
ABSTRACT 

On the Origin of Lake Malawi Cichlids and Mechanisms of Their Maintenance 

Baoqing Ding, Ph.D. 

Mentor: Patrick D. Danley, Ph.D. 

A fundamental task of evolutionary biology is to explore patterns of speciation. 

Evolutionary biologists have been intrigued for centuries by the fact that some species 

underwent extensive radiation while others diversified little. Speciation rates can be 

influenced by both ecological and lineage specific factors. However, a comprehensive 

understanding of how these factors operate on speciation is limited. Speciose 

communities, like the cichlids in the East African Great Lakes, offer unique opportunities 

to examine these factors. In this study I integrated ecological, behavioral and 

evolutionary genetics to investigate the mechanisms that govern the speciation and 

coexistence of Lake Malawi cichlids. First, I examined the genetic architecture of male 

coloration and female mate choice through quantitative genetic analyses. This study 

revealed that 1) male color pattern is polygenic, 2) female mate choice, however, may be 

controlled by a small number of genes. Furthermore, a joint analysis of color pattern and 

female mate choice suggests that genetic linkage between these two traits is unlikely. 

However, the simple genetic architecture of female mate choice can only partially explain 

the cichlids speciation. By testing the role of Prostaglandin F2α (PG) in cichlid female 



mate choice, I found that female mate choice can be invoked by the administration of PG. 

The molecular genetic mechanism of cichlids speciation was investigated through 

quantitative genetic mapping. I identified several putative quantitative trait loci (QTL) 

controlling male color pattern. Interestingly, genes that control the color of male body bar 

and pelvic fin seemed to be a pair of paralogs. However, I was unable to identify the loci 

associated with female mate choice. Finally, ecological mechanism of species 

coexistence was investigated. I found that habitat complexity predicts species and 

functional diversity of the cichlids communities: a higher rugosity allowed more species 

and functional groups to coexist. 
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CHAPTER ONE 

 

Introduction 

 

 

Understanding the factors that regulate species diversity is a central goal in 

ecology and evolutionary biology. Evolutionary biologists have been intrigued for 

centuries by the observation that some species underwent extensive radiation while others 

experienced little diversification. The radiation of East Africa’s cichlid fishes has 

produced the largest extant vertebrate diversification identified to date. More than 2,000 

cichlids have evolved in East Africa within the past 10 million years (Danley et al. 2012). 

This unparalleled vertebrate radiation is primarily concentrated in the three East African 

Great Lakes: Lake Tanganyika, Lake Victoria, and Lake Malawi. Within Lake Malawi, 

over 700 cichlid species (Turner et al. 2001) have likely evolved from a single common 

ancestor since the formation of the lake within the past one to four million years 

(Koblmüller et al. 2008b, Danley et al. 2012). The rock-dwelling cichlids, or mbuna, are 

among the most diverse lineages in this lake. They almost exclusively occur on rocky 

littoral shelf of shallow waters, all are endemic to the lake and most species have 

extremely limited distribution in the lake (Fryer 1959). At any given rocky habitat, 30 or 

more species may co-exist in a community and utilize similar habitat for feeding, shelter, 

and reproduction (Ribbink et al. 1983). Within these communities, cichlids have occupied 

virtually every environment available.  

How cichlids have experienced such a rapid divergence and produced so many 

species in so little evolutionary time is not fully understood. The large numbers of 
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sympatric species in Lake Malawi provide an excellent opportunity to elucidate the 

mechanisms contribute to the diversification and maintenance of species diversity. 

Ecological divergence is fundamental to species diversification (Orr and Smith 

1998, Thompson 1998, MacColl 2011). However, such divergence is usually only 

credited to initiate speciation, the subsequential genetic modifications are essential to 

complete speciation (Nosil et al. 2009). One theoretical study suggests that ecological 

divergence, accompanied by sexual selection can cause rapid local adaptation and 

reproductive isolation, even in the presence of substantial gene flow (van Doorn et al. 

2009). This interaction between ecological differentiation and sexual selection has been 

suggested to play a major role in the cichlid radiation as well (Salzburger 2009, Wagner 

et al. 2012). Therefore, it is essential to integrate ecological, behavior and evolutionary 

mechanisms in exploring the origin and maintenance of cichlid diversity. 

 

Lake Malawi and Mbuna Ecology 

 

Lake Malawi is a rift lake with an average depth of 264 m and a maximum depth 

of 700 m (Nicholson 1998). The surface area of the lake is about 22,490 km
2 

 (Nicholson 

1998). The rifting process started during the Late Miocene (Approximately 8.5 Ma), a 

single cichlid lineage is thought to have invaded the lake only 1 - 4 Ma depending on the 

calibration methods of molecular clock (Sturmbauer et al. 2001, Genner et al. 2007b, 

Koblmüller et al. 2008b). Though the vast lake surface area does not seem to influence 

cichlid speciation (Wagner et al. 2012), the geologic and paleoclimatic history of the lake 

did have a great impact on cichlids populations. Lake-levels have fluctuated several 

hundred meters in the past a few thousand years due to the volatile East Africa climate 

(Owen et al. 1990, Delvaux 1995). The significance of the great lake depth and change of 
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water level on cichlid speciation are mainly threefold. First, the great depth of the lake 

keeps the lake environment relatively stable when facing the volatile East Africa climate. 

This would have maintained viable areas for cichlids in the lake during the mega-drought 

(Meyer 2005). Second, the repeated water level change brought the allopatric species into 

contact which would otherwise be impossible given the lithophilic nature of mbuna 

(Sturmbauer et al. 2001, Joyce et al. 2011, Genner and Turner 2012, Schwarzer et al. 

2012). This dynamic change repeatedly facilitated and impeded gene flow among 

different populations. It might have created necessary genetic variation through 

hybridization, allowing species to diverge when favorable environment is permitted 

(Genner et al. 2010, Aguilée et al. 2013). Third, the great depth of the water provides a 

variety of photic environments in the lake. Ambient light changes due to selective 

absorption of wavelengths at different depths of water column or at different environment 

conditions. Species might adapt to these light conditions, and result in reproductive 

isolation due to the sensory bias (Genner et al. 2007a), but see Smith (2011), Smith et al. 

(2012).  

Another noticeable environmental feature of Lake Malawi is the simple habitat, 

which primarily comprises patches of rocky, sandy and intermediate zone (Fryer 1959). 

The discontinuity of these habitats might discourage cichlid migration, and resulted in 

substantial genetic differentiation for even geographically proximate populations (Van 

Oppen et al. 1997, Danley et al. 2000). Though the habitat is relatively simple at lake 

wide scale, the microhabitat is extremely diverse (Fryer 1960). Cichlids adapt to different 

microhabitat and utilize different resources (Reinthal 1990, Bootsma et al. 1996, Genner 

et al. 1999). Even when species use similar resources, they utilize different feeding habits, 



4 

 

so that direct competition can be avoided (Fryer and Iles 1972). However, it is still 

uncertain whether trophic differentiation has contributed to cichlid speciation unless these 

specialized trophic structures are genetically correlated with reproductive isolation. 

Partitioning breeding territory in different microhabitats is also common among many 

cichlids in the lake (Ribbink et al. 1983). The complexity of microhabitat might 

contribute to the diversification of cichlid color patterns as well as more complex 

microhabitats tend to accommodate more color morphs in a community (Seehausen et al. 

1999, Ding et al. 2014a). The repeated appearance of ecologically and morphologically 

similar species pairs dwelling different microhabitats were found across the lake 

(Husemann et al. 2014). 

Mbuna Behavior 

 

Microhabitat complexity also influences the development of cichlid brains and 

behavior (Huber et al. 1997, Pollen et al. 2007, Shumway 2008). Brain and brain 

structure size is positively correlated with habitat complexity, and a more complex brain 

allows cichlids to develop more flexibility or innovative feeding behavior (Huber et al. 

1997). These innovative behaviors help cichlids avoid predator and enhance their 

survivability. Visual behavior is also positively influenced by complex environmental 

settings (Huber et al. 1997). The mbuna cichlids, which adapted to complex habitat have 

better navigation skill, spatial memory, object recognition and edge detection skills in 

comparison to other cichlids (Shumway 2008).  

Besides behaviors related to ecological performance, behaviors that related to 

sexual selection, such as aggression and female mate choice also played a critical role in 

cichlid evolution. Male cichlids direct their aggression towards similarly colored 



5 

 

individuals, thereby providing a frequency-dependent advantage for males which carry a 

novel color pattern (Dijkstra et al. 2007, Dijkstra et al. 2009, Danley 2011). Though male 

courtship itself does not appear to be important to mbuna evolution (McElroy and 

Kornfield 1990), female mate choice on male secondary sexual characteristics is 

considered one of the most important contributors to the diversification of cichlids 

(Knight et al. 1998, Couldridge and Alexander 2002, Kidd et al. 2006a, Maan and Sefc 

2013). Sexual selection also resulted in a variety of parental care (Gonzalez-Voyer et al. 

2008), and nest building behaviors (Kidd et al. 2006b), which are crucial to the 

diversification of cichlids as well. 

