
ABSTRACT 

MOORE, EMILY CHRISTINE. Complex Sex Determination and Microhabitat Use 
Impact Evolution of Behavior and Morphology in East African Cichlid Fish. (Under 
the direction of Reade B. Roberts). 

East African cichlid fish display astounding diversity in a variety of traits, 

including behavior, pigment, and sex determination. The diversity between species 

is mirrored by pervasive sex differences within species, which can be harnessed to 

investigate the evolution and genetic basis of these traits using a variety of 

laboratory and population genetic tools. 

In CHAPTER 2, I review polygenic sex determination, which is a little-studied 

system of genetic switches that interact with each other to determine an organism’s 

gonadal sex. 

In CHAPTER 3, I develop a multivariate, non-lethal method for sexing fish, 

and use that method to describe and quantify the evolution of sexual dimorphism in 

genital morphology across 11 species of Lake Malawi cichlids. I found that sexual 

dimorphism is greater in the rock lineage of cichlids, associated with a reproductive 

strategy where females produce larger, but fewer, eggs. 

In CHAPTER 4, I investigate the whole-organism phenotypic consequences 

of having two segregating sex determiners in a single population. I found that while 

fish are gonadally either male or female, there are effectively four phenotypic sexes 

corresponding to four genotypic sexes, as defined by head and body morphology, 

genital morphology, and behavior. 

In CHAPTER 5, I test five Malawi species for response to a heterogenetic 

intruder, and find heritable patterns in how fish interact with a non-competitive 

individual. These effects are largely sex neutral, which demonstrates that aggression 

levels can evolve in a species-, rather than sex-specific manner. 

In CHAPTER 6, I examine exploratory behaviors for five Lake Malawi 

species, including movement in a novel environment, and response to a novel object 

in a habituated environment. These behaviors vary at the species and genus level, 

and vary by microhabitat. 



 

In CHAPTER 7, I use the microhabitat designations identified from the work in 

Chapter 6 to re-evaluate population genetic data. I identified a genetic locus that 

proved to be associated with behavioral variation in the lab, as determined by two 

independent experiments. Interrogation of the locus identified disruption of a 

conserved non-coding element upstream of behavior-related genes, which show 

differential expression in the brain by allelic state.  
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CHAPTER 1: Ecological Speciation and the Cichlid Model 

Ecological speciation 

Speciation in allopatry, where a non-ecological barrier prevents gene flow 

between populations, has been long accepted by the scientific community. However, 

the potential for populations to diverge in spite of the potential for individuals to have 

contact and interbreed has been an outstanding question in speciation research, and 

it has only been relatively recently that the experimental and genomic toolset has 

allowed us to identify and confirm divergence with gene flow (Bird et al. 2012). Ernst 

Mayr proposed that variation in “microgeography” could result in microallopatric 

speciation mediated by alternate ecological selection pressures (1947). Since Mayr’s 

theory, empirical studies have demonstrated speciation along ecological axes. 

Adaptation to different food resources 

Divergence to use alternate food resources has support for species within 

close geographic range. Marine amphipods in the genus Paramphithoe have 

become specialized to different host food sources, and show genetic divergence that 

support maintenance of divergence despite close geographic proximity (Schnabel 

and Hebert 2003). Indeed, divergence of one group through utilization of new food 

sources can even drive speciation across trophic levels, to that groups’ parasites or 

predators. The fly Rhagoletis pomonella complex has recently diverged into species 

associated with different host plants: the ancestral hawthorn and the introduced 

apple tree. This split to utilize different food resources has driven the speciation of R. 

pomonella’s parasitic wasp species, Diachasma alloeum, which use the host fly’s 

fruit as a mating site (Forbes et al 2009). 

Allochrony in mating period 

Another potential mechanism for reproductive isolation in sympatry is shifts of 

reproductive period—if the sub-populations are not able to breed at the same time, 
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this prevents gene flow. There are well known examples of allochrony occurring in 

vertebrates and invertebrates. In populations of the bend-rumped storm-petrel 

(Oceanodroma castro) seabird, there have been four independent occasions of 

populations developing different mating times, two of which have large genetic 

divergence, supporting cessation of gene flow. These temporal shifts provide 

opportunity for the development of additional traits that may be reproductively 

isolating if secondary contact occurs. Periodical cicadas (Magicicada) are a striking 

example of allochrony, with broods emerging on different years on the same 13- or 

17-year cycles. In the case of life-cycle switching, where two broods emerge on the

same year and geographic region, reproductive barriers hold upon secondary

contact (Cooley et al. 2001).

Adaptation along a geographic cline or micro-geographic feature 

There are many instances of divergence along geographical or ecological 

clines, as well as with patchy resource distribution. The Mascarene grey white-eye 

bird (Zosterops borbonicus) inhabits two islands, one with more complex 

microhabitat, and one with simple microhabitat. The populations inhabiting the 

complex geographic region show genetic and phenotypic differentiation along 

ecological gradient, with changes to both beak morphology and plumage, whereas 

the population on the other island does not (Mila et al 2010). In Israel, the Evolution 

Canyon has ecologically differentiated slopes; one is hot and dry, and the other is 

cool and humid. Spiny mice (Acomys cahirinus) show genetic differentiation and 

assortative mating by ecotype, and mice from the slope most different from ancestral 

habitat have more loci under positive selection (Li et al. 2016). Relative distance to 

the shore can also create a habitat cline; near-shore vs offshore habitat use 

distinguishes closely related species of manta rays (Manta alfredi and M. birostris) 

(Kashiwagi et al 2011). Thermal clines can also provide a source of reproductive 

isolation for animals and plants, providing a stable feature of the environment that 

can promote spatial isolation of individuals with varied temperature optima (Keller 

and Seehausen 2012). 
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Specific ecological features, rather than clinal gradients, can also be 

associated with sympatric divergence. Adaptive phenotypes seem to be paired with 

sexually-selected phenotypes in these cases, which may indicate that additional 

reinforcing mechanisms may be required in these cases. Body shape differences 

between populations of the Lake Malawi African cichlid fish genus Metriaclima are 

also associated with pigmentation differences, which may allow for reinforcement of 

ecologically-relevant traits by sexual selection. Body shape leads to differential 

success by microhabitat, with deeper-bodied populations inhabiting rockier, complex 

habitat, and slender-bodied fish inhabiting more open water, sandy microhabitat 

(Husemann et al 2014). Blind mole rats (Spalax galili) have diverged between soil 

types, with populations showing divergence of genes involved with habitat selection 

and mate choice (Li et al 2015) 

Mate choice as a mechanism for reinforcement in sympatric speciation 

Even if food resources or geography do not support micro-allopatric 

separation of diverging lineages, assortative mating can serve to reduce gene flow 

in sympatry. Models of sympatric speciation support a strong role for both mate 

choice and resource distribution in facilitating divergence in the face of gene flow 

(Thibert-Plante and Hendry 2011). Even in the simple case of a single quantitative 

fitness trait and a different, quantitative mate choice trait, linkage disequilibrium can 

develop between the two loci, allowing for reinforcement in sympatry (Kondrashov 

and Kondrashov 1999). However, the mechanism of female mate-choice can 

influence the ability of divergence in male traits to reinforce sympatric speciation 

(Verzijden et al. 2005). One other possibility is for a trait that confers a competitive 

advantage to be the same trait used to signal assortative mating. In Gambusia, 

optimal body size differs based on predation regime, and is also a signal for mate-

choice (Langerhans et al. 2007). 
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Hybridization and gene flow coupled with divergence 
With the development of genome-scale data sets, we now have the ability to 

interrogate genome to look for signals of divergence, leading to the prospect of 

distinguishing between primary sympatric divergence and secondary contact 

followed by intermittent hybridization (“divergence with gene flow”). One way to do 

this is to look for restricted genomic introgression as seen in hybrid zones, as 

opposed to Fst between pure species (Harrison and Larson 2016). In these cases, 

allele frequencies and levels of decay of linkage disequilibrium can vary with clinal 

versus patchy hybrid zone distribution (Mallet et al. 2009). Hybridization has the 

potential to remix the genome, which could give hybrids with the best suite of traits a 

competitive advantage in varied microhabitats. Additionally, the mix of parental 

genotypes in the heterozygous hybrid can result in novel phenotypes, or 

“transgressive segregation.” Hybridization thus can lead to ecological separation 

from both parental species (Seehausen 2004). The speed at which this can occur 

may be quite rapid, on the magnitude of tens of generations (Seehausen 2004; 

Hendry et al. 2007). 

Ultimately, we should not think of divergence as a linear process, but instead 

as a highly variable process with the potential for the same lineage to experience 

different speciation events (Bird et al 2012). Even in cases where sympatric 

speciation is well supported, such as the Cameroon crater lake cichlid radiation, 

further genomic interrogation has brought to light evidence of continued 

hybridization and gene flow (Martin et al. 2015).  

Adaptive behaviors driving sympatric divergence: a gap in the literature 

Behaviors have the potential to play a large role in organismal fitness, yet 

thus far the majority of studies examining the behaviors involved in speciation have 

looked at those involved in mate choice (courtship song, male signals, and female 

choice). One exception to the rule comes from studies of Peromyscus, where the 

genetic architecture of burrow building between species varied by ecotype (Weber et 
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al. 2016). However, even in this case, going from genomic architecture to adaptive 

behavioral mechanisms has remained elusive. There is a gap in the literature for 

understanding the evolutionary and genetic mechanisms of adaptive behaviors that 

would benefit from studies that can harness ecological variation and the tools 

associated with hybridization and genome re-mixing. 

African cichlids as a model to understand the genetic basis of phenotypic 

divergence  

If we are to understand how adaptive behaviors evolve, we need to harness 

the appropriate tools. Historically, the question of behavioral evolution has not been 

an easy question to answer, as many behaviors are quite complex, are often highly 

variable within environmental context, and it can be difficult to know whether the 

kinds of measurements taken are quantifying the behavior in a biologically 

meaningful way. Additionally, the substrate for the evolutionary process is genetic 

variation; to study the genetic basis of behaviors, we need a system where there is 

enough genetic variation to generate diverse behavioral patterns, but not so many 

genetic changes that we are overwhelmed by non-functional background 

differences. 

To contribute to our understanding of the genetic basis of behaviors, I turned 

to an evolutionary genetic model system—African cichlid fish. These fish inhabit the 

Rift Valley of East Africa (Figure 1.1), and are known for their remarkable adaptive 

radiation over the last few million years that occurred when volcanic rifts opened 

and filled with fresh water (Kocher 2004; Konings 2007; Brawand et al. 2014). The 

original colonizing riverine fish ancestor diversified to inhabit diverse niches across 

the lake, from the (relatively) large open water predator Rhamphochromis to the 

shallow water algae-grazer Labeotropheus. Physical and behavioral changes have 

accompanied and perhaps driven adaptation to different microhabitats within the 

lake (Ribbink et al. 1983; Streelman and Danley 2003), and there is considerable 

genetic variation that underlies differences in jaw and teeth morphological facets, or
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shape (Albertson et al. 2005), eye function (Carleton et al. 2010), and pigment 

(O’Quin et al. 2013). Another common feature of some rift lake African cichlids is 

conspicuous differences between the sexes; males and females can have alternate 

foraging strategies, varied territoriality, and striking pigmentation differences 

(Konings 2007), and these sex differences can vary across species. 

We can harness several interesting features of cichlids to understand the 

mechanisms underlying their astounding diversity, both between sexes and between 

species (Parsons and Albertson 2013). The first is that cichlids have been shown to 

re-use adaptive alleles, such as is seen with a blotched color morph that occurs in 

females of several genera, originally mapped by pooling data from dozens of 

species (Roberts et al. 2009). Not only is the same gene, pax7a, responsible for 

blotchy black pigmentation in all Lake Malawi species that have the trait, we can 

trace the evolutionary history of the locus to understand how that locus has spread 

and changed to produce an allelic series, as is discussed in Appendix A. The reuse 

of adaptive alleles allows us to compare across populations and species that share 

the same trait and identify where they are genetically similar (see Chapter 7). We 

also are very successful at raising cichlids in a laboratory environment, where we 

can perform “common garden” experiments to control for environmental influences 

on traits, and quantify how traits differ between species due to genetics (see 

Chapters 3, 5, and 6). Another genetically important feature is the ability to 

hybridize different species in the lab (see Chapter 7), which allows us to perform 

quantitative gene mapping experiments and trace the inheritance patterns of traits 

normally fixed with species with the genetic variation that influences them. Lastly, 

complexity in genetic sex determiners (Chapters 2 and 4) provides a unique 

opportunity to identify how sex differences in behavior and morphology are inherited 

and modified by sex chromosome regions, and understand the pressures that drive 

evolution of sex determination systems. 
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In the following dissertation, I present the results of research examining the 

evolution of behavior by sex, species, and microhabitat use, linking differences in 

behavior to specific loci in the genome. 
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Figure 1.1 –  Map of Africa highlighting the East African Rift Valley, including Lake 

Malawi. The original population locations of many of the wild-derived Roberts Lab 

lines are indicated on the map.



12 

CHAPTER 2. Polygenic sex determination 

Moore, E. C., and R. B. Roberts. 2013. Polygenic sex determination. Current Biology 

23: R510-R512. 

The following paper was published in the journal Current Biology, as an invited 

paper. It compares polygenic sex determination to single-locus genetic sex 

determination, describes various taxa within which polygenic sex determination has 

been described, and discusses the potential evolutionary consequences for such 

systems.  
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Kosswig around 1964, shortly after 
PSD was described in platyfish 
(Xiphophorus spp.). In the case of 
platyfish, some populations have 
both a Y male determination allele 
and a W female determination allele 
segregating at the same chromosome 
pair. Despite the discovery and 
description of PSD nearly fifty years 
ago, the phenomenon remains 
relatively unknown, and only recently 
have we begun realizing the potential 
extent of PSD systems across taxa.

What species have PSD? Polygenic 
sex determination is known to 
occur naturally in various species of 
insects, mammals, fish, and plants. 
Some housefly (Musca domestica) 
populations have male and female 
sex determination loci on autosomes 
in addition to a male sex determiner 
on a morphologically distinct Y 
chromosome. Among vertebrates, 
birds and mammals generally have 
evolutionarily conserved monogenic 
sex determination systems; however, 
African pygmy mice (Mus minutoides), 
some species of South American field 
mice (Akodon spp.) and two species 
of lemmings (Myopus schisticolor 
and Dicrostonyx torquatus) have 
independently evolved an additional, 
independently assorting female sex 
determination locus. Fish have been 
the most well studied vertebrate 
lineage with regard to variety of 
sex determination mechanisms, 
and it is within this group that PSD 
was initially discovered. Additional 
examples of PSD have recently been 
found in fish, including in African 
cichlid fish (Metriaclima spp.) and 
the developmental model zebrafish 
(Danio rerio). Outside of the animal 
kingdom, some gynodioecious 
plants (such as Thymus vulgaris 
and Plantago coronopus) appear to 
determine hermaphroditic versus 
female sex through interactions of 
multiple cytoplasmic and nuclear loci. 

Do all species with multiple sex 
chromosomes have PSD? Not 
necessarily. For example, the platypus 
(Orinthorhynchus anatinus) has five 
sex chromosome pairs — males 
have five X and five Y chromosomes. 
However, these chromosomes form 
chains and segregate together during 
meiosis, so that they effectively 
behave as a single X and a single 
Y chromosome when distributed 
to gametes, rather than five 

Polygenic sex 
determination
Emily C. Moore  
and Reade B. Roberts

What is sex determination? Sex 
determination is the mechanism by 
which sexual organisms direct gonad 
development towards distinct but 
reproductively compatible outcomes. 
Molecular signaling cascades in 
the developing gonad provide 
instructions to the tissue to develop 
as male or female (or in some cases 
hermaphrodite), and these signals 
can be initiated in different ways. Sex 
can be determined by environmental 
cues (such as temperature), or 
genetically. Genetic sex determination 
occurs when an inherited difference 
in genes or chromosomes initiates 
the sex determination signal, acting 
as a ‘master switch’ for male or 
female development. Perhaps the 
most widely known genetic sex 
determination system is the male 
heterogametic XX/XY system found in 
most mammals, where the Sry gene 
on the Y chromosome determines 
male sex. Thus, XY individuals 
develop as males, and XX individuals 
develop as females. Many other 
organisms, including birds, have a 
ZZ/ZW chromosomal system, where 
heterogametic ZW individuals develop 
as female, and homogametic ZZ 
individuals develop as male (Figure 1).

How is polygenic sex determination 
different? In the XY and ZW systems 
described above, a single genetic 
locus, often on a morphologically 
distinct chromosome, acts as the 
master switch for sex determination. 
In polygenic sex determination 
(PSD), multiple, independently 
segregating sex ‘switch’ loci or 
alleles determine sex within a 
species. Polygenic systems can arise 
through modifications of existing 
sex chromosomes that create a third 
functional sex chromosome at the 
same locus, or through modifications 
of autosomal loci elsewhere in the 
genome that create new inputs for 
regulation of gonad development. The 
term ‘polygenic sex determination’ 
appears to have been coined by 

Quick guide independently segregating pairs of 
chromosomes. Similar scenarios 
occur in sticklebacks and other fishes, 
where multiple sex chromosomes are 
present, but pair in such a way as 
to consistently segregate as if they 
were a single chromosome pair. Since 
there do not appear to be multiple 
genetic sex switch loci, and the sex 
chromosomes are not segregating 
independently, these cases do not 
meet the requirements of the PSD 
definition above.

In PSD, which sex determination 
locus ‘wins’ to determine sex? 
The locus that wins and ultimately 
determines the fate of the gonad 
depends on the system being 
examined (Figure 1). In platyfish, 
pygmy mice, and lemmings, the 
ancestral state was an XY system. 
In these cases, one of the X 
chromosomes gained a female 
sex-determination allele that is 
dominant to the Y, directing ovary 
development in WY (also referred to 
as X*Y) individuals. Some species 
of cichlid fish from Lake Malawi 
have an XY locus and a WZ locus 
on distinct chromosome pairs, 
and when these occur in the same 
individual, the W female determiner 
wins, and the individual develops as 
female. The end result of PSD is not 
always skewed towards females; in 
some housefly populations, a sex 
determination locus on an autosome 
causes XX flies to develop as male. 
In other cases, including zebrafish 
and cichlids, sex determination 
likely results from a combination of 
additive and epistatic effects at many 
loci. Thus, an allele that wins in one 
combination of sex determination 
loci genotypes may lose in another. 
Indeed, in some gynodioecious plants, 
the outcome of a genetic contest 
between ‘anti-male’ mitochondrial 
loci and nuclear ‘pro-male’ restorer 
loci ultimately determines female 
versus hermaphrodite development. 
Truly, there is striking diversity in the 
different ways PSD has independently 
evolved across these taxa.

Why haven’t I heard of PSD 
before? Simply put, historical 
and technical bias. Genetic sex 
determination was first identified in 
insects, where it was found in the 
form simplest to detect and easiest 
to understand: a single, highly 
differentiated sex chromosome was 
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found in one sex but not the other. 
This precedent was confirmed in 
mammals, birds, and important 
model systems like Drosophila 
melanogaster. Later, additional 
types of chromosome-level sex 
determination were identified, 
including XO systems (found in the 
nematode Caenorhabditis elegans) 
and haploid–diploid systems 
(found in Hymenopteran insects, 
including ants and bees). The ease 
of studying chromosomal sex, where 
sex chromosomes could be readily 
identified under a microscope, 
surely biased the study of sex 
determination against autosomal 
sex determination loci systems for 
the greater part of the last century. 
Since this historical bias had a 
large conceptual impact on the 
study of biology from evolutionary 
theory to developmental research, 

PSD systems may have remained 
largely undiscovered, or, when 
they were identified, dismissed as 
odd exceptions to the rule. Early 
studies of sex ratios in some species 
suggested PSD, but until relatively 
recently, the technology was not 
available to readily identify multiple, 
interacting sex determination loci 
in many species. With the advent of 
less expensive genome sequencing, 
and more sophisticated strategies 
for genetic mapping, we expect 
that instances of PSD will become 
easier to find, and the catalog of 
examples will grow. In fact, some 
species traditionally thought to have 
a monogenic sex determination 
system may demonstrably have PSD 
upon further study, including those 
species for which sex determination 
has not been examined or has only 
been examined in a small number of 

families or populations. For example, 
when mapping sex determination 
in some African cichlids, PSD could 
be missed by chance sampling of 
families whose parents carry only 
one sex determiner (e.g., a cross 
between a ZZ/XY male and a ZZ/XX 
female would allow mapping of the 
XY locus, but not the ZW locus). 
Ultimately, discovery of PSD systems 
requires truly representative mapping 
strategies as well as openness 
to the possibility that multiple 
sex determination loci may be 
segregating in a population.

Why does PSD exist? One hypothesis 
to explain the evolution of PSD is 
that a novel sex determination locus 
will be maintained if it provides a 
benefit to individuals carrying it. 
For example, in both houseflies and 
South American field mice, individuals 

A B C D
Male heterogametic Female heterogametic  Single-locus polygenic  Multi-locus polygenic

P

F1

X Y X X

X XX Y

Z Z Z W

Z Z Z W

X Y X W

X XX Y X W W Y

Z Z X Y Z W X X

Z Z X Y X X Z WZ W X YZ Z X X

Current Biology

Figure 1. Inheritance patterns in male heterogametic, female heterogametic, and polygenic sex determination systems.
(A) The male heterogametic XX/XY system represented in humans, where a degenerated Y chromosome inherited from the father determines 
male sex in offspring. (B) The female heterogametic ZZ/ZW system represented in Northern cardinal (Cardinalis cardinalis), where a degenerated 
W chromosome inherited from the mother determines female sex in offspring. (C) African pygmy mice (Mus minutoides) represent a single-locus 
XYW system, where the inheritance of a Y by itself determines male development, but this effect is overridden by the presence of a novel W 
female sex determiner (also referred to as X*). The system produces one genotypic male class, and three genotypic female classes. (D) African 
cichlid fish (Metriaclima pyrsonotus) represent a multi-locus system, where alleles at an XY locus on chromosome 7 (green) and a ZW locus on 
chromosome 5 (yellow) segregate independently. The W allele overrides the Y male determiner such that ZW, XY individuals are female, again 
resulting in one genotypic male class, and three genotypic female classes. Additionally, a pigmentation allele tightly linked to the W locus pro-
duces a color polymorphism in female offspring. Note that in both polygenic systems other types of crosses with different outcomes are pos-
sible, since there are multiple genetic types of females.
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with the more recently evolved sex 
determination alleles have higher 
reproductive fitness. It is unclear 
whether the gene that acts as the 
overriding primary sex switch has 
pleiotropic effects modulating fitness, 
or if the novel sex determination locus 
is linked to another gene that provides 
enhanced fitness. Novel sex 
determination loci may also arise and 
be maintained if they resolve a sexual 
conflict involving an allele that 
provides an adaptive benefit to one 
sex to the detriment of the other. Such 
a scenario appears in African cichlid 
fish, where a pigmentation allele 
provides camouflage to females, 
but disrupts sexually selected male 
nuptial color and thus reduces male 
mating success. The pigmentation 
allele is tightly linked to a recently 
evolved female sex determination 
locus, ensuring that the color trait will 
only be expressed in females, the 
benefiting sex. Similar sexual conflicts 
could be evolutionarily intertwined 
with each sex determination locus in 
PSD systems. 

Is PSD evolutionarily stable? The 
answer is not entirely clear. One 
argument against stable PSD is that 
one sex determination allele would 
provide a reproductive fitness benefit 
over another, and selection would 
fix it as the sole sex determiner. 
Another concern is that PSD could 
produce highly skewed sex ratios, 
depending on the number of loci and 
how they interact. However, 
depending on how different sex 
switches are integrated during sexual 
development, and the frequencies 
of sex determination alleles in 
populations, these arguments may not 
be valid in all circumstances. In a 
simple sense, PSD systems may be 
inherently unstable if they can easily 
revert to single factor systems by loss 
of sex determination loci via drift or 
selection. In some species with PSD 
(such as houseflies and cichlids), sex 
determination occurs normally if only 
a single genetic factor is present, and 
different populations appear to have 
monogenic versus polygenic sex 
determination. Thus, it appears that 
only a single genetic switch is 
required for proper sexual 
reproduction in these species, even 
though multiple sex determination loci 
can be present. However, we suggest 
that the widespread presence of PSD 
across taxa suggests that it 

represents an evolutionarily stable 
strategy in some scenarios. The 
alternative would require that the 
examples cataloged thus far all 
represent temporary destabilization 
of a fundamental fitness trait in 
species, or evolutionary transitions 
between sex determination systems. 
One hypothesis for the stability of 
PSD is that it could readily produce 
multiple phenotypic or reproductive 
classes within a sex, or more than 
two sex types. If these class or type 
differences result in alternative fitness 
benefits, selection may maintain 
them in the population, contributing 
to PSD being an evolutionarily stable 
scenario. 

How many sexes are there? The 
traditional view of primary, gonadal 
sex is of a binary trait — each 
individual is either male or female. 
With multiple interacting loci 
determining primary sex, there are as 
many genetic sexes for a given group 
as there are possible combinations 
of sex determination loci. In known 
cases of PSD in animals, primary sex 
remains binary, but evidence suggests 
that genotypically different individuals 
of the same primary sex can have 
differential reproductive success, 
as mentioned above. Thus, even 
though primary sex may be binary 
in these cases, PSD may produce 
different classes within a single sex, 
or individuals of the same primary 
sex with strikingly different secondary 
sexual characteristics. In some 
plants, PSD systems may produce 
what could be considered more 
than two sexes. For example, in the 
domesticated cantaloupe, Cucumis 
melo, multiple loci interact to produce 
four sexes, with andromonoecious, 
monoecious, gynoecious, and 
hermaphrodite individuals in some 
cultivars (though it is not clear if 
such a system occurs naturally). In 
light of the variability in the genetic 
controls of sex determination and 
development, it may be beneficial 
to re-evaluate our view of sex as a 
binary trait. 

Why study PSD? Organisms with PSD 
provide us with models of multiple 
genetic switches that interact in 
different combinations to produce 
a fundamental fitness phenotype 
and resounding effects throughout 
an organism. These models can 
be used to study the evolution of 

gene networks and epistasis, and 
allow us to ask questions about the 
developmental regulation of genes 
that are traditionally thought of 
as members of core sex signaling 
networks. Species with PSD also 
provide snapshots of possible 
transitions from one mode of sex 
determination to another, providing 
insight into the evolution of sex 
determination. Identification of 
additional sex determination genes 
and interactions should also provide 
insight into sexual development and 
disease. Ultimately, studying intrasex 
differences in PSD models may 
provide insight into the continuum 
of sex differences in humans, and 
challenge long held notions of the 
evolution and development of sex and 
sexual dimorphism.
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CHAPTER 3. Genital morphology and allometry differ by species and sex in 

Malawi cichlid fishes 

Moore, E. C., and R. B. Roberts. 2016. Genital morphology and allometry differ by 

species and sex in Malawi cichlid fishes. Hydrobiologia doi:10.1007/s10750-

016-2912-6.

The following research article was published in the journal Hydrobiologia, as part of 

a cichlid science special issue. The work examines differences in genital morphology 

between males and females across 11 species to identify variation in sexual 

dimorphism. It also establishes a non-lethal, quantitative method for identifying 

gonadal sex of fish, which is particularly useful in differentiating subordinate males 

from females. 
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Abstract The African cichlid fishes show great

diversity in mating displays and reproductive strate-

gies, yet species differences in genital morphology
have been little studied. Observational notes have

described broad sex differences in external genital

shape between males and females, but these differ-
ences have not been quantified. We examined three

aspects of genital morphology (relative anogenital

distance, relative vent length, and relative external
genital area) in two riverine and eleven Lake Malawi

African cichlid species from eight genera. We find the

most sexually distinct morphology in the LakeMalawi
rock cichlids and the least sexual dimorphism in the

riverine outgroup; additionally, diversity in metrics

within genus indicates that these traits are recently
evolving. Sexual dimorphism in morphology is pre-

sent in most species, and, in the Lake Malawi species,

multivariate discriminant analysis allows for accurate

assignment of gonadal sex based on genital morphol-

ogy and body size. This will serve as a useful method

for sexing fish in a nonlethal fashion and provides a
starting point for further examination of the evolution

of genital morphology in this diverse group of fishes.

Keywords Genital morphology ! Cichlid fishes !
Sexual dimorphism ! Anogenital distance ! Genital
papilla

Introduction

For many fish species, the evolution of genital

morphology has been influenced by both natural

selection and sexual selection (Evans et al., 2011;
Heinen-Kay & Langerhans, 2013; Martin & Page,

2015). Among cichlid fishes, the Lake Malawi and

Lake Victoria species flocks have undergone adaptive
radiations and show great variation in traits subject to

both natural and sexual selections (Kocher, 2004;

Brawand et al., 2014). This makes cichlids an ideal
system for comparative studies of evolution and trait

divergence, including for traits such as genital mor-

phology, which have been suggested to help reinforce
species boundaries in other recently diverged fish taxa

(Anderson & Langerhans, 2015).

In fish, male reproductive structures that are used
for sexual signaling and fertilization can be formed

from multiple tissues, from elaborate genital tassels
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attached to the genital papilla (Wickler, 1965; Fryer &
Iles, 1972) to modifications that make anal fins an

intromittent organ, permitting internal fertilization

(Langerhans et al., 2005). In the mouthbrooding
African cichlid fishes, male sexual signaling can be

performed with the external genitalia itself [as in some

tilapiine species (Wickler, 1965; Fryer & Iles, 1972)],
or with specially pigmented anal fins (as in some of the

haplochromine species) that may function as a court-

ship signal to females (Hert, 1991; Couldridge, 2002)
or as an intrasexual signal to other males (Theis et al.,

2012, 2015). Female genital morphology is much less

well studied, though recent studies of other species
have begun to explore the diversity of structure and

function of female genitalia (Anderson & Langerhans,

2015; Martin & Page, 2015).
Outside of general descriptions of genital tassel

structure, descriptions of sex differences in external

genital morphology in cichlids have been limited to a
small number of broad descriptions intended for

sexing fully mature adult animals (Chervinski, 1983;

Barlow, 2000). Upon cursory examination, the most
obvious sexually dimorphic feature in genital mor-

phology is that female external genitalia are larger

than males, which is easy to exploit when the fish are
large and mature, and has been used as a method for

sexing fishes in cichlid laboratories (Barlow, 2000;

Ding et al., 2014). Separate from genital morphology,
striking sexual dimorphism in African cichlid pig-

mentation has been used as a metric for sexing, but is

not always reliable for species where subdominant
males may have muted, female-like coloration or

where males and females are monomorphic (Fryer &

Iles, 1972). Additionally, in some species, females
have been found to display male breeding colors (Hale

et al., 1998) or bear egg-spots on their anal fins (Theis

et al., 2015).
In this paper, we describe vent (urogenital and

anus) morphology by sex in 13 species of African

cichlid, including eleven from the Lake Malawi
haplochromine adaptive radiation, one riverine hap-

lochromine, and one riverine Tilapia. By examining
how genital morphology differs across these species,

we can begin to establish a picture of how this

important reproductive structure has evolved in
mouthbrooding cichlids. Additionally, by identifying

sex differences, we have developed a way to assign sex

for small, subdominant, or otherwise ambiguous

individuals that can be used for nonlethal experiments
where sex identification is critical.

