different 

behavioral phenotypes. 
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