 

Evolutionary Genetics of Mbuna Speciation 

 

Though the importance of ecological and sexual selection in cichlid speciation has 

become widely appreciated, the genetic mechanisms underlying these traits remain 

elusive. Identifying the genetics underpinning these traits provides a fundamentally new 

perspective to understand the mechanisms governing the cichlid speciation (Danley and 

Kocher 2001, Kocher 2004). Researchers started to investigate the genetic basis of mbuna 

trophic morphology, it was estimated that between one to 10 genes controlling each bony 

element of the fish head (Albertson et al. 2003b). A subsequent quantitative genetic 

mapping study identified that multiple regions in the genome responsible for these 

functionally linked head characters (Albertson et al. 2003a), and a major gene bmp4 was 

responsible for the two types (bicuspid and tricuspid) of tooth shape (Albertson et al. 

2005). Recent transcriptome studies also set out to unravel the genetic basis of cichlid 

lips, yet another highly ecologically adaptive trait, and multiple important candidate 

genes were identified (Colombo et al. 2013, Manousaki et al. 2013).  
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Secondary sexual traits in cichlids, such as male color pattern and female mate 

choice are also under genetic investigation. Quantitative genetic analyses suggest that a 

small number of genetic factors contribute to male color pattern (Barson et al. 2007, 

O'Quin et al. 2012). So far, several studies have attempted to identify the genomic 

regions that control this complex trait (Streelman et al. 2003, Roberts et al. 2009, Gunter 

et al. 2011, Henning et al. 2013, O'Quin et al. 2013, Takahashi et al. 2013). Egg spots, 

another trait associated with sexual selection (Hert 1991, Theis et al. 2012) has also been 

studied (Salzburger et al. 2007), the candidate gene csf1ra was identified. The only 

quantitative genetic study on female mate choice suggests that female mate choice is 

controlled by a small number of genetic factors (Haesler and Seehausen 2005).  

The results from these genetic studies seem to suggest that few loci with major 

effects are prevalent in cichlid speciation, however, these findings conflict with the 

infinitesimal model (Orr 1998, Flint and Mackay 2009). Furthermore, a recent study 

questioned whether identifying loci with large effects would help to understand 

speciation in general (Rockman 2012). In addition, quantitative genetic studies tend to 

underestimate the number of alleles due to a lack of statistical power (Mackay et al. 2009) 

or inflated allele effect estimations (Slate 2013). More studies are needed to identify the 

selectional forces and genetic elements underlying traits to better understand the 

interaction of selection and the genome during the speciation process. A recent developed 

transgenic haplochromine cichlid line can be readily implemented to study the genetics of 

cichlid speciation (Juntti et al. 2013). 

In addition to identifying the genetics controlling the innovative traits in cichlids, 

genome (gene) duplication is gaining more attention as a potential driving force in cichlid 
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evolution. Genome duplication is a means to create genetic variation for the evolution of 

phenotypic novelty (Ohno 1970, Lynch and Conery 2000, Zhang 2003) by allowing the 

duplicated elements to accumulate mutations as they are under less selective pressure. 

Not coincidentally, studies have found that the astonishing diversity of teleost fishes has 

been accompanied specifically by the third round of fish genome duplication (Meyer and 

Van de Peer 2005, Santini et al. 2009). The accelerated evolution of the duplicated genes 

has recently been observed in many genes across the cichlid genome as well (Braasch et 

al. 2006, Watanabe et al. 2007, Diepeveen et al. 2013). Understanding the role of genome 

duplication might offer insights into the cichlid evolution (Diepeveen et al. 2013, 

Machado et al. 2014). 

Study Goal 

 

The evolution of cichlids resulted from the interaction of their ecology, behavior 

and genetic architectures. Although our understanding of cichlid evolution has greatly 

advanced in recent decades, an integrated framework to study cichlid evolution is still 

sparse. In chapter two, I examined the quantitative genetic bases of male color pattern 

and female mate choice, and tested the likelihood of physical linkage of the genes 

underlying these two evolutionary significant traits. In chapter three, the proximate 

physiological mechanism of female mate choice was studied. Chapter four, based on the 

findings of the previous two chapters, was dedicated to identifying the molecular genetic 

bases of male color pattern and female mate choice. In chapter five, the ecological 

mechanism for mbuna coexistence was investigated. 
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CHAPTER TWO 

 

Quantitative Genetic Analyses of Male Color Pattern and Female Mate Choice in a Pair 

of Cichlid Fishes of Lake Malawi, East Africa 

 

 

Introduction 

 

The genetic architecture of traits experiencing sexual selection influences 

phenotypic evolution and speciation (Chenoweth and McGuigan 2010). The pattern and 

rate of response of a trait to selection depends on several factors including the strength of 

selection, the presence of genetic variation, the mode of inheritance, the genetic 

correlations with other traits, the numbers of genes and alleles underlying a phenotype, 

the distribution of allelic effects, and patterns of pleiotropy, dominance, and epistasis 

(Butlin and Ritchie 1989, Trexler 1990, Hansen 2006, Chenoweth and McGuigan 2010). 

Despite their importance, empirical studies examining these factors within the context of 

sexual selection and speciation are sparse, particularly in vertebrates. Here I investigate 

the genetic architecture of melanistic coloration and female mate choice in the context of 

the diversification of East African cichlids. 

The radiation of East Africa’s cichlid fishes has produced the largest extant 

vertebrate diversification identified to date. More than 2,000 cichlid species have evolved 

in East Africa within the past 10 million years (Danley et al. 2012). This unparalleled 

vertebrate radiation is primarily concentrated in the three East African Great Lakes: Lake 

Tanganyika, Lake Victoria, and Lake Malawi. Within Lake Malawi, over 700 cichlid 

species (Turner et al. 2001) have evolved from a single common ancestor since the 

formation of the lake within the past one to four million years (Koblmüller et al. 2008b, 
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Danley et al. 2012). A hallmark of this diversification is the extraordinary diversity of 

male color patterns. The diversity in the color patterns of East African cichlids has long 

been attributed to sexual selection via female mate choice (Dominey 1984, Turner and 

Burrows 1995, Kocher 2004) suggesting that strong sexual selection significantly 

contributed to their speciation (Streelman et al. 2003, Konings 2007, Roberts et al. 2009, 

Genner and Turner 2012, O'Quin et al. 2013). Although some have suggested that color 

patterns may have evolved in response to ecological pressures (Seehausen et al. 1999, 

Kelley et al. 2013, Husemann et al. 2014) or male-male competition (Dijkstra et al. 2009, 

Danley 2011), many empirical studies have documented the role male color patterns, i.e. 

colored ornamentation (Hert 1991), body hue (Seehausen and van Alphen 1998, 

Seehausen et al. 2008), and melanistic patterns (Knight et al. 1998, Couldridge and 

Alexander 2002, Kidd et al. 2006a), play in sexual selection via female mate choice.  

Speciation via sexual selection can be greatly facilitated by the physical linkage of 

the genes contributing to female mate choice and the preferred male phenotype (Haesler 

and Seehausen 2005, Shaw and Lesnick 2009). In many models of the diversification of 

East African cichlids, incipient species mate assortatively based on male color patterns 

(Turner and Burrows 1995, van Doorn et al. 1998, Lande et al. 2001). This assortative 

mating impedes gene flow and contributes to reproductive isolation (Higashi et al. 1999, 

Panhuis et al. 2001, Ritchie 2007, Merrill et al. 2011). Speciation can be further 

expedited when the genes underlying male secondary sexual traits and female mate 

choice are physically linked. Tight physical linkage can reduce the likelihood of 

recombination events, which can lead to the accumulation of genetic incompatibilities, 

and facilitate speciation (Lande 1981, Lande 1982, Turner and Burrows 1995, Lande et al. 
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2001, Haesler and Seehausen 2005, Velthuis et al. 2005, Kronforst et al. 2006, Moehring 

et al. 2006).  

Despite their importance, the genetic mechanisms contributing to male coloration 

and female mate choice involved in cichlid diversification remain poorly understood. The 

genetics of male color pattern in cichlids is relatively well studied (Streelman et al. 2003, 

Roberts et al. 2009, O'Quin et al. 2013, Takahashi et al. 2013) and several independent 

studies suggest that male coloration (Magalhaes and Seehausen 2010, Svensson et al. 

2011, O'Quin et al. 2012) is controlled by a small number of genes. However, much less 

is known about the genetics of female mate choice in this system. One study suggests that 

female mate choice is influenced by a small number of genes (Haesler and Seehausen 

2005). Additional studies in this or other systems are rare since accurate measurements of 

female mate choice are difficult to obtain and are time consuming (Wagner 1998, 

Chenoweth and Blows 2006). As a result, even fewer studies have performed joint 

genetic analyses of male sexual traits and female mate choice (Van der Sluijs et al. 2010).  

To examine the quantitative genetic basis of male color pattern and female mate 

choice, I employed a well-established method to quantify color pattern (Ohta 1974) and 

designed a novel assay to test female mate choice in cichlids. I performed quantitative 

genetic analyses on both phenotypes to understand the mode of gene action and number 

of loci involved in these evolutionary significant traits. Further, I tested for physical 

linkage between color pattern and female mate choice. Specifically, I hypothesized that if 

the genes underlying color pattern and female mate choice were physically linked, the 

phenotypes would co-segregate in the hybrid F2 generation. If such linkage is observed, it 
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may provide insights into the mechanisms facilitating the rapid divergence of cichlid 

species (Shaw and Lesnick 2009). 