Methods

Animals: Wild-derived laboratory lines of Lake
Malawi cichlid fishes were housed and maintained

according to Institutional Animal Care and Use

Committee (IACUC) guidelines in the North Carolina
State University Roberts Lab aquaculture facility in

Raleigh, NC. This study used two riverine cichlid

species, Oreochromis niloticus (Linnaeus 1758) and
Astatotilapia burtoni (Günter 1894); four Lake

Malawi sand cichlid species, Aulonocara baenschi

Meyer & Riehl 1985, Aulonocara jacobfreibergi
(Johnson 1974), Aulonocara koningsi Tawil 2003,

and Otopharynx lithobates Oliver 1989; and eight

Lake Malawi rock cichlid species, Cynotilapia
zebroides (Johnson 1975), Labeotropheus trewavasae

Fryer 1956, Metriaclima aurora (Burgess 1976),

Metriaclima callainos (Stauffer & Hert 1992), Metri-
aclima lombardoi (Burgess 1977), Metriaclima pyr-

sonotus Stauffer, Bowers, Kellogg, & McKaye 1997,

Melanochromis auratus (Boulenger 1897), and Me-
lanochromis perileucos Bowers & Stauffer 1997

(previously, Melanochromis sp. ‘black and white

johanni’), (see Table 1 for more information about
the lines used).

Photography: Each fish was anesthetized with

buffered 100 mg/l tricaine methanesulfonate (MS-
222) until onset of sedation (as measured by reduction

of opercular movement) to measure standard length

(from the tip of the rostrum to the end of the caudal
peduncle). Fish were placed in a moist positioner to

ensure proper placement under the dissecting micro-

scope camera for photography of ventral aspect,
centered on the vent region, which includes the anus

and external genitalia. For species where pigmentation

is clearly sexually dimorphic, fish were placed in
recovery and returned to home tanks; for lines where

subdominant males and females could not be quickly
and easily distinguished by pigment, fish were euth-

anized in 250 mg/l MS-222 and gonads were dissected

and squashed if eggs were not clearly present (Guer-
rero & Shelton, 1974) to visualize sperm to confirm

that individuals were males rather than immature

females.
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Measurements: All images were analyzed using the
measurement feature of ImageJ (Schneider et al.,

2012). Four measurements were recorded from the

vent region within each picture in pixels (Fig. 1a): the
area of the anus and external genitalia were visually

determined (with boundaries demarked by pigmenta-

tion and tissue type, visible at high resolution) and
measured using the ellipsoid measurement tool; the

distance from the caudal-most aspect of the anus to the

cranial-most aspect of the external genitalia (anogen-
ital distance) and the distance from the cranial-most

aspect of the anus to the caudal-most aspect of the

external genitalia (vent length) were measured with
the line measurement tool. Anus radius was extrapo-

lated from the area of the anus radius ¼
ffiffiffiffiffiffi
area
p

p" #
.

Individuals were variable distances from the camera
apparatus, making consistent absolute measurements

difficult; accordingly, to determine the relationships

between the features of the vent region, relative
metrics of the anogenital distance and vent length were

generated by normalizing measurements to the anus

radius (Eqs. 1, 2), and relative external genital area
was generated by dividing the external genital area by

the anus area, and log-transformed to account for
exponential differences in area by size (Eq. 3).

Equation 1 Metric to describe the relative distance

of the anus from the external genitalia

Relative anogenital distance =
Anogenital distance

Anus radius

ð1Þ

Equation 2 Metric to describe the relative length of

the vent region

Relative vent length =
Vent length

Anus radius
ð2Þ

Equation 3 Metric to describe the relative area of

the external genitalia

Relative external genitalarea= log
External genital area

Anus area
ð3Þ

The suitability of the anus as the internal reference

for size normalization was tested with a subset of raw
pixel measurements from 43 individuals (representing

four species, two genera) where we could be confident

Table 1 Species used in this study

Species Designation Habitat (population used)

Riverine, tilapiine lineage

Oreochromis niloticus – Rivers across Africa (NCSU aquaculture line)a

Riverine, haplochromine lineage

Astatotilapia burtoni – Shallow shores of Lake Tanganyika, river basins (Stanford line)b

Lake Malawi haplochromine

Aulonocara baenschi Nonmbuna Intermediate zone where sand meets rock, deep (Nkhomo Reef)c

Aulonocara jacobfreibergi Nonmbuna Cave dwelling (Otter Point)c

Aulonocara koningsi Nonmbuna Intermediate zone where sand meets rock (Mbenji Island)c

Otopharynx lithobates Nonmbuna Cave dwelling, rocky substrate (Zimbawe Rocks)c

Cynotilapia zebroides Mbuna Rocky habitats, potentially deep (Cobwe, Nkhata Bay)c

Labeotropheus trewavasae Mbuna Rocky habitats, potentially deep (Mphanga Rocks)c

Metriaclima aurora Mbuna Intermediate zone where sand meets rock (Thumbi West)c

Metriaclima callainos Mbuna Shallow rocky shores (Nankoma Island)c

Metriaclima lombardoi Mbuna Rocky habitats, potentially deep (Mbenji Island)c

Metriaclima pyrsonotus Mbuna Rocky habitats, potentially deep (Nakantenga Island)c

Melanochromis auratus Mbuna All rocky habitats, including intermediate zones (Thumbi West)c

Melanochromis perileucos Mbuna Predominantly shallow rocky shores (Thumbi West)c, d

a Trewavas (1983)
b Fernald & Hirata (1977)
c Konings (2007)
d Ribbink et al. (1983)
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that the photographic conditions were consistent.

Variation in raw anus area (online resource 1A) is
small relative to variation in raw external genital area

(online resource 1B), and while variation in raw

external genital area differs by sex and with standard
length, variation in raw anus area is neither associated

with sex (unequal variance t test(97.7) = 1.088,

P = 0.2792) nor standard length (online resource
1A). Importantly, by comparing vent length and

external genital area to the anus, we can infer
differences in the shape of the region; generally,

larger values for relative vent length indicate a more

elongated vent region, and larger values for relative
external genital area indicate greater asymmetry width

of the vent region along the cranial/caudal axis.

Statistics: All statistics were conducted using JMP
statistical software (SAS).

Standard least squares multiple linear regressions

were used to model the relative contributions of
species, sex, and standard length on morphology

metrics. For the full models that included all species

(Table 2), all three interaction terms (sex by species,
sex by standard length, and species by standard length)

were initially included. Parameters with a P value of

greater than 0.05 were removed from the model by
hand in a stepwise manner until all parameters had a

P value of less than 0.05, unless the high P value was

from a main effect parameter with a low P value
interaction term; this model selection was confirmed

using the stepwise model selection tool in JMP.

Summary measurements (Table 3) are reported as
mean ± standard error. For differences between sexes

bFig. 1 A diagram and representative photographs of female
and male genital regions in 7 genera of African cichlid. The vent
region in cichlids (a) includes the genitals and the anus, which is
located cranially to the external genitalia. The ‘anogenital
distance’ is the measurement between the caudal-most aspect of
the anus and the cranial-most aspect of the external genitalia; the
‘vent length’ is the length of the entire region, including the
‘anogenital distance,’ longitudinal diameter of the anus and
external genitalia. Representative photos of female and male
vents from the tilapia outgroup (Oreochromis niloticus b, c),
riverine cichlid Astatotilapia burtoni (d, e), Lake Malawi sand-
dwelling haplochromine cichlids (Aulonocara jacobfreibergi, f,
g; Otopharynx lithobates, h, i), and Lake Malawi rock-dwelling
haplochromine cichlids (Cynotilapia zebroides, j, k; Metria-
clima aurora, l, m; and Melanochromis perileucos n, o).
Extended papilla tips in males are indicated via white arrows, if
present
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in measurements (Fig. 2), we used a two-tailed,

unequal variance t test, which is reported as ‘‘unequal

t test(degrees of freedom) = t ratio, P = P value’’ in the
text. Within species, the effects of sex, standard

length, and the sex by standard length interaction on

genital morphology were also modeled with a least
squares regression (Tables 4, 5, 6); interaction terms

were removed if they had a P value greater than 0.05.

The unequal variance t test is a more conservative test
than multiple linear regression; given the compara-

tively small effect sizes of standard length and sex by

length interaction relative to sex, the unequal variance
t test was the more appropriate test for identifying

sexual dimorphism.
A linear method discriminant analysis was per-

formed with stepwise variable selection, resulting in

the retention of relative anogenital distance, standard
length, and relative external genital area as predictor

variables for sex, using all the Lake Malawi species in

the training dataset (see Fig. 4 for canonical variable
plot). Sex identity was assigned to all individuals using

the training dataset, the accuracy of which is reported

as both number incorrect and probability of incorrect
assignment (Table 7).

Comparisons of sexual dimorphism in vent mor-

phology to egg size and productivity (number of eggs)

were generated using a combination of existing

datasets and laboratory measurements. All Lake

Malawi egg sizes were taken from Duponchelle et al.
(2008). If a species we measured for genital morphol-

ogy had egg size and productivity available in the

dataset, we used the exact measurement from the
paper; however, in one genus, Aulonocara, the only

available data were from morpho-species that were

different than those we tested, and in this case, we
averaged the measurements from the genus to approx-

imate egg size because the reported variability in egg

diameter within the genus was low (3.1–3.2 mm,
Duponchelle et al., 2008). The tilapia egg size and

productivity valueswere averaged from the two studies
found examining egg size and productivity in aqua-

culture Or. niloticus (Campos-Mendoza et al., 2004;

Getinet, 2008). The existing datasets did not contain
As. burtoni egg sizes, so we measured the area of each

egg from two broods (n = 78) usingOlympus cellSens

software, calculated the diameter from the area

(diameter ¼ 2 "
ffiffiffiffiffiffi
area
p

p
), and calculated the average

diameter of the eggs. Simple bivariate linear regres-

sion was used to examine relationships between egg
size and productivity, as well as egg size and sexual

dimorphism in external genital area, where values for

Table 2 Least squares
regression models of vent
morphology metrics

DF F value t value P value Adjusted R2

Relative anogenital distance 27 6.079 \.0001 0.30

Parameters

Species 13 9.1899 \.0001

Sex 1 0.749 0.3875

Species by Sex 13 2.8319 0.0008

Relative vent length 29 14.097 \.0001 0.55

Parameters

Species 13 5.168 \.0001

Sex 1 117.968 \.0001

Species by Sex 13 2.617 0.0019

Standard Length (mm) 1 69.758 \.0001

SL by Sex 1 9.694 0.002

Relative external genital area 29 32.290 \.0001 0.74

Parameters

Species 13 5.984 \.0001

Sex 1 388.612 \.0001

Species by Sex 13 3.620 \.0001

Standard Length (mm) 1 69.814 \.0001

SL by Sex 1 17.995 \.0001
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sexual dimorphism were taken from the findings of the

unequal variance t tests (as shown in Fig. 2).

Results

Overall value of parameters in predicting genital

morphology

The relative contribution of sex, species, and standard

length to explaining variation in genital morphology
varies based on the morphological feature being

examined. Anogenital distance has been reliably used

to sex blennies (Lipophrys pholis) outside of the

breeding season (Ferreira et al., 2010), and so we
expected that our equivalent metric, relative anogen-

tital distance, might also be influenced by sex in

cichlids. Surprisingly, we could only account for 30%
of the variance in this distance with our model

(F(27,286) = 6.079, P\ 0.0001, Table 2), and species,

rather than sex, best explained the differences
(t(13) = 9.190, P\ 0.0001, Table 2). While sex alone

did not influence relative anogenital distance

(t(1) = 0.749, P = 0.3875, Table 2), a significant
interaction term between sex and species

(t(13) = 2.832, P = 0.0008, Table 2) indicates that

Table 3 Counts and mean ± SE values for morphological metrics by species

Species Sex N Standard
length (mm)

Relative anogenital
distance

Relative vent
length

Relative external
genital area

All F 145 54.9 ± 0.8 1.65 ± 0.04 9.28 ± 0.15 2.00 ± 0.04

M 169 62.2 ± 0.9 1.75 ± 0.04 7.67 ± 0.11 1.12 ± 0.03

Or. niloticus F 8 44.0 ± 2.4 1.64 ± 0.09 8.03 ± 0.26 1.54 ± 0.15

M 6 52.1 ± 4.1 2.00 ± 0.20 7.84 ± 0.47 1.03 ± 0.10

As. burtoni F 17 54.6 ± 1.9 1.34 ± 0.07 8.54 ± 0.38 1.92 ± 0.10

M 11 63.2 ± 3.4 1.17 ± 0.08 7.68 ± 0.41 1.47 ± 0.13

Au. baenschi F 8 58.3 ± 4.8 1.79 ± 0.11 9.94 ± 0.36 2.25 ± 0.12

M 10 60.5 ± 3.9 1.73 ± 0.07 7.63 ± 0.29 1.27 ± 0.13

Au. jacobfreibergi F 5 70.2 ± 4.6 1.16 ± 0.15 8.70 ± 0.82 2.35 ± 0.13

M 3 79.5 ± 6.4 2.83 ± 0.52 9.98 ± 0.50 2.00 ± 0.13

Au. koningsi F 2 75.7 ± 0.1 1.89 ± 0.30 10.90 ± 0.61 2.56 ± 0.02

M 5 87.9 ± 2.1 2.63 ± 0.36 10.35 ± 0.81 1.96 ± 0.17

Ot. lithobates F 5 63.4 ± 2.5 2.76 ± 0.40 12.74 ± 1.22 2.68 ± 0.16

M 5 79.8 ± 3.3 2.44 ± 0.32 10.81 ± 0.90 2.06 ± 0.25

C. zebroides F 15 60.0 ± 0.7 1.46 ± 0.05 9.67 ± 0.23 2.29 ± 0.08

M 9 64.0 ± 1.9 1.66 ± 0.17 7.14 ± 0.31 1.03 ± 0.09

L. trewavasae F 17 49.1 ± 2.2 1.52 ± 0.08 8.24 ± 0.30 1.71 ± 0.10

M 20 57.8 ± 2.8 1.39 ± 0.06 6.59 ± 0.17 0.93 ± 0.06

Met. aurora F 21 52.9 ± 1.3 1.89 ± 0.11 8.98 ± 0.38 1.77 ± 0.08

M 23 56.8 ± 2.0 1.59 ± 0.07 7.13 ± 0.25 0.95 ± 0.06

Met. callainos F 18 54.4 ± 0.6 1.41 ± 0.08 9.11 ± 0.35 1.91 ± 0.07

M 29 60.7 ± 0.7 1.95 ± 0.07 7.66 ± 0.20 0.95 ± 0.07

Met. lombardoi F 7 50.2 ± 1.2 1.88 ± 0.15 9.00 ± 0.36 2.05 ± 0.11

M 7 52.0 ± 2.1 1.88 ± 0.16 6.81 ± 0.25 0.76 ± 0.08

Met. pyrsonotus F 12 49.1 ± 2.0 1.81 ± 0.16 9.69 ± 0.67 2.08 ± 0.14

M 25 60.7 ± 1.9 1.69 ± 0.07 7.58 ± 0.27 1.14 ± 0.07

Mel. auratus F 5 62.2 ± 1.3 1.73 ± 0.26 11.37 ± 1.08 2.42 ± 0.23

M 9 68.7 ± 0.9 1.61 ± 0.10 8.78 ± 0.22 1.20 ± 0.07

Mel. perileucos F 5 66.0 ± 0.7 1.98 ± 0.04 10.86 ± 0.67 2.19 ± 0.16

M 7 74.7 ± 1.0 1.93 ± 0.19 7.66 ± 0.46 0.94 ± 0.13
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sex can be a factor in determining anogenital distance

in some species.
We are able to explain a larger proportion of the

variance in the metrics that describe, in whole or in

part, the shape of the external genitalia; 55% of the
variation in relative vent length, which describes

elongation of the vent region (F(29,284) = 14.097,

P\ 0.0001, Table 2), and 74% of the variation in the
relative external genitalia area (F(29,284) = 32.290,

P\ 0.0001, Table 2) can be explained by sex, species,
and standard length. For both measures, sex best

explains the differences [vent length, (t(1) = 117.968,

P\ 0.0001); area, (t(1) = 388.612, P\ 0.0001),
Table 2], suggesting that vent shape rather than

anogenital distance is the predominant sexually dimor-

phic feature in cichlids. Standard length [relative vent
length, (t(1) = 69.758, P\ 0.0001); relative area,

(t(1) = 69.814, P\ 0.0001), Table 2] and the interac-

tion of sex and standard length [relative vent length,
(t(1) = 9.694, P = 0.002); relative area, (t(1) =

17.995, P\ 0.0001), Table 2] also influence the

shape, though to a lesser degree than sex alone.
Additionally, species [relative vent length, (t(13) =

5.168, P\ 0.0001); relative area, (t(13) = 5.984,

P\ 0.0001), Table 2] and the interaction of species
and sex [relative vent length, (t(13) = 2.617, P =

0.0019); relative area, (t(13) = 3.620, P\ 0.0001),

Table 2] can explain variation in genital shape.

Gross sex differences in genital morphology

by species

Non-Malawi species

The Nile Tilapia, Or. niloticus, displays clear sexual

dimorphism in external genital morphology, where the

females have an egg-laying slit (urogenital pore)
located in the central region of the external genitalia

through which the eggs are laid during spawning

(Fig. 1b), contrasted with the slightly pointed, raised
genital papilla structure found in males (Fig. 1c).

Though there are clear morphological differences

between the sexes in tilapia, these do not extend to
differences in the relative length of the vent (unequal
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Table 4 Explanatory
values of sex and standard
length on relative
anogenital length by species

DF Effect estimate F value t value P value Adjusted R2

Or. niloticus 3 1.49 0.2679 0.07

Sex 2 -0.200 ± 0.119 -1.68 0.1202

SL (mm) 1 -0.006 ± 0.014 -0.44 0.6656

As. burtoni 3 1.43 0.2585 0.03

Sex 2 0.100 ± 0.059 1.68 0.1051

SL (mm) 1 0.003 ± 0.006 0.56 0.5822

Au. baenschi 3 0.22 0.8043 0.00

Sex 2 0.031 ± 0.064 0.49 0.6324

SL (mm) 1 0.003 ± 0.005 0.49 0.6289

Au. jacobfreibergi 3 14.36 0.0085 0.79

Sex 2 -0.656 ± 0.189 -3.46 0.018

SL (mm) 1 0.038 ± 0.018 2.13 0.0866

Au. koningsi 3 1.62 0.3047 0.17

Sex 2 0.208 ± 0.537 0.39 0.7183

SL (mm) 1 0.094 ± 0.074 1.28 0.2696

Ot. lithobates 3 0.32 0.7361 0.00

Sex 2 -0.041 ± 0.469 -0.09 0.9323

SL (mm) 1 -0.025 ± 0.047 -0.53 0.6127

C. zebroides 3 1.06 0.3633 0.01

Sex 2 -0.120 ± 0.083 -1.45 0.1606

SL (mm) 1 -0.011 ± 0.018 -0.60 0.553

L. trewavasae 3 1.16 0.3248 0.01

Sex 2 0.043 ± 0.054 0.81 0.4261

SL (mm) 1 -0.004 ± 0.005 -0.90 0.3736

Met. aurora 4 7.70 0.0004 0.62

Sex 2 0.205 ± 0.058 3.54 0.001

SL (mm) 1 0.028 ± 0.008 3.35 0.0018

Sex 9 SL interaction 1 0.029 ± 0.008 3.56 0.001

Met. callainos 3 10.95 0.0001 0.30

Sex 2 -0.236 ± 0.077 -3.07 0.0037

SL (mm) 1 0.010 ± 0.016 0.60 0.5528

Met. lombardoi 3 0.10 0.9044 0.00

Sex 2 -0.009 ± 0.117 -0.08 0.9374

SL (mm) 1 -0.012 ± 0.027 -0.45 0.6613

Met. pyrsonotus 3 2.02 0.1488 0.05

Sex 2 0.142 ± 0.084 1.69 0.1005

SL (mm) 1 0.014 ± 0.008 1.83 0.0757

Mel. auratus 3 0.13 0.8826 0.00

Sex 2 0.048 ± 0.186 0.26 0.8006

SL (mm) 1 -0.004 ± 0.044 -0.08 0.9365

Mel. perileucos 3 2.85 0.1099 0.25

Sex 2 0.507 ± 0.224 2.26 0.0503

SL (mm) 1 0.111 ± 0.047 2.37 0.0417
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Table 5 Explanatory
values of sex and standard
length on relative vent
length by species

DF Effect estimate F value t value P value Adjusted R2

Or. niloticus 3 2.55 0.1229 0.19

Sex 2 0.348 ± 0.246 1.42 0.1845

SL (mm) 1 0.062 ± 0.028 2.21 0.0488

As. burtoni 3 8.81 0.0013 0.37

Sex 2 0.844 ± 0.258 3.27 0.0031

SL (mm) 1 0.096 ± 0.025 3.77 0.0009

Au. baenschi 3 79.14 \.0001 0.90

Sex 2 1.227 ± 0.112 10.93 \.0001

SL (mm) 1 0.066 ± 0.009 7.19 \.0001

Au. jacobfreibergi 3 2.12 0.215 0.24

Sex 2 -0.227 ± 0.569 -0.40 0.7067

SL (mm) 1 0.088 ± 0.054 1.64 0.1629

Au. koningsi 3 2.28 0.2188 0.30

Sex 2 0.592 ± 0.236 2.51 0.0661

SL (mm) 1 0.048 ± 0.032 1.48 0.2119

Ot. lithobates 3 1.38 0.3132 0.08

Sex 2 2.091 ± 1.307 1.60 0.1538

SL (mm) 1 0.138 ± 0.131 1.05 0.3271

C. zebroides 3 22.03 \.0001 0.65

Sex 2 1.172 ± 0.218 5.37 \.0001

SL (mm) 1 -0.042 ± 0.048 -0.88 0.3871

L. trewavasae 4 16.41 \.0001 0.56

Sex 2 1.065 ± 0.157 6.80 \.0001

SL (mm) 1 0.051 ± 0.014 3.61 0.001

Sex 9 SL interaction 1 0.042 ± 0.014 2.97 0.0056

Met. aurora 4 24.10 \.0001 0.32

Sex 2 1.228 ± 0.169 7.27 \.0001

SL (mm) 1 0.150 ± 0.024 6.25 \.0001

Sex 9 SL interaction 1 0.091 ± 0.024 3.77 0.0005

Met. callainos 3 7.47 0.0016 0.22

Sex 2 0.798 ± 0.253 3.15 0.0029

SL (mm) 1 0.023 ± 0.054 0.43 0.6701

Met. lombardoi 3 11.45 0.0021 0.62

Sex 2 1.105 ± 0.235 4.71 0.0006

SL (mm) 1 0.011 ± 0.055 0.20 0.8432

Met. pyrsonotus 3 12.26 \.0001 0.39

Sex 2 1.594 ± 0.323 4.94 \.0001

SL (mm) 1 0.092 ± 0.030 3.04 0.0045

Mel. auratus 3 5.33 0.024 0.40

Sex 2 1.789 ± 0.644 2.78 0.0179

SL (mm) 1 0.153 ± 0.152 1.01 0.334

Mel. perileucos 3 8.33 0.0089 0.57

Sex 2 2.262 ± 0.935 2.42 0.0386

SL (mm) 1 0.152 ± 0.194 0.78 0.4531
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Table 6 Explanatory
values of sex and standard
length on relative external
genital area by species

DF Effect estimate F value t value P value Adjusted R2

Or. niloticus 3 4.73 0.0329 0.37

Sex 2 0.319 ± 0.104 3.08 0.0105

SL (mm) 1 0.016 ± 0.012 1.34 0.2078

As. burtoni 3 16.19 \.0001 0.53

Sex 2 0.351 ± 0.068 5.16 \.0001

SL (mm) 1 0.029 ± 0.007 4.37 0.0002

Au. baenschi 3 42.42 \.0001 0.83

Sex 2 0.513 ± 0.062 8.34 \.0001

SL (mm) 1 0.023 ± 0.005 4.64 0.0003

Au. jacobfreibergi 3 6.16 0.0448 0.60

Sex 2 0.270 ± 0.082 3.29 0.0217

SL (mm) 1 0.020 ± 0.008 2.55 0.0513

Au. koningsi 3 3.81 0.1186 0.48

Sex 2 2.007 ± 0.995 2.02 0.114

SL (mm) 1 0.282 ± 0.136 2.07 0.107

Ot. lithobates 3 4.37 0.0585 0.43

Sex 2 0.654 ± 0.231 2.83 0.0254

SL (mm) 1 0.042 ± 0.023 1.82 0.1121

C. zebroides 3 49.36 \.0001 0.81

Sex 2 0.634 ± 0.072 8.80 \.0001

SL (mm) 1 0.002 ± 0.016 0.11 0.9109

L. trewavasae 4 34.16 \.0001 0.73

Sex 2 0.462 ± 0.048 9.66 \.0001

SL (mm) 1 0.014 ± 0.004 3.26 0.0026

Sex 9 SL interaction 1 0.018 ± 0.004 4.24 0.0002

Met. aurora 4 35.19 \.0001 0.71

Sex 2 0.461 ± 0.045 10.17 \.0001

SL (mm) 1 0.027 ± 0.006 4.11 0.0002

Sex 9 SL interaction 1 0.018 ± 0.006 2.85 0.0068

Met. callainos 3 42.60 \.0001 0.64

Sex 2 0.521 ± 0.070 7.40 \.0001

SL (mm) 1 0.012 ± 0.015 0.80 0.4304

Met. lombardoi 4 45.75 \.0001 0.91

Sex 2 0.674 ± 0.059 11.52 \.0001

SL (mm) 1 0.031 ± 0.016 1.95 0.0792

Sex 9 SL interaction 1 0.042 ± 0.016 2.65 0.0245

Met. pyrsonotus 3 32.75 \.0001 0.64

Sex 2 0.588 ± 0.074 7.90 \.0001

SL (mm) 1 0.020 ± 0.007 2.83 0.0077

Mel. auratus 3 18.73 0.0003 0.73

Sex 2 0.673 ± 0.154 4.37 0.0011

SL (mm) 1 0.020 ± 0.036 0.55 0.5909

Mel. perileucos 3 16.26 0.001 0.74

Sex 2 0.680 ± 0.256 2.65 0.0263

SL (mm) 1 0.013 ± 0.053 0.24 0.8121
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t test(7.855) = -0.363, P = 0.7266; Fig. 2b) or rela-

tive anogenital distance (unequal t test(6.972) = 1.575,

P = 0.1593; Fig. 2a). Female Or. niloticus have a
slightly larger relative external genital area than

males (difference = 0.511 between ratios, unequal
t test(11.59) = -2.886, P = 0.0141; Fig. 2c), which is

due to an increase in papilla width rather than length.

The riverine haplochromine cichlid As. burtoni
lacks the apparent, raised male genital papilla seen in

Oreochromis, and it is difficult to determine sex by eye

(at least in our laboratory line, Fig. 1d, e). Like the
tilapia, they do not have sex differences in relative

anogenital distance (unequal t test(21.13) = -1.609,

P = 0.1224; Fig. 2a) or the relative length of the vent
(unequal t test(23.37) = -1.539, P = 0.1373; Fig. 2b),

and have a slight, width-based difference in relative

external genital area (females are 0.449 ratio units
larger than males, unequal t test(21.45) = -2.798,

P = 0.0106; Fig. 2c).

Compared to the Malawi rock cichlids tested, the
lack of sexual dimorphism in As. burtoni appears to be

due to a feminization of male genitalia rather than a

masculinization of the females. Themean value forAs.
burtoni female relative external genital area is

1.92 ± 0.10, which falls within the range of values

measured for female rock cichlids [1.71 ± 0.10 (L.
trewavasae)—2.42 ± 0.23 (Mel. auratus)], whereas

the mean value for As. burtoni males, 1.47 ± 0.13, is

closer to the female rock cichlid values, and falls
above the range of values measured for male rock

cichlids [0.76 ± 0.08 (Met. lombardoi)—1.20 ± 0.07

(Mel. auratus)] (Table 3).
While both Astatotilapia and Oreochromis are

riverine cichlids from outside the Lake Malawi,

Astatotilapia is a member of the haplochromine
radiation (Table 1), and might be expected to be more

similar to the Lake Malawi species based on their

phylogenetic relationships. Like the Malawi species,
As. burtoni lacks the male genital papilla and clear

female urogenital slit found in Oreochromis, but does

not display the more extreme sexual size dimorphism
in relative external genital area found in the lake

species. In this way, Astatotilapia may have an

intermediate genital form, sharing morphological
characteristics with both groups.

Lake Malawi species

We were able to sample eight rock cichlid species in

four genera (Table 1), and found a trend of elongated
relative vent length and increased relative external

genital area in females (see Fig. 1j, l, n). The males of

this group, in contrast, have comparatively smaller
relative external genitalia, and may or may not have

distinct, small points on the caudal tip of the external

genitalia (see Fig. 1k for presence, 1 m and 1o for
absence). Labeotropheus trewavasae and C. zebroides

both lack sexual dimorphism for anogenital distance

[(unequal t test(29.25) = -1.204, P = 0.2382) and
(unequal t test(9.227) = -1.095, P = 0.3014), respec-

tively; Fig. 2a], but have strong support for enlarged

female external genitalia in both relative vent length
[(unequal t test(25.96) = -4.720, P\ 0.0001) and

(unequal t test(16.7) = -6.575, P\ 0.0001), respec-

tively; Fig. 2b] and area [(unequal t test(26.76) =
-7.037, P\ 0.0001) and (unequal t test(17.69) =

-10.301, P\0.0001), respectively; Fig. 2c]. Me-

lanochromis auratus andMel. perileucos also displayed
large sexual dimorphism in area [(unequal t test(4.855) =

-5.049, P = 0.0043) and (unequal t test(8.412) =
-5.918, P = 0.0003), respectively; Fig. 2c)], though

Mel. auratus has lower support for female vent

elongation (unequal t test(4.343) = -3.350, P =
0.0734; Fig. 2b) than the other rock cichlid species,

including Mel. perileucos (unequal t test(7.625) =

-3.945, P = 0.0047, Fig. 2b).