 

 

Materials and Methods 

 

Focal Species and their Hybrids 

Maylandia zebra and Maylandia benetos are a pair of sympatric rock-dwelling 

cichlid species from Lake Malawi. While M. zebra is a cosmopolitan species that occurs 

at many locations across the lake, M. benetos only inhabits Mazinzi Reef in the 

southeastern arm of the lake (Stauffer et al. 1997). At Mazinzi Reef, these two species 

coexist in sympatry (Sturmbauer et al. 2011), but do not hybridize: in over 400 hours of 

observation, no interspecific courtship or intermediate hybrid individuals were observed 

(Danley, pers. obs.). The two study species differ in melanistic markings; M. benetos has 

faint body barring and pelvic fin markings, whereas M. zebra has dark body bars, a black 

cheek, and dark banding on the pelvic fin (Figure 2.1).  

A previous study of this species pair found visual cues alone are sufficient for 

conspecific mate recognition and that melanistic patterning may play a significant role in 

the reproductive isolation of these species (Kidd et al. 2006a). The mating behaviors of 

the two species are nearly identical and involve elements such as quiver, lateral display 

and circling (McElroy and Kornfield 1990). Both species mate year round, are maternal 

mouthbrooders, and have a reproductive cycle that varies from 28 to 30 days at 28 °C 

under laboratory conditions (Ding, pers. obs.).  
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Figure 2.1. Male individuals of both species with indication where scale and fin samples were taken. 

Maylandia benetos is at the top panel, Maylandia zebra is at the middle panel, and scale and fin tissue 

samples are at the lower panel. The red box indicates the area where the scale samples for melanophore 

counts were taken, the green box indicates where the melanophores in fins were counted.  

 

 

Since the two species do not hybridize naturally, hybrid F1 offspring were 

obtained by artificial fertilization. Mature eggs from M. benetos and sperm from M. zebra 

were obtained by gently compressing the abdomen of the fish. The gametes were mixed 

in a petri dish for five minutes and the fertilized eggs were transferred into a glass 

incubator where they were incubated at 28 °C until the larvae could swim independently. 

The reciprocal F1 cross, M. zebra (♀) × M. benetos (♂), was created with the same 

method. F2 hybrids were obtained by intercrossing the F1 individuals derived from the 

cross between M. zebra (♀) × M. benetos (♂). However, the 11 M. benetos (♀) × M. 

zebra (♂) F1 broods produced only F1 females thus no F2 hybrids could be obtained from 

this direction. Backcrosses were generated by crossing M. zebra (♀) × M. benetos (♂) F1 

hybrids to the two parental species. Prior to the F2 reaching sexual maturity, male and 

female F2 hybrids were isolated to avoid any sexual experience. Both parental stocks 
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were at least 10 generations removed from wild caught individuals collected at Mazinzi 

Reef. Water temperature was kept between 26° and 28°C. Light was kept at a 12-hour 

day / night cycle using timer controlled fluorescent lights. Fish were fed a mixture of 

food flakes twice daily.  

Quantification of Color Pattern 

Fish were allowed to grow for a minimum of one year. Scales and pelvic fins 

were collected to quantify the differences in color pattern between the two species. Both 

male and female individuals were sampled to compare the color pattern within each 

species and hybrid brood. Scales from the first complete body bar (one scale from 

immediately below the lateral line) and the distal third of the pelvic fin were collected 

(Figure 2.1). Scale and pelvic fin samples were then emerged in K
+
 rich aggregating fluid 

(Ohta 1974) to contract melanophores. Melanophore quantity was assessed by counting 

the number of melanophores which occur in a 0.25 mm
2
 area from both tissues at 30x 

magnification through a Nikon stereo microscope (SMZ1500). All animal procedures 

were approved by the Baylor University IACUC (Protocol no. 08-09). 

Phenotyping of Female Mate Choice 

Mate choice experiments were performed in 110 cm × 28 cm × 30 cm tanks split 

into three compartments: two male compartments that flanked a central female 

compartment (Figure 2.2). Plastic grating composed of 15 mm squares (‘egg crate’) was 

used to divide the compartments and produce a false bottom to the tank. The false bottom 

prevented females from collecting their eggs during mating. Each divider separating the 

three compartments contained an opening sufficiently large to allow free movement of 



14 

 

the test females between compartments, but small enough to prevent the males from 

escaping their respective areas. A male M. zebra was randomly placed in one flanking 

compartment and a male M. benetos was placed in the opposing flanking compartment. 

Both males were allowed to acclimate for at least 24 hours. In all experimental trials, 

males were size-matched for standard length (< 2 mm difference). The side allocated to 

the male of each species was randomized to control for side bias.  

 

 

 

Figure 2.2. Illustration of experimental mate choice assay tank design. Males of the two species were 

placed in two side partitions, while trial female were placed in the center compartment of the tank. 

 

 

Making accurate measurements of female mate choice can be challenging and 

time consuming (Wagner 1998, Chenoweth and Blows 2006). Several methods have been 

developed to quantify cichlid fish mate choice including (listed in order of increasing 

measurement confidence (Van Staaden and Smith 2011): time in association with a male 

(Couldridge and Alexander 2002), behavioral assays (Haesler and Seehausen 2005) and 

egg counts (Plenderleith et al. 2005)). Because egg counts are a direct rather than a proxy 

measure of female mate choice, this was the primary metric of female mate choice used 

in my experiment. The amount of time a female spent in association with each male in 

their respective compartments was recorded to evaluate the reliability of association time 
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as an indicator of female mate choice. In addition, male courting effort was quantified to 

estimate its effects on female mate choice.  

In each female mate choice trial, a single reproductive female, as determined by 

its swollen abdomen and slightly protruded genital papilla, was introduced to the central 

compartment. The behavior of both males and the female was video recorded for two 

hours after the introduction of the female to the trial arena. After reviewing the video and 

verifying that female had visited both male compartments, a 20 minute video clip was 

used to quantify male courting effort. Within the 20 minute video, three elements of male 

courting behavior were scored: quiver, lateral display, and circling. While quivering, a 

male swiftly swims toward a female, exaggeratedly beats its tail, and flexes its body 

along its long axis. During a lateral display, the male erects its fins and orients parallel or 

perpendicular to the female in the water column above its territory. If the female does not 

break off the courtship event, the pair will begin circling which occurs when the male and 

female swim in tight circles over the spawning area (Baerends and Baerends-van Roon 

1950). Thirty randomly selected F2 female mate choice behavior videos were scored to 

evaluate the effect of male courtship effort on F2 female mate choice. The number of 

times each male performed a quiver, lateral display, or circling behavior was used later to 

quantify male courting effort. 

Female mate choice was quantified based on her egg laying pattern. The number 

of eggs laid beneath each of the three compartments (M. zebra compartment, M. benetos 

compartment, and/or the central compartment that lacked a stimulus male) was recorded; 

trials were discarded if eggs were laid in the center partition. Females typically laid eggs 

within 24 hours of their introduction to the test tank. Two hundred thirty one females 
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were evaluated for their mate choice. Among these, 10 females from each parental 

species were tested once, whereas 29 F1 and 182 F2 females were each tested three times 

against three different pairs of males in three different arenas. The mate choice of the 

backcrosses was not examined.  

 

Statistical Analysis 

 

To compare male and female color pattern differences in scale and pelvic fin 

melanophore counts of different generations, a two-factor analysis of variance (ANOVA) 

was performed. 

Quantitative genetic methods were used to investigate the genetic architecture of 

color pattern and female mate choice. In order to investigate the mode of gene action for 

melanisitic color pattern, I compared additive and additive-dominance model using the 

joint-scaling test (Hayman 1960). Tests for epistasis on melanistic color pattern were 

conducted following Lynch and Walsh (1998). Using this method, the test statistic, ∆, is 

calculated as the difference in means between the F2 and the weighted means of the 

parentals and F1. The joint scaling test and tests for epistasis were not used to investigate 

the mode of gene action for female mate choice as female mate choice in the parentals is 

not normally distributed (specifically, the parental variances equaled 0). The number of 

genetic factors underlying both coloration phenotypes and female mate choice were 

estimated using the Castle-Wright estimator following Lynch and Walsh (1998). Briefly, 

using the means and variances of the parental, F1 and F2 phenotypic distributions, the 

number of segregating factors that are likely to be responsible for the quantitative 

differences of the traits can be inferred. These factors were then adjusted using Zeng’s 
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correction (Zeng 1992). Assuming an additive genetic effect on female mate choice, I 

expect the mean of female mate choice in the reciprocal F1 hybrids and F2 to be 0. This 

hypothesis was tested with a one sample t-test. 

Female mate choice was quantified using a mate choice index expressed as the 

number of eggs laid in the M. zebra compartment minus the number of eggs laid in the M. 

benetos compartment, divided by the total number of eggs laid in the trial. This index 

ranges from +1 (females that exclusively choose M. zebra males) to -1 (females that 

exclusively choose M. benetos males). The average of the mate choice index was used as 

an overall estimate of F1 and F2 female mate choice. 

Following a similar method used by Haesler and Seehausen (2005), male courting 

effort was quantified by regressing the number of male displays (lateral display, quiver, 

circling) in a 20 minute interval against the amount of time that the female spent in the 

male’s compartment. The residuals of the male courting effort are independent of the 

time that the female was present in each male compartment. 