Table 7 Accuracy of discriminant analysis of using predictor
variables to assign sex

Species N N incorrect P (incorrect)

Or. niloticus 14 2, F 0.143

As. burtoni 28 6, M 0.214

Au. baenschi 18 0 0.000

Au. jacobfreibergi 8 0 0.000

Au. koningsi 7 0 0.000

Ot. lithobates 10 1, M 0.100

C. zebroides 24 1, M 0.042

L. trewavasae 37 0 0.000

Met. aurora 44 2, F 0.046

Met. callainos 47 0 0.000

Met. lombardoi 14 0 0.000

Met. pyrsonotus 37 0 0.000

Mel. auratus 14 0 0.000

Mel. perileucos 12 1, F 0.083

Total 314 13 0.041
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The fourMetriaclima species sampled show the same
pattern with regard to dimorphism in relative external

genital area [Fig. 2c,Met. aurora (unequal t test(36.99) =

-7.893, P\0.0001); Met. callainos (unequal
t test(40.35) = -9.576, P\0.0001); Met. lombardoi

(unequal t test(11.27) = -9.458, P\0.0001); Met. pyr-

sonotus (unequal t test(15.96) = -6.031, P\0.0001)]
and relative overall outside length [Fig. 2b,Met. aurora

(unequal t test(35.14) = -4.085, P = 0.0002); Met.

callainos (unequal t test(28.3) = -3.606, P = 0.0012);
Met. lombardoi (unequal t test(10.83) = -4.984,

P = 0.0004); Met. pyrsonotus (unequal t test(14.72) =

-2.939, P\0.0001)]. Additionally, we were able to
sample enoughMet. aurora andMet. callainos to detect

small sex differences in anogenital distance, though the

direction of the differencewas not consistent between the
two species. InMet. callainos, the males have a distance

between the two structures that is nearly the diameter of

the anus (1.95 ± 0.07 anus radii, Table 3), whereas the
female distance is half an anus radius smaller on average

(1.41 ± 0.08 anus radii, difference: 0.533 anus radii,

unequal t test(38.81) = 4.780, P\0.0001, Fig. 2a). Me-
triaclima aurora females have the larger relative

anogenital distance (1.89 ± 0.11 anus radii, Table 3),

and compared toMet. callainos, themagnitude of the sex
difference is smaller (difference: 0.296 anus radii,

unequal t test(35.55) = -2.277, P = 0.0289, Fig. 2a).

This difference is detectable by eye in representativeMet.
aurora photographs (Fig. 1l, m).

We also measured individuals from two genera of

Malawi cichlids that are from the lineage of predom-
inantly sand-dwelling haplochromines: Aulonocara

and Otopharynx (Table 1).

A single species of Aulonocara was available in
sufficient numbers to be sampled at N[ 10, so this

study is only adequately powered to detect sex

differences for Au. baenschi (8 F, 11 M; Table 3).
For this species, the relative length between the anus

and external genitalia does not differ by sex (unequal

t test(12.45) = -0.440, P = 0.6674; Fig. 2a), but both
relative length (unequal t test(14.55) = -5.008,

P = 0.0002; Fig. 2b) and relative area (unequal
t test(15.94) = -5.372, P\ 0.0001; Fig. 2c) are larger

in females than males. These differences are indicative

of increased female external genitalia width and
length, features that are detectable by eye (Fig. 1f,

g). Additional sampling of Au. jacobfreibergi and Au.

koningsi is necessary to determine if these species
follow the same trends; however, an analysis by genus

that grouped the three Aulonocara together did follow
the same trends (multivariate model with sex and

standard length, online resource 2), suggesting that the

existing measurements for Au. jacobfreibergi and Au.
koningsi are consistent with those for Au. baenschi.

None of the three relative measurements for Ot.

lithobates show evidence for sexual dimorphism
[inside length (unequal t test(7.678) = -0.629, P =

0.5477; Fig. 2a); outside length (unequal t test(7.391) =

-1.273, P = 0.2415; Fig. 2b); ratio (unequal
t test(6.852) = -2.057, P = 0.0795; Fig. 2c)], though

a raised, pointed genital papilla is detectable in the

males (Fig. 1i). As with Astatotilapia, the pattern of
lack of sexual dimorphism in Otopharynx stems from

males with large external genitalia, rather than females

with small external genitalia. While Ot. lithobates
female relative external genital area is similar to the

female rock cichlids (2.68 ± 0.16), the male ratio

(2.06 ± 0.25) falls within the range of rock cichlid
females rather than that of males (Table 3).

Differences in genital allometry

In addition to gross sex differences in external

genitalia relative size and shape, we found that relative
shape of the vent area can change as a function of the

size of the fish, and that these allometric patterns may

differ by sex and species. Because of sexual dimor-
phism in standard length [males are 7.25 ± 1.15 mm

longer than females, (unequal t test(310.35) = 6.298,

P\ 0.0001), all species pooled], investigations of the
effect of standard length on morphology had to control

for sex. We find four possible relationships between

standard length, sex, and vent morphology in different
species.When neither sex nor standard length explains

morphological differences, the linear best-fit lines

relating length and sex are the same for both sexes
(similar y-intercepts and slopes, Fig. 3a, d). If the best-

fit lines lack strong slopes, but sexes have different

y-intercepts, it indicates that only sex is influencing the
trait, and that allometric shifts in genital shape were

not detected (Fig. 3e, f). When there is an effect of sex,
and an allometric relationship between shape and

length that is the same in both sexes, we see best-fit

lines with different y-intercepts and similar non-zero
slopes (Fig. 3b, c). The last type of relationship we

found is one of interaction, where the magnitude of the

slopes differ by sex, such that one sex has a larger shift
in shape over size (Fig. 3g–i). We did not detect any
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occurrences of allometry effects in the absence of sex

effects.

For the two species that showed sex differences in
relative anogenital distance, one displays an allomet-

ric relationship between standard length and distance,

and the other does not.Metriaclima callainos does not
have a relationship between standard length and

anogenital distance (t(45) = 0.60, p = 0.5528). Since

this species was sampled at a large N (47), the absence
of a signal is likely biological rather than due to a lack

of statistical power. Metriaclima aurora shows an

effect of sex (t(42) = 3.54, P = 0.001), standard
length (t(42) = 3.35, P = 0.0018), and standard length

by sex interaction (t(42) = 3.56, P = 0.001) on

anogenital distance that is due to a strong effect of
standard length in females, but not in males (see

Table 4; Fig. 3g). Of note, Au. jacobfreibergi shows

an effect of sex when controlling for length (Table 4),

but this is not robust to the more conservative unequal

variance single parameter t test (unequal t test(2.332) =

3.091, P = 0.0746; Fig. 2a), though the trend may
hold with a larger sample size.

Genital papilla relative size and shape can change

as a function of standard length, as well. Aulonocara
koningsi is the only taxon where neither sex nor

standard length has a well-supported effect, which is

likely a function of sample size combined with small
effect sizes for some taxa, rather than a complete lack

of effect. Of the remaining species, As. burtoni, Au.

baenschi, L. trewavasae,Met. aurora,Met. lombardoi,
and Met. pyrsonotus all have an increase in the

elongation of the vent and increase in relative external

genital area as they get longer in standard length
(Tables 5, 6, respectively). In three rock cichlid

species, L. trewavasae, Met. aurora, and Met. lom-

bardoi, this relationship is more pronounced in the
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females (they have significant sex by length interac-

tion terms).

Discriminant analysis by sex

The usefulness of morphological metrics for sexing

fish depends on the ability to use them to accurately

discriminate between sexes. To that end, we employed
multivariate discriminant analysis to identify which

morphological features can be used to assign individ-

uals to their correct sex. The canonical variable plot
shows clear separation by sex along the axis of

canonical variable 1 (Fig. 4), which is predominately

based on standard length and relative external genital
area (see the biplot rays for relative contribution of the

metrics to both canonical variables). Overall, the

discriminant analysis performed remarkably well at
assigning group identity. Using a training set consist-

ing of all individuals from Lake Malawi, the analysis

miscategorized only 13 out of 314 (4.1%, Table 7)
individuals; 8 out of the 13 (61.5%, Table 7) of those

assigned the incorrect sex were from the riverine

outgroups, Or. niloticus and As. burtoni.

Comparison of reproductive strategy to sexual
dimorphism in vent morphology

To explore whether variable sexual dimorphism in
external genital area could be associated with

reproductive strategy, we looked to existing datasets

of cichlid egg size and productivity (Campos-Men-
doza et al., 2004; Duponchelle et al., 2008; Getinet,

2008). The subset of species from those data that

represent the species/genera examined in this study
recapitulate the trend that there is a trade-off between

egg size and number, where species have fewer, larger

eggs or more, smaller eggs (Fig. 5a). When we
compare if egg size is also related to sexual dimor-

phism in relative external genital area, we find a trend

where species with females that have larger external
genitalia relative to males have eggs with a larger

average diameter (Fig. 5b). Astatotilapia burtoni was

measured for egg size, but not productivity, and so is
only included in Fig. 5b.

Discussion

The evolution of sexual dimorphism in genital struc-
tures can be related to signaling, functional aspects for

successful fertilization, functional aspects for success-

ful egg/offspring bearing, and/or a resolution of sexual
conflict if more than one of these pressures are at odds

with each other (Brennan & Prum, 2015).
Elaborate male genital structures have developed

for successful internal fertilization in livebearing

freshwater fishes, the shape of which can be influenced
by both sexual selection (signaling) and ecological
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constraints like predation (function for fertilization)
(Langerhans et al., 2005; Heinen-Kay & Langerhans,

2013). A striking variety of male genital structures

have developed in African cichlids: Fryer and Iles
remark on the aesthetic and functional similarities

between ornate genital tassels in some tilapiine

species, modified pelvic fins of Ophthalmotilapia,
and anal fin egg-spots in haplochromine cichlids

(Wickler, 1965; Fryer & Iles, 1972; Barlow, 2000).

These structures have been suggested to serve to entice
the female and, at least in some cases, assist in

successful fertilization (Barlow, 2000). In the hap-

lochromine cichlids, some species show clear female
preference for number and size of egg-spots (Hert,

1991; Couldridge, 2002), while in others, egg-spots

have been demonstrated to be more important for
signaling in male–male competitions than for female

choice (Theis et al., 2012, 2015). If fin pigmentation

has taken over the role of sexual signaling in the Lake
Malawi haplochromines, then there may not be

pressure to have a highly differentiated or elaborate

genital tassel or papilla. Alternately, the lack of male
genital adornment may be related to sexual conflict

from female reproductive constraints.

In cichlids and other fish species, egg production
and fertilization have been most strongly tied to

variation in female genital morphology. Ecological

influences on female genital shape in Gambusia have
been linked to predation in the context of mating and

fertilization (where certain papilla shapes may facil-
itate fast mating in high predation regimes), rather

than egg size or laying (Anderson & Langerhans,
2015). However, egg-laying strategy has influenced

the evolution of genital morphology in female fishes of

the darter genus Etheostoma—variation in female
external genital shape is associated with spawning

behavior (Martin & Page, 2015). The basis for

evolution of female genital shape and size may be
more tightly linked to egg size/investment in mouth-

brooding cichlid fishes than in other groups where

morphology has been examined. Cichlids are known
for having especially large eggs for fish, and the

coevolution of productivity (egg number) and egg size

have been shown across the group (Kolm et al., 2006).
This increase in egg size has been shown to benefit

offspring; in neotropical cichlids, egg size correlates to

hatchling size within brood and across species, where
larger eggs result in larger, and presumably more

competitive, young (Coleman & Galvani, 1998). We

hypothesize that our findings of differential sexual
dimorphism in external genital area are intimately

associated with the evolution of egg size in Lake

Malawi East African cichlids; we infer that increases
in genital sexual dimorphism in this group is driven by

increases in relative external female genital size,

which opens up a line of inquiry to speculate about
selective mechanisms that would link the evolution of

genital size and egg size that can be examined further

in future studies.
It is unclear if there are functional differences

related to anogenital distance, but one thing that is
evident is that there is diversity in genital morphology
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within genus, indicating that it is a feature that may be
still evolving. There are several key features that differ

between the two species which showed intersexual

differences in anogenital distance, including habitat
(Met. callainos lives in the rocks, Met. aurora lives at

the rock-–sand interface) and pigmentation (Met.

aurora has sexually dimorphic color, while Met.
callainos varies by population, having both sexually

monomorphic populations, and populations with two

female color morphs) (Konings, 2007). Further study
is needed to identify whether differential genital

morphology is associated with these or other features

related to reproductive strategy.
The Astatotilapia burtoni line is used as a model to

research thephysiological andbehavioral effects of social

dominance interactions, where social position is influ-
enced by a fish’s sex (Fernald, 1977), though surprisingly

little has been described in the literature regarding genital

morphology in this genus. Since the individualswe tested
showed limited genital sexual dimorphism, this is a key

species to investigate further. There are both long-held

laboratory lines (such as was used in this paper) and
relatively recentlywild-derived lines of this species in the

cichlid community, which could be used to confirm

whether this finding holds. A species within the same
genus, Astatotilapia calliptera (Günter 1894), is more

closely related to Lake Malawi cichlids, and occurs in

Lake Malawi as well as being widely distributed in
regional lakes and river systems (Joyce et al., 2011). The

geographic and phylogenetic context of As. calliptera

suggests that it is the immediate outgroup for the Lake
Malawi radiation, making it an emerging model species

for understanding the genetic basis of speciation and

adaptation in general, and within the lake radiations
(Joyce et al., 2011; Nichols et al., 2014; Malinsky et al.,

2015). Examination of genital morphology in As.

calliptera would add additional phylogenetic context to
our understanding of the evolution of this trait.

Going forward, there are many avenues for further

exploration of genital morphology as related to sexual
and ecological variations in cichlid fishes. Within

Lake Malawi haplochromine species, it would be
interesting to identify if genital morphology is co-

evolving with male pigmentation or habitat type.

Additionally, examination of the external genitalia of
substrate brooders, as well as female genital morphol-

ogy for those species with elaborate male genital

tassels, will give us a broader range of ecological and
mating contexts for this trait.

Practically, the use of genital morphology metrics
for sexing live fish will serve as a rigorous way to

identify the sex of fish to be used in nonlethal

experiments. This is particularly useful in the context
of behavior research, when it may be necessary to use

smaller fish that are not of a size easily sexed or where

subdominant males appear to be female. To this end,
we recommend that anyone who employs this method

confirms the particular morphological features for the

specific fish being used in their experiments, given that
there are species- and genus-specific variabilities in

genital morphology.
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Supplementary Materials 

Figure 3.S1 – Online Supplement 2. Raw anus measurements (A) do not differ by 

size or sex, compared to raw genital measurements (B). 
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Table 3.S1 – Online resource 2. Models of vent morphology by genus 

Species DF Effect estimate F-value t-value p-value Adjusted R2

Relative anogenital
distance Aulonocara 3 8.17 0.0015 0.309 

Sex 2 -0.223 ±0.10
0 

-2.24 0.0324
SL (mm) 1 0.019 ±0.00

7 
2.77 0.0095 

Melanochromis 3  2.46 0.1076 0.105 
Sex 2 0.216 ±0.11

0 
1.96 0.0619 

SL (mm) 1 0.046 ±0.02
2 

2.12 0.0454 
Metriaclima 3  1.96 0.1448 0.013 

Sex 2 0.010 ±0.04
1 

0.25 0.8028 
SL (mm) 1 0.010 ±0.00

5 
1.88 0.0617 

Relative vent length  
Aulonocara 3 17.21 <0.000

1 
0.503 

Sex 2 0.697 ±0.21
0 

3.32 0.0023 
SL (mm) 1 0.077 ±0.01

4 
5.46 <0.000

1 Melanochromis 3  11.34 0.0004 0.453 
Sex 2 1.312 ±0.41

8 
3.14 0.0046 

SL (mm) 1 -0.028 ±0.08
2 

-0.34 0.7381
Metriaclima 4  32.35 <0.000

1 
0.657 

Sex 2 1.247 ±0.12
9 

9.66 <0.000
1 SL (mm) 1 0.040 ±0.01

8 
2.15 0.0335 

Sex * SL interaction 1 0.105 ±0.01
8 

5.68 <0.000
1 Relative genital area  

Aulonocara 3 65.66 <0.000
1 

0.802 
Sex 2 0.450 ±0.04

5 
9.92 <0.000

1 SL (mm) 1 0.024 ±0.00
3 

7.83 <0.000
1 Melanochromis 3  35.16 <0.000
1 

0.732 
Sex 2 0.544 ±0.10

3 
5.30 <0.000

1 SL (mm) 1 -0.018 ±0.02
0 

-0.88 0.387 
Metriaclima 3  131.61 <0.000

1 
0.649 

Sex 2 0.516 ±0.03
2 

15.92 <0.000
1 SL (mm) 1 0.016 ±0.00

4 
3.95 <0.000

1 
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CHAPTER 4. Polygenic sex determination expands variation in secondary sex 

characters resulting in four phenotypic sexes in a species of Lake Malawi 

cichlid fish 

Emily C. Moore, Patrick J. Ciccotto, Erin N. Peterson, R. Brian Langerhans, R. Craig 

Albertson, and Reade B. Roberts 

Abstract 

For most vertebrates, a single genetic locus begins a cascade of 

developmental sex-differences in the gonad, as well as throughout the organism, 

which results in adults that have two, phenotypically different sexes. East African 

cichlid fish can have several interacting autosomal sex loci segregating within a 

single species, creating a system where sex genotype at a given locus can be 

decoupled from gonadal sex. We are investigating the secondary effects of 

autosomal sex loci in the cichlid fish Metriaclima mbenjii, where one female (W) and 

one male (Y) sex determiner interact to produce siblings with four possible sex 

classes: XXZZ females, XXWZ females, XYWZ females, and XYZZ males. We 

present results linking complex sex genotypes to variation in morphological and 

behavioral traits. We find that the addition of a second sex determiner creates new 

axes of phenotypic variation for a variety of traits, including genital morphology, 

craniofacial morphology and behaviorally, in home space usage. These differences 

provide a mechanism for investigating the developmental basis of genetic sexual 

polymorphism, as well as raise questions about the evolutionary consequences of 

maintaining more than two genetic and phenotypic sex classes. 
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Introduction 

In sexually reproducing organisms, divergent optima for sexes (Fairbairn and 

Roff 2006) and sex-specific reproductive signaling (Ryan 1998) can result in the 

evolution of sex differences in phenotype. Since the majority of the genome is the 

same between males and females of the same species, these sex-specific 

phenotypes must be mediated either through sex-hormone influences on autosomal 

gene expression (sex-limited traits) or genetic loci that are inherited on sex 

chromosomes or loci (sex-linked) (Husby et al. 2012). Whether sexual 

polymorphisms are related to mate choice or differential life history strategy, the 

mechanisms underlying them provide curious evolutionary constraints.  

Despite the importance of sex determination in the maintenance of distinct, 

reproductively compatible sexes, sex determination systems are variable, and there 

have been many evolutionary transitions between genetic sex determination 

systems in vertebrates (Ezaz et al. 2006; Sarre et al. 2011). Additionally, across sex 

determination systems, evidence for sex-linkage vs sex-limitation is variable. In 

some taxa, studies have found weaker-than-expected evidence for sex-linkage 

underlying sexually dimorphic traits (Husby et al. 2012; Roulin and Jensen 2015), 

and in others, there is clear evidence of linkage between a sex determiner and a trait 

undergoing sexually-antagonistic selection (Roberts et. al. 2009). 

Polygenic sex determination systems add an additional layer of complexity to 

this already complex inheritance system, where there can be more than one genetic 

sex determiner (Veyrunes et al. 2010; Ser et al. 2010; Moore and Roberts 2013, 

Chapter 2) segregating in a single population, providing the opportunity for 

additional sex linkage, and potential to modify signals that control sex-limited gene 

expression. The cichlid fishes of East Africa are an excellent system to answer 

questions about the evolution of sexually polymorphism, because they have 

undergone a recent adaptive radiation characterized by diversity in many 

phenotypes, including pigmentation, craniofacial morphology (Kocher 2004; Konings 

2007), and sex determiners (Ser et al., 2010). At least 6 different genetic sex 
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determination systems have been described in the Lake Malawi cichlid flock (figure 

4.1), and in some cases these sex loci segregate in the same population.    

Sex-associated traits in African cichlids are pervasive. Quantitative genetic 

mapping of sex-influenced traits such as pigmentation (Parnell and Streelman 2012; 

Albertson et al. 2014) and craniofacial morphology (Parsons et al. 2015) has 

supported an association with these traits and autosomal sex loci in cichlids, though 

it is difficult to resolve sex-linkage from sex-limitation from these studies. Behavioral 

differences between sexes have also been well-studied in cichlids; the interaction of 

sex and social rank has a clear impact on sex-associated behaviors in these fish 

(Earley et al. 2006; Parikh et al. 2006; Desjardins et al. 2012), and in the wild male-

male behavioral competition for mates and breeding territories can influence mating 

success (Genner and Martin 2009; Jordan et al. 2010; Dijkstra and Groothuis 2011). 

Female cichlids can also show variation in behaviors associated with differences in 

sex chromosome complement; sex-linked blotch morph females in Lake Victoria are 

more aggressive than non-blotched females of the same species (Dijkstra et al. 

2009).  

In this study, we measured morphological and behavioral phenotypes in a 

species of African cichlid fish with polygenic sex determination, Metriaclima mbenjii, 

to quantify and describe the range of phenotypic variation generated between 

polygenic sex classes, and determine whether variation in traits could be linked to 

particular sex loci or gonadal state. 

Methods 

Animals 

A wild-derived line of Metriaclima mbenjii (Stauffer et al. 1997) from Mbenji 

Island was maintained under Institutional Animal Care and Use Committee (IACUC) 

guidelines in the Roberts’ Lab aquaculture facility at North Carolina State University 

in Raleigh, NC. Like several of the species within the genus, M. mbenjii has females 

of two pigmentation patterns, a “plain” (P) morph (figure 4.2 B) and an “orange 
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blotch” (OB) morph (figure 4.2 C). This species breeds best with a single breeding 

pair, so we initially established a breeding group with an OB female and large, 

dominant male. Resultant F1 offspring were collected, raised to adulthood, and 

moved to 50 or 125 gallon aquaria to facilitate growth. Additional families were 

collected from F1 sibling matings, and raised in the same manner. A total of 50 F1 

from 3 families and 64 F2 from 3 families were collected over a span of three years 

for phenotyping, though not all individuals have data for all phenotypes.   

Identification of segregating sex determiners 

In order to perform the following experiments, we had to confirm that two sex 

determiners described in other species of the genus Metriaclima were segregating in 

our lab line of M. mbenjii (figure 4.3), and that our breeding pair had the appropriate 

genotypes. In Metriaclima, a female sex determiner (W) on linkage group (LG) 5 is 

readily identified by eye because it is linked to the OB pigmentation polymorphism; 

females that are heterozygous for the linked W and pax7ablotch alleles have disrupted 

“blotchy” dark melanophore patterning with orange/yellow xanthophore pigmentation 

in the remaining areas, whereas females with a ZZ genotype at the locus have a 

pax7aWT allele (which results in the “plain” morph, generally brown tinged with blue), 

and no dominant female sex determiner present (Roberts et al. 2009; Ser et al. 

2010). To confirm the presence of a male sex determiner (Y) on LG7 in the sire of 

our breeding group, sexed a family of 27 by gonad, and collected the entire caudal 

fin for DNA extraction via spin column. We then amplified microsatellite markers at 

loci previously associated with sex in Metriaclima (Ser et al. 2010), and tested for 

association between allelic inheritance patterns and sex with a Fisher’s exact test.  

Tagging and gross measurements 

All individuals were anesthetized with buffered 100 mg/L tricaine 

methanesulfonate (MS-222). Following sedation, we measured fish for initial weight 

and standard length (from the base of the tail to the tip of the rostrum), 
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photographed their ventral anogenital region under a dissecting microscope, and 

collected a small sample of tissue from the caudal fin. For 50 of 50 F1 and 62 of 64 

F2, we also injected an 8mm x 1.4mm full duplex (FDX-B) passive integrated 

transponder (PIT) radio tag intraperitoneally (Oregon RFID) for future identification. 

Animals were allowed a few days to recover before returning to co-culture conditions 

with non-injected fish, and allowed at least a month to recover before further 

phenotyping. 

Open field assay 

Over two days, 34 individuals from the F1 families were assayed for 

behavioral response to a novel environment. Each fish was gently netted from the 

home system into a 50cm x 50cm opaque white arena filled with 15 liters of water 

from the standard recirculating system, lit at an angle to avoid water glare. An 

overhead camera captured video for 6 minutes with QuickTime Player 7.6.6 (Apple). 

Fish XY coordinates were tracked using C-Trax (v0.5.4); arena coordinates were 

added to the file and mistakes in tracking were fixed with the ‘fixerrors’ utility 

(v0.2.17) for C-trax in Matlab (vR2013b) (Branson et al. 2009). Summary values for 

position and speed in the arena were generated using custom R-scripts (R v3.3.1). 

All videos were taken between 10:00 and 16:00 to control for time of day. 

Home tank behavior assay 

To test behavior in an established environment (home tank), we set up a 

small recirculating aquaculture system with ten, 43cm x 23cm x 28cm (20 liter) 

aquaria, each with a single small cave and white sand substrate and permanently 

mounted overhead video camera. Initially, two cohorts of ten F1 were acclimated to 

the mini-system for 24 hours, and then filmed between the hours of 11:00 and 16:00 

for 30 minutes each. The videos were evaluated for time spent in the cave territory 

and number of grooming instances using the Observational Data Recorder (ODRec 

v2.0 beta), and summary statistics were generated with custom R-scripts (R v3.3.1). 
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Photography 

Fish were anesthetized with buffered 100 mg/L MS-222 for all photographs. 

Whole fish ventral photographs were under taken under controlled light conditions 

with a mirrorless digital camera (Olympus), and high-definition head photographs 

were taken using a dissecting microscope (Olympus). While anesthetized, an 

additional round of weight (g) and standard length (mm) measurements were taken. 

High-resolution x-ray images were generated from preserved specimens. 

Gonad histology 

Once all assays were complete for a family, fish were humanely euthanized 

with 250 mg/L MS-222. Gonads were extracted and preserved in 10% neutral-

buffered formalin, and processed for histological staining by wax embedding. Slides 

were stained with hematoxylin and eosin (H&E) to visualize gonadal tissue features. 

Morphometrics and statistics 

Landmarks were designated on photographs in tpsDig (Rohlf 2005), analyzed 

in MorphoJ (Klingenberg 2010) for canonical variable analysis (CVA) and to find 

Procrustes distances between sex genotype classes. The canonical variables were 

scaled by within-group variances, and the resulting CVs explain 100% of the 

variation between groups. Anogenital photographs were measure and analyzed 

following the protocol described in ((Moore and Roberts 2016), Chapter 3). All other 

statistical analyses were performed using packages available in JMP v12 (SAS). 

Sex genotype effects were modeled using ANOVA, and statistical groupings were 

determined by Tukey’s pairwise comparison method.  

Results and Discussion 

Gonad histology  

One distinct possibility that we wanted to test was that XYWZ females are 

intersex, rather than female. Our gross examination of gonads in Y-bearing females 
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revealed mature and developing oocytes in their gonads, but histological 

examination was required to confirm that these ovaries did not contain 

spermatogenic tissue. All females examined had various stages of oocytes present 

in the gonads (Figure 4.4 A, B, C), recognizable by the distinct eosin-stained (pink), 

round structures dominating all three female gonad slices. The globular structures 

found in the XYWZ image (Figure 4.4 C) are due to the presence of fully mature 

eggs, which are difficult to slice without tissue damage. The male gonad (Figure 4.4 

D) also has the expected cichlid male tissue features, which includes a few

immature oocytes. Male cichlids of this group have been shown to have immature

oocytes in their gonads both in the lab and in the wild (Peters 1975), and this does

not appear to negatively impact reproduction for these animals. Importantly, from

these data we can confirm that XY female gonads have the gross and histological

features of ovaries, rather than intersex gonad tissue.

Genital morphology 

Typically, in Malawi rock cichlids, males have smaller external genitals than 

females, both in area and elongation. We proposed that an increase in female 

genital size in this group has accompanied the evolution of larger eggs, and thus is 

functionally relevant (Chapter 3, Moore and Roberts 2016). In our M. mbenjii 

polygenic sex cross, XXWZ and XXZZ females follow this trend, as do XYZZ males. 

However, XYWZ females, have shorter, more male-like vent lengths (Figure 4.5 A), 

but retain a more female-like external genital area (Figure 4.5 C). They also possess 

a shorter anogenital distance (Figure 4.5 B), a trait that tends not to be sexually 

variable in other Malawi cichlid species, though it is a sexually dimorphic trait in 

other species (Ferreira et. al. 2010). We still need more evidence before we can 

determine whether this variation might influence reproductive functionality in XY 

females, though it is possible that these features may constrain egg size or influence 

reproductive output. 
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Growth and condition 

By measuring weight at two different time points, we were able to determine 

differences in weight gain between the sex genotypes. Males accumulate more 

mass over the same period of time as their females, gaining an additional gram on 

average compared to their sisters (Figure 4.6 A). Differential sexually dimorphic 

growth and size asymmetry between sexes is consistent with previous observations 

of fish. Male size influences reproductive success in the wild (Thünken et al. 2011), 

so there may be increased pressure for rapid growth in males. In addition to 

differences in growth by gonadal sex, we found that female condition varied with WZ 

genotype. XXWZ and XYWZ females have less weight per unit length (Figure 4.6 B). 

We did not measure abdominal fat in these fish, so it is not possible to determine 

whether this size difference is due to differential accumulation of fat tissue or a 

decrease in connective tissues such as bone or skeletal muscle. However, we do 

know that the blotched pigmentation phenotype in WZ individuals is caused by 

upregulated pax7a (Roberts et al. 2009). Continued expression of pax7 is 

associated with a reduction in myocyte differentiation in cell culture (Zammit et al. 