To test whether female mate choice was influenced by male courting effort, I 

separately examined the effect of each male courting effort (lateral display, quiver, 

circling) on female mating preference: males that successfully mated would be expected 

to have exerted more effort than those males that were rejected. A Mann-Whitney-

Wilcoxon test was used to test for this difference. This test was also performed to 

evaluate the times spent in association with successful and rejected males. The videos of 

24 F2 females (10 exclusively mated with M. zebra and 14 exclusively mated with M. 

benetos) were selected to evaluate the effect of male courting efforts and the utility of 
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female time in association as a predictor of female mate choice. The six F2 females that 

mated with both males were excluded from this analysis.  

To evaluate female maternal effects, I tested for possible differences in mate 

choice between the F1 reciprocal crosses with a Welch two sample t-test. To test whether 

the mate choice in the F2 female population deviates from random mating, a χ
2
 goodness 

of fit test was performed. 

Finally, I investigated the phenotypic correlation between color pattern and 

female mate choice by comparing the color patterns of the F2 females that exclusively 

mated with M. zebra to those that exclusively mated with M. benetos. Only those females 

that mated exclusively with one species were used as these provided the most reliable 

mate choice phenotype. If the genes contributing to female mate choice were physically 

linked with the genes influencing color pattern, I would expect the co-segregation of 

color pattern and mate choice phenotypes in the F2: the F2 females which exclusively 

mated with M. benetos (M. zebra) males would resemble M. benetos (M. zebra) in their 

color pattern. An ANOVA was used to test for this phenotypic difference between F2 

females which exclusively mated with either M. benetos or M. zebra. All melanophore 

count data were square root transformed to improve normality. The data analyses were 

performed in R (R Development Core Team 2012). 

 

Results 

Color Pattern General Statistics 

556 fish were phenotyped in both scale and fin tissues to quantify color pattern 

phenotypes. No statistically significant difference was found between males and females 

in both scale (F = 0.264, d.f = 1, p = 0.607) and fin melanophore counts (F = 0.683, d.f = 
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1, p = 0.409) across all lines. As a result, male and female melanophore data were pooled 

for subsequent analysis.  

Of the 556 individuals phenotyped for color pattern, 86 (61 males, 25 females) 

were M. zebra and 47 (34 males, 13 females) were M. benetos. Ninety four F1 hybrids (48 

males, 46 females) derived from five independent broods (2 M. zebra (♀) × M. benetos 

(♂) broods with 17 individuals and 3 M. benetos (♀) × M. zebra (♂) broods with 77 

individuals) were phenotyped for color pattern. Two hundred seventy F2 individuals (62 

males, 208 females) from three independent crosses were phenotyped for color pattern. A 

total of 60 backcross individuals were included in the color pattern analysis: 39 (20 males, 

19 females) were the result of an F1 (M. zebra (♀) × M. benetos (♂)) backcross to M. 

zebra while 21 (14 males, 7 females) (M. zebra (♀) × M. benetos (♂)) with M. benetos 

backcross individuals were phenotyped for melanistic coloration.  

Scale melanophore counts varied across the lines as one would expect for a 

quantitative character. Maylandia zebra had the highest mean melanophore count (mean 

(SD) = 79.45 (19.92)). The M. zebra backcross had the next largest mean (SD) scale 

melanophore count at 68.56 (14.91). Both directions of the F1 were intermediate in their 

scale melanophore counts. The melanophore count for F1 (M. benetos (♀) × M. zebra (♂)) 

was 43.75 (15.68). The melanophore count for F1 (M. zebra (♀) × M. benetos (♂)) was 

38.28 (13.44). No statistically significant differences were observed in the scale 

melanophore counts in the F1 based on the direction of the cross (t = -1.61, d.f = 45.14, p 

= 0.12). The mean (SD) of both directions of the F1 was 39.95 (14.29). The F2 

melanophore scale counts were intermediate as well and had a mean (SD) of 41.06 

(13.77). The M. benetos backcross, (M. zebra (♀) × M. benetos (♂)) with M. benetos, had 
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a mean (SD) scale melanophore count of 23.16 (5.19). With a mean (SD) scale 

melanophore count of 19.73 (9.95), M. benetos had the fewest number of scale 

melanophores (Appendix A, Figure A.1). 

As with the scale melanophores, fin melanophores were transmitted as one would 

expect for a quantitative character. Maylandia zebra had the highest mean (SD) 

melanophore count (110.5 (29.51)). The F1, Backcrosses, and the F2 had intermediate fin 

melanophore counts. The melanophore count for M. benetos (♀) × M. zebra (♂) F1 cross 

was 88.70 (26.55) while the melanophore count for the M. zebra (♀) × M. benetos (♂) F1 

cross was 85.56 (28.97). No significant differences were observed in the fin melanophore 

counts in the F1 reciprocal crosses (t = -0.50, d.f = 53.16, p = 0.618). The overall F1 

hybrid mean (SD) was 86.49 (28.16) melanophores on the fin. The backcross to M. zebra 

(F1 (M. zebra (♀) × M. benetos (♂)) backcross to M. zebra) had a mean (SD) of 77.24 

(26.92) melanophores on the fins. F2 individuals had a mean (SD) fin melanophore count 

of 70.00 (23.63). With 45.16 (19.76) mean (SD) number of melanophores on the fin, the 

backcross (M. zebra (♀) × M. benetos (♂) backcross to M. benetos) began to resemble M. 

benetos which had a mean (SD) fin melanophore count of 19.73 (9.95) (Appendix A, 

Figure A.2).  

The ANOVA results indicated that both scale (F = 149.913, d.f = 5, p = 2e-16) 

and fin (F = 118.772, d.f = 5, p = 2e-16) melanophore densities were significantly 

different among parental, F1, F2 and backcross generations. Tukey’s post-hoc test 

revealed that melanophore counts in both scale (p < 1e-10) and fin (p < 1e-10) were 

much higher in M. zebra than that in M. benetos. Hybrid individuals had intermediate 

melanophore counts on both tissue types (Table 2.1). For scale melanophore counts, 
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Tukey’s multiple comparisons suggested that M. zebra was slightly, though significantly, 

different from the backcross with M. zebra (p = 0.045), while no significant difference 

existed between M. benetos and the backcross with M. benetos (p = 0.083). Further, no 

statistically significant difference was found between the F1 and F2 generations in scale 

melanophore count (p = 0.977). For the melanophore count in fin tissues, M. zebra fin 

melanophore counts were significantly greater than the backcross with M. zebra (p < 1e-

10). Likewise, M. benetos had significantly fewer fin melanophores than the backcross to 

M. benetos (p < 1e-10). Significant differences between F1 and F2 generations in 

melanophore count in fin was observed as well (p < 1e-5).  

Quantitative Genetic Analysis of Color Pattern 

Neither the additive model (Table 2.1a; 
2

1 = 22.19, p = 0.00018) nor the 

additive-dominance model (Table 2.1a; 
2

2 = 22.10, p = 6.22e-05) explained the pattern 

of melanophore inheritance on scales. Furthermore, the additive-dominance model did 

not significantly improve the fit of the model to the observed data (Table 2.1a; 1 = 0.09, 

p = 0.76).  

The inheritance of melanophore in the pelvic fin tissues showed a similar pattern: 

both the additive (Table 2.1b; 
2
1 = 101.33, p < 1e-10) and the additive-dominance 

models were rejected (Table 2.1b; 
2

2 = 18.58, p = 0.0003). However, the additive-

dominance model did significantly improve the fit of the model to the observed data for 

the melanophore distribution in fin tissues (Table 2.1b; 1 = 82.74, p < 1e-10). The 

rejection of the additive and the additive-dominance models suggests the action of 
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epistasis, which was supported for both the scale (  = 0.019 < 1.96) and fin 

(  = 0.16 < 1.96) phenotypes.  

 

Table 2.1. The square root transformed means (standard errors) of melanophore counts (within a 0.25mm
2
 

area for a) scales and b) pelvic fins (Figure 2.1). Given are empirical counts, expected values assuming an 

additive genetic model, and expected values assuming an additive-dominance model. χ
2
 tests were used to 

compare the genetic models to the observed data. A likelihood-ratio test was used to test if the additive-

dominance model better explained the data than the additive model (). 

 

a) Scale Model 

 Observed Expected 

Additive 

Expected 

Additive-Dominance 

M. zebra 8.84 (0.12) 9.01 (0.10) 9.03 (0.11) 

M. benetos 3.97 (0.21) 3.63 (0.11) 3.67 (0.16) 

F1 6.22 (0.12) 6.32 (0.05) 6.30 (0.10) 

F2 6.31 (0.07) 6.32 (0.05) 6.32 (0.05) 

Backcross to M. zebra 8.23 (0.15) 7.67 (0.06) 7.66 (0.06) 

Backcross to M. benetos 4.78 (0.13) 4.98 (0.07) 4.98 (0.07) 

 

 

b) Fin Model 

 Observed Expected 

Additive 

Expected 

Additive-Dominance 

M. zebra 10.42 (0.16) 11.00 (0.13) 10.25 (0.15) 

M. benetos 4.30 (0.17) 5.13 (0.13) 4.35 (0.16) 

F1 9.17 (0.16) 8.07 (0.07) 9.06 (0.12) 

F2 8.25 (0.09) 8.07 (0.07) 8.18 (0.06) 

Backcross to M. zebra 8.66 (0.25) 9.53 (0.08) 9.65 (0.08) 

Backcross to M .benetos 6.55 (0.35) 6.59 (0.09) 6.70 (0.09) 

 

 

)(/  Var

)(/  Var
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Table 2.2. The estimated effective number of factors (standard deviation) influencing scale and fin 

melanophore counts for a range of allelic effects (Ca = 0 assumes the equivalence of allelic effects; Ca = 

0.25 assumes a normal distribution of allelic effects; Ca =1 assumes the allelic effects have a negative 

exponential distribution; Ca = 4 assumes that allelic effects have a leptokurtic distribution). 