2006), so it is plausible that the differences in condition that we find are due to a 

slight reduction in muscle mass in WZ females. 

Morphometrics 

Consistent with expectations that sex loci are associated with craniofacial 

differences in Malawi cichlids (Parsons et al. 2015), we find effects of both the XY 

locus on LG 7 and the WZ locus on LG5. Profile and x-ray images show that ZWXX 

(figure 4.7 A, B) and ZZXX (figure 4.7 C, D) females have larger eyes, shallower 

heads, and more upturned mouths, compared to ZWXY female (figure 4.7 E, F)) and 

ZZXY male (figure 4.7 G, H) siblings, which can be seen with the warp analysis 

illustrating these differences in head shape (figure 4.7 I). Canonical variable 1 

separates male fish from female fish (figure 4.7 J, Table 4.1), and is likely, in part, 

hormonally mediated. However, an examination of CV 1 and CV3 shows similar 
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changes to morphometric points (deeper heads, more downturned mouths, Figure 

4.9), so these differences may be Y-specific traits, and different statistical groups 

may indicate a sex locus by sex hormone interaction. Female siblings can be 

distinguished by WZ genotype (Figure 4.7, Table 4.1) and XY genotype (Figure 4.8, 

Table 4.1), suggesting that both loci play a role in expanding craniofacial variation in 

this sex. A more conservative multivariate Procrustes analysis also supports 

divergence at the WZ and XY loci (Table 4.2).  

Behavior 

We found no difference in open field behavior by sex genotype (Figure 4.10), 

but were able show differences by both sex genotypes in home tank behaviors. WZ 

females spend more time exploring outside their caves, as do males (Figure 4.11 A), 

and males and Y bearing females perform more acts of grooming. Increased territory 

maintenance (grooming) may be indicative of masculinized behavior in XY females. 

These findings are consistent with a behavioral study of African pygmy mice with 

polygenic sex determination, Mus minutoides (Saunders et al. 2016). Pygmy mice 

showed increased aggression in XY females, and increase in a proxy for boldness in 

males and Y-bearing females, but no difference in open field behavior (Saunders et 

al. 2016). An alternative hypothesis is that OB females are more aggressive, and 

bolder due to modifications of the melanocortin system that also influence pigment 

(Dijkstra et al. 2009). 

Concluding remarks 

We find that there are three phenotypically distinct females classes in 

Metriaclima mbenjii, resulting in four genotypically and phenotypically distinct 

sexes of fish. Importantly, the polygenic sex system allows for not only resolution 

of sexual conflict for single traits (Roberts et al. 2009; Meisel et al. 2016), but can 

have organism-wide phenotypic effects. Despite evolutionary theory that 

polygenic sex determination is a transient evolutionary state (Ezaz et al. 2006), 
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populations of Lake Malawi fish stably maintain complex combinations of sex 

determiners (Ser et al. 2010), as do populations of house flies and African 

pygmy mice (Veyrunes et al. 2010; Meisel et al. 2016).  

Of note, sex-limitation in secondary sex characters appears to be more 

common in systems where the sex determiner is not hemizygous dominant 

(Roulin and Jensen 2015), as is the case with the ZW system in birds. For birds, 

the differentiated W chromosome is associated with female sex because sex 

determination is dose-dependent—two copies of DMRT1 on the Z are necessary 

for male development (Smith et al. 2009). Since the hormonal switch is on the 

homomorphic sex chromosome, male traits may be less-likely to become sex 

linked. Under this model, polymorphic traits may be either sex-linked or sex-

limited depending on the mode of action of the switch itself. If some of the 

genetic variation in the polygenic sex system is modifying traits that are sex-

limited, it may be maintained due to fluctuating selection, as was modeled for 

sex-limited traits in a single locus system (Reinhold 2000). 

Different epistatic relationships between sex determiners segregating in 

the population can result in alternative outcomes if one sex determiner or the 

other were to become fixed in a population, shifting a locus from being 

hemizygous to being autosomal. For example, in the system examined in this 

paper, there are three possible outcomes for sex determination: maintenance of 

both sex determiners, loss of the W (making the system have a single XY sex 

determination switch), or fixation of the Y (making the system have a single WZ 

sex determination switch). Each of these options results in different phenotypes 

being sex-linked vs generally inherited, and potentially shifts the selection 

pressures that they are exposed to via introgression.  Even more, populations 

with each of these outcomes could be maintained in reasonable proximity to 

each other within the lake, resulting in the opportunity for each population to 

have re-invasion of a previously lost determiner.  
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Such a system has the potential for profound evolutionary consequences, 

and may be responsible, in part, for maintaining and propagating the extreme 

diversity in Malawi African cichlid fish radiation. 
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Figures 

 
Figure 4.1 – Overview of published and under review sex determiners found 

naturally segregating in East African Haplochromine cichlids (From Peterson et. al, 

under review), with the sex determiners examined in this study indicated with a blue 

box. 
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Figure 4.2 – Photographs of a representative Metriaclima mbenjii male (A), “plain” 

morph female (B), and “orange blotch” (OB) morph female (C).  
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Figure 4.3 – Sex inheritance in a wild-derived line of M. mbenjii. Autosomes are 

depicted in green and yellow, with sex loci indicated in red (W, female sex 

determiner) and blue (Y, male sex determiner). Individuals without heterozygous sex 

alleles on either chromosome (XXZZ) develop as female, as do those inheriting a W 

allele; even in the case where an individual inherits both sex loci, the W allele 

epistatically dominates the Y allele such that female gonadal development occurs. 

Male development occurs only when a Y is present but the W is absent (as 

explained in Chapter 2, Moore and Roberts 2013)). 
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Figure 4.4 – Representative gonad histology for each genotypic sex, hematoxylin 

and eosin (H&E) staining method. Developing oocytes and a lack of spermatogenic 

tissue can be seen in the female images (A, B, and C), indicating that they are 

normal female ovaries. Spermatogenic tissue can be found in the testis of the male 

(D), and the histological structure is consistent with that found in other male cichlids 

of this group. 
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Figure 4.5 – Genital morphology varies with polygenic sex genotype. Reported 

values are relationships between the size of the genitals and size of the anus, and 

describe the elongation of the vent (A), distance between the anus and the external 

genitals (B), and the relative area of the genitals to the anus (C). ANOVA values 

reported in frame, letters above each box plot indicate statistical grouping, Tukey’s, 

p<0.05. Representative genital photos for each sex genotype illustrate these 

differences, XXWZ (D), XXZZ (E), XYWZ (F), and XYZZ (G). 
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Figure 4.6 – Differential growth over 4 months and variable condition by sex 

genotype. Males gained the largest amount of weight (g) between measurements 

(A). Females with a WZ genotype at LG5 are more slightly built, with less weight per 

unit length (g/mm) than their siblings (B). Letters indicate statistical groupings, 

Tukey’s, p<0.05, whole model one way ANOVA. 

A 

B 
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Figure 4.7 - Craniofacial morphology differs by polygenic sex class. Representative 

profile photograph and x-ray images for ZWXX (A,B), ZZXX (C,D), ZWXY female 

(E,F)) and ZZXY male (G,H) siblings. Morphometric plots illustrate the effect of the 

XY (left) and XX genotypes on craniofacial landmarks, with warping illustrated on the 

grid (I). A canonical variable analysis shows distinct grouping by sex and sex 

genotype, where CV1 separates males from females, and CV2 separates females 

with the WZ genotype (orange, red) from their ZZ sisters (pink) (J). 
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Figure 4.8 – Presence of a Y modifies female head shape. Canonical variable 3 is 

significantly different in XYWZ females (A, Tukey’s, p<0.05), and nicely separates 

out the Y-bearing females from their ZZ sisters (B). 

A B 
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Figure 4.9 – Depictions of which morphometric landmark shifts comprise each 

canonical variable. Each dot indicates a standard position of a morphometric 

landmark when all groups are considered; all vectors directed off the landmarks 

indicate the specific shape change described by the multivariate canonical variable. 
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Figure 4.10 – Open field behaviors are not different by sex, as indicated by 

overlapping principle components 1 and 2 by genotype class.   
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Figure 4.11 – Home tank behaviors differ by sex genotype. Time spent in territory 

(A) and number of instances of sand grooming (B) are influenced by sex genotype,

ANOVA.

A B 
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Tables 

Table 4.1 – One-way ANOVA for each canonical variable by sex genotype 

Canonical Variable 1 
R2 0.896816 
Adjusted R2 0.891385 
Observations 61 

Source DF 
Sum of 
Squares 

Mean 
Square F Ratio p value 

sex 3 495.41096 165.137 165.137 <.0001 
Error 57 57 1 
C. Total 60 552.41096 

Sex genotypes N Mean Std Error 
Lower 
95% Upper 95% 

WZXX 23 -1.7332 0.20851 -2.151 -1.316
WZXY 12 -1.6803 0.28868 -2.258 -1.102
ZZXX 9 -1.9857 0.33333 -2.653 -1.318
ZZXY 17 4.5823 0.24254 4.097 5.068
Canonical Variable 2 
R2 0.795554 
Adjusted R2 0.784793 
Observations 61 

Source DF 
Sum of 
Squares 

Mean 
Square F Ratio p value 

sex 3 221.8016 73.9339 73.9339 <.0001 
Error 57 57 1 
C. Total 60 278.8016 

Level N Mean Std Error 
Lower 
95% Upper 95% 

WZXX 23 -1.5028 0.20851 -1.92 -1.085
WZXY 12 -0.4828 0.28868 -1.061 0.095
ZZXX 9 4.3065 0.33333 3.639 4.974
ZZXY 17 0.094 0.24254 -0.392 0.58
Canonical Variable 3 
R2 0.549679 
Adjusted R2 0.525978 
Observations 61 

Source DF 
Sum of 
Squares 

Mean 
Square F Ratio p value 

sex 3 69.57643 23.1921 23.1921 <.0001 
Error 57 57 1 
C. Total 60 126.57643 

Level N Mean Std Error 
Lower 
95% Upper 95% 

WZXX 23 -0.8684 0.20851 -1.286 -0.451
WZXY 12 2.0464 0.28868 1.468 2.624
ZZXX 9 -0.4677 0.33333 -1.135 0.2
ZZXY 17 -0.022 0.24254 -0.508 0.464
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Table 4.2 – Multivariate Procrustes distance metric by sex genotype 

Procrustes distances and p-values by sex genotype 
Distances among groups 

XXWZ XYWZ XXZZ 
XYWZ 0.0062 - - 
XXZZ 0.0127 0.0131 - 
XYZZ 0.0127 0.0113 0.014 

   P-values from permutation tests (10000 rounds)
XXWZ XYWZ XXZZ 

XYWZ 0.8876 - - 
XXZZ 0.0272 0.1259 - 
XYZZ 0.0015 0.0924 0.0204 
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CHAPTER 5. Heterospecific aggression diverges by species rather than sex in 

Lake Malawi cichlid fish 

Emily C. Moore and Reade B. Roberts 

key words: aggression, African cichlid fish, sex differences, behavior, evolution 

Abstract 

Because of their striking diversity, aggression in Lake Malawi cichlid fish has 

been well studied between males of closely related sister species within the 

framework of mate-choice and speciation; however, aggression in females has been 

largely ignored, and variation in aggressive behaviors between more distantly-

related taxa is not well understood despite its potential impact in a complex 

community structure. To better understand variation in patterns of aggression 

between species, we presented males and females from five species of Lake Malawi 

cichlid with a non-predator intruder and recorded all movement and aggressive acts. 

We identified species-specific patterns in both specific aggressive acts, and overall 

level of aggression. Additionally, we found that sexual dimorphism in aggressive acts 

varies by species and act, where the most aggressive species also has aggressive 

females. These findings have bearing on the understanding of male aggression and 

community structure in this important model of rapid evolution. 
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Introduction 

In many animal species, aggressive behaviors are used to resolve 

competition over access to resources that influence fitness, such as mates, food and 

space (Maher and Lott 2000; Qvarnström et al. 2012). While the focus of most 

aggression studies is on aggression between members of the same species, 

heterospecific aggression is common across animal taxa, and species can vary in 

their relative levels of conspecific and heterospecific aggression (Peiman and 

Robinson 2010). In complex, species-rich communities, heterospecific aggression 

depends on environmental factors such as predation (Meuthen et al. 2015), 

chemical signals from conspecifics ((Meuthen et al. 2015; Bayani et al. 2017)), 

habitat type (Danley 2011), and overlap in dietary specialization (Genner et al. 

1999). 

African cichlid fishes are an excellent evolutionary model for exploring 

diversity in heterospecific aggression; Lake Malawi has regions with rich 

communities where many, recently diverged species coexist (Ribbink et al. 1983; 

Kocher 2004), and food and space resources are finely partitioned into definable 

microhabitats (Ribbink et al. 1983; Konings 2007). In these communities, there are 

sex differences in territoriality—dominant males hold stable territories which are 

used for feeding and attracting mates, while subordinate males and females inhabit 

a wider range surrounding these territories (Hert 1990; Konings 2007). Territory 

quality can influence reproductive success in cichlids (Dijkstra et al. 2008), making 

successful territory defense important for both feeding and successful breeding. 

Given community structures where males of different species have territories very 

close to one another, the combination of high levels of male aggression towards 

conspecifics and low levels of aggression towards heterospecifics has been 

theorized to play an important role in the evolution and maintenance of diverse, 

closely-related sympatric species during speciation (Dijkstra and Groothuis 2011).  

However, the presence of sympatric sister species does not necessarily result 

in a reduction in heterospecific aggression; wild populations of brook stickleback 
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(Culaea inconstans) in communities with sympatric ninespine stickleback (Pungitius 

pungitius) have been shown to be more aggressive than those from populations 

where Culaea were the only stickleback species present (Peiman and Robinson 

2007). Even in Lake Malawi, where low heterospecific aggression is an important 

facet of the proposed mechanism for sympatric evolution (Dijkstra and Groothuis 

2011), there is evidence that sister species pairs differ in levels of heterospecific 

aggression, and this variation seems to be associated with adaptation to different 

substrate type, or microhabitat (Danley 2011). We believe this may indicate that 

ecological selection, rather than sexual selection, shapes heterospecific aggression 

in this group.  

In this paper, we describe and quantify heterospecific aggression in both 

sexes of five Lake Malawi cichlid species in order to evaluate whether heterospecific 

aggression may be decoupled from sex, and to identify species differences in 

pattern and amount of aggressive behavior, as well as a physiological measure of 

stress, the hormone cortisol.  

Methods 

Animals  

Laboratory cichlid lines used were wild-derived from animals collected in Lake 

Malawi, and maintained in according to the Institutional Animal Care and Use 

Committee (IACUC) guidelines in our aquaculture facility (see table S1 for additional 

information about the lines used). Age matched individuals were raised in mixed-

species groups in a 473-liter (184 cm x 47 cm x 60 cm) aquarium until onset of 

reproductive age at 6 months, when behavioral assays began. For each species 

tested, individuals from at least two families were placed into co-culture for testing. 

Following behavioral experiments and hormone collection, fish were anesthetized 

with buffered 100 mg/L tricaine methanesulfonate (MS-222) until cessation of 

opercular movement. During anesthesia, we recorded standard length (from the tip 

of the rostrum to the base of the tail, not including fin tissue) and weight, took a 
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genital photograph for non-lethal sexing (Moore and Roberts 2016), as well as a 

small sample of fin tissue for future DNA extraction, and injected a biopolymer tag to 

maintain identity in group housing conditions (Visible Implant Elastomer, Northwest 

Marine Technologies). Fourteen fish per species were assayed, (n=7 per sex per 

species, n=70 total). 

 

Housing conditions  

Individual animals were each placed in a 38-liter (51 cm x 28 cm x 33 cm) 

aquarium with a single flower pot territory for three days of acclimation to individual 

housing. Two banks of five aquaria were used to permit animals to maintain 

continuous visual access to other experimental fish housed singly in surrounding 

aquaria, but not to non-experimental fish housed in groups (see figure 1A). Because 

a maximum of 10 fish could be assayed at a time, a blocked design was used to 

ensure even distribution of species and sexes over each experimental day. Fish 

were not housed next to members of the same species. All fish were determined to 

be active and appetitive during the acclimation period, as judged by readiness to 

feed in the morning and evening prior to the assay. Following the intruder 

presentation, fish were maintained for an additional 48 hours in isolation territories, 

with a single 30-minute novel object assay involving exposure to a snail shell at 24 

hours (data not included in this publication). Prior to returning individuals to group 

housing conditions, fish were placed in beakers for hormone collection.  

 

Resident-intruder assay  

A digital video camera was placed in front aspect of the aquarium prior to 

filming, oriented to provide full view of the territory opening. A single, size-matched 

Labeotropheus trewavasae male was gently netted from his home tank, and placed 

in the front, open area of the resident (focal) fish’s aquarium to act as an intruder. 

This species was chosen because it differs in male nuptial coloration and 

craniofacial morphology from all five of the chosen focal species, as to avoid 
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potential conspecific signals. Behavioral activity was video recorded for five minutes, 

after which the L. trewavasae was removed and returned to his home aquarium. The 

same family of L. trewavasae was used as intruder fish throughout the course of the 

experiment, controlling for individual variability and size of intruder. Each round of 

testing was at least one week apart, allowing for the intruders to re-acclimate to their 

home tank following the assay. All behavioral tests were completed between the 

hours of 10:00-16:00 to control for circadian rhythm. 

Videos were analyzed for relative position to territory (resident and intruder), 

non-attentive movement states (restless free swim and directed free swim), attentive 

movement states (still and approach), aggressive movement state (chase), attentive 

action (fin spread display), and aggressive actions (quiver display and lunge) (Figure 

1B, ethogram adapted from (Fernald 1977)) using the Observational Data Recorder 

(ODrec v2.0 beta).  

Cortisol collection 

To approximate circulating cortisol levels, we used a non-lethal method for 

collecting the hormone from holding water as follows (modified from (Wong et al. 

2008)). After the final behavioral assay, each fish was placed in a blinded glass 600 

mL beaker with 300 mL of aquaculture system water for one hour. From the original 

300 mL, 200 mL of collected water was run through a single-use C-18 

chromatography column (Waters) pre-flushed with 4 mL ethanol and 4 mL reverse 

osmosis filtered, deionized water. The extracted hormones were eluted into 4 mL 

100% molecular-grade ethanol, then pelleted using a SpeedVac vacuum centrifuge. 

For each cohort, a control sample of system water was placed in a beaker without a 

fish, and processed in the same manner to determine baseline levels of hormone in 

the water. Cortisol was quantified using a colorimetric enzyme-linked immunoassay 

following manufacturer’s instructions (EIA, Cayman chemicals). 
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Statistics 

Basic summary values were generated in Excel. All statistical analyses were 

performed using packages available in JMP v12 (SAS). For examination of 

behaviors over time, average values for each behavioral measure were calculated in 

1 minute increments, and a repeated measures MANOVA was used to model the 

effects of species, time, and species by time interaction. Mean summary values for 

eight movement and action behaviors (count or duration, where appropriate) were 

compared for species, sex, and interaction effects, with model p-values corrected for 

multiple testing using the Holm-Bonferroni method (Holm 1979). In order to evaluate 

levels of aggression over time, a metric for momentary aggression was created 

using weighted values for each time point, where aggressive acts were weighted 

more highly than attentive acts, and all acts were weighted more highly if the fish 

was outside of its territory (offensive vs defensive).  

Transition probabilities were analyzed as follows: Each individual had a 

transition probability calculated for each behavior (for example, the ‘approach’ 

motion state had four other possible motion states into which it could transition, and 

the probability of each of those state changes was based on the total number of 

state changes from ‘approach’.) Those individual transitions were classified based 

on the type of state change (aggressive to attentive, aggressive to non-aggressive, 

and so on), and then averaged to determine the mean proportion of transitions 

types. These absolute proportions do not add up to 1, given that any individual might 

be missing specific transitions (for example, a fish may have been very likely to 

chase after approaching, but have no instances of chase after being still, both of 

which are types of shifts from aggressive to attentive acts), but are useful for 

comparative purposes. 

Excreted cortisol level differences by species were analyzed using the non-

parametric Wilcoxon Rank-Sum test, which is preferable given the unequal variance 

between species. Relationships between cortisol levels and behaviors were each 
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modeled using a two-variable linear model, and corrected for multiple testing, again, 

using the Holm-Bonferroni method (Holm 1979). 

Results 

Aggression differences by sex and species 

At the broadest levels, behavioral patterns can be visualized with a time-line 

representation of the ethogram, or catalog of all the behaviors observed in the assay 

(figure S1), which allows for a non-quantitative overview of the patterns of behavior 

displayed by each individual fish. A comparison of mean summary values for each 

behavior (count or duration) by species, sex, and the species by sex interaction 

showed differences in the most aggressive behaviors. The aggressive behaviors 

lunging (F(9,61)=3.71, corrected p=0.0063) and chasing (F(9,61)=2.84, corrected 

p=0.044) have significant species main effects, as did the attentive fin display 

behavior (F(9,61)=4.69, corrected p=0.0008). Sex and the interaction term were left in 

the model despite non-significance because M. lombardoi only shows aggressive 

behaviors in males; while this may be an artifact, the pattern is clear for three 

behaviors, and thus deemed biologically relevant and may be detectable with a 

greater sample size (figure 2, top three panels).  The quiver display was not 

significantly different by species in the model (F(9,61)=2.36, corrected p=0.117), but 

was notably only present in 4 of 8 M. aurora males, and a single M. lombardoi male, 

and thus the only male exclusive behavior recorded (figure 2, third panel from the 

top). 

The most aggressive species, M. aurora, and the least aggressive species, A. 

baenschi display markedly different mean values for behaviors that are higher in 

aggression (see top four panels, figure 2), but remarkably similar values for 

behaviors lower in aggression (see bottom four panels, figure 2). This supports that 

the differences in aggression are not merely due to differences in overall activity, but 

species-specific responses to a Labeotropheus intruder. 
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There were no species differences in the amount of time spent focused on the 

intruder (attentive and aggressive motions) relative to the total time; on average, fish 

spent almost twice as much time focused on the intruder (197.73±7.8 s) as they 

spent doing non-attentive motions (102.03±7.9 s). For both of the non-attentive 

movement behaviors, there were no detectable species or sex differences in time 

spent free swimming (figure 2, bottom three panels). All species spent less time 

engaged in directed free swimming (14.77±1.2 s) than restless free swimming 

(87.26±8.3 s).  

 

Temporal and spatial differences in aggressive acts 

Some of the behaviors changed in frequency over time, where resident fish 

spent more time swimming restlessly (figure S2A, top panel), and less time in the 

territory (figure S2B, top panel) as the assay progressed. There were species 

differences in resident territory occupancy, with A. baenschi spending the most time 

in or very near their flower pots (figure S2B, top panel). The intruders spent less time 

in the territory overall, and were found in the territory region in a time-independent, 

species-independent manner, providing a control value for territory time expected for 

a non-habituated fish (figure S2B, bottom panel). Additionally, the momentary 

aggression score showed an increase over time for M. aurora, where differences are 

not detectable in the first minute, but became pronounced after the second (figure 

S2C). 

The knowledge of position and action simultaneously allowed for comparisons 

of whether behaviors were more common inside or outside of the territory. No clear 

species patterns were found for the most aggressive acts; however, the attentive fin-

spread display showed an intriguing spatial difference by genus. Aulonocara 

baenschi was much more likely to perform the fin-spread display while inside the 

territory, and the Metriaclima were more likely to perform the display while swimming 

around the open regions of the tank (figure 3). This may suggest that fin-spreads 
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were defensive for A. baenschi and offensive for Metriaclima, even for those 

Metriaclima with low overall aggression, like M. callainos and M. pyrsonotos. 

Transition patterns between behaviors 

A comparison of mean transition probability diagrams between the most 

aggressive species, M. aurora (figure 4A, top), and the least aggressive species, A. 

baenschi (figure 4A, bottom), reveals some conspicuous presence/absence 

differences in transitions that can allow for insight into how these species responded 

to intruders in their space. For instance, when A. baenschi were restlessly free 

swimming, they never initiated chases, and conversely never returned to 

restlessness directly after chasing, as did the M. aurora. Instead, A. baenschi 

transitioned through an approach motion before chasing, indicating that they 

required a build-up of attentiveness before the aggressive act of chasing intruders. 

Some transitions, however, differed very little. Once either species approached the 

intruder, it had a high probability of becoming still, rather than chasing the intruder.  

Notably, if a fish was in a non-attentive state it was most likely to transition to 

an attentive state, and once in an attentive state, it was most likely to stay attentive 

(figure 4B, top). Overall, transitions to aggressive behaviors were relatively rare. 

When the transitions are categorized by relative increase or decrease in aggression 

state, M. aurora has a slightly different pattern than the other four species—they 

were just as likely to increase aggression as decrease it, reflecting a pattern of 

transitions where increased switches from attentive to aggressive activities were 

common (figure 4B, bottom).   

Cortisol level differences by species 

We measured excreted cortisol levels to serve as a physiological measure of 

basal stress response, taken the day after the resident-intruder assay. Excreted 

cortisol levels differed at the genus level, with A. baenschi possessing the lowest 

levels (figure 5A). Despite a prediction that aggressive individuals would have higher 
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cortisol levels, we found no association between aggressive acts and cortisol. 

However, the stress hormone was correlated with other attentive and non-attentive 

behaviors; individuals with higher basal cortisol levels had an increased number of 

instances of approaching the intruder (5B), swimming restlessly (5C), and staying 

still (5D). The increased number of instances for these three behaviors indicates that 

fish with higher cortisol switched from restless swimming to attentive acts more 

often. While it is possible that these fish were simply more active in general, they 

were not more likely to have an increased number of instances swimming toward 

their territory (5E). All together, we interpret these data as indicating a connection 

between physiological stress and increased transitions between attentive and 

restless behavior.  

 

Discussion 

Much of the research about animal heterospecific aggression has found 

higher levels of aggression between more closely related taxa. A meta-analysis of 

126 studies of heterospecific aggression showed that, controlling for levels of 

conspecific aggression, confrontations between species of the same genus had 

higher heterospecific aggression levels than those of different genera (Peiman and 

Robinson 2010). One potential reason for this (which has support within the cichlid 

aggression literature) is that closely related species may give similar signals, 

including visual (i.e. color, or shape) or chemosensory forms of species recognition. 

Dijkstra and Groothius surveyed studies of male aggression in cichlids, and found 

that males were more likely to be aggressive to other males of the same color, 

stabilizing diversity in male color and allowing for sympatric coexistence of many 

(differently-colored) species (2011). Despite this overall pattern, the authors note 

that a small number of species tested show biases against different-colored males 

and acknowledge that aggression between sister taxa can be asymmetric (Dijkstra 

and Groothuis 2011). However, this explanation is based predominately on studies 

that used comparisons between males of sister taxa that differed in nuptial coloration 
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to examine interactions of species in sympatry, and so are missing broader 

comparisons of aggression between more distantly related species. Indeed, Pauers 

and colleagues compared two differently pigmented sister species and found that 

the focal species, Metriaclima mbenjii, performed more lateral displays to 

conspecifics than the heterospecific M. zebra, as put forth by the model proposed by 

Dijkstra and Groothius (2011), but also showed a trend towards performing more 

aggressive bites towards the more distantly related Labeotropheus fuelleborni 

(Pauers et al. 2008). The finding that specific acts may vary depending on the 

species involved in the interaction is consistent with our findings, thus we suggest 

that when investigating heterospecific aggression, a nuanced examination of 

behavioral patterns should be used to capture relevant biological differences in how 

species are interacting. 

Competition over similar resources can also potentially increase aggression 

between more closely related species (Peiman and Robinson 2010), where 

aggression is tuned towards heterospecifics that are adapted use to similar 

ecological resources. This has been shown for food resources in Lake Malawi, 

where cichlid species showed higher levels of aggression to heterospecifics when 

they had similar dietary specialization to the focal species, and lower heterospecifics 

when they were dietary generalists (Genner et al. 1999). In contrast, our study found 

variation in heterospecific aggression within the dietary generalist genus 

Metriaclima, indicating that ecological selection pressures on heterospecific 

aggression are likely more complex than partitioning of food resources alone. Since 

our fish were raised in a controlled, common garden setting, any differences in 

behavior we detect likely have a genetic basis, rather than being caused by 

behavioral plasticity in response to environmental conditions or microhabitat.    

One major ecological factor that might explain behavioral variation in 

aggression between species is variation in microhabitat. Danley found that variation 

in substrate complexity, or microhabitat, predicted heterospecific, but not 

conspecific, aggression levels in the wild and in the lab (2011). Our study included 
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one of the high heterospecific aggression species, M. aurora and one of the low 

heterospecific aggression species, M. callainos, examined by Danley and we 

replicated his findings; this provides further support to the idea that microhabitat use, 

rather than male-male competition or food resource partitioning, is driving variation 

in heterospecific aggression. 

Cichlids are not the only species in which levels of heterospecific aggression 

are associated with divergence in microhabitat use. For another freshwater fish 

community, heterospecific aggression between stream fishes is related to overlap in 

microhabitat use during certain times of the year (Usio and Nakano 1998). In the 

salamander species Plethodon cinereus, wild assortatively-mating color morphs 

have differences in male aggression, where striped males are more aggressive and 

more likely to hold leaf litter territories than non-striped males. The non-striped 

males’ non-territorial roaming behavior is associated with increased resistance to 

desiccation, and may be a case of niche partitioning resulting in speciation (Reiter et 

al. 2014). The association between aggression and space use could develop in a 

few ways, including territoriality/aggression mediating shifts in niche use due to 

exclusion of the less aggressive species (Peiman and Robinson 2010), or a 

loss/gain in aggression which is selected for after niche partitioning occurs. We do 

not currently have the data to distinguish between these two possibilities, and this is 

an avenue for further research. 

Perhaps given the prominence and visibility of male aggressive displays 

during courtship and territory guarding (Maher and Lott 2000), both heterospecific 

and conspecific female aggression is less often reported in the literature. When 

females are included in studies, they also show variation in aggression levels and 

types of aggressive acts. In wild-caught populations of the poeciliid fish 

Brachyrhaphis episcopi, females from low predation populations were more 

aggressive than males, though males performed more displays when shown a mirror 

(Archard and Braithwaite 2011). Males and females of the cooperatively breeding 

Tanganyikan cichlid Neolamprologus savoryi both have high levels of heterospecific 
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aggression against a predator species, but only have high levels of conspecific 

aggression during interactions with fish of the same sex (Garvy et al. 2014). South 

American convict cichlids (Amatitlania nigrofasciata) showed no sex differences in 

propensity to aggression after a startle, but did show sex differences in the types of 

aggressive acts (Arnott and Elwood 2009). Our findings support a model where 

female aggression is variable, types of behaviors can vary by sex (such as the 

quiver display), and, for 4 of 5 species, heterospecific aggression levels are the 

same in both sexes. 