 

Ca Scale ne   Fin ne 

0 -5.33 (11.02)  29.02 (299.27) 

0.25 -6.92 (13.77)  36.02 (374.09) 

1 -11.67 (22.03)  57.03 (598.55) 

4 -30.69 (55.09)  141.08 (1496.37) 

 

 

The genetic factor analysis suggested that a large number of genetic factors 

control melanophore patterning of the scales and pelvic fins. The estimated number of 

genetic factors ranged from -5 (SD = 11.02) to -30 (SD = 55.09) for scale and 29 (SD = 

229.27) to 141 (SD = 1496.37) for the pelvic fin depending on the size of allelic effects 

(Table 2.2). 

 

Test for Association between Male Courting Effort and Female Mate Choice 

No statistically significant effect of male courting effort on female mating 

preference was observed for any of the three male behaviors: lateral display (p = 0.17, 

Figure 2.3a), quiver (p = 0.20, Figure 2.3b) and circle (p = 0.89, Figure 2.3c). However, 

females did spend more time associating with males they eventually mated with 

compared to the males that were rejected: in 21 of 24 trials the female spent more time 

with the preferred male (p = 1.82e-06, Figure 2.3d). 

Quantitative Genetic Analysis of Female Mate Choice  

The respective mean (SD) female mate choice index for M. zebra and M. benetos 

was 1(0) and -1(0), and all hybrid crosses had intermediate means with varying amounts 

of dominance in the direction of M. zebra. The mean (SD) mate choice for the 17 F1 
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females derived from the cross between M. benetos (♀) × M. zebra (♂) equaled 0.42 

(0.64) and was significantly greater than 0 (i.e. there was significant dominance in the 

direction of M. zebra) (t = 2.6887, df = 16, p = 0.008). The mean (SD) of mate choice for 

the 12 F1 hybrid derived from the cross between M. zebra (♀) × M. benetos (♂) was 0.89 

(0.24) and was significantly greater than 0 (t = 12.93, d.f = 11, p = 2.687e-8) (Table 2.3).  

 

 

 

Figure 2.3. Comparisons of the residuals derived from the regression of male lateral displays (a), 

quivers(b), and circles (c) against the amount of time that female stayed in each side of the tank between 

the successfully mated males and rejected males; further comparison of the time in association (d) that 

female spent with the successful mated males and rejected males is shown. 

 

The Welch two sample t-test showed a significant difference between the two 

reciprocal crosses (t= 2.74, d.f = 21.61, p = 0.023). As only one direction of the cross 

could be used to make F2 hybrids, M. zebra (♀) × M. benetos (♂), genetic factor analyses 

of female mate choice, which requires F1 data, utilized only the data from this cross.  
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Table 2.3. Results of the female mate choice assay. Females of M. zebra, M. benetos, F1 and F2 were tested 

in a two way mate choice tank (Figure 2.1), the numbers of individuals tested for female mate choice and 

the mean of the mate choice in each generation are given. 

 

Male 

Female 

M. zebra M. benetos M.zebra & 

M.benetos 

Total (mean 

mate choice 

index) 

M. zebra 10 0 0 10 (1) 

M. benetos 0 10 0 10 (-1) 

F1 (M. benetos (♀)×M. 

zebra (♂)) 

7 0 10 17 (0.42)  

F1 (M. zebra (♀)×M. 

benetos (♂)) 

9 0 3 12 (0.89) 

F2 39 31 112 182 (0.097) 

 

 

The mean of the mate choice index for F2 hybrids was 0.097 (0.68) and was 

significantly greater than 0 (t = 1.9387, d.f = 181, p = 0.027) (Figure 2.4). The number of 

F2 hybrids that mated exclusively with M. zebra or M. benetos was 39 and 31, 

respectively. One hundred twelve F2 females mated with both M. zebra and M. benetos. 

This pattern of female mate preference in the F2 significantly deviated from random 

mating (χ
2 

= 65.68, d.f = 2, p < 0.0001). The minimum number of genetic factors 

affecting female mate choice was 1.16 (0.02). After Zeng’s correction (Zeng 1992) as 

described in Lynch and Walsh (1998) was applied, the estimated number of genetic 

factors ranged from 1.2 to 1.9, depending on the distribution of allelic effects (Table 2.4).  
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Figure 2.4. Mean (x axis) and variance (y axis) of the female mate choice index in the parentals, F1 and F2 

hybrids. 

 

 

Table 2.4. The estimated effective number of factors influencing cichlid female mate choice for a range of 

allelic effects. 

 

Ca n Standard deviation 

0 1.2 0.02 

0.25 1.2 0.04 

1 1.3 0.09 

4 1.9 0.57 

 

 

Test for Phenotypic Correlation between Female Mate Choice and Male Color Pattern 

When the melanophore counts of those F2 that mated exclusively with M. benetos 

were compared to the melanophore counts of those F2 that mated exclusively with M. 

zebra no significant differences were observed in either the scale (F = 1.4727, d.f = 1, p = 

0.2296) or fin data (F = 0, d.f = 1, p = 0.9999) (Figure 2.5a, b).  
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Figure 2.5. Comparison of F2 scale (a) and fin (b) phenotypes between individuals that exclusively mated 

with M. zebra or M. benetos. 

 

 

Discussion 

 

 

Genetic Factors Influencing Melanistic Patterning  

The genetic architecture of sexually selected traits remains poorly understood. To 

gain a better understanding of the number of genetic factors involved, the modes of gene 

action, and the genetic correlation between the male signaling and female mating 

preference phenotypes, I conducted a biometric analysis of an East African cichlid pair. 

My results suggest that many loci are involved in melanistic patterns of scales and pelvic 

fins. This is indicated by the large number of genetic factors that was estimated for fin 

and the negative number of genetic factors for scale. Negative numbers of factors is an 

indication of many genes of small effect contributing to a phenotype (Lynch and Walsh 

1998). 

This finding differs from previous investigations of the genetic architecture of 

coloration in East African cichlids. Using a similar biometric approach, Barson et al. 
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(2007) found that blue body coloration of cichlids was influenced by 4-7 genes, 

Magalhaes and Seehausen (2010) found that 2-4 genes appear to determine red coloration 

in a hybrid cross of Lake Victoria cichlids, and O'Quin et al. (2012) found that 1-4 genes 

control the pigmentation differences between a pair of Lake Malawi cichlids one of 

which, M. zebra, is also a focal species of this study. Additional efforts by O’Quin et al. 

(2013) identified one QTL associated with pelvic fin melanophore pigmentation but 

failed to identify any significant QTL for melanophore counts in scales and a number of 

additional tissue types including the caudal fin and cheek. The authors suggested that 

multiple genes with small effects were underlying the number of melanophore in these 

areas of the body which is consistent with my findings. All of these studies consistently 

demonstrated that the additive genetic model is inadequate when explaining the observed 

phenotypic variance. In this experiment, both the additive and the additive-dominance 

models of inheritance were rejected when examining the distribution of melanistic 

phenotypes in the hybrid crosses, while the presence of epistatic interactions was 

supported.  

Male Courting Effort versus Female Mate Choice 

Parental investment is largely asymmetrical in haplochromine cichlids, including 

the vast majority of Lake Malawi cichlids: females are promiscuous mouth brooders 

which produce relatively large, energetically expensive eggs that are fertilized by males 

that contribute little other than sperm (Parker and Kornfield 1996). This asymmetrical 

investment in parental care is thought to have led to the evolution of strong female mate 

choice (Kuwamura 1986) and vigorous male courtship (Gonzalez-Voyer et al. 2008) in 
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the haplochromine cichlids across the East African Great Lakes (Goldschmidt and Witte 

1990, Kocher 2004, Sefc 2011). 

In the mate choice trials, females were allowed to interact with males. As a result, 

females that stayed in one side longer tended to elicit more male courting efforts. Many 

studies suggest that vigorous male courting effort can significantly affect female mate 

choice (Byers et al. 2010, Steinwender et al. 2012, Kidd et al. 2013a). In this study, by 

examining the effect of male courting effort via statistically removing the effect of time 

spent with a female, I found that none of the three male courting behaviors significantly 

influenced female mate choice. Consistent with Haesler and Seehausen (2005), these 

results suggest that female mate choice probably occurs prior to the onset of intense 

courtship (McElroy and Kornfield 1990). Alternatively, male courtship displays may 

have an indirect effect on reproductive success or may be maintained through pleiotropic 

effects. I did, however, find a significant difference between the times that female spent 

with successful males compared to the rejected males. Nonetheless, this metric is flawed 

when examining individual level preferences as it wrongly predicted female mate choice 

in 1/8 of the trials. These results highlight the need to interpret cichlid mate choice 

studies which use either time in association or behavioral assays to assess individual level 

female mate choice with caution.  