It is unclear whether the high occurrence of female aggression in studies 

where it has been examined indicates there is a biological trend for species that 

have aggressive males to also have similarly aggressive females, or if there is an 

ascertainment bias where researchers are more likely to include females in a study if 

they a priori know them to be aggressive. In the case of this study, we had no 

specific predictions regarding female aggression, other than an informal expectation 

that female aggression would be lower than male aggression since males hold 

territories in the wild, and females do not. 

Variation in aggression at the individual level can be attenuated or increased 

by physical traits, such as relative size (Markert and Arnegard 2007), and social rank 

(Desjardins et al. 2012). Though large size and social dominance are most often 

seen in male cichlids, experimental manipulation to create female-only communities 

of Astatotilapia burtoni in the lab results in females displaying male-like behaviors 

and hormone profiles (Renn et al. 2012). Experimental evolutionary model systems 

allow for mechanistic dissection of behavioral traits such that we can begin to 

distinguish genetic modifiers of aggression from those mediated by social 

environment. Cichlids are one of these systems, where we can disentangle sex, 

social environment, and genetics/evolutionary history to understand how they 

contribute to variation in behaviors, including heterospecific aggression. 

Beyond environmentally responsive cues that allow for individual flexibility in 

aggression due to social context, genetic modifiers of aggression that allow for 
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stable inheritance of species-specific (potentially sexually dimorphic) behavioral 

patterns can either be autosomal, or at a sex locus (hormonal and genetic mediators 

of aggression reviewed in Anholt and Mackay 2012). There is support for an 

autosomal genetic basis for aggression levels in teleost fishes decoupled from 

hormone levels; in sex-changing sand-perches (Parapercis cylindrica), aggression 

levels remain constant through the shift from female to male such that aggressive 

females become aggressive males, which indicates potential genetic constraints on 

sex-specific aggression (Sprenger et al. 2012). Polygenic sex determination systems 

in cichlids (Ser et al. 2010; Moore and Roberts 2013; Roberts et al. 2016) may 

function in a similar way, allowing for flexibility in populations/species for aggression 

to be associated with sex, depending on whether the genetic modifier of aggression 

is linked to a sex locus that has effects that can be masked by the presence of one 

or more additional sex loci. This can functionally shift a once sex-specific trait into a 

trait present in both sexes, and provide a mechanism for both sexual and natural 

selection to act on a locus. 

Mechanistically, hormones and other small signaling molecules have been 

associated with male aggression (Anholt and Mackay 2012). Naturally occurring, 

social role-associated variation in levels of aromatase (the enzyme that converts 

testosterone into estradiol) regulates aggression in the cichlid Astatotilapia burtoni 

(Huffman et al. 2013). In the teleost fish Gymnotus omarorum, aromatase can 

modulate non-breeding related aggression in a manner independent from the gonad, 

and in the face of low plasma hormone levels (Jalabert et al. 2015), which may 

indicate that genetic modifications to this pathway might be able to influence 

aggression in both sexes. Signaling peptides also play a role in aggression in 

cichlids; additional studies using the Astatotilapia burtoni model found no association 

of aggression with plasma levels of testosterone or 11-ketotestoterone, but found 

that a reduction in the regulatory peptide somatostatin increases aggressive acts in 

males (Trainor and Hofmann 2006; 2007). Also, lower levels of the stress hormone 

cortisol have been associated with higher levels of aggression; less aggressive, non-
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territorial Astatotilapia burtoni males had higher plasma cortisol levels (Fox et al. 

1997), and aggressive convict cichlids had lower post-assay excreted cortisol levels 

(Scarsella et al. 2016). Both of the experiments evaluated conspecific aggression, so 

it is possible that cortisol is only associated with conspecific aggression or mediation 

of social dominance, rather than aggression per se.   

 

Concluding Remarks 

The behavioral interactions of any community are complex, and influenced in 

different ways by both sexual and natural selection. Indeed, aggression in cichlids 

may play an important role in explaining the rapid diversification of sister taxa, 

particularly when natural variation in aggression towards others in the community is 

considered. The species-rich cichlid radiation can be a useful and informative 

system for contributing to the synthesis in the understanding of the evolution of 

social behaviors, both proximate (genetic and environmental modulation of 

neurochemicals and neural circuits) and ultimate (habitat, social structure) in an 

evolutionary framework (O’Connell and Hofmann 2011), especially if we include the 

great variety of behaviorally diverse species in the group. With these tools, we can 

harness naturally evolved differences in aggressive phenotype for understanding 

proximate mechanisms that result in behavioral diversification—not just overall 

levels of aggression, but how patterns of aggression are fine-tuned through 

adaptation. 
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Figures 
 

Figure 5.1 – Experimental set up and 

recorded behaviors. Fish were individually 

housed in a bank of ten aquaria with 

visual access to their neighbors. Video 

was recorded for five minutes from the 

front aspect of the aquarium (A), and 

three separate aspects of behavior 

(position, movement, and action) were 

scored upon re-watching the videos (B). 

Position relative to territory was recorded 

for both the resident (focal) fish and the 

intruder fish. Mutually exclusive 

movement states were characterized as 

non-attentive, attentive, or aggressive 

based on the level of interaction with the 

intruder fish. Actions were characterized 

as attentive or aggressive, and could 

occur independently of movement state; 

for instance, a lunge is a short burst of 

activity, which could happen while the fish 

is still or swimming, and is distinct from a 

prolonged chase. Movement that was not 

towards the intruder was characterized as 

either restless free swim (where the focal 

fish swam back and forth aimlessly), or 

directed free swim (where the focal fish 

was headed to a specific place, usually the flower pot territory).  
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Figure 5.2 –  

Movement and action 

states by sex and 

species. Duration of 

movement activities 

(s) and counts of

actions (N) of focal

fish relative to a

Labeotropheus

trewavasae intruder

for both sexes of five

species (n=7 per sex).

Activities are

organized from non-

attentive to most

aggressive. Note that

the majority of

behaviors were seen

in both sexes, with the

exception of the quiver

display (present only

in M. aurora and M.

lombardoi males).
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Figure 5.3 –  Relative territory position of fin-spread display behavior.  Proportion of 

fin-spread displays performed outside of the territory region of the aquarium. A value 

close to 1 indicates that displays were made away from the flower pot territory, and a 

value closer to 0 indicates that displays were made in the flower pot territory. All four 

Metriaclima species predominantly displayed from outside the territory, while A. 

baenschi displayed from inside the territory. This metric does not take number of 

displays into account, only position in the tank while the display was made. Male 

data points are represented by closed circles, female data points are represented by 

open circles.  
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Figure 5.4 – Behavioral transitions by 

activity and aggression level change. 

Average transition probability by activity 

state for A. baenschi (A, top panel) and M. 

aurora (A, bottom panel), n=14 per species. 

Movement and action behaviors are 

unconnected by arrows because they are 

of different behavior classes, and occurred 

independently of each other. Greyed out 

behaviors indicate that lunge and quiver 

display were not performed by A. baenschi. 

Relative bolding of arrows indicates the 

probability that, once in a behavioral state, 

the fish will move to the other state. The 

transitions can be categorized by type of 

transition (B, top panel, all fish from all 

species included), or whether the change 

decreases, increases, or maintains current 

aggression levels (B, bottom panel). For all 

species except the most aggressive (M. 

aurora), decrease in aggression level is the 

least common change, and maintenance of 

aggression level is the most common.  
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Figure 5.5 –  Species differences in excreted cortisol levels, and corresponding 

association with non-attentive restless swimming behavior.  Excreted cortisol levels 

are significantly lower in A. baenschi than in the Metriaclima species (A). The level of 

excreted cortisol is correlated with the instances of approach in the intruder (B), 

instances of restlessly swimming (C), and instances of being still (D), but not the 

number of times a fish swims in a directed manner (E). Male data points are 

represented by closed shapes, female data points are represented by open shapes 

for reference, though no sex differences in cortisol were detected. Shapes indicate 

species: A. baenschi, diamond; M. aurora, down-pointed triangle; M. callainos, 

square; M. lombardoi, right-pointed triangle; M. pyrsonotos, circle. 
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Figure 5.S1 – Ethogram timelines for the top four most active fish per species. 

Graphical overview of each of the top four most active fish per species for all 

measured behaviors over time; actions (top row) and movements (second row) are 

color-coded as indicated by the legend fish to the left, where gray indicates non-

attentive behaviors, blues indicate attentive behaviors, and reds indicate aggressive 

behaviors. Position relative to the territory is noted for both the intruder (third row, 

gray) and focal fish (bottom row). The sex of each individual is included to the left of 

its timeline; note that both males and females are included in the top four most 

active for all species tested. 
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Figure 5.S2 – Behaviors over time. The 

proportion of time spent engaged in 

motion behaviors (A), and territory 

occupancy (B) for each minute 

increment over the five-minute assay. 

Note that some behaviors vary over 

time, some vary by species, and some 

vary by both species and time, as 

indicated by the repeated measures 

ANOVA for each panel. Momentary 

aggression also varies over time (C), 

with M. aurora standing out as the most 

aggressive. Colors indicate species, per 

legend. 
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Tables 
 
Table 5.S1 – Species used in this study 

Species habitat (population used) 
Intruder 

 

Labeotropheus trewavasae rocky habitats, potentially deep (Mphanga Rocks) 

Resident  
Aulonocara baenschi sandy intermediate zone where sand meets rock, deep (Nkhomo Reef) 

Metriaclima aurora intermediate zone where sand meets rock (Thumbi West) 
Metriaclima callainos shallow rocky shores (Nankoma Island) 

Metriaclima lombardoi rocky habitats, potentially deep (Mbenji Island) 

Metriaclima pyrsonotus rocky habitats, potentially deep (Nakantenga Island) 
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CHAPTER 6: Evolution of Exploratory Behavior in Malawi Cichlids 

Accompanies Microhabitat Partitioning 

 

Emily C. Moore, Jonathan E. Tufts, Reade B. Roberts 

 

Abstract 

Background: The adaptive radiation of East African cichlid fishes is an 

important model for understanding the evolutionary forces and mechanisms that 

underlie speciation and divergence. Adaptation to microhabitat has been a key facet 

of rapid speciation, yet the role divergent behaviors have played in adaptation to the 

environment has been largely ignored, in favor of studies of morphological 

adaptation. Cichlids are an excellent model for studying vertebrate behavior due to 

their complex behavioral repertoire and tractability in the lab, however, the focus of 

this work thus far has been on social and mate choice behaviors. 

 Results: We employed two classical behavioral tests to look for species-

specific patterns in how five species of Lake Malawi cichlid (Metriaclima aurora, M. 

callainos, M. lombardoi, M. pyrsonotos, and Aulonocara baenschi) responded to 

dynamic environments; an open field test approximated responses to new 

environments, and a novel object test approximated responses to dynamic changes 

in a familiar environment. We found differences both between genera and within 

genus for both assays, with larger divergences in behavior accompanying splits at 

the microhabitat level in the lake.  

 Conclusions: Behavioral adaptation, in addition to morphological adaptation, 

has occurred along with adaptation to microhabitat. Further exploration of such 

species-specific, adaptive behaviors at a functional and mechanistic level will inform 

our understanding of evolutionary processes as well as provide a novel way to 

understand the evolution of behaviors. 
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Background 

Environmental conditions can vary widely across very small areas, resulting in 

microhabitats that may have remarkably different ecological features despite their 

close proximity. Species that may have the same range can differ in their use of 

these microhabitats (micro-geographic isolation), which complicates the definitions 

of allopatric and sympatric speciation (Mayr 1947). Experimental evidence for 

divergence in similar species across microhabitats can be found in varied taxa (Mayr 

1947; Peichel et al. 2001; Habel et al. 2012); once populations begin to diverge in 

their microhabitat space use, they have the opportunity to achieve micro-spatial 

reproductive isolation and undergo speciation.  

 The recent adaptive radiation of African cichlids has been a powerful model 

for gaining insight into mechanistic and evolutionary processes that accompany 

rapid speciation. Lake Malawi is home to an estimated 500-1000 cichlid species 

(Brawand et al. 2014; Konings 2007), many of which have arisen from the recent in 

the past one to two million years (Kocher 2004; Konings 2007), and with strong 

support for speciation via micro-geographic isolation (Rico and Turner 2002, Parnell 

and Streelman 2011).  A generalized model suggests adaptive radiation proceeded 

along three major axes (Danley and Kocher 2001). The first major axis of 

differentiation between cichlid species is that of habitat—generally, there are large 

regions of shallow, rocky habitat near the shores and islands, and progressively 

deeper water with finer, sandy substrate. A variety of food sources from benthic 

invertebrates to algae covered rocks allowed for trophic specialization within 

habitats. Finally, sexually selected mating behaviors and nuptial coloration have 

provided additional avenues for reproductive isolation and speciation (Streelman and 

Danley 2003; Konings 2007). It is likely that additional suites of traits including those 

related to sensory and sex determination systems have also contributed to adaptive 

radiation.  

In addition to color and morphology, behaviors are important diagnostic 

measures for species identification and classification within the cichlid fishes of Lake 
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Malawi (Ribbink et al. 1983; Stauffer et al. 2002). Differences in both intraspecific 

and interspecific aggressive behaviors between sister taxa in both Lake Victoria 

(Dijkstra et al. 2012) and Lake Malawi (Ribbink et al. 1983; Danley 2011) have been 

suggested to be associated with microhabitat (Danley 2011, Chapter 5), which may  

suggest that behavioral adaptation has been a feature of independent adaptive 

radiations of cichlid fishes, but investigation into non-social behaviors has been 

limited in these groups.    

Behavioral syndromes are suites of correlated behaviors that persist in 

individuals, and may restrict behavior trait evolvability if the basis of correlation is 

genetic or physiological (Sih et al. 2015). Investigations of behavioral syndromes 

have identified differences in how individuals within single species or species pairs 

react to novelty, which is often interpreted through the lens of the “bold-shy” 

personality axis (Wong et al 2012). While defining behaviors as “bold” and “shy” can 

be useful in interpreting behaviors in predation or other anxiety experimental 

paradigms, we are avoiding this terminology in our study. Such designations have 

the potential to limit understanding of behaviors a priori; to this end, we are 

interpreting behavioral variation in the context of “species-syndromes.”  

In this study, we have selected species that differ in habitat use, trophic level, 

and male pigmentation to examine potentially adaptive exploratory behaviors at a 

range of evolutionary levels within the cichlid adaptive radiation. Because we raised 

all species in a common environment, we are able to identify heritable behavioral 

variation by species, and assess across behaviors for inter-assay relationships and 

behavioral syndromes.  

Methods 

Study species 

The sand-dwelling Aulonocara baenschi is a ‘sonar hunter’ (Konings, 2007), 

using an enlarged lateral line sensory apparatus to find invertebrates under the 

sandy substrate. Metriaclima is a speciose genus with a variety of microhabitat 
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specializations and male pigmentation differences (Konings and Stauffer, 2006), that 

are defined by sub-generic assemblages. Species within the Metriaclima ‘zebra’ 

group have dominant males that maintain mating territories in the shallow rocks (in 

this study, M. lombardoi, M. pyrsonotos, and M. callainos), and species within the 

‘aurora’ group (in this study, M. aurora) inhabit the intermediate zone at the sand-

rock interface. Male breeding coloration differs between the four Metriaclima 

species.  

 

Animal housing and handling 

 Laboratory cichlid lines were derived from wild-caught animals collected in 

Lake Malawi, and maintained in according to Institutional Animal Care and Use 

Committee (IACUC) guidelines in the NCSU Roberts Lab aquaculture facility in 

Raleigh, NC. Age matched individuals were raised in mixed-species groups in a 473-

liter (184 cm x 47 cm x 60 cm) aquarium until onset of reproductive age at 

approximately 6 months, when behavioral assays began. For each species tested, 

individuals from at least two families were placed into the community tanks.  

 After the open field activity assay, individual animals were each placed in a 

38-liter (50 cm x 28 cm x 33 cm) aquarium with a single flowerpot territory for three 

days of acclimation to individual housing. To determine whether the fish were active 

and appetitive during the acclimation period, readiness to feed was assessed at 

each meal. All fish tested ate within 1 minute of feeding by the final day of 

acclimation. During the period between the resident-intruder assay (data analyzed 

separately in Moore and Roberts, chapter 5) and novel object assay, fish remained 

isolated for 24 hours. Two blocks of five aquaria back to back were used for isolation 

and testing, with each block containing one fish of each species to control for cohort 

effect. Species and sex were randomized across blocks to control for tank and block 

effect, with the added constraint that no fish was across from a fish of the same 

species on the adjacent block. 
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Following final assay, individual fish were anesthetized with buffered 320 

mg/L tricaine methanesulfonate (MS-222) until onset of sedation (as measured by 

reduction of opercular movement) to measure weight and standard length, as well as 

to take photographs to measure urogenital opening and anus area. Sex was 

determined by comparing the area of the vent to the area of the anus (Moore and 

Roberts 2016).  

 

Open Field Activity  

After immediate removal from the co-culture environment with minimal 

handling, individual fish were placed in the center of an (76 cm) x (46 cm) arena 

filled with 6 cm of water from the common laboratory recirculating system for five 

minutes (modified from (Godwin et al. 2012)). An overhead video digital video 

camera recorded the position of the fish in the arena over the course of the assay. 

C-trax v0.5.4 (Branson et al. 2009) generated XY coordinates for the position of the 

center of the fish for a minimum of 10 frames per second. 

 

Novel Object Exploration 

 Following acclimation to individual housing, each fish had five minutes with 

the camera placed overhead and water and air turned off before commencement of 

the novel object test. A snail shell from Lake Malawi was placed front and center of 

the home aquarium and all activity was recorded for 30 minutes with a digital video 

camera. The position of the most rostral aspect of the head was scored with Manual 

Tracking plug-in (Cordelieres 2005) for ImageJ (Schneider et al. 2012) in 0.2 second 

intervals (5 frames per second). Aquarium positioning prevented the entire arena 

from being filmed, so position analysis was uniformly limited to the front-most 254 

mm x 260 mm for each video.  
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Statistical analyses 

All statistical tests were performed using JMP Pro 12 (Cary, NC). X-Y 

coordinate output from C-trax and Image J were analyzed with custom spreadsheets 

(Microsoft Excel), and used to determine summary statistics related to relative 

position and speed. All means are reported with standard error of the mean (SEM). 

In order to quantify the changes in proximity to the object over time, we evaluated 

the distance of the fish to the object over one minute intervals. The position of the 

fish was only known for those frames where the animal was in the scored region, so 

we set the lowest possible score of ‘0’ to the distance at which the fish was out of 

range. When the fish was in frame, the score was weighted by the distance to the 

object, and then transformed such that the maximum value was ‘1’. Under this 

system, a score close to one indicates that most of the minute was spent in close 

proximity to object, and a score of zero indicates that the fish did not enter the 

scoring area at all. 

 For many of the measurements taken, there were unequal variances between 

species, which has the potential to give us additional biological information about 

differential plasticity of behaviors across taxa. However, since unequal variance 

between groups violates the assumptions of one-way ANOVA, non-parametric tests 

were used in these cases, including the one-way ANOVA equivalent Wilcoxon / 

Kruskal-Wallis test and the Wilcoxon Product-Limit survival fit for latency measures. 

To be considered to have unequal variances, at least one of O’Brien, Brown-

Forsythe, or Levene’s tests of unequal variance had to be significant at the p=0.05 

level. Pairwise contrasts were performed with Tukey-Kramer honest significant 

difference test (HSD) for measurements with equal variance between groups, and 

Wilcoxon multiple comparisons was conducted for those requiring non-parametric 

analysis. 

To examine changes in novel object affinity over time, we used a MANOVA 

repeated measures, where time points within individuals were analyzed at one level, 

and differences between species were analyzed as an additional level, with a 
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species*time interaction term. Since Mauchly’s Test of Sphericity indicated violations 

to the sphericity assumption (criterion=0.346; Chi2=67.95; df=14, p=4.53e-9) we 

used the Huynd-Feldt correction to adjust for unequal co-variances between groups. 

 Principal components analysis (PCA) for both open field and novel object 

behaviors was used to identify relationships between behavioral measures. Initial 

multivariate models examined had species as the only significant predictor, thus any 

gain of model fit was likely overparameterization, and remaining analyses were done 

with species as the single predictive variable. 

 To examine the relationships between all behavioral measures (this chapter, 

and Chapter 5), we employed the Modulated Modularity Clustering (MMC) algorithm 

(Stone and Ayroles 2009). This enhances the ability to determine correlated clusters 

in multivariate data, and while the original paper uses the algorithm to compress 

gene expression data, it is effective for any large, multivariate data where many 

phenotypes have been measured for many individuals. 
  

Results  

Pattern of novel environment arena exploration differs by species  

The open field arena can be broken down into three distinct regions: corner, 

center, and straightaway (the region along the edge of the arena that connects 

corners) (figure 6.1, top). Open field tests have historically been evaluated by 

looking at time spent in the center of the arena, but this aspect of arena use does 

not differ by species or sex. However, by focusing in on number of transitions 

between corner and straight-away regions and amount of time spent in the corner for 

each instance, we can detect patterns of usage that differ by species. The pattern 

varies along an axis with species having many, short corner bouts on one end (such 

as in figure 6.1, red trace), and displaying fewer, longer bouts on the other (such as 

in figure 6.1, blue trace).  

 Species accounts for approximately 30% of the variance in number of 

transitions into the corner (adjusted R2 = 0.3071), with M. lombardoi entering the 
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corner the most number of times (60.21±4.89), a three-fold difference from M. 

aurora, which entered the fewest number of times (22.21±6.06) (Figure 6.2 A). 

Additionally, both the mean number of seconds for each entry (Wilcoxon/Kruskal-

Wallis: Chi2=16.40, df=4, p=0.0025) and maximum number of seconds spent in the 

corner in a single instance (Wilcoxon/Kruskal-Wallis: Chi2=22.68, df=4, p=0.0043) 

differ by species. Short bouts characterize the patterns of M. lombardoi (mean: 

3.57±0.43 s, max: 23.44±3.90 s) and M. callainos (mean: 4.50±0.30 s, max: 

19.63±1.79 s), whereas much longer bouts are found in M. aurora (mean: 

35.04±13.01 s, max: 101.93±19.51 s) and, to a lesser extent, A. baenschi (mean: 

9.22±2.33 s, max: 68.81±17.53 s) (Figure 6.2 B).  

 Overall swimming speed also varied by species (ANOVA: adjusted R2 = 

0.3340, F(4,70)=9.78, p<0.0001), with M. lombardoi swimming the fastest (95.89±6.39 

mm/s), almost three times faster than the slowest swimmer, M. aurora (35.14±9.69 

mm/s). These two species maintain the pattern of slowest speed (corner: 22.53±6.11 

mm/s, straightaway: 70.9±16.91 mm/s) and fastest speed (corner: 60.69±3.71 mm/s, 

straightaway: 160.05±8.90 mm/s) in all the regions. Speed is related to position, 

where a high number of corner instances correlates with short bouts and high speed 

(Table 6.1). 

 All together, these data indicate that sand and interface species are the most 

likely to stay once entering a corner, compared to the rock species, which move from 

corner to other regions more often. Additionally, the unequal variance in the 

maximum length of corner stay demonstrates that exploration of a new area is more 

variable in the sand and interface species compared to the rock species.  
 

Time spent approaching and retreating from a novel object varies by species  

We were able to find differences in patterns of behavioral response to a novel 

object placed in a habituated environment (see Figure 6.3 A for depiction of shell 

placement). Responses were highly variable, where some fish had a self-imposed 

radius around the object past which they would not approach (Figure 6.3 B), and 
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others readily investigated the shell (Figure 6.3 C). Amount of time spent moving 

towards the shell is one metric of interest in the novel object; we found species 

differences in time spent approaching (Wilcoxon/Kruskal-Wallis: Chi2=14.04, df=4, 

p=0.0072), retreating (Wilcoxon/Kruskal-Wallis: Chi2=15.06, df=4, p=0.0046), and 

staying stationary (Wilcoxon/Kruskal-Wallis: Chi2=10.92, df=4, p=0.0275), all of 

which reflect differences in investigative strategy. 

At the ends of the spectrum, M. aurora spent the least amount of time 

approaching and retreating (14.21±1.37 s and 12.42±1.30 s, respectively) and M. 

lombardoi spent the most amount of time approaching and retreating (26.25±2.71 s 

and 26.30±2.98 s, respectively). A. baenschi was the most variable in amount of 

time spent stationary, with some individuals remaining still often, and others moving 

around more (Table 6.2). Time spent approaching and retreating are strongly 

correlated with each other (Pearson’s r = 0.976), but are less highly correlated with 

the time spent stationary (Table 6.3), indicating that still behavior may be a separate 

behavioral module.  

 We also detected differences in speed while swimming that were associated 

with species; approach velocity (ANOVA Adj. R2= 0.227712, F(4, 70)= 6.1599, 

p=0.0003), retreat velocity (Wilcoxon/Kruskal-Wallis test, Chi2=27.49, p<0.0001), 

and overall average velocity (Wilcoxon/Kruskal-Wallis test, Chi2=22.54, p=0.0002) 

were all different by species. We specifically calculated speed for those frames only 

when the fish was moving, as not to confound speed with stationary behavior and 

found that speed and time spent approaching/retreating loaded into separate, 

uncorrelated principal components (PC1 and PC2) (Table 6.4).  

 Since PC1 increases as proportion of time spent in frame increases with 

increased proximity to object regardless of movement, higher values for PC1 might 

be interpreted as increased affinity for the shell, and lower values interpreted as 

decreased affinity, or repulsion. This component differs within Metriaclima, with M. 

aurora and M. lombardoi showing distinct differences in affinity that are within the 

range of variation found in M. callainos and M. pyrsonotos (Figure 6.4 A). The speed 



 99 

component PC2 increases as general swimming speed increases, including 

average, approach and retreat speeds, but decreases as the difference between 

approach speed and retreat speed increases (retreating faster than approaching). 

Relatedly, PC2 also increases as the number of instances increases, where fast 

swimming goes along with an increased number of shorter instances. This primarily 

differs by genus, with A. baenschi having the smallest value for PC2. 

 Interestingly, when the same analysis is grouped by sex rather than species 

(Figure 6.4 B), no differences are noticeable; this finding persisted across both novel 

object and open field assays. Absence of detectable sex-differences in exploratory 

behavior is consistent with the findings of Chapter 4, where there were no 

detectable sex differences in open field movement.  

One intriguing finding of note is that there seems to be a genus-level 

difference in whether the fish “sneak up” on the shell while investigating. The 

Metriaclima approach the shell more slowly than they retreat from it, while the A. 

baenschi swim towards and away from the shell at the same speed (Figure 6.5, 

Wilcoxon/Kruskal-Wallis test Chi2=20.42, P=0.0004). This may be related to the 

rock-dwelling species deriving comfort from having their backs to a territory; whereas 

the Aulonocara are adapted to swim around in more open water to hunt for food in 

the sand. 

 

Proximity to the object increases over time  

In order to detect differences over time, we used an amalgam proximity score 

to capture the combination of time and distance. Both time and species are 

significantly different (MANOVA repeated measures, species [F(4.1453, 273.59)=3.7217, 

p=0.0086], time [F(4.1453, 273.59)=13.3264, p<0.0001), but the evidence for differences 

in species pattern over time has slightly less strong support [F(16.581, 273.59)=1.6295, 

p=0.0584) (Figure 6.6). Looking at the graphs, it appears that if the pattern 

differences are real, they are being driven by A. baenschi developing a strongly 

increased proximity over time, where they have similar proximity to the other species 
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for the first half of the assay, and very high proximity during the second half of the 

test. 

 

Co-variation of traits and potential microhabitat divergence  

In order to assess whether the behavioral patterns we detected are 

correlated, we compared behaviors between assays. One possibility that we wanted 

account for was whether we were testing for a separate physiological trait, such as 

swimming speed, when we were intending to test for response to the testing 

environment. This does not appear to be the case; species speeds follow different 

patterns between assays (Figure 6.7 A and B), and there is no correlation between 

speeds at the individual level (Figure 6.7 C). To determine if there are behavioral 

“modules” that correlate across assays, we assessed phenotypes for structure using 

all behavioral data for the 70 individuals tested (including the experiments from this 

chapter, and those from Chapter 5) (Figure 6.8). We did not find any inter-assay 

modules, and, in fact, we were able to determine separate behavioral modules within 

each assay.  

 

Discussion 

Exploratory behaviors can be an important phenotype for fitness in an 

environment. Substrate differences between microhabitats provide variable 

opportunities for territory holding and hiding refuges, as well as food abundance and 

type. Changes in movement patterns could be used to adapt to these differences in 

openness, and contribute to divergent optimal foraging strategies. To this end, we 

speculate that that edge hugging and quicker shifts in position, as is seen in the 

rocky-substrate adapted Metriaclima, might be valuable for the rocky, complex 

microhabitat. Freezing behavior is indicative of anxiety in zebrafish (Wong et al. 

2012), however it may be a mistake to interpret this behavior as reflecting fear in 

cichlids. Stationary behavior accompanied alert and observant body postures, such 

as carrying the fins slightly erect and orienting towards the object, and we suggest 
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an interpretation of stationary behavior as indicating attentiveness (as defined in 

Chapter 5). It may also relate to sensory adaptation, if it facilitates vibration 

detection in Aulonocara by expanded lateral line (Schwalbe and Webb 2014). 

Consistent with our findings of no sex difference in open field behavior in the 

five species studies, Archard and colleagues have found population, but not sex 

differences, in open field behavior between natural populations of the live bearing 

tropical freshwater fish Brachyrhaphis episcopi (Archard et al. 2012). These findings 

are inconsistent with a significant sex-effect on open field movement in wild-derived 

lines of zebrafish (Danio rerio) (Wong et al., 2012). If this finding continues to hold, it 

may indicate that cichlids and other non-models have fundamentally different genetic 

mechanisms underlying variation in exploratory behaviors from zebrafish, supporting 

the need for studies in both model and evolutionary non-model organisms to better 

understand the genetic basis of sex differences in exploratory behavior.  