Segregation of Female Mate Choice among F2 Female Hybrids 

Quantifying the genetic basis of female mate choice can improve our 

understanding of reproductive isolation and speciation. In this study, females of the 

parental species, M. zebra and M. benetos, mated exclusively with conspecific males 

which is consistent with the previous study of these species (Kidd et al. 2006a). Despite 
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significant differences in the mate choice of the reciprocal hybrid F1 females, F1 hybrids 

derived from both directions exhibited a preference for M. zebra males and an additive 

genetic effect in the F1 was rejected. Likewise, the F2 females exhibited a dominant 

preference for the M. zebra phenotype; however, the degree of dominance in the F2 was 

much smaller than in either of the F1 lines. Why the degree of dominance of mate choice 

diminished in the F2 is unclear. It may be the result of a ‘parent of origin’ epigenetic 

phenomenon (Garfield et al. 2011, Bonduriansky and Day 2013, Pfennig and Servedio 

2013, Mott et al. 2014) or masking effects by maternal imprinting on an intermediate F1 

phenotype in the F2 (Verzijden and ten Cate 2007) (early imprinting would not have 

occurred in the F1 as these were the only lines raised entirely outside of a female’s buccal 

cavity and would have escaped any developmental imprinting). Nonetheless, female mate 

choice significantly deviates from random mating in the F2 population indicating that 

female mate choice has a strong heritable component. In addition, it is clear that the 

alleles influencing female mate choice in the two parental species have segregated in the 

F2 population to recapitulate the parental phenotypes. The strong genetic component of 

female mate choice is further corroborated by the behavioral experiments in which no 

statistical correlation between male courting effort and female mate choice was observed. 

Future studies should further explore the dominance of M. zebra mate preferences. 

Such additional studies could provide valuable insight into the diversification of Lake 

Malawi’s cichlids. Directional selection is believed to drive the evolution of dominance 

(Broadhurst 1979, Noor 1999, Barton and Keightley 2002) and the dominance of M. 

zebra mating preferences may reflect ongoing directional selection operating on mate 

preferences. In addition, dominance could affect the tempo of genetic isolation of 
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diverging lineages as a partially dominant allele will increase in frequency faster than a 

recessive allele (Falconer and Mackay 1996). Furthermore, the dominance biased 

preference for M. zebra pattern would lead to biased introgression into the M. zebra gene 

pool. Lastly, the observed dominance, if confirmed, may be, to our knowledge, one of the 

few documented empirical examples of “Haldane’s sieve” (Orr and Betancourt 2001) in 

female mate choice. “Haldane’s sieve” predicts that if species-level sexual isolation 

results primarily from directional selection, then interspecific hybrid females should 

discriminate against males of either or both parental types (Noor 1999).  

Genetic Factors Influencing Female Mate Choice 

Female mate choice is thought to accelerate the rate of species divergence 

(Seehausen et al. 1997). Quantitative genetic models of mate choice (Lande 1981, Lande 

1982, Rettelbach et al. 2011) and empirical studies (Kronforst et al. 2006, Moehring et al. 

2006, Laturney and Moehring 2012) have suggested that the number of genes 

contributing to a phenotype influences the pace of phenotypic evolution. As such, 

quantifying the genetic elements influencing female mating preference in East African 

cichlids may provide a genetic mechanism which may have contributed to the 

extraordinary speed of this species radiation. In this study, I found that female mate 

choice is controlled by few genetic factors. This result is consistent with an empirical 

study of a pair of Lake Victoria cichlids (Haesler and Seehausen 2005) and suggests that 

the rapid diversification of East African cichlids may have been facilitated by few genetic 

factors underlying female mate choice. 
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Correlation between Female Mate Choice and Color Pattern 

In a previous study, visual cues, and melanistic markings in particular, were 

sufficient for female mate choice in this species pair (Kidd et al. 2006a). Furthermore, 

quantitative genetic models and empirical studies suggest that a physical linkage of 

female mate choice and male secondary sexual traits likely accelerates the speciation 

(Butlin and Ritchie 1989, Kronforst et al. 2006, Shaw and Lesnick 2009, Safran et al. 

2013). However in this study, female mate choice and melanistic color pattern were not 

associated with each other in F2 females and there was no evidence of linkage between 

this male signal and female mate preferences. However, as noted by Van der Sluijs et al. 

(2010), if many genes underlie both female mate choice and male secondary traits, it may 

be difficult to detect weakly linked genes. Nonetheless, my results suggest that factors 

other than the physical linkage of melanistic patterns and mate choice have contributed to 

the divergence of this species pair. Future experiments are needed to examine the role of 

physical linkage of genes contributing to preferred male phenotypes and female mate 

preferences in the broader East African cichlid radiation.  
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CHAPTER THREE 

The Effects of Prostaglandin F2α on Female Mate Choice in a Pair of Lake Malawi 

Cichlid Fishes 

 

Introduction 

 

Hormones direct the behavioral, physiological, and morphological expression of 

traits used in sexual communication (Hews and Moore 1997, Ketterson et al. 2009, 

Dijkstra et al. 2011). Most hormone-regulated traits are physiologically costly to maintain, 

hence, they are considered honest signals for mate choice (Rubenstein and Hauber 2008). 

In addition, hormone expression varies between the sexes and controls the reproductive 

status of an organism. This sex-specific expression makes endocrinology an ideal target 

for sexual selection to operate upon (Husak and Moore 2008). While sexual selection 

may not directly target hormone expression, it can indirectly affect the traits a hormone 

regulates, such as behavior, color pattern, body size (Fox et al. 1997, Kodric-Brown 1998, 

White et al. 2002).  

Sexual hormones primarily coordinate reproductive behaviors. Prostaglandin F2α 

(PG), one such sexual hormone, is an important regulator of the ovarian cycle in many 

vertebrates. PG is released into the bloodstream, acts within the brain, and stimulates 

female sexual behaviors during the time period in which ovulated eggs are ready to be 

released (Stacey 1976, Stacey 1981, Stacey and Goetz 1982, Cole and Stacey 1984, Liley 

and Tan 1985, Villars and Burdick 1986, Shoji et al. 1994). PG reaches its peak level in 

the ovary for a few days prior to spawning (Cetta and Goetz 1982, Stacey and Sorensen 

2006). Even for non-gravid females, a treatment with PG can rapidly induce female 
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mating behavior. For example, Cichlasoma bimaculatum, a South American cichlid, was 

shown to display mating behavior at any stage of the spawning cycle after PG 

administration (Cole and Stacey 1984).  

Besides the well documented behavioral effect, a recent study showed that PG 

might also play an important role in intraspecific mate choice (Kidd et al. 2013b). In 

Astatotilapia burtoni females, mate choice was invoked by PG manipulation (Clement et 

al. 2005, Kidd et al. 2013a). Male cichlids also change their behavior display strategy 

according to female’s reproductive status (Clement et al. 2005, Miranda et al. 2005, 

Maruska and Fernald 2012). However, whether PG affects cichlid female mate choice in 

an interspecific context remains to be examined.  

Cichlid mate choice studies are also challenging as no accurate proxy to quickly 

and accurately evaluate female mate choice is available. Though a variety of mate choice 

surrogates, such as mating behavior and time in association, have been utilized in cichlid 

mate choice trial (Couldridge and Alexander 2002, Jordan 2008), few studies have fully 

validated these surrogates (Couldridge and Alexander 2001). Thus, the only reliable 

method of identifying female mating preferences required the female to mate with the 

preferred male (Knight et al. 1998, Plenderleith et al. 2005, Kidd et al. 2006a, Ding et al. 

2014b). However, this is time consuming as the typical ovulation period in cichlids is 

approximately one month. To address these challenges in cichlids female mate choice 

research, I examined the influence of PG on female mate choice in a pair of cichlids 

using a full contact design: 1) I administered PG to non-reproductive females and 

allowed them to choose between conspecific and heterospecific males of a closely related 

species pair; 2) I validated the predictability of male courting effort and female time in 
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association on female mate choice; 3) I examined male courting effort in response to the 

change of the female reproductive status manipulated by PG level. If PG regulates female 

mate choice, after PG manipulation I would expect non-reproductive cichlid females to 

mate with conspecific males. Male courting effort would have little impact on cichlids 

female mate choice.  

 

 

Materials and Methods  

Study Species 

Maylandia zebra and Maylandia benetos are a pair of sympatric rock-dwelling 

cichlids from Lake Malawi. These two species coexist at Mazinzi Reef (Danley 2011) 

with only subtle morphological differences (Husemann et al. 2014). However, males are 

readily distinguishable by their nuptial coloration (Kidd et al. 2006a). The two species are 

completely reproductively isolated in the laboratory and in the wild (Kidd et al. 2006a). 

The mating behaviors of the two species are nearly identical, which mainly include 

approach (A), lateral display (LD), quiver (Q) and circling (C). Their mating behaviors 

have been described in detail elsewhere (McElroy and Kornfield 1990). Fifteen females 

of each M. benetos and M. zebra were examined. 

Female Mate Choice Design 

Mate choice assays were performed in 110 cm × 28 cm × 30 cm tanks split into 

three compartments: two male compartments that flanked a central female compartment 

(Figure 3.1). Two plastic grates composed of a plastic grid with 15 mm squares openings 

(‘egg crate’) were used to divide the tanks into three compartments. Each divider 

separating the three compartments contained an opening sufficiently large to allow free 



36 

 

movement of the females but small enough to prevent the males from escaping their 

respective areas. Single male M. zebra and M. benetos were placed in each opposite 

flanking compartment and allowed to acclimate for at least 24 hours before the trial. In 

each experimental trial, males were size-matched for standard length (< 2 mm difference). 

The side allocated to the male of each species was randomized to control for possible side 

bias.  

 

 

Figure 3.1. Illustration of the mate choice assay tank. Males of the two species were placed in the 

compartments of two opposing sides, while the female was placed in the center compartment of the tank. 

 

 

Juveniles from both species were isolated individually in separate tanks (20.8 cm 

× 28 cm × 30 cm) soon after they were able to swim independently to standardize early 

mating experience (Verzijden and ten Cate 2007). They were allowed to grow for 

approximately one year at which point they were sexually mature. Gravid females are 

distinctive in both physical appearance and behavioral display: when the female is close 

to spawning, her genital papilla is protruding, and the rate of aggression behavior is 

elevated (approximately 2 – 3 hours before laying eggs, BD, pers. obs.). Soon after 

spawning, the female’s buccal cavity is enlarged to facilitate the incubation of her eggs. 

To ensure that the females used in the mate choice assay were non-reproductive, 

each gravid female was allowed to lay eggs in an isolated housing tank without male 
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stimuli. These eggs were then removed with a 5 ml transfer pipette soon after egg laying. 

A previous study has shown that PG level will drop dramatically accompanied with the 

ending of the reproductive cycle (Kidd et al. 2013b). Therefore, this procedure guarantees 

that females were non-reproductive before the hormonal trial. Before initiating the mate 

choice trial after handling, females were acclimated for 24 hours in individual holding 

tanks. 

The acclimated female was then introduced to the center compartment of the test 

tank. An additional 30-minute acclimation to the test tank was allowed with both 

openings of the dividers blocked. After acclimation, both openings were unblocked to 

allow the female to explore the whole tank for an extra 30 minutes to document behaviors 

when the female was non-reproductive. This exploration session was recorded with a 

Sony digital video camera recorder (HDR-XR550V). Following the exploration, the 

female was intraperitoneally injected with 20 μL saline (9g / L of NaCl) as a control. 

Another 30-minute session was recorded to examine the effect of the saline injection on 

female mate choice. Finally, the same female was intraperitoneally injected with 20 μL 

PG (1μg / μL) to test how PG (EMD Millipore, Inc. Darmstadt, Germany) affects female 

mate choice. A 120-minute session was recorded after the hormone injection. 

 

Data Analysis 

 

The egg counts results were not obtainable in this experiment since non-

reproductive females were used. As a result, a conservative behavior was used: the 

number of times the female displayed cycling and oviposition behavior (without laying 

eggs) with each of the males was recorded (Kidd et al. 2013a). Females that failed to 

display such behaviors after PG administration were not included in the analyses. 
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After reviewing the recordings and verifying that the female had visited both male 

compartments, a 15-minute period during each exploration, saline and PG administration 

treatment was selected to score the amount of time that the female spent with each male. 

Meanwhile the mating behaviors (approach, lateral display, quiver and circling) of each 

male were scored while the female was present in the respective male compartment 

during the 15-minute time interval.  

To evaluate the efficacy of time in association as a female mate choice indicator, 

a Mann-Whitney-Wilcoxon test was performed to compare the differences of female time 

in association with males of both species. 

The influence of male courting efforts on female mate choice were assessed 

following a similar method used by Ding et al. (2014b). Each male’s courting effort was 

quantified by regressing the number of male displays against the amount of time that the 

female spent in the male’s compartment. The residuals of the male courting effort were 

independent of the time that the female spent in each male compartment. The residuals of 

each male courting effort were compared between the two species with a Mann-Whitney-

Wilcoxon test.  

To test whether cichlid males direct their courting effort differently before and 

after manipulating female PG level, each male’s courting effort was compared across the 

exploration, saline and PG administration phases with an ANOVA. The data analyses 

were performed in R (R Development Core Team 2012). 

 

Results 

 

I tested 15 females of each M. benetos and M. zebra. Among the 15 M. benetos 

females, 14 of which exclusively showed mating and oviposition behaviors toward the 
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conspecifics, while one displayed toward both M. benetos and M. zebra in a single trial. 

As for the 15 tested M. zebra females, five showed mating behaviors exclusively toward 

M. zebra; however, the rest of the females did not show any mating behavior after PG 

manipulation. 

When M. benetos females were placed in the mate choice assay tanks during the 

exploration phase, no statistically significant difference in time association between the 

males of the two species was identified (p = 0.07). However, M. benetos female spent 

significantly more time with M. benetos males during the saline (p = 0.02) and PG 

treatments (p = 1.18e-06) in comparison to the time spent with M. zebra (Figure 3.2).  

 

 

 
 

Figure 3.2. Comparisons of time in association between M. benetos (blue) and M. zebra (green) males 

when M. benetos females were under different treatments. Asterisk represents 5% significance level.  

 

 

When male courting efforts in response to female M. benetos under different 

treatments were compared, statistically significant differences were found for approach (p 

= 0.02), lateral display (p = 3.058e-05) and quiver (p = 0.005) during the exploration 

session. Male M. benetos consistently displayed more behavior than that of male M. 
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zebra. However, circling behavior was not statistically different (p = 0.10) (Figure 3.3a). 

A similar pattern was found when M. benetos females were under saline control: 

approach (p = 0.02), lateral display (p = 0.01), quiver (p = 0.005), and circle (p = 0.10) 

(Figure 3.3b). Surprisingly, after PG administration, none of the mating behaviors were 

statistically significant different: approach (p = 0.10), lateral display (p = 0.35), quiver (p 

= 0.33) and circle (p = 0.35) (Figure 3.3c). 

Males M. benetos did not significantly change their courting efforts while M. 

benetos females were under exploration, saline and PG treatments: approach (F = 0, d.f. = 

2, p = 1) (Figure 3.4a), lateral display (F = 0, d.f. = 2, p = 1) (Figure 3.4b), quiver (F = 0, 

d.f. = 2, p = 1) (Figure 3.4c) and circle (F = 0, d.f. = 2, p = 1) (Figure 3.4d). However, 

there was a significant difference in association time (F = 4.95, d.f. = 2, p = 0.01) (Figure 

3.2). Though Tukey’s multiple comparisons revealed no difference in association time 

between exploration and saline treatments (p = 1), there were significant differences 

between PG and saline (p = 0.02) and between PG and exploration (p = 0.02). The same 

analyses performed for M. zebra males revealed that none of the mating behaviors were 

statistically significant different during the exploration, saline and PG treatments either: 

approach (F = 0, d.f. = 2, p = 1) (Figure 3.4a), lateral display (F = 0, d.f. = 2, p = 1) 

(Figure 3.4b), quiver (F = 0, d.f. = 2, p = 1) (Figure 3.4c), circle (F = 0, d.f. = 2, p = 1) 

(Figure 3.4d), and association time (F = 0.65, d.f. = 2, p = 0.53).  
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Figure 3.3. Comparisons between male mating behaviors of the two study species when a female M. benetos was placed in the mate choice assay tank 

during exploration (a), saline (b), PG treatment (c). 
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Figure 3.4. The comparisons between the mating behaviors for male M. benetos (blue) and male M. zebra 

(green) when M. benetos females were placed in the mate choice assay tank during the exploration, saline 

and PG treatment. 

 

 

As for M. zebra female mate choice trials, no statistically significant differences 

were found between the male courting efforts during the exploration: approach (p = 0.35), 

lateral display (p = 0.84), quiver (p = 0.37) and circle (p = 1) (Figure 3.5a). The same 

pattern was observed during the saline treatment: approach (p = 0.66), lateral display (p = 

0.66), quiver (p = 0.66), circle (p = 0.66) (Figure 3.5b). Even after the PG treatment, 

males of the two species still displayed similar courting efforts toward M. zebra females: 

approach (p = 0.66), lateral display (p = 0.66), quiver (p = 0.66), circle (p = 0.66) (Figure 

3.5c).  

The male courting effort of each species was separately compared when M. zebra 

females were under different treatments as well. The ANOVA results suggest that none 

of the courting efforts were statistically significant different for M. zebra males across the 
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exploration, saline and PG treatments: approach (F = 0, d.f. = 2, p = 1) (Figure 3.6a), 

lateral display (F = 0, d.f. = 2, p = 1) (Figure 3.6b), quiver (F = 0, d.f. = 2, p = 1) (Figure 

3.6c), and circle (F = 0, d.f. = 2, p = 1) (Figure 3.6d). Maylandia benetos males also 

displayed similar courting effort when M. zebra females were under different treatments: 

approach (F = 0, d.f. = 2, p = 0) (Figure 3.6a), lateral display (F = 0, d.f. = 2, p = 1) 

(Figure 3.6b), quiver (F = 0, d.f. = 2, p = 1) (Figure 3.6c), and circle (F = 0, d.f. = 2, p = 1) 

(Figure 3.6d). Maylandia zebra females’ time spent in association did not vary across the 

acclimation, saline and PG treatments for either the M. zebra males (F = 1.99, d.f. = 2, p 

= 0.18) or the M. benetos males (F = 1, d.f. = 2, p = 0.40) (Figure 3.7).  

When the amount of time that M. zebra females associated with males of each 

species was compared when M. zebra females were under different treatments, they spent 

similar amount of time with males of each species during exploration (p = 0.06) and 

saline (p = 0.10). However, M. zebra females spent significantly more time with M. zebra 

males after PG treatment (p = 0.007) (Figure 3.7). 