Our data are inconsistent with a “bold” vs “shy” behavioral syndrome in 

cichlids, and may suggest that to fully understand how quantitative behaviors are 

related to each other, we should be phenotyping behaviors at a fine scale that allows 

us to find correlated, intra-assay behavioral sub-modules. Additionally, even across 

other model organisms, there are inconsistencies about what aspects of behavior 

are correlated in the “bold” group and “shy” groups, with ‘boldness’ correlating with 

higher levels of aggression in some cases (Kiesel et al. 2012; Dingemanse et al. 

2007), and lower levels of aggression in others (Garamszegi et al. 2009). We 

propose that extended modularity of exploratory behaviors may be beneficial during 

behavioral adaptation to microhabitat. If different combinations of behaviors become 

ecologically advantageous depending on substrate and food availability, small 

modules are more flexible than overarching, correlated syndromes.  

 

Conclusions  

Appropriate exploratory behaviors and space-use are critical for animals to 

successful navigate their habitats. We have shown that these behaviors vary 
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between species that have undergone a recent adaptive radiation, and that the 

behaviors themselves are highly modular, suggesting that suites of adaptive 

behaviors may be more flexible than the behavioral syndrome literature has 

suggested.  An increase in loci involved in quantitative traits facilitates sympatric 

speciation when they are in a system with traits available for sexual selection 

(Kondrashov and Kondrashov 1999), so the more quantitative, or “modular” 

behavioral phenotypes may indeed facilitate sympatric speciation across 

microhabitats.  
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Figures 

Figure 6.1 – The open field arena 

was split into three distinct areas for analysis: the corner regions (green), the center 

(blue), and the straightway, which is the area along the edges between corners 

(white). The rectangular size resulted in two straightaway regions being longer than 

the others (A). Two typical traces of open field position over five minutes are shown 

below, with a slow-moving, corner-prone fish in blue (B), and a faster, more 

exploratory fish in red (C).  

A 

B 

C 
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Figure 6.2 – Patterns of corner behavior varies by species. The number of instances 

differ by species (ANOVA: F(4,70)=8.757, P<0.0001) (A), as does the length of the 

longest stay in the corner (Wilcoxon/Kruskal-Wallis: Chi2=22.68, df=4, p=0.0043) (B). 
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Figure 6.3 – Response towards a novel shell 

placed in a habituated arena is scored in the 

region between a flower pot territory and the end of 

the 10-gallon tank (A). Plots of XY coordinates 

for two different fish over time show examples of behavioral responses differences 

seen between species, where the blue trace (B) is an individual with reduced 

exploration and the red trace (C) is an individual with increased exploration. 

A 

B 

C 
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Figure 6.4 – A multivariate look of differences in novel object response by species 

(A) and sex (B).

A 

B 
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Figure 6.5 – Differences between approach and retreat speed varies by species. A 

value near the red line indicates that the individual approached and retreated from 

the novel object at the same speed, and a negative value indicates that they 

retreated with a faster speed than they approached the novel object. 
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Figure 6.6 – Novel object affinity increases over time for all species, but the pattern 

by which it increases varies by genus, and overall affinity varies by species.
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Figure 6.7 – Relationship between speed in two exploratory assays, novel object (A) 

and open field (B) speeds show different patterns by species, and are uncorrelated 

with each other (C).

A B 

C 
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Figure 6.8 – Modulated modularity clustering by behavioral assay. Colors indicate 

which assay and subcategory behavioral measures belong to. Red lines indicate that 

the module belong to the aggression study (Chapter 5), green lines indicate that the 

behavioral module is from the open field assay, and blue lines indicate that the 

module is related to novel object response.
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Figure 6.9 Overview of behaviors from Chapters 5 and 6 as related to microhabitat. The sand species (A. baenschi) 

and the interface species (M. aurora) stand out as being the most behaviorally distinct.
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Tables 

Table 6.1 – PCA Loading matrix for open field, loading matrix 

Behavior PC1 PC2 PC3 

Proportion in Corner -0.43585 0.82165 0.17949 
Proportion in Center -0.17457 -0.85280 0.46822 
Prop. Straightaway 0.65359 -0.25626 -0.59640 
N corner instances 0.92628 0.16314 0.16725 
Avg Length Corner (s) -0.70949 0.30016 0.07878 
Max length corner (s) -0.80000 0.38409 0.10542 
Avg dist. from edge -0.29129 -0.84265 0.40926 
Overall speed (mm/s) 0.93823 0.14972 0.21085 
Speed corner (mm/s) 0.91052 0.16689 0.22310 
Speed center (mm/s) 0.00285 -0.03339 -0.38339 
Speed straight (mm/s) 0.44209 0.47062 0.57550 
Proportion variance explained 42.16900 24.68400 12.65800 
Total variance explained 42.16900 66.85300 79.51100 
Eigenvalue 4.63860 2.71520 1.39240 
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Table 6.2 – Amount of time spent approaching, retreating, and staying stationary in 

relation to a novel object, by species 

 
Species Time in frame (s) Retreat (s) Approach (s) Stationary (s) 

A. baenschi 72.82 ±14.91 14 ±3.06 14.31 ±2.96 44.51 ±9.19 

M. aurora 44.79 ±3.94 12.42 ±1.30 14.21 ±1.37 18.17 ±1.74 

M. callainos 87.81 ±11.32 23.1 ±3.37 25.15 ±3.39 39.56 ±5.47 

M. lombardoi 87.12 ±8.82 26.3 ±2.98 26.25 ±2.71 34.56 ±4.02 

M. pyrsonotos 63.45 ±11.65 14.93 ±3.02 18.46 ±3.33 30.05 ±5.92 
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Table 6.3 – Pearson’s correlations between time spent approaching, retreating, and 

stationary 

Behavior Approach Stationary Retreat Time in frame 
Approach 1.000 0.6616 0.9763 0.9099 
Stationary - 1.0000 0.6481 0.9098 
Retreat - - 1.0000 0.9026 
Total in frame - - - 1.0000 
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Table 6.4 – PCA Loading matrix for novel object Field, loading matrix 

Behavior PC1 PC2 PC3 

Proportion approach 0.90156 0.12855 0.33843 
Proportion stationary 0.82351 -0.28434 0.02672 
Proportion retreat 0.89481 0.05507 0.36428 
Proportion in frame 0.94843 -0.10448 0.20965 
Approach speed (mm/s) 0.41840 0.75099 -0.10321
Retreat speed (mm/s) 0.10067 0.90300 -0.29236
Difference between approach and retreat speeds  0.31665 -0.59609 0.35318
Overall speed (mm/s) 0.24286 0.80283 -0.23139
Instances in frame (N) 0.45413 0.64585 0.46881
Length instance (s) 0.13488 -0.64221 -0.11291
P(close/inframe) 0.68129 -0.27148 -0.59910
Average distance to shell (mm) -0.71868 0.41752 0.45652
Latency to approach close to shell -0.64747 -0.05420 0.45773
Proportion variance explained 39.69200 27.47000 12.12000
Total variance explained 39.69200 67.16200 79.28200
Eigenvalue 5.15990 3.57110 1.57570
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CHAPTER 7. Genetic Variation at a CNE Contributes to Microhabitat-

Associated Behavioral Differentiation in Malawi African Cichlid Fishes 

 

Emily C. Moore, Lynea I. Bull, and Reade B. Roberts 

 

Abstract 

Behavioral adaptations to the environment are pervasive, yet the underlying 

genetic mechanisms of these adaptations have been difficult to identify because 

behaviors can be difficult to quantify, and many behaviorally interesting model 

systems prove genetically intractable. Previously, we showed that computer vision-

aided motion tracking can be used to finely phenotype exploratory behaviors in 

African cichlid fish, and that these behavioral differences may be associated with 

microhabitat. In this study, we have identified a single nucleotide polymorphism 

(SNP) in a conserved non-coding element (CNE) that is associated with microhabitat 

use across Lake Malawi cichlid species. Upstream of three neural cell adhesion 

molecules, Contactin 3 (CNTN3), Contactin 4 (CNTN4), and Close Homolog of L1 

(CHL1), this CNE has homology to several consensus sequences of neural 

transcription factor binding sites. Additionally, genetic variation at this locus is shown 

to impact exploratory behavior between full siblings in two genera naturally 

segregating the CNE SNP, and as well as in a separate laboratory hybrid F2 linkage 

mapping cross derived in the lab. Allelic bias in brain expression of CNTN4 and 

CHL1, which is associated with the CNE variation, suggests that CNE regulatory 

variation may modulate behavioral phenotypes by fine tuning neural CAM 

expression levels. 
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Introduction 

Differential use of microhabitats between closely related taxa is prevalent 

where the environment promotes microgeographic isolation (Mayr 1947). If 

behavioral adaptation is necessary for successful invasion and speciation in 

microhabitats, we would expect to see variation in behaviors between species that 

have undergone adaptive radiation—and we do (Ribbink 1983; Ord 2012; Chapter 

5; Chapter 6). While behavioral evolution is fundamentally important to species 

identity and fitness, phenotypic plasticity and challenges associated with 

quantification have made behaviors quite difficult to study in an evolutionary context; 

to answer the question of which changes to the genome result in adaptive shifts in 

behavioral patterns requires the right combination of phenotypic and genetic tools 

(Boake et al. 2002). Studies that have been successful at understanding the genetic 

and/or developmental basis of adaptive behaviors have been able to harness natural 

variation in behavior and also developed effective quantitative measures for 

phenotyping (such as for burrow length in Peromyscus (Weber et al. 2013), and 

vibration response behavior in Astyanax (Yoshizawa et al. 2010; 2012), though the 

divergent behaviors in these cases likely evolved in allopatry). 

 East African cichlid fish are an ideal system to study the genetic basis of 

adaptive behaviors because they are have recently diverged genomes that re-use 

adaptive alleles, hybrid crosses between species are possible in the laboratory, and 

have many adaptive phenotypes, including behavior (Kocher 2004; Parsons and 

Albertson 2013). Many of the adaptive phenotypes studied within the cichlid evo-

devo framework correspond to adaptation to microhabitats, including fine scale 

pigmentation variation which may be associated with substrate type ((Roberts et al. 

2016), Appendix A), shifts in craniofacial morphology that result in mechanical 

advantages for different feeding strategies (Albertson et al. 2003; Roberts et al. 

2011; Parsons et al. 2016), and behaviors that vary with microhabitat location 

((Danley 2011); Chapter 5, Chapter 6).  
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 In this study, we use population genetic data to identify natural variation in a 

conserved non-coding element associated with microhabitat use in wild cichlids, and 

then confirm in the lab that CNE genotype is associated with behavioral and gene 

expression changes. 

 

Methods 

Live animal housing and care  

All live fish were housed in the Roberts Lab Aquaculture facility at North 

Carolina State, and experiments were conducted under Institutional Animal Care 

and Use Committee guidelines. Adult fish from wild-derived lines of Metriaclima 

aurora and Tropheops tropheops were maintained in co-culture, tagged for individual 

identification with 8mm x 1.4mm full duplex (FDX-B) passive integrated transponder 

(PIT) radio tags intraperitoneally (Oregon RFID), and genotyped for single nucleotide 

polymorphism (SNP) status (as outlined below). For both species, two F1 families 

from matings of AG x AG heterozygous parents were collected and raised in one-

liter aquaria until 30 days post fertilization, when they were phenotypes for open field 

behavior. Separately, a mapping cross of hybrid F2 Metriaclima mbenjii x 

Aulonocara koningsi were raised on controlled diets until 5 months of age, when 

they were sampled for a variety of phenotypes, including open field behavior. 

 

Population samples 

 Genome-wide markers were genotyped for samples from wild-caught fish in 

Lake Malawi ((Loh et al. 2008), and these data were available to us for re-analysis 

(see Table 7.2, Genome Scan). Additionally, wild-derived lines of thirteen species 

were sampled from non-invasive caudal tissue samples collected in the Roberts Lab 

facility (see Table 7.2, Sanger). Finally, eleven species were sampled from Lake 

Malawi populations, pooled, and sequenced using a high-throughput Illumina 

sequencing (available courtesy of the Kocher lab, table 7.2, Poolseq).  
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Association between genotype and microhabitat 

 Previously, SNPs identified from five low-coverage Lake Malawi genome 

assemblies were sequenced in population samples from approximately 75 Lake 

Malawi species (Loh et al. 2008). Associations between SNP genotypes and habitat 

type (open water/sandy substrate or rocky shore) were determined through a 

genome scan; several highly-associated loci were alternately fixed in the groups, 

and followed up on as potential genetic factors involved in habitat adaptation 

(Sylvester et al. 2010, 2013; Roberts et al. 2011). We revisited this data set, running 

an association analysis in Plink (Chang et al. 2015) with an additional microhabitat 

category, adding “rock/sand interface” to the previously used categories, “rock” and 

“sand”. The polymorphic site with the highest odds ratio was used in all further 

analyses (ALN103534_280-AG from Loh et al. 2008, referred to throughout this 

study as CNE SNP). We then identified microhabitat and diet for each of the species 

with population data, further splitting the microhabitat designations into “rock”, “rocky 

interface”, “interface”, “sandy interface”, “sand”, and “open water” (based on Konings 

2007; Ribbink et al. 1983).  A Fisher’s exact test was run for both diet and 

microhabitat to test for association with SNP genotype using JMP 12 (SAS, Cary). 

 

Genotyping 

Population samples from lines maintained in the lab, including the Metriaclima 

aurora and Tropheops tropheops used in behavioral experiments, were genotyped 

for the CNE SNP at the Metriaclima zebra genome scaffold 130, base 1218784 

(Broad Meze_v0) (Brawand et al. 2014) with Sanger sequencing (primers F: 

ggggaaaagagccagtcata, R: ccaggctgtcacaatacgtg). Two parental samples and 46 

Hybrid F2 tissue samples were processed using a double digest restriction enzyme 

associated DNA sequencing (ddRAD seq) strategy, with the SphI-MluCI enzyme pair 

(Peterson et al. 2012). These were run on a single lane of Illumina Hiseq, 1 x 100bp. 

Reads were mapped back to the M. zebra reference genome and genotypes were 

called with Stacks (Catchen and Amores 2011). The RAD marker closest to the 
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scaffold 130 CNE SNP was identified from the Stacks database, and had been 

successfully genotyped in 42 of the 46 F2 included in the initial sequencing run. 

 

Open Field Behavior assay  

Fish were gently netted out of their home tank and placed in the center of a 

white, opaque container filled with aquaculture system water, which was replaced for 

every individual. The size of the arena was scaled to the size of the fish, where five-

month-old were tested in 12-quart, 255mm square containers, and 30 day-post-

fertilization (dpf) juveniles were tested in 4-quart, 125mm square containers. These 

containers were filled with shallow water to restrict movement to two dimensions as 

much as possible. Video recordings were taken for 5.5 minutes from an overhead 

position. The first 10 seconds of the video files were trimmed (Quicktime Player 7) to 

remove footage of fish placement, and processed at 10 frames per second (fps) 

using C-trax (0.5.4, (Branson et al. 2009)) to generate XY coordinates of fish 

position in arena. Custom scripts were used to generate position and speed in the 

arena (R v3.3.1). All videos were taken between 10:00 and 16:00 to control for time 

of day. 

 

Interrogation of the CNE locus  

Sequence surrounding the CNE SNP was captured from the M. zebra 

reference genome browser (BoulliaBase), and used to BLAST 8 additional teleost 

genomes in Ensembl: Nile tilapia (Oreochromis niloticus), three-spined stickleback 

(Gasterosteus aculeatus), Japanese medaka (Oryzias latipes), Amazon molly 

(Poecillia formosa), Southern playtfish (Xiphophorus maculatus), Fugu (Takifugu 

rubripes), green spotted pufferfish (Tetraodon nigroviridis), and zebrafish (Danio 

rerio) (Figure 7.1). Gene identities in the region surrounding the CNE were 

determined based on annotations in BoulliaBase with the GPIPE gene prediction 

model, as well as M. zebra  and O. niloticus NCBI Refseq genes (Brawand et al. 
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2014). The JASPAR database was used to search known transcription factor binding 

sites for similarity to our CNE sequence of interest (Mathelier et al. 2015). 

 

Allele-specific expression analysis  

Brains from 16 M. aurora AG heterozygotes were collected from 11 to 60 

days post fertilization and flash frozen for rapid RNA preservation. RNA was 

extracted from whole brains using TRIzol (Invitrogen), and cDNA was immediately 

created from the samples using random hexamer primers and Superscript reverse 

transcriptase (Invitrogen). Coding variation in CNTN4 and CHL1 was phased with 

CNE variation in the parents of the cross, and only informative individuals were used 

in the analysis, where both the CNE and coding sites were heterozygous (CHL1 

n=8; CNTN4 n=15). Both genomic DNA and exon-spanning primers were designed 

for the genes (Table 7.S1), and amplified in the same PCR plate for 32 cycles. 

Genomic DNA and cDNA Sanger sequenced in triplicate for each informative 

individual, and the area under the fluorescent reading curve was quantified for each 

allele in Adobe Photoshop. The ratio of allele peak sizes in the gDNA output 

represents the expected 1:1 allelic ratio, and was used to normalize the ratio 

between bases in cDNA (Albertson et al. 2014). 

 

Results and Discussion 

Genetic variation is associated with fine-scale microhabitat type in Lake Malawi rock 

cichlids 

The first proposed axis of differentiation in adaptive radiation, including that of 

the East African cichlid fishes, is in traits that allow the organisms to take advantage 

of the available habitats (Streelman and Danley 2003). Analysis of molecular 

variation in Lake Malawi cichlids has supported the hypothesis that early 

differentiation occurred between sand/open water-adapted species and rocky shore-

adapted species (Moran et al. 1994). These designations informed Loh and 

colleagues’ choice to define groupings in this way for divergence and population 
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structure analyses, as well as to focus on genetic variants that were alternately fixed 

in these lineages (2008). Our evaluation of behavior type (Chapters 5 & 6), along 

with evidence from wild observations of fine-scale microhabitat partitioning (Ribbink 

et al. 1983; Konings 2007; Danley 2011) led us to ask whether species adapted to 

live at the rock/sand interface had regions of genetic differentiation that distinguished 

them from those adapted to live in the predominately sediment free rocks. Our re-

analysis with new microhabitat designations identified a promising SNP not 

previously investigated (Table 7.1); upon further examination, it was clear that the 

SNP was fixed for one allele in most of the rock species, fixed for the other allele in 

the sand-linage species, and that species adapted to live at the rock-sand interface 

seemed to be segregating the variation.  
 

The derived allele in a conserved non-coding element is associated with sand and 

interface microhabitat use in the wild 

 To determine which of the alleles was likely ancestral, we looked to the out-

group African cichlid Nile tilapia, and seven other teleost fish species with genomes 

publically available (Figure 7.1). Our alignment of the sequence surrounding the 

SNP with that of the other fish species revealed that not only is the rock-lineage 

allele conserved, the SNP is part of a ten-base-pair conserved non-coding element 

(CNE) that is conserved in zebrafish, a species that last shared a common ancestor 

with cichlids over 150 million years ago (Near et al. 2013).  

Combining all available data, we designated 82 species as fixed for the 

conserved “rock” allele (AA), fixed for the derived “sand” allele (GG), or segregating 

the variation (AG), and described diet and microhabitat at the finest grain possible 

for 79 of those species (Table 7.2). There was no association with diet, but a 

significant association between microhabitat and genotype at the CNE locus (Figure 

7.2 A). Designations were made entirely based on ecology, which means that a 

piscivore from the open water lineage that has become adapted to hunt and live 

near the rock-dwelling prey (such as Nimbochromis linni) was classified as “rocky 
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interface” rather than “open water.” Despite our efforts to assign microhabitat 

categories based on ecology rather than evolutionary history per se, there was still 

the chance that the signal we found was confounded due to population structure 

because the initial evolutionary divergence was also based on habitat differentiation. 

To address this, we performed an additional analysis in a single, species-rich genus 

(Metriaclima) where species inhabit the rocky shore, rock/sand interface, and, for 

one species, sandy substrate. We find the same signal in Metriaclima that was found 

in the larger analysis (Figure 7.2 B), which provides confidence that the association 

is truly with microhabitat, rather than simply a phylogenetic artifact.   

 

Three neural cell adhesion molecules (NCAMs) are upstream of the CNE, a likely 

neuronal transcription factor binding site  

Interrogation of the locus surrounding the CNE SNP revealed that the CNE is 

upstream of three genes in the neural cell adhesion molecule family, Contactin 3 

(CNTN3), Contactin 4 (CNTN4), and Close Homolog of L1 (CHL1) (Figure 7.3 A). 

The CNTN3 and CNTN4 both have six immunoglobulin domains and four fibronectin 

domains, and are among the less well understood members of the Contactin group 

of NCAMs (Mohebiany et al. 2013). The specific function of CNTN4 has been best 

studied in the mouse, where it is important for olfactory axon guidance (Kaneko-

Goto et al. 2008), and plays a role in sensory response to startle (Molenhuis et al. 

2016). In humans, CNTN4 has been identified as an autism susceptibility locus 

(Cottrell et al. 2011), and associated with alcoholism (Clark et al. 2015). Also 

involved in axon development, CHL1 homolog, Neuroglian (NRG), is important for 

axon guidance (Siegenthaler et al. 2015), as well as synapse growth and 

persistence (Enneking et al. 2013) in Drosophila and mice (Ren et al. 2016). 

Mutations in CHL1 have been associated with schizophrenia in humans (Sakurai et 

al. 2002), as well as changes to behavior in mice (Montag-Sallaz et al. 2002). 

 The specific factors that bind the CNE in vivo will need to be determined 

experimentally; however, a bioinformatic survey of transcription factor binding site 
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consensus sequences provides compelling evidence for a role in neuronal 

transcription factor binding (Table 7.3, Figure 7.3 B). Of the top ten matches in the 

JASPAR database, the top eight bind transcription factors with known or putative 

rolls in nervous system functioning. It is possible that the CNE is responsive to one 

or more of these signals, and that they play a role in modulating the expression level 

or pattern of one or more of the NCAMs at the locus. 

 

Behavioral variation is associated with CNE SNP genotype  

To first examine whether the behavioral differences we found previously in 

species comparisons were associated with CNE SNP genotype (Chapter 6), we 

genotyped the fish from those experiments and examined the patterns within the 

existing behavioral data set. We noticed a trend towards slower swimming speed in 

an open field for fish with more derived “sand” alleles (Figure 7.4), but with only two 

species segregating the variation, we did not have the sample size to assess an 

association between genotype and behavior. Fortunately, we had two 

complementary strategies for assessing whether the variation in a neural gene 

regulatory region corresponds to behavioral changes. We were able to test the 

behaviors of full siblings with all three genotypes at the CNE (AA, AG, and GG) in 

two interface species that naturally segregate the variation in the wild. Fish with the 

sand (G) allele recapitulate the slower swimming speed seen in the original data set 

(Figure 7.5 B). Additionally, fish with the rock allele stay closer to the edge of the 

arena compared to their sand allele-bearing siblings (Figure 7.5 A). When we 

compare the behaviors by genotype class in Metriaclima and Tropheops with those 

seen in F2 mapping cross hybrids segregating the CNE variation by design, we see 

the same patterns. F2 homozygous for the sand allele show a trend for swimming 

closer to the center (though this is non-significant, it displays the same directionality 

as the other experiment, and may provide stronger evidence once more individuals 

are analyzed). Even more convincingly, swimming speed shows a clear relation to 
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CNE genotype, which explains about 14% of the variation in the trait, with the allelic 

effect in the same direction as all previous experiments.  

 

Allelic bias in gene expression in CNTN4 and CHL1 

 We first examined the coding sequences of CNTN3, CNTN4, and CHL1 for 

non-synonymous coding changes linked to the CNE SNP, but did not find any 

changes to the protein sequence. From there, we decided to test the hypothesis that 

the CNE SNP has cis-regulatory effects. To test whether variation at the CNE was 

resulting in differences in expression, we performed semi-quantitative allele-specific 

expression analysis in heterozygous M. aurora. This assay requires variation to be 

present in the transcript to differentiate between alleles in a single individual, which 

allows for normalization of input RNA without the use of a housekeeping gene. We 

were able to test for this bias in two of the three genes at the CNE locus, CNTN4 

and CHL1.  

Allelic bias is seen in brain expression of both genes (Figure 7.6 B, C), 

although the bias is in different directions. CHL1 shows the more dramatic change, 

with a two-fold reduction on average in CHL1 when it is in cis with a sand allele at 

the CNE compared to the rock allele. This change in CHL1 expression is consistent 

with the derived allele disrupting a conserved enhancer binding site, where reduced 

binding efficiency at the CNE results in a reduction in transcript level.  The two 

individuals with no difference between the alleles were sampled at 11 dfp, and so 

the lack of increase may be due to low expression of CHL1 during early brain 

development. It is possible that the slight but significant increase in the expression of 

CNTN4 is due to physical/molecular constraints at the locus; if expression of CHL1 

is reduced, the transcriptional machinery may more easily access CNTN4 than it 

would have otherwise. 

One way we can gain insight into the impacts of variation in expression of 

CNTN4 and CHL1 is to look at the behavioral effects in genetically engineered 

knockdown mice. A CHL1 knockdown mouse model displayed behaviors very similar 
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to those we see in our assays—animals with lower levels of CHL1 spent more time 

near the center of an open field, and, in a related test, more time on the open arms 

of an elevated plus maze (Montag-Sallaz et al. 2002). Reductions in CNTN4 had 

limited impacts on movement and patterns of exploratory behavior (including for 

open field behavior), but did make mice more sensitive to startle, such that they 

were more startled at lower decibels than their wild-type controls. (Molenhuis et al. 

2016). Given that we find a 2-fold decrease in CHL1 for the sand allele, and that 

mice with reduced CHL1 have similar shifts in open field behavior, the evidence is 

strongest for CHL1 as the genetic mediator of adaptive behavior at this locus.  

 

Concluding remarks 

Behavioral adaptation that allows species to exploit variable environmental 

features likely plays an important role in facilitating evolution to new habitats. 

Furthermore, it is entirely plausible that changes to preferred position in the 

environment results in microgeographic isolation, sensu Mayr (1947). The shift in 

habitat use could then lead to assortative mating based on preferred territory. We 

are proposing that the behaviors corresponding to the different alleles at the NCAM 

CNE may be sufficient to promote microallopatry. If this is the case, variation at this 

locus may support invasion of new microhabitats, in addition to increasing fitness 

once a species has colonized them.  

If the behavioral variation that leads to spatial separation between groups 

began to co-vary with a sexually selected trait such as pigmentation, reinforcement 

and speciation could occur (Kondrashov and Kondrashov 1999). There is great 

diversity in male nuptial pigmentation in the Lake Malawi cichlid flock (Konings 

2007), so this model of speciation is very plausible. Additionally, spatially-derived 

assortative mating on its own could either lead to maintenance or loss of variation 

depending on the variance in the population (Dieckmann and Doebeli 1999), which 

would explain the gradient of CNE variation across microhabitat types, and 

additionally support a model where the segregation of the rock and sand NCAM 
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alleles is maintained in the interface habitat. Provided that one of these models is 

correct, the single-base variation at the NCAM CNE could have led to behaviorally-

mediated speciation.  
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Figures 

Figure 7.1 – Alignment of sequences from 8 sequenced teleost fishes shows the 

conservation of sequence at the locus of interest. The ‘A’ allele is evolutionarily 

conserved, and the ‘G’ allele has only been found in Lake Malawi species (teleost 

sequence data from Ensemble). 



135 

Figure 7.2 –  

Variation in a 

conserved non-

coding element 

(CNE) is 

associated with 

microhabitat in 

Lake Malawi 

cichlids. In an 

examination of 79 

species from the 

lake, the derived 

allele (G) more 

common in species 

inhabiting sandy/open water microhabitats [Fisher’s Exact, two-tailed p<0.0001]. A 

more conservative analysis using a single species-rich genus (Metriaclima) supports 

the same pattern [Fisher’s Exact, two-tailed p=0.0063, n=12] (B).  

A 

B
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Figure 7.3  –  Sequence features at the CNE. Three neural cell adhesion molecule 

family genes (NCAMs) are within 300 kb of the CNE (A). The SNP is in a site 

contained within the consensus sequences for transcription factors with known 

neuronal function, such as the one shown for Neurog2 (B).

A 

B 
Neurog2 consensus binding site, modified from JASPAR database 
output 
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Figure 7.4 –  Examination of the association between CNE genotype and open field 

speed in five species (data from Chapter 6) suggests that the sand allele (G) is 

associated with slower movement [ANOVA, significance groups at p<0.0001]. 
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Figure 7.5 –  Figure 3. Genetic variation at the CNE is associated with behavioral 

differences between full siblings in both Tropheops and Metriaclima at 30 days post 

fertilization (N=58) and 5-month old rock/sand hybrid F2 (N=42). Fish that are 

homozygous for the rock CNE allele (AA, red) stay closer to the edges of an open 

field than do their sand allele-bearing siblings during the first minute in the arena 

[ANOVA, F(2, 57)=4.24, p=0.0194] (A). Siblings with the rock genotype swim more 

quickly around the arena by the end of the assay (t=2.60, p=0.0120) (B). In an initial 

sample of F2 segregating the same alleles, a similar trend can be seen for distance 

to edge (ns at p=0.05) (C), and speed at the end of the assay [ANOVA, F(2, 41)=4.29, 

p=0.0207] (D). 
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Figure 7.6  –  Allelic bias in gene expression in CNTN4 and CHL1 in 11-60 dpf heterozygous M. aurora. Semi-

quantitative allele-specific expression analysis, reported as the expression of the rock allele compared to the sand 

allele (A). Allelic bias is seen in brain expression of two genes tested from the CNE region. CHL1 is expressed 2-fold 

higher when in cis with the rock CNE allele [unequal variance t-test, t(7.15)=2.82, n=8, p=0.0251] (B). Surprisingly, 

CNTN4 expression is slightly, but measurably, lower for the same allele [unequal variance t-test, t(19.09)=3.60, n=15, 

p=0.0019] (C) . 
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Tables 
Table 7.1 – Association between SNPs and microhabitat categories. CNE SNP in 
bold.

SNP (as named in Loh et al. 2008) Allele 1 Allele 2 !2 p-value odds ratio 
ALN103534_280-AG G A 57.48 3.41E-14 92.37 
ALN100993_1029-AGU A G 65.06 7.26E-16 33.07 
ALN105886_636-MSF_EXON_6-TA T A 6.73 0.009478 12.6 
ALN101106_1089-AGL C T 32.5 1.19E-08 9.638 
14528SNP28B-R-CA A C 8.19 0.004211 9.29 
14248SNP14-CG G C 19.64 9.35E-06 6.894 
ALN104280_597-CAU C A 4.191 0.04063 3.562 
14528SNP24-AG G A 9.736 0.001807 3.294 
ALN117472_1109-AGL T C 4.294 0.03825 3.172 
RH1-AG G A 8.483 0.003584 3.044 
AIM1-CG C G 6.155 0.01311 2.536 
ALN110805_783-TC T C 3.388 0.06566 2.005 
ALN100388_766-AG A G 2.928 0.08707 1.936 
DEC1_3-AGU G A 1.307 0.253 1.852 
SEMA3F??_EXON_12-AG G A 0.858 0.3543 1.733 
IP3R_EXON12-AGU G A 1.847 0.1741 1.706 
14528SNP25-TC T C 0.3946 0.5299 1.67 
ALN100348_1026-TAU T A 1.36 0.2435 1.56 
ALN101178_1198-AGU G A 0.9187 0.3378 1.488 
EDNRB-TC T C 0.2349 0.6279 1.255 
15043SNP13-TA T A 0.0285

4
0.8658 1.206 

ALN102022_261-TCU C T 0.1475 0.701 1.185 
ALN100281_1741-TAL A T 0.0149

5
0.9027 1.145 

14528SNP19-TG T G 0.0224
4

0.8809 1.065 
SWS2A-TC T C 0.0567

5
0.8117 0.891 

ALN116023_698-TCU T C 0.2455 0.6203 0.8279 
14528SNP22-AG A G 0.2978 0.5852 0.6581 
ALN100617_726-TCU C T 0.7343 0.3915 0.6167 
ALN100260_1099-TCU T C 0.9374 0.3329 0.5439 
ALN100645_802-AGL T C 0.6008 0.4383 0.4495 
ALN101889_931-CAU A C 1.28 0.2578 0.4323 
14528SNP32-AG A G 4.155 0.0415 0.4094 
14528SNP33-TG G T 2.314 0.1282 0.3945 
ALN111543_577-AGU A G 4.513 0.03364 0.3758 
14528SNP30-CA A C 4.385 0.03625 0.3566 
LWS-AG A G 6.912 0.008564 0.2549 
14528SNP21-TC T C 8.861 0.002913 0.2418 
ALN101315_386-AG G A 10.57 0.001149 0.07328 
ALN121593-AGL T C 8.502 0.003548 0 
14528SNP44-TC T C 3.758 0.05254 0 
ALN119531_730-AGU G A 2.22 0.1362 0 
SWS1-TA T A 1.665 0.1969 0 
MITF-TC T C 0.3611 0.5479 0 
ALN100815_1005-TAL T A 0.3536 0.5521 0 
ALN119718_628-AG A G 0.3464 0.5561 0 
ALN100099_882-AGL T C 0.1742 0.6764 0 
ALN112832_520-TCL A G 0.1725 0.6779 0 
ALN100340_830-AGU A G 36.99 1.19E-09 NA 
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Table 7.2 – Allele count and frequency by species at NCAM CNE 

Genotype 
at CNE 

Poolseq Sanger Genome Scan 

Species 
Allele 
count p(A) 

Allele 
count p(A) 

Allele 
count p(A) habitat diet 

Astatotilapia calliptera GG 6 0 riverine/lacustrine -
Aulonocara baenschi GG 14 0 rocky/intermediate invertebrates 
Aulonocara jacobfreibergi GG 4 0 rocky/intermediate invertebrates 
Aulonocara stuartgrantii  GG 8 0 sandy/intermediate invertebrates 
Buccochromis heterotaenia GG 2 0 rocky/intermediate fish 
Champsochromis caeruleus GG 6 0 sandy/intermediate fish 
Chilotilapia euchilus GG 8 0 sandy/intermediate invertebrates 
Copadichromis eucinostomus GG 6 0 sandy invertebrates 
Copadichromis jacksoni GG 2 0 rocky/intermediate invertebrates 
Copadichromis mbenji GG 4 0 intermediate invertebrates 
Ctenopharynx pictus GG 4 0 sandy/intermediate invertebrates 
Cyathochromis obliquidens AA 6 1 sandy aufwuchs 
Cynotilapia afra AA 6 1 ubiquitus invertebrates 
Cyrtocara moori GG 4 0 sandy invertebrates 
Cynotilapia zebroides  AG 10 0.7 ubiquitus invertebrates 
Dimidiochromis compressiceps GG 2 0 sandy fish 
Dimidiochromis kiwinge GG 6 0 sandy/intermediate fish 
Diplotaxodon sp.  GG 2 0 open water fish 
Docimodus evelynae GG 4 0 rocky 
Exochromis spp GG 2 0 rocky 
Fossochromis rostratus GG 6 0 sandy 
Geniochromis mento AG 1 0.2 ubiquitus 
Hemitilapia oxyrhynchus GG 4 0 sandy 

cleaner/catfish-eater 
fish 
invertebrates 
finbiter 
aufwuchs 

Labeotropheus fulleborni AA 19 1 6 1 6 1 rocky aufwuchs 
Labeotropheus trewavasae AA 30 1 4 1 8 1 rocky aufwuchs 
Labidochromis gigas AG 4 0.5 rocky aufwuchs 
Lethrinops auritus GG 6 0 sandy invertebrates 
Lethrinops gossei GG 6 0 sandy deep invertebrates 
Lethrinops sp. GG 6 0 sand? invertebrates 
Maravichromis epichorialis AA 2 1 intermediate invertebrates 
Maravichromis incola GG 2 0 sandy/intermediate invertebrates 
Maravichromis lateristriga GG 2 0 sandy/intermediate invertebrates 
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Table 7.2 – Allele count and frequency by species at NCAM CNE (continued) 

Genotype 
at CNE 

Poolseq Sanger Genome Scan 

Species 
Allele 
count p(A) 

Allele 
count p(A) 

Allele 
count p(A) habitat diet 

Maravichromis mola GG 6 0 sandy/intermediate invertebrates 
Melanochromis auratus AG 23 0.957 4 1 rocky aufwuchs/omni 
Melanochromis johanni bw AG 39 0.487 rocky aufwuchs/omni 
Melanochromis parallelus AG 4 0.75 rocky aufwuchs/omni 
Melanochromis vermivorus AA 2 1 rocky/intermediate aufwuchs/omni 
Metriaclima aurora AG 41 0.512 72 0.25 intermediate aufwuchs 
Metriaclima barlowi AG 35 0.714 intermediate aufwuchs 
Metriaclima benetos AA 66 0.985 14 1 intermediate aufwuchs 
Metriaclima callainos AA 35 1.000 12 1 6 1 rocky aufwuchs 
Metriaclima greshakei AA 58 1.000 6 1 rocky aufwuchs 
Metriaclima livingstonii GG 6 0 sandy/intermediate algae 
Metriaclima lombardoi AG 28 0.929 intermediate aufwuchs 
Metriaclima patricki AG 6 0.5 intermediate aufwuchs 
Metriaclima pyrsonotus AA 22 1.000 14 1 rocky aufwuchs 
Metriaclima sp. mbweca AA 4 1 intermediate aufwuchs 
Metriaclima xanstomachus AA 4 1 rocky aufwuchs 
Metriaclima zebra AA 233 0.979 6 1 6 1 rocky aufwuchs 
Nimbochromis fuscotaeniatus GG 2 0 sandy fish 
Nimbochromis linni GG 6 0 rocky/intermediate fish 
Nimbochromis livingstonii GG 6 0 sandy fish 
Nimbochromis polystigma GG 6 0 sandy/intermediate fish 
Nyassochromis prostoma GG 6 0 sandy invertebrates 
Otopharynx heterodon GG 4 0 sandy/intermediate 
Otopharynx lithobates GG 6 0 6 0 rocky 
Pallidochromis tokolosh GG 2 0 open water 
Petrotilapia nigra AA 4 1 deep rocky 
Hemitaeniochromis spilopterus "blue" GG 8 0 rocky 
Placidochromis johnstoni GG 6 0 sandy 
Placidochromis milomo GG 8 0 deep rocky 

invertebrates 
detritus 
fish 
aufwuchs 
paedophage 
inverts/aufwuchs 
invertebrates 

Protomelas annectans GG 2 0 sandy invertebrates 
Protomelas fenestratus GG 4 0 intermediate invertebrates 
Protomelas ornatus GG 1 0 intermediate invertebrates 
Protomelas similis GG 4 0 sandy invertebrates 
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Table 7.2 – Allele count and frequency by species at NCAM CNE (continued) 

Genotype 
at CNE 

Poolseq Sanger Genome Scan 

Species 
Allele 
count p(A) 

Allele 
count p(A) 

Allele 
count p(A) habitat diet 

Protomelas spilonotus GG 2 0 rocky 
Protomelas taeniolatus GG 6 0 rocky 
Pseudotropheus crabro AG 8 0.125 deep rocky 
Pseudotropheus elongatus AA 4 1 rocky 
Rhamphochromis esox ? AA 2 1 rocky 
Rhamphochromis sp. GG 6 0 open water 
Taeniolethrinops furcicauda GG 2 0 sandy 
Taeniolethrinops preorbitalis GG 6 0 sandy 
Tramitochromis brevis GG 4 0 sandy 
Trematocranus placodon GG 6 0 sandy 
Tropheops  'orange chest' AA 4 1 -

invertebrates 
invertebrates 
catfish cleaner 
aufwuchs 
fish 
fish 
invertebrates 
invertebrates 
invertebrates 
snail eater 
aufwuchs 

Tropheops 'intermediate" AA 6 1 - aufwuchs 
Tropheops 'red cheek' AA 6 1 rocky aufwuchs 
Tropheops gracilior AA 4 1 rocky aufwuchs 
Tropheops tropheops AG 6 0.667 - aufwuchs 
Tropheops microstoma AA 6 1 sandy/intermediate aufwuchs 
Tyrannochromis macrostoma GG 8 0 intermediate fish 
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Table 7.3 – JASPAR Transcription factor binding site matches for NCAM CNE 

sequence 

 

Transcription Factor 
JASPAR 
Model ID Protein Class Relative score 

Known/putative 
nervous system 

function? 

Atonal homolog  Atoh1 MA0461.2  bHLH 
0.895, minus strand 

yes 
0.868, plus strand 

Basic helix-loop-
helix, E22 

BHLHE22 MA0818.1  bHLH  0.871, minus strand yes 

0.851, plus strand 
Neuronal 
differentiation 2 

Neurod2 MA0668.1  bHLH  0.904, minus strand yes 

0.846, plus strand 
Neurogenin 1 Neurog1 MA0623.1  bHLH  0.848, minus strand yes 

0.907, plus strand 
Neurogenin 2 NeurogG2 MA0669.1  bHLH  0.874, minus strand yes 

0.827, plus strand 
Oligodendrocyte 
TF 1 

OLIG1 MA0826.1  bHLH  0.870, minus strand yes 

0.841, plus strand 
Oligodendrocyte 
TF 2 

OLIG2 MA0678.1  bHLH  0.896, minus strand yes 

0.846, plus strand 
Oligodendrocyte 
TF 3 

OLIG3 MA0827.1  bHLH  0.920, minus strand yes 

0.875, plus strand 
Basic helix-loop-
helix, A15 

BHLHA15 MA0607.1  bHLH  0.807, minus strand no 

0.851, plus strand 
Homeobox A5 HOXA5 MA0158.1 Homeodomain 

factors 
0.822, minus strand no 

- 
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Table 7.S1 – Semi-quantitative allele specific expression primers and coding 

polymorphism location 

Gene Primer type Primer sequence Location of SNP (MezeV0) 
CHL1 

   
scaffold_130:1370165 

gDNA F CCGTCCTCTCCAACAAGCTA 

 
R CTTTCGTGGAAACTGGATGG 

exon-spanning F AAGACCTTCACCCAGACGTG 

 
R CTGCTTTGATCTCCCTGCTC 

  CNTN4 
   

Scaffold_130:1560818 
gDNA F GCTCACAGTTGTTTGGGTCA 

 
R ACGCAGTAGAACACGGGAAC 

exon-spanning F CCCCTATCCCTGTTTGAGGT 
R CCTCGATCTCAGAGGCTGAC 
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CHAPTER 8: Epilogue and Future Directions 

Epilogue 

In this body of work, I have examined genetically determined traits that are 

variable across species for both sexual polymorphism and species-specific 

exploration of microhabitat. I have identified polygenic sex determination as a driver 

of phenotypic divergence between sexes, and proposed a mechanism for complex 

sex determination to drive shifts between traits showing variability at the level of sex 

or the level of species. I have also identified species-specific patterns of behavior in 

aggressive interaction with heterospecifics, interaction with novel objects, and 

patterns of movement in novel environments, which likely accompany adaptation to 

divergent microhabitats. For one of the behaviors, movement in an open field, I was 

able to identify genetic variation that is associated with microhabitat use across wild 

populations, and demonstrate that that variation leads to behavioral and brain gene 

expression differences in the lab. I have shown strong evidence that a single change 

to a conserved regulatory element modifies behavior in an ecologically-relevant 

manner, which is one of the few cases where a specific nucleotide change has been 

linked to adaptive behavioral shifts. 

Future directions for understanding the phenotypic impacts of complex sex 

determination 

In addition to the home tank behavior assay reported in Chapter 4 to quantify 

behavioral variation between polygenic sex genotype classes, I am currently working 

on a novel object experiment (ala Chapter 6) to identify whether novel object 

exploration continues to be sex-neutral. I also have plans to quantify 11-

ketotestosterone, estradiol, and cortisol from individuals of different sex classes to 

investigate whether steroid hormones are modulated by combinations of sex 

determiners. Another student in the lab, Erin Peterson, has discussed creating 

RNAseq libraries from developing gonads in this cross to examine how modulating 
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master sex switches changes the sex development cascade, which may point us to 

the genes responsible for controlling sex in these fish. 

Future directions for understanding the genetic basis of adaptive behaviors 

Continuing at the NCAM CNE locus 

We are currently expanding our locus-specific allele specific expression 

techniques to include digital droplet PCR (Bio-Rad; Baker 2012). Whole fish have 

been preserved for in situ hybridization of the candidate genes to better understand 

patterns of expression over developmental stages, and we have been in contact with 

a lab very experienced in studying gene expression in developing cichlid brains to 

continue this line of inquiry (see Sylvester et al. 2010, 2013). We also have whole 

genome sequences for species that are alternately fixed for the NCAM variation, as 

well as sequences from individuals that are alternately-fixed for alleles from 

populations segregating the variation (Metriaclima and Tropheops) for comparative 

genomics. With enough samples, we should be able to identify haplotype structure 

at the locus for each of the conserved and derived alleles and look for signatures of 

selection (Gautier et al. 2017).  

We also have been speaking with researchers familiar with CRISPR-Cas9 

genome editing in fishes: Tony Planchart at NCSU and Scott Juntti, who has 

successfully used CRISPR to edit a cichlid genome (Juntti et al. 2016). There are 

sites surrounding the CNE that can be targeted to remove the sequence entirely. 

Another intriguing option is to disrupt another of the bases in the conserved 

sequence using CRISPR-guided cytidine deamination, which is possible to 

accomplish with higher efficiency because it does not require double stranded DNA 

cleavage (Komor et al. 2016). 

Genome wide study, using Metriaclima mbenjii x Aulonocara koningsi F2 hybrids 

One of the strengths of the African cichlids that we have been able to harness 

is the ability to make linkage mapping crosses between divergent species, and we 
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plan to continue working with an existing Metriaclima mbenjii x Aulonocara koningsi 

hybrid line, which was used in Chapter 7. We have over 200 individuals phenotyped 

for open field behavior, and are currently running additional lanes of Illumina 

sequencing for whole genome genotyping. Once we have an adequate sample size, 

we will scan the genome for quantitative trait loci (QTL) using a multiple QTL 

mapping (MQM) strategy in r/QTL (Arends et al. 2010). Additionally, we have flash-

frozen brains from 7 F1 hybrids of this cross, and are going to create whole brain 

reference transcriptomes to identify genome-wide allele specific expression (Crowley 

et al. 2015), in collaboration with David Aylor at NCSU. 
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An allelic series at pax7a is associated with colour
polymorphism diversity in Lake Malawi cichlid fish
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Abstract

Despite long-standing interest in the evolution and maintenance of discrete pheno-
typic polymorphisms, the molecular genetic basis of such polymorphism in the wild is
largely unknown. Female sex-associated blotched colour polymorphisms found in cich-
lids of Lake Malawi, East Africa, represent a highly successful polymorphic pheno-
type, found and maintained in four genera across the geographic expanse of the lake.
Previously, we identified an association with an allelic variant of the paired-box tran-
scription factor gene pax7a and blotched colour morphs in Lake Malawi cichlid fishes.
Although a diverse range of blotched phenotypes are present in Lake Malawi cichlid
species, they all appeared to result from an allele of pax7a that produces increased
levels of transcript. Here, we examine the developmental and genetic basis of variation
among blotched morphs. First, we confirm that pax7a-associated blotch morphs result
primarily from modulation of melanophore development and survival. From laboratory
crosses and natural population studies, we identify at least three alleles of pax7a asso-
ciated with discrete subtypes of blotched morphs, in addition to the ancestral pax7a
allele. Genotypes at pax7a support initial evolution of a novel pax7a allele to produce
the blotched class of morphs, followed by subsequent evolution of that pax7a blotched
allele to produce additional alleles associated with discrete colour morphs. Variant
alleles of pax7a produce different levels of pax7a transcript, correlating with pigmenta-
tion phenotype at the cellular level. This naturally selected allelic series should serve
as a case study for understanding the molecular genetic control of pax7a expression
and the evolution of sex-associated alleles.

Keywords: allelic series, cichlid fish, colour morphs, pax7, pigmentation
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Introduction

The evolution of novel adaptive phenotypes ultimately
relies on the evolution of new alleles. Numerous studies
have identified alleles underlying pigmentation pat-
terns, a class of phenotypes that are both charismatic
and readily apparent, and which provide an adaptive
benefit to organisms (Hubbard et al. 2010). Where dis-
crete pigment patterns segregate in a single population,
the maintenance of multiple morphs is referred to as
colour polymorphism. Classic examples include light

and melanic morphs in the peppered moth, diverse
male nuptial colour in guppies and multiple mimicry
morphs in butterflies (Winge 1927; van’t Hof et al. 2011;
Joron et al. 2011). Colour polymorphism is fascinating
in part because it runs counter to immediate evolution-
ary expectations – that one morph should have the
highest fitness and be fixed in populations by outcom-
peting other variants (Fisher 1931). Maintenance of col-
our polymorphisms can be explained as the outcome of
phenomena such as heterosis or frequency-dependent
selection, yet the genetic basis underlying most cases of
multiple discrete morphs is poorly understood.
Colour polymorphism occurs routinely in populations

of cichlid fish from Lake Malawi, East Africa. Diversity of
Correspondence: Reade B. Roberts, Fax: 919-515-3355;
E-mail: reade_roberts@ncsu.edu
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pigment pattern is a hallmark of the highly speciose radi-
ation of East African cichlid fish, with striking variation
below the species level both between and within popula-
tions (Allender et al. 2003; Konings 2007). One level of
diversity is contributed by sexual dimorphism of pigmen-
tation, which in turn reflects the interplay of sexual and
natural selection. Male nuptial colour is bright, gaudy
and species specific for attracting mates (Knight et al.
1998; Van Oppen et al. 1998), but appears to incur higher
predation risk (Trewavas 1938). Female colour is gener-
ally drab and cryptic (Konings 2007; Dalton et al. 2010),
likely reducing aggression and predation, especially
important during mouth-brooding when females are rela-
tively defenceless for long periods of time. In both sexes,
pigmentation appears to be a key fitness component.
In Lake Malawi cichlids, overall pigmentation colour

and patterning result from the interaction of three chro-
matophore cell populations. Melanophores produce
melanin for dark black colour, xanthophores concen-
trate dietary carotenoids to produce yellows and reds,
and iridophores use light-reflecting guanine platelets to
create blues and whites (Kelsh 2004). While most pig-
mentation characters are specific and uniform within
species, morphs with random melanic blotching also
occur. These blotched pigment morphs are found in
numerous species and populations of East African cich-
lid fish in Lake Malawi and Lake Victoria, as well as in
many of Lake Victoria’s satellite lakes (Lande et al.
2001). In an overt sense, dark blotches result from clus-
tering of melanophores, with the amelanic spaces
between blotches revealing background body coloration
that is produced by xanthophores and iridophores.
Blotched morphs are sex-associated and generally
found only in females, although rare blotched males
exist (Holzberg 1978; Lande et al. 2001). In populations
where they occur, one or more blotched morphs usually
segregate with the ancestral plain (P) female morph,
thus resulting in colour polymorphism.
In Lake Malawi, blotched colour polymorphisms are

found in species across four genera: Metriaclima,
Labeotropheus, Tropheops and Genyochromis (Konings
2007). Within Lake Malawi cichlids, the putative genetic
basis of blotched pigmentation is a dominant allele of
the paired-box transcription factor pax7a that has no
protein-coding polymorphism, but does produce higher
levels of transcript than the ancestral pax7a allele
(Roberts et al. 2009). The pax7ablotch allele is in tight
genetic linkage with a female sex determination locus,
explaining the strong phenotypic association between
blotched pigmentation and sex (Ser et al. 2010). Across
several species and four genera, and the entire geo-
graphic expanse of the lake, the same single nucleotide
polymorphism (SNP) haplotype was found at the pax7a-
blotch allele, indicating a single evolutionary origin for

the pax7ablotch allele, followed by subsequent spread of
the allele via phylogenetic sorting and/or hybridization
during speciation (Roberts et al. 2009).
Significant variation in inter- and intrapopulation

phenotypic expression of the blotched trait occurs along
several axes, including degree of blotching, size of
blotches and background body colour (Fig. 1). Dark,
melanic morphs are found (Fig. 1C), as are essentially
nonblotched morphs (Fig. 1D) with only sparse and
scattered melanophores. Additionally, background body
coloration can range from white through yellow to
intense orange, depending on contributions from iri-
dophore and xanthophore cell populations. This diver-
sity has often been subdivided into ‘orange blotch’,
‘orange’, ‘white blotch’ and ‘white’ (OB, O, WhB and
Wh, respectively) morphs by cichlid researchers.
Genetic evidence in Lake Malawi cichlids supports that
the primary genetic basis for the presence of all of these
morphs is heterozygosity for the pax7ablotch allele
(Roberts et al. 2009; Ser et al. 2010). This runs counter to
previous hypotheses that nearly amelanic O and Wh
morphs simply result from homozygosity for an OB or
WhB allele (Lande et al. 2001); however, OB homozy-
gous individuals or populations may remain unstudied.
In some populations, multiple morphs can be found in
a single species, recapitulating variation in blotching
found across species (Fig. 1B–E vs. H–J). In cases of

Fig. 1 Phenotypic diversity within the blotched class of pig-
ment morphs. (A, F) Representative male nuptial coloration,
(B–E, H–J) diversity of morph phenotypes in females, (A, B)
M. tarakiki Mbamba Bay, (C) M. xanstomachus Maleri Island,
(D) M. pyrsonotus Nakantenga Island, (E) M. callainos Nankoma
Island, (F–J) L. trewavasae Thumbi West. (A, F, G) P morph, (B,
C, H) OB morph, (D, E, I) OL morph, (J) OE morph. See Table 1
for additional details.
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intrapopulation variation in blotching, there appears to
be discrete classes of morphs based on degree of blotch-
ing (Fig. S1, Supporting information).
Here, we examine more closely the basis for addi-

tional phenotypic diversity within the blotched class of
pigment morphs, where there is clear variation in the
degree of blotching and relative numbers of melano-
phores and other pigment cell types (Fig. 1). We
describe the developmental progression of blotched pig-
mentation at the cellular level, and provide evidence for
tuning of pax7a gene expression by allelic evolution.
Based on population genetic studies, we suggest a
model whereby an initial pax7ablotch allele evolved to
produce a heavily blotched colour morph, and subse-
quent evolution of that allele resulted in additional alle-
les producing low- and nonblotched morphs.

Materials and methods

Animals

Fish were sampled directly from Lake Malawi. Live fish
collected at the lake were used to establish breeding lines
of seven species (Table 1) at the University of Maryland,
and were maintained and euthanized according to
IACUC guidelines. Species were sampled opportunisti-
cally at the lake, given practical limitations relating to the
proximity of fish populations to research station and
export operation. Labeotropheus trewavasae from Thumbi
West Island was chosen as a focal population for study
due to the apparent presence of four discrete female
morphs. The lines represent three of the four genera seg-
regating the blotch polymorphism (the fourth, Geny-
ochromis, is specialized to eat the fins of other fish,
making it problematic to keep in captivity). Additional
population surveys were made of Metriaclima zebra at
Makonde and M. zebra ‘blaze’ at Manda due to the pres-
ence of three female morphs in each, although it was not
possible to export live fish from these populations. All
species studied are mouth-brooders; thus, maternity was
readily determined by collecting embryos from the
mouth of the dam a few days postfertilization. Labora-
tory Labeotropheus trewavasae breeding lines were struc-
tured in multiple breeding groups containing a dominant
plain morph male and females of all four pigmentation
morphs. Larval fish were maintained in circulating water
flasks until yolk absorption. Broods segregating blotch
morph alleles were examined weekly by eye for overt
appearance of blotching, with divergence time indicating
when siblings could be readily sorted by plain vs. blotch
morph. Fin samples taken in the laboratory or at the lake
were stored in high-salt DNA preservation buffer until
DNA extraction with standard Proteinase K digestion
protocols.

Chromatophore analysis

Live fish were placed in a solution of 0.25 mg/mL nore-
pinephrine (Sigma) and 0.2 mg/mL MS-222 (Tricaine
methanesulfonate; Argent Chemical Laboratories) for
5 min to induce melanophore contraction and sedation,
respectively. Photographs of splayed tailfin were taken
using a Leica dissection microscope with transmitted
light. Melanophore counts were performed from images
in 1.6-mm2 fields, with representative regions normal-
ized across individuals using fin ray segments as land-
marks. The ‘Analyze Particles’ function in IMAGE/J was
used to measure melanophore number and size in fields
following uniform thresholding of raw images (Abram-
off et al. 2004). Particle count results were visually
inspected to correct for artefacts resulting from overlap-
ping melanophores. We were unable to directly count
xanthophores in juvenile cichlids due to extensive cell
overlap and inconsistent xanthophore response to epi-
nephrine. We thus used a proxy yellow score deter-
mined as follows: A CMYK histogram was created for
representative fields from caudal fin images in Adobe
Photoshop, and the mean yellow (Y) value was mea-
sured. The yellow value is output on a scale of 0–255,
with lower values corresponding to more yellow. This

Table 1 Laboratory lines by species, location and blotch colour
morph

Species Location Morph* Onset† Image‡

Labeotropheus
trewavasae

Thumbi West
Island

OE 1 J

Labeotropheus
trewavasae

Mpanga Reef OL 6 —

Labeotropheus
trewavasae

Thumbi West
Island

OL 6 I

Metriaclima
callainos

Nankoma Island OL (Wh) 5 E

Metriaclima
pyrsonotus

Nakantenga Reef OL 3 D

Labeotropheus
trewavasae

Thumbi West
Island

OB 10 H

Metriaclima
fainzilberi

Lundo Island OB 10 —

Metriaclima
tarakiki

Mbamba Bay OB 10 B

Metriaclima
mbenjii

Mbenji Island OB 10 —

Tropheops sp.
‘red cheek’

Thumbi West
Island

OB 10 —

*Adult blotched morph appearance: OE, orange-early; OL,
orange-late; OB, orange blotched.
†Time of overt blotched morph divergence from P morph sibs,
weeks postfertilization.
‡Panel in Fig. 1 for representative image.
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was subtracted from 255 to give more biologically
interpretable results, with higher values corresponding
to more yellow in the image. It should be noted that
this is an imperfect measure for xanthophores, as
melanophore and iridophore cell populations can affect
the yellow value.

Genotyping

Microsatellites were identified near pax7a using the
Metriclima zebra genome (Brawand et al. 2014). Primer
sequences for the microsatellite markers are included
in Table S1, Supporting information. Microsatellite
markers were genotyped using PCR amplification
with fluorescently labelled primers, with products
separated by size on an ABI3730 DNA Analyzer
(Applied Biosystems). Raw fragment size outputs
from GENEMAPPER (Applied Biosystems) were converted
to valid integer sizes using the program TANDEM

(Matschiner & Salzburger 2009). Observed allele
counts were tested for deviation from expected using
chi-square tests.
Nested primers were designed using the M. zebra ref-

erence sequence to amplify 5 kb on either side of one of
the microsatellite makers identified for further investi-
gation (lsat2), as well as partial exonic sequence from
the gene for the ERBB receptor feedback inhibitor 1
(errfi1), immediately upstream of pax7a. Amplified PCR
fragments from a preliminary panel of eight individuals
(Table S2, Supporting information) were sequenced
using BIG DYE TERMINATOR chemistry on an ABI3730xl
DNA Analyzer (Applied Biosystems). Sequences were
mapped to the M. zebra reference genome using Gen-
eious software (ver6.1.8, Biomatters), allowing for man-
ual curation of polymorphism. Four of the successful
primer pairs (noted in Table S1, Supporting informa-
tion) were chosen for further Sanger sequencing in an
additional 48 individuals.

Tree generation

Unphased SNP genotypes from population samples and
M. zebra and Oreochromis niloticus reference genomes
(Table S2, Supporting information) were analysed for
population differentiation in ARLEQUIN v3.5.1.3 (Excoffier
& Lischer 2010). From 42 SNPs identified with the above
method, we generated a pairwise distance matrix in Arle-
quin using corrected Nei’s distance (DA), which accounts
for diversity within groups in addition to diversity
between groups (Excoffier & Lischer 2010). From this
matrix, we created a tree with the FITCH package in PHYLIP

v3.965 (Felsenstein 2005), using Fitch–Margoliash least-
squares method, rooted by outgroup (O. niloticus) with
global rearrangements. The distance matrix used to

create this tree was tolerant of missing data, and allowed
us to estimate branch lengths, but was not amenable to
bootstrap methods for assessing the robustness of partic-
ular clades, so we created an additional tree based on
allele frequencies that could be bootstrapped for addi-
tional rigour. For lsat2, and a subset of 11 of the 42 SNPs
(only those that were successfully genotyped in all
morphs of all three populations), we used SeqBoot
(Felsenstein 2005) to create 100 resampled allele fre-
quency data sets, and used GENDIST to generate distance
matrices with Nei’s distance. These were used to gener-
ate trees in Fitch. Bootstrap support for branches was
generated by the CONSENSE package in Phylip. All trees
were visualized in MESQUITE v0.1 (Maddison & Maddison
2011).

Allelic expression analysis

The pax7a allele-specific expression analysis takes
advantage of a pax7a 5’ untranslated region (UTR) size
polymorphism to distinguish transcripts by allele in tis-
sue from a single individual. The polymorphism is vari-
ation in two short, adjacent mononucleotide tracts
(GnTn), with the G3T8 variant marking blotched-class
alleles of pax7a. Because different polymorphisms pro-
duce the same fragment length (i.e. a P morph G4T7

allele size matches the blotched allele), not all individu-
als were informative in the assay.
Three-month-old juvenile cichlids were sib-paired

across morphs and placed under MS-222 anaesthesia.
The posterior half of caudal fin was removed and pre-
served in RNAlater (Ambion). RNA was isolated using
the RNeasy kit with Qiashredder (Qiagen), and quanti-
fied by absorbance. Normalized RNA was used as tem-
plate for reverse transcription by Superscript III
(Invitrogen), using a poly-T primer. A 5’ fluor-labelled
primer in the 5’UTR and a 5’ GTTTCTT- ‘pigtailed’ pri-
mer in exon 2 (Table S1, Supporting information) of pax7a
were used to PCR-amplify across the polymorphism
from the cDNA template described above. PCR products
were size-separated on an ABI3730 DNA analyzer
(Applied Biosystems), and the area under each amplicon
peak was measured using GENEMAPPER (Applied Biosys-
tems) software. Relative expression was quantified from
relative amplicon peak area in each individual.

Results

Blotch morphs arise from changes in melanophore
development

In most of the laboratory lines segregating blotched
morphs, blotched and plain siblings are indistinguish-
able as uniformly melanic larvae until divergence in

© 2016 John Wiley & Sons Ltd
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pigmentation occurs after the first few weeks of devel-
opment, but with considerable variation in timing by
species and morph (Table 1). One exception is an
orange morph found in Labeotropheus trewavasae, in
which larval melanophores fail to develop. These ‘or-
ange-early’ (OE) morph individuals are readily distin-
guishable with the naked eye at 1 week
postfertilization, when the plain morph individuals
develop early larval melanophores; the result is distinct:
all orange (OE) and all brown (P) larvae. In the other
morphs, the blotched phenotype emerges as a result of
melanophore loss during postlarval and juvenile devel-
opment, while melanophore numbers increase in plain
morphs (Fig. 2A). Individual melanophore death is
occasionally seen in the blotched morphs (Fig. 2C–E), as
melanophores become less contractile in response to
epinephrine treatment (Fig. 2D) and are cleared from
the tissue the following day (Fig. 2E). As melanophore
number decreases during juvenile development in
blotched individuals, the size of individual contracted
melanophores increases (Figs 2B and 3D, E). In plain
morphs, contracted melanophore size remains fairly
uniform through juvenile development. Surviving mela-
nophores in the blotched morphs ultimately cluster to
form irregular dark patches on the body and fins
(Fig. 3B,C), whereas melanophores in plain morphs are
more uniformly distributed (Fig. 3A), or contribute to
specifically patterned characters (e.g. bars on the body).
Heterozygosity for the pax7ablotch allele clearly alters

the development and survival of melanophores, yet its
effects on xanthophore development are less clear. OB
and O morph individuals certainly appear to be more
orange, but it is difficult to distinguish and count indi-
vidual xanthophore cells due to extensive cell overlap
and inconsistent xanthophore morphology. We thus
used a field yellow value as a proxy measure of the
xanthophore cell lineage (see Methods). OB and O
morph individuals have significantly higher yellow
scores for caudal fin than P morph individuals (Fig. 3F,
P = 0.022, t-test), suggesting some modulation of xan-
thophore development towards more and/or larger
xanthophore cells by the pax7ablotch allele.

Variation in blotch phenotype is associated with
different alleles

To compare different blotched morphs in a relatively
uniform context, we collected individuals of the species
L. trewavasae from a single population at Thumbi West
Island that exhibits discrete blotched morphs (Fig. 1,
Table 1). One morph (OB) exhibits small blotches across
its entire body. The other two morphs appear similarly
orange as adults, although one (described above) lacks
larval melanophores, and the other develops larval

melanophores and then loses them during juvenile
development. We term these two morphs ‘orange-early’
(OE) and ‘orange-late’ (OL), respectively. Adult OL
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Fig. 2 Emergence of the OB phenotype via progressive loss of
melanophores. (A) Melanophore number and (B) contracted
melanophore size were measured in the caudal fin of the same
M. tarakiki individuals through juvenile development. Black
and orange symbols indicate P and OB morph individuals,
respectively (n = 8 each P and OB morph individuals; by
morph t-test p values: *<0.05, **<0.01, ***<0.001). (C–E) Images
of the same area of caudal fin in an M. tarakiki OB morph juve-
nile. On day 1 (C), a melanophore (arrowhead) is responsive to
contraction by epinephrine. On day 2 (D), the melanophore
responds abnormally with a partially contracted, blebbed
appearance, and is cleared from the tissue by day 3 (E).

© 2016 John Wiley & Sons Ltd

PAX7A ALLELES AND CICHLID COLOUR MORPHS 5

 155



individuals have a few small blotches on their flanks
and OE individuals do not, allowing the two morphs to
be somewhat distinguished without following develop-
ment (Fig. 1; Fig. S1, Supporting information). At a cel-
lular level, phenotypic variability between blotched
morphs appears to result from differences in melano-
phore number, as no significant difference in melano-
phore size was found (Fig. 3D, E). When bred in the
laboratory, females only produced offspring of the plain
morph and of the same blotched morph as themselves,
in the expected 1:1 Mendelian ratio for segregation of a
single dominant allele (Table 2). By creating mixed
breeding groups where females of different blotched
morph classes could mate with the same dominant
male, we controlled for any potential effect of the sire’s
alleles, and found no influence of sire on blotch morph.
These results confirm the presence of three discrete

blotched-class morphs, and strongly support allelism as
the genetic basis of the intrapopulation morph diversity,
as opposed to unlinked genetic modifiers modulating
the blotched phenotype. In addition to the ancestral
pax7a allele, we suggest the presence of at least three
derived alleles that produce blotch class morphs: pax7-
aOB, pax7aOL and pax7aOE.

Variation in pax7a expression correlates with blotch
phenotype

We previously developed an assay to quantify allelic
expression of pax7a in order to identify whether differ-
ences in transcript levels were associated with the
blotched class of phenotypes (Roberts et al. 2009); here,
we apply the assay to compare pax7a expression among
blotch morphs. The assay compares transcript levels of
the two pax7a alleles in a single individual. In plain
morph individuals, the level of transcript from each
allele is approximately the same; in any of the blotched
individuals, the level of a pax7ablotch allele transcript is
approximately 1.5–2 times higher than that of the ances-
tral pax7a allele (Fig. 4). Comparing the ratio of allelic
expression among morphs within the blotched class
reveals differences in relative pax7a transcript level;
morphs with fewer melanophores (O, W) have higher
relative pax7ablotch transcript levels than those with more
melanophores (OB, WB), that is, the orange morphs
show a greater difference in transcript level between
their two pax7a alleles than is seen in the relatively
more melanic orange blotch morphs (Fig. 4). This
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Fig. 3 Phenotypic comparison of discrete morphs within a single population. Representative caudal fin images of 6-month old (A)
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Table 2 Labeotropheus trewavasae (Thumbi West) offspring by
colour morph of dam

Colour
morph
of dam

n
(broods)

Average
offspring per
brood (!SD)

Total offspring by
colour morph

P OB
O
(late)

O
(early)

P 5 17 ! 6 84 0 0 0
OB 8 15 ! 8 63 56 0 0
O (late) 2 27 ! 3 28 0 26 0
O (early) 12 23 ! 5 139 0 0 138
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relationship is perhaps most clear in the L. trewavasae
from Thumbi West, where two blotched-class morphs
from the same species and population were used for
melanophore counts (Fig. 3D) and allelic expression
analysis (Fig. 4).

Widespread colour polymorphism by pax7a allelic
series

Breeding experiments clearly support an allelic basis for
discrete blotch morphs found in the L. trewavasae at
Thumbi West. To confirm allelism as the genetic basis
of morph differences in other populations, we turned to
DNA samples from field collections. Two populations
sampled from the northern end of Lake Malawi were
identified as each segregating the ancestral morph and
two blotched morphs: Metriaclima zebra at Makonde (P,
WhB, and W morphs) and M. zebra ‘blaze’ at Manda (P,
OB, and O morphs). These two populations are approx-
imately 55 km apart along the Tanzanian shore of the
lake. Blotched-class individuals from these two Metria-
clima populations and the Thumbi West Labeotropheus
population are heterozygous for the same SNP haplo-
type across three genes at the pax7a locus, regardless of
the degree of blotching, timing of onset or background
coloration (Table 3, Fig. 5, Table S1, Supporting infor-
mation). This SNP haplotype is stable across blotched

morphs in all populations tested throughout the lake
(Roberts et al. 2009), and thus does not provide resolu-
tion to examine potential genetic divergence between
morphs. We identified additional polymorphic markers
to look for this divergence, including two simple
sequence repeats at the locus: one 740 bp upstream of
the pax7a start codon (lsat1) and another approximately
60 kb upstream of pax7a (lsat2) (Fig. 5). Genotypes at
these markers in the three multimorph populations
above demonstrate that specific microsatellite alleles are
associated with specific blotched colour morphs
(Table 3; see also Table S3, Supporting information, for
complete allele counts).
As all blotched-class individuals are heterozygous for

a pax7ablotch allele, it is difficult to definitively identify
haplotypes associated with each morph. However, for
many allele–morph associations, all individuals of a
particular morph in a population carry the same allele.
For example, at the lsat2 marker in the Labeotropheus
populations, all OL and OE individuals carry a 192 allele
(Table 3). From these strong associations, we infer com-
mon haplotypes for each morph (Fig. 5). It is of note
that the two Metriaclima populations appear to share
alleles at lsat2, with all WhB and OB individuals hav-
ing a 186 allele, and all Wh and O individuals a 198
allele (Table 3, Fig. 5). Thus, these alleles correlate to
degree of blotching, independent of orange and white
background coloration, and support a shared origin of
these morphs across the two populations.
To further investigate the evolutionary history of the

region surrounding lsat2, we sequenced 10 kb sur-
rounding the repeat, as well as coding region of nearby
errfi1 in a subset of the above individuals. We identified
42 SNPs in the region, including 11 previously identi-
fied as assembly SNPs in the reference genome. A tree
created using a distance matrix of corrected average
pairwise population differences from the region sur-
rounding pax7a (Fig. 6A) supports grouping by morph,
rather than by population. One explanation for the
strong split between all P and all OB individuals is that
there is more variability within the OB class individuals
than the P class individuals (each OB individual is
heterozygous for the OB and P alleles, but P individuals
are homozygous for the P allele), which results in a
reduction of branch lengths when correcting for within-
population variability. As expected from the microsatel-
lite data, the O and W M. zebra populations group
together, supporting a single origin for the amelanic
morphs in the two populations. A replicated tree cre-
ated from allele frequencies at 13 polymorphic loci fur-
ther supports allelism within the blotched morph
classes (Fig. 6B), with strong bootstrap support for
M. zebra Manda O and Makonde W morphs forming a
clade (86 of 100), as well as Makonde and Manda P
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Fig. 4 Differences in pax7a transcript level among discrete
morphs. Relative transcript level of two pax7a alleles within
individual caudal fin tissue. In blotched-class morphs, the ratio
of the pax7ablotch allele to the ancestral pax7a allele is used. Let-
ters above bars indicate statistical groups by pairwise t-tests;
groups sharing a letter are not significantly different from one
another. (n = 8 P, 8 OB and 5 Wh, Metriaclima individuals, and
8 OB and 10 OE morph Labeotropheus individuals).
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morphs forming a clade (71 of 100). In comparison, a
control tree created from microsatellite allele frequen-
cies elsewhere in the genome displays grouping by
population, rather than colour morph (Fig. 6C). Addi-
tionally, in L. trewavasae, the amelanic morphs with dif-
ferent developmental trajectories (OL and OE) do not
group together in either region-specific tree (Fig. 6A,B),
further supporting their designation as independent
alleles in the allelic series. Importantly, the population
genetic signatures found in the two northern Metria-
clima populations suggest that the allelic inheritance of
morphs demonstrated in the southern Labeotropheus
population (as seen in Table 2) is a general phe-
nomenon across genera and around the lake.

Discussion

Our results suggest that the pax7a locus has evolved to
produce a natural allelic series associated with discrete
colour morphs segregating within populations. Pheno-
type and expression data support a role for pax7a tran-
script dosage in modulating the development and
survival of melanophores. Also, while we were unable
to directly count xanthophores in juvenile cichlids, a
proxy measure suggests modulation of xanthophore
development by pax7ablotch alleles to increase overall yel-
low coloration. In the simplest sense, higher relative
pax7a transcript levels correlate with fewer, larger

melanophores, and increase in yellow intensity pro-
vided by xanthophores. Pax7a is a member of the pax3/
pax7 subfamily of paired-box transcription factors, and
pax3 and pax7 genes have structural and functional sim-
ilarities (Blake & Ziman 2014). Notably, in a separate
study in the Malawi species flock, we associated inter-
specific variation in yellow pigmentation with genetic
variation at pax3a, where an allele with relatively higher
expression is associated with a putative increase in xan-
thophores and reduction in melanophores along the
flank (Albertson et al. 2014). Together, these experi-
ments suggest diversification of pigment pattern in
Malawi cichlids via parallel evolution of pax3a and
pax7a, where in both cases, increases in expression of
the pax3/pax7 subfamily members increase yellow and
decrease melanophore-based coloration.
Results from our natural experiments are supported

by work manipulating dosage of pax3 and pax7 in
developing zebrafish (Danio rerio), where evidence sug-
gests overlapping roles of the two transcription factors
in modulating melanophore and xanthophore cell lin-
eages (Minchin & Hughes 2008; Nord et al. 2016).
Knockdown of pax3 transcript produces more but smal-
ler melanophores relative to controls, while changes to
either pax3 or pax7 dosage affected the xanthophore cell
lineage, and thus degree of yellow pigmentation (Min-
chin & Hughes 2008). More recently, pax7 activity was
shown to be essential for formation of xanthophores in

Table 3 Alleles with significant associations with blotched colour morphs in natural populations*

Marker Allele

L. trewavasae Thumbi West M. zebra Makonde M. zebra ‘blaze’ Manda

Counts by morph†

P‡

Counts by morph

P

Counts by morph

PP OB OL OE P WhB Wh P OB O

lsat 2 186 1 0 0 0 n.s. 2 14 0 <0.0001 0 11 0 <0.0001
188 5 16 2 1 0.0146 — — — — — — — —
190 3 14 1 1 0.0092 — — — — 0 1 0 n.s.
192 6 12 7 20 <0.0001 — — — — 0 1 0 n.s.
198 7 3 0 0 n.s. 8 0 15 <0.0001 0 0 5 <0.0001

lsat 1 240 19 15 2 3 n.s. 2 0 11 <0.0001 1 0 5 <0.0001
244 5 4 0 5 n.s. 0 12 0 <0.0001 — — — —
276 1 8 2 7 0.0236 1 1 2 n.s. 3 3 1 n.s.

SNP pax7a C 72 35 7 18 0.001 48 12 12 0.0183 48 11 5 0.0498
T 0 35 7 18 <0.0001 0 12 12 <0.0001 0 11 5 <0.0001

SNP park7 G 2 35 7 17 <0.0001 0 12 12 <0.0001 0 11 4 <0.0001
T 70 35 7 19 0.0026 48 12 12 0.0183 48 11 6 n.s.

SNP kcnab2 A 69 35 7 18 0.0028 47 12 12 0.0241 44 11 5 n.s.
G 3 35 7 18 <0.0001 1 12 12 <0.0001 4 11 5 0.0013

n (individuals): 36 35 7 18 24 12 12 24 11 5

*See Table S3, Supporting information for complete counts.
†Boldface indicates counts for alleles in high association with specific colour morphs.
‡P values from chi-square test of observed allele counts by morph vs. expected counts based on proportion of colour morphs in pop-
ulation (bottom row of table). Dashes indicate absence of allele in sampled individuals.
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Danio, with depletion of pax7 paralogs producing severe
reduction of xanthophores and a concomitant increase
in melanophores (Nord et al. 2016). Of note, this shift in
relative numbers of chromatophores also disrupted
Danio stripe patterning, resulting in small scattered
spots of melanophores along the flank (Nord et al.
2016), mirroring the disruption of bars into blotches in
Lake Malawi cichlids carrying a pax7ablotch allele. The
above findings in Danio are consistent with our findings
in Malawi cichlids, where evolved differences in pax3a
and pax7a dosage appear to tune relative melanophore
and xanthophore number, with impacts on overall pat-
tern formation.
Pax7a-associated changes in the xanthophore lineage

may be indirect effects of changes in the melanophore
lineage, as interaction of these two cell lineages
through development is essential to their patterning
and survival in other fishes (Parichy et al. 2000;
Maderspacher & Nusslein-Volhard 2003; Parichy et al.

2003). Another intriguing hypothesis is that pax7a
dosage may modulate the differentiation of melano-
phore and xanthophore lineages from a common chro-
matophore precursor stem cell population, suggested
by studies in Medaka and Danio (Nagao et al. 2014;
Nord et al. 2016). Either way, pax7a may act as a
switch, mediating a trade-off between melanophore
and xanthophore lineages. In the case of the orange
blotch and orange morphs, overall melanophore
coloration is decreased and xanthophore coloration is
more intense. White blotch and white morphs may
represent a switch between melanophore and
iridophore lineages, or an overall lack of the xan-
thophore lineage in some species due to other genetic
loci. Such chromatophore lineage trade-offs may repre-
sent a more general trend in cichlid colour evolution,
as suggested by studies of male nuptial coloration in
Lake Malawi cichlids (Brzozowski et al. 2012; O’Quin
et al. 2012; Albertson et al. 2014).
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complete or highly significant association with a colour morph (see Table 3) are inferred to be part of the haplotype across the locus
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Although our findings suggest a role for pax7a in
cichlid xanthophore pigmentation, we have not found
an association between distinct pax7ablotch alleles and
discrete whole-organism xanthophore phenotypes (i.e.
alleles associated with OB vs. WhB morphs). Indeed,
genotypes from our Metriaclima population survey sup-
port the opposite, with the same alleles of pax7a found
associated with the discrete melanophore phenotypes,
despite xanthophore-based differences in background
coloration (orange vs. white) in the blotched morphs.
To our knowledge, blotched morphs with different

background coloration are not found segregating
within populations in Lake Malawi, a scenario that
would allow direct association of xanthophore pheno-
types with potential allelic diversity at pax7a. Orange
blotch and white blotch morphs do segregate within
populations of some Lake Victoria cichlid species, and
breeding experiments indicate that separate, unlinked
loci are responsible for each colour morph (Seehausen
et al. 1999). In Lake Malawi, interpopulation differ-
ences in nonmelanic background coloration are likely
due to other genetic loci that may contribute to, and
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© 2016 John Wiley & Sons Ltd

10 R. B . ROBERTS , E . C . MOORE and T. D. KOCHER

 160 



be constrained by, population-specific male nuptial or
female cryptic coloration.
As no pax7a coding sequence changes have been

found across the discrete blotched morphs, we hypothe-
size that evolution of the morphs has taken place by
stepwise changes to cis-regulatory elements of the gene,
producing an allelic series. A similar scenario has been
demonstrated at the ebony gene in Drosophila, where
various combinations of single base differences in a cis-
regulatory element correspond to changes in ebony
expression that produce abdominal pigmentation differ-
ences (Rebeiz et al. 2009). The initial evolutionary origin
of the pax7a blotched allele class likely represented the
greatest jump in transcript level relative to the ancestral
pax7a allele, with subsequent changes tuning transcript
level to modulate the degree of melanism. The OE

morph found in one population is qualitatively different
from the other morphs examined, as it fails to develop
early melanophores, and may be the result of a regula-
tory change affecting timing as well as level of pax7a
dosage. Of note, OL and OE pax7a alleles cosegregate
within a population, both producing similar adult
morphs (Fig. 1 IJ) despite different developmental tra-
jectories. Thus, in some contexts, the blotched morphs
are also expressed as an ontogenetic colour polymor-
phism. Moreover, these two morphs show that the same
genetic locus can act at different stages of development
to produce a remarkably similar adult phenotype.
The totality of our population genetic and gene

expression data provides strong support for a model of
blotch morph evolution via changes to pax7a regulation,
particularly within the context of results from pax7 and
pax3 manipulation experiments in model fish species
(Minchin & Hughes 2008; Nagao et al. 2014; Nord et al.
2016). However, because we have not identified and
confirmed causative polymorphisms underlying pax7a
regulation and their impact on phenotype, our results
are somewhat circumstantial. One alternative hypothe-
sis is that mutations causing expression or structural
changes in nearby genes may cause blotch morphs or
contribute to variation among blotched morphs. While
other genes in the associated region have not been
shown to underlie pigmentation differences, potential
links can be made. For example, kcnab2 encodes a
potassium channel, and mutation of another potassium
channel gene, kcnj13, was shown to be responsible for
the jaguar mutant phenotype in zebrafish, involving dis-
ruption of stripes (Iwashita et al. 2006). Additionally,
the errfi1 gene is a regulator of epidermal growth factor
receptor signalling, which is known to impact melanin-
producing cells in fish and mammals (Wellbrock et al.
1997; Fitch et al. 2003). Future studies involving compar-
ative genome sequence analysis of the locus in varied
blotch morph individuals from a variety of species and

populations should help pinpoint candidate polymor-
phism for functional confirmation experiments.
The lsat2 marker is approximately 60 kb upstream of

the pax7a start codon (Fig. 5), but it displays a stronger
and more consistent association with the discrete
blotched morphs than lsat1, <1 kb from the start of
pax7a coding sequence. Such a pattern is consistent with
evolution at cis-regulatory elements some distance
upstream, as well as studies of adaptive alleles of major
developmental genes in fishes (Chan et al. 2010; Roberts
et al. 2011). It is likely that large and modular cis-regula-
tory regions allow evolution of subtle and restricted
changes to expression of key genes for adaptive
changes without disastrous outcomes during overall
development (Carroll 2008).
Although the genetic marker data associated with dis-

crete blotch morphs is minimal, the strong association of
certain alleles with each morph allows us to make some
initial inferences about their evolutionary history. Over-
all, the blotch class of morphs found across genera does
not represent convergent evolution, but rather a single
origin of a shared allele carrying a specific SNP haplo-
type (Fig. 5) (Roberts et al. 2009). Sharing of alleles across
multiple populations or species may result from mainte-
nance of the pax7a-associated colour polymorphism as
two populations diverge from a single one or invasion of
the alleles across populations by rare gene flow, a possi-
bility supported by previous work examining migration
in cichlids (Markert et al. 1999; Danley et al. 2000; Hey
et al. 2004). Subsequent divergence of the pax7ablotch allele
after its initial origin appears to have produced at least
three distinct blotch alleles and associated submorphs.
In the two Metriaclima subspecies studied, the two
pax7ablotch alleles segregating in each appear to predate
the formation of the allopatric populations (Figs 5 and 6).
While sharing of adaptive polymorphism across genera
has been repeatedly documented for genes influencing
pigmentation (this study; Roberts et al. 2009; Albertson
et al. 2014), it does not appear to be a unique attribute of
pigmentation genes, as the same alleles of the ptch1 gene
segregate across genera to modulate jaw morphology
(Roberts et al. 2011). The repeated sharing of alleles
across populations, species and genera demonstrated in
Malawi cichlids stands in contrast to many pigmentation
loci identified in other vertebrate populations, where
parallel colour morphs result from repeated independent
mutation of the same gene, rather than a single origin of
a shared allele. Examples include oca2 in fish, Agouti in
rodents and Mc1r in rodents, fish and lizards (Protas
et al. 2005; Kingsley et al. 2009; Manceau et al. 2010;
Gross et al. 2009; Rosenblum et al. 2010). The sharing of
alleles in Lake Malawi cichlids reflects their evolutionary
history, with key components likely including relatively
recent sorting of ancestral polymorphism and divergence
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with gene flow (Hey et al. 2004; Joyce et al. 2011). In this
regard, the genetic architecture of pigmentation (and
other traits) across cichlid species may be more akin to
that of dog breeds, where the same alleles are reused to
produce similar colour patterns across breeds (Clark
et al. 2006; Karlsson et al. 2007).
Colour polymorphisms such as the pax7a-associated

blotch morphs are of particular evolutionary interest as
they represent an exception to directional selection.
Rather than one morph having a selective advantage
and going to fixation, multiple morphs segregate and
are apparently maintained by selection. We favour a
hypothesis wherein an adaptive benefit of blotch
morphs stems from background matching the often-
mottled and light-coloured rock habitat in Lake Malawi,
providing alternative forms of crypsis and/or disrup-
tive coloration relative to the plain morph (Greenwood
1956; Konings 2007; Roberts et al. 2009). Indeed, one
study demonstrated differential bird predation of plain
and blotched morphs in Lake Victoria cichlids, where
blotch morph individuals suffered higher predation in a
shallow pool experiment designed to favour the plain
morph (Maan et al. 2008). In contrast, in New World
cichlids with ‘gold’ and ‘dark’ colour polymorphism
(identical in overall appearance to O and P morphs in
Malawi species), bird predation was much lower on the
seemingly conspicuous gold morphs when experiments
were conducted in the lake (Torres-Dowdall et al. 2014);
the authors hypothesize that frequency-dependent pre-
dation may be involved. Although in different cichlid
species than those studied here, both of the above cases
demonstrate that differential predation can occur based
on colour morph and context. In Lake Malawi, multiple
morphs providing distinct types of camouflage may be
favoured in complex habitat backgrounds such as the
boulder reefs the rock-dwelling cichlids inhabit. The
appearance of rock surfaces is quite variable, deter-
mined in part by algal growth and fine debris. Further
variation is introduced by differing depth and light
exposure, producing a visually mosaic habitat (Dalton
et al. 2010). Additionally, work suggests that similar
blotch morphs influence behaviour in Lake Victoria
cichlids, opening up the intriguing possibility that col-
our polymorphism may be supported by frequency-
dependent selection related to intraspecific aggression
and mate choice (Dijkstra et al. 2008; Pierotti et al. 2008).
If heterozygosity for a dominant allele such as pax7a-

blotch provides an adaptive benefit over the ancestral
allele, but homozygosity for the same allele reduces fit-
ness, polymorphism could be maintained (Fisher 1931).
The blotch morphs are to some extent a special case of
maintained heterozygosity, as the causative pax7ablotch

alleles are tightly linked to a dominant female sex deter-
mination gene (W) (Roberts et al. 2009; Ser et al. 2010).

Thus, pax7ablotch homozygous individuals may not only
be unlikely due to the rarity of successful blotch males
(which have disrupted nuptial coloration), but may also
suffer a reduction in fitness due to homozygosity for the
linked sex determination gene. Despite sex linkage, the
pax7ablotch allele could become fixed in females in popula-
tion. However, P morph females are found in most (if
not all) populations segregating blotch morphs, and thus,
colour polymorphism is maintained in females. This
polymorphism may be supported by the mode of sex
determination in Malawi cichlids, which is multigenic
and involves epistatic interaction of both male- (XY) and
female (ZW)-dominant sex determination systems (Ser
et al. 2010). Of particular note, the W locus linked to the
pax7ablotch allele is not required to determine female sex,
and blotched ZW females can produce P morph female
daughters with a ZZ genotype depending on genotypes
at other sex determination loci (Roberts et al. 2009; Ser
et al. 2010). In order for a blotched morph to become
fixed in a population, the linked ZW sex determination
system would have to also become fixed as the sole sex
determination system in that population.
Alleles enhancing male nuptial colour or improving

female crypsis are likely to create a sexual conflict by
decreasing the pigmentation-associated fitness of the
alternate sex, but if linked to genetic sex determination
loci, the alleles will be sexually dimorphic in their phe-
notypic expression, resolving said conflict (Blaser et al.
2011). Additionally, alleles at a sex determination locus
may undergo relatively rapid divergence if recombina-
tion is locally reduced during sex chromosome evolu-
tion (Charlesworth 1996). This point is especially
pertinent in the light of studies in Drosophila demon-
strating that multiple cis-regulatory differences work in
concert to produce adaptive evolution (Rebeiz et al.
2009; Frankel et al. 2011). On the pax7ablotch allele,
reduced recombination may have facilitated accumula-
tion of mutations to produce the array of blotch class
alleles and associated phenotypic morphs. Interestingly,
the genetic basis of extensive male-specific nuptial col-
our polymorphism described in other fishes has been
found linked to Y sex determination (Winge 1927; Lind-
holm et al. 2004; Basolo 2006).
Both the evolution of novel alleles and existence of

colour polymorphism are areas of intense interest to
biologists. Here, we described evolution of an allelic
series of the pax7a gene associated with a range of dis-
crete colour morphs that remain polymorphic in popu-
lations of Lake Malawi cichlid fish. Our work supports
a single origin of a pax7ablotch allele, followed by
subsequent divergent evolution to produce a series of
pax7ablotch alleles. In one population, we provide evi-
dence for the presence of at least four pax7a alleles
(including the ancestral allele), each associated with a
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discrete colour morph, each maintained as segregating
colour polymorphism. The variant pax7a alleles produce
different levels of transcript, correlating to differences
in development and survival of melanophore and xan-
thophore pigment cell lineages. While the precise eco-
logical causes for maintenance of multiple pax7a-
associated colour morphs within populations are
unknown, it is clear that ongoing colour polymorphism
via pax7a allelic series has been evolutionarily successful
in multiple scenarios across genera and geography.
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Supporting information.
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Additional supporting information may be found in the online ver-
sion of this article.

Fig. S1 Photographs of Labeotropheus trewavasae collections at
Thumbi West Island, Lake Malawi, sorted by discrete colour

morph: (A) side-by-side comparison of ancestral plain (P)
morph and three blotch class morphs; representative (B)
orange blotch, OB; (C) orange-late, O-late; and (D) orange-
early, O-early individuals.

Table S1 Primer and co-ordinate information for markers used
in the study (Microsoft Excel spreadsheet “TableS1.xlsx”).

Table S2 Population genotype data (Microsoft Excel spread-
sheet “TableS2.xlsx”).

Table S3 Complete allele counts by colour morph for markers
tested in populations (Microsoft Excel spreadsheet
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