 

Discussion 

 

In this study, not only did I demonstrate the effectiveness of Prostaglandin F2α in 

inducing female mating behaviors, but also showed that PG can promote female mate 

choice while the females were non-reproductive. I showed that by inducing female M. 

benetos and M. zebra into physiologically gravid status with PG injection, females of 

both species which displayed mating behaviors and oviposition behavior toward the 

conspecifics also consistently spent significantly more time with the conspecific males. 

Therefore, time in association can serve as a good predictor of female mate choice for 

this species pair only after the treatment of PG to non-gravid females. When M. benetos 
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females were present during the exploration and saline trials, male M. benetos displayed 

significantly more courting efforts (except circle) than male M. zebra. This is not 

surprising since circling usually occurs when females are close to spawning. Surprisingly, 

after female M. benetos were treated with PG, there was no difference in courting efforts 

between the two species. However, this was not the case when the courting efforts were 

compared without using the regression generated residuals (data not shown). Since 

individual response to hormone might not in a predictable linear pattern, using the linear 

regression generated residuals as a measure of male courting effort might not reflect the 

true biological pattern. No differences of courting efforts after PG manipulation between 

the males of the two species might reflect a statistical artifact.When M. zebra females 

were in the mate choice trial, M. zebra males showed the same level of courting effort. 

This finding may be a statistical artifact as explained above. A relatively small sample 

size might also contribute to this. 

That the cichlids females only display their mating preference at the reproductive 

status is not surprising. Kidd et al. (2013b) showed that A. burtoni females only actively 

associated with the preferred males on the day of spawning. Several explanations may 

account for this. On the one hand, both in nature and laboratory, non-gravid cichlid 

females are usually associated with subdominant males to form a school (Marsh and 

Ribbink 1986). Dominant males direct their aggression mainly toward non-gravid 

females and subdominant males, while soliciting gravid females in their territories to 

mate. 
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Figure 3.5. Comparisons between the residuals of male mating behaviors of the two study species when a female M. zebra was placed in the mate choice 

assay tank during exploration period (a), saline (b), PG (c) treatment. 
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Figure 3.6. The comparisons of mating behaviors between male M. benetos (blue) and male M. zebra 

(green) when M. zebra females were placed in the mate choice assay tank during the acclimation, saline 

and PG treatment. 

 

 

 

 
 

 

Figure 3.7. Time in association of M. zebra females with M. benetos (blue) and M. zebra (green) males 

when M. zebra females were under different treatments. 
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These non-reproductive females may mitigate the aggression and conserve energy 

by avoiding association with dominant males. However, females must associate with 

dominant males for spawning for the sake of acquiring more resources or conferring 

higher genetic quality for her offspring. On the other hand, physiological studies suggest 

that the change of female mating behavior is associated with the change of hormone 

production. Female A. burtoni gonadotropin releasing hormone increases during the 

gravid period, which leads to increased estrogen or progesterone levels in the gonads. 

These changes of hormone levels likely influence female mate choice as well (Kobayashi 

et al. 2002, Stacey 2003, Munakata and Kobayashi 2010, Forlano and Bass 2011, Kidd et 

al. 2013b). It is also possible that the altered amount of hormone expression can change 

female’s perception and processing of visual sensitivity or pattern processing, which in 

turn affects mating preference as suggested by Clement et al. (2005). 

Another interesting observation from this study was that males did not change 

their courting efforts according to females’ reproductive status (induced by PG 

manipulation). This pattern seems counterintuitive as sexual selection predicts that 

females prefer males with more elaborate and intense courtship display (Barske et al. 

2011). The results suggest that sexual selection may have worked on other characteristics 

than male courting behaviors. Male courting behavior might be an evolutionary relict 

rather than the result of sexual selection (McElroy and Kornfield 1990). 

It is worth noting that PG induced sexual behavior and mate choice in all M. 

benetos females, while only a quarter of M. zebra females responded to the hormone 

administration. Two explanations may account for this. First, it is possible that they have 

subtle physiological differences in responding to PG administration even though the two 
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species have similar reproductive cycle (28-30 days). Actually, all M. benetos females 

responded to PG within half an hour, while it took much longer for M. zebra females to 

respond; some female M. zebra even displayed mating behaviors two hours after PG 

administration. A previous study from paradise fish suggests that PG can only induce 

female mating behavior one day after spawning, with diminishing effects afterwards, and 

no discernable effects after 3-5 days (Villars and Burdick 1986). Differences in PG 

sensitivity may explain the different responses to PG between the two study species here. 

Second, species might have different hormone dosage thresholds (Hews and Moore 1997). 

Future experiments need to test the effects of different concentrations of PG and to 

measure amounts of natural PG residuals in female body. Studies to test different species 

at a variety of life stages would also be instrumental to the understanding of how PG 

regulates cichlids mating behaviors and mate choice. Another avenue of studying 

hormone and its effect on mate choice is through transcriptome sequencing. By profiling 

gene expression in female brain at different stages of reproductive cycle, candidate genes 

that respond to hormone manipulation can be identified (Cummings 2012, Harris and 

Hofmann 2014). 
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CHAPTER FOUR 

Identification of the Genetic Basis of Color Pattern and Female Mate Choice through 

Quantitative Trait Loci (QTL) Mapping in a Pair of Closely Related Malawian Cichlid 

Fishes 

 

Introduction 

 

A fundamental task of evolutionary biology is to explore patterns of speciation. 

For example, why some species underwent extensive radiation while others experienced 

little cladogenesis has intrigued evolutionary biologists for centuries. Speciation rates can 

be influenced by a number of factors including paleoclimate (Danley et al. 2012), 

ecological (Ding et al. 2014a, Husemann et al. 2014) and the genetic architectures of 

lineage specific traits (Danley and Kocher 2001, Salzburger 2009, Wagner et al. 2012, 

Ding et al. 2014b). Though the pattern of speciation has been identified in many systems, 

it is still challenging to pinpoint the exact traits that selectional forces have acted upon to 

form new species. Often these traits are evolutionarily innovative (Hunter 1998) and 

lineages possessing these innovations have a greater propensity for explosive speciation 

through the exploitation of novel ecological opportunities (Hulsey 2006) and/or they are 

under sexual selection (Maan and Sefc 2013).  

Genetic dissection of traits under ecological (Via 2002) and sexual selection 

(Bakker and Pomiankowski 1995, Chenoweth and Blows 2006) has greatly advanced our 

understanding of speciation at molecular level. Genetic studies also facilitate the 

identification of genetic elements underpinning phenotypic differentiation and 

reproductive isolation (Butlin and Ritchie 2009). However, most molecular genetic 

studies concentrate on insects, predominantly in Drosophila (Wu and Ting 2004, 
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Arbuthnott 2009). The unparalleled cichlids radiations in the East African Great Lakes 

present an opportunity to understand genetic mechanisms of vertebrate speciation. 

The East African cichlid radiations represent one of the most important model 

systems for the study of genetic mechanisms of speciation. More than 2,000 cichlid fishes 

have evolved in East Africa within the past 10 million years (Danley et al. 2012). This 

explosive vertebrate radiation is mostly concentrated in the three East African Great 

Lakes: Lake Tanganyika, Lake Victoria, and Lake Malawi. Within Lake Malawi, over 

700 cichlid species (Turner et al. 2001) have evolved from a single common ancestor 

since the formation of the lake within the past one to four million years (Koblmüller et al. 

2008b, Danley et al. 2012). Closely related species in this system primarily differ by their 

color patterns: body bars, stripes, blotches, and nuptial hues. Female mate choice of these 

characters has evolved in synchrony with male color patterns (Kidd et al. 2006a). 

Sexual selection is considered a primary contributor to cichlids diversification 

(Danley and Kocher 2001, Streelman et al. 2003, Konings 2007, Roberts et al. 2009, 

Genner and Turner 2012, O'Quin et al. 2013). Different color patterns might have 

mediated female assortative mating among the morphologically similar cichlids in Lake 

Malawi (Knight et al. 1998, Couldridge and Alexander 2002, Kidd et al. 2006a). A 

similar assortative mating pattern has also been documented for cichlids in Lake Victoria 

(Seehausen and van Alphen 1998, Selz et al. 2014) and Lake Tanganyika (Egger et al. 

2009). Intrasexual competition is another important driving force of color pattern 

divergence. For instance, male cichlids direct their aggression towards similarly colored 

individuals, thereby providing a frequency-dependent advantage for males which carry a 

novel color pattern (Dijkstra et al. 2007, Dijkstra et al. 2009, Danley 2011). However, 
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other mechanisms such as sensory exploitation (Egger et al. 2011, Smith et al. 2012), 

ecological constrains (Seehausen et al. 1999) and sexual antagonism (Roberts et al. 2009) 

might also play a role in cichlids evolution.  

Though the importance of male color pattern and female mate choice in cichlids 

speciation is frequently studied, the genetic mechanisms underlying these traits remain 

elusive. Identifying the genetics underpinning male color pattern and female mate choice 

is critical to understanding the genetic mechanisms governing cichlids speciation (Danley 

and Kocher 2001, Kocher 2004). Quantitative genetic analyses of male color pattern and 

female mate choice suggest that a small number of genetic factors are involved in these 

traits (Barson et al. 2007, Magalhaes and Seehausen 2010, O'Quin et al. 2012, Takahashi 

et al. 2013), but see Ding et al. (2014b). However, few studies have attempted to identify 

the genomic regions that control these complex traits in cichlids (Streelman et al. 2003, 

Roberts et al. 2009, Henning et al. 2013, O'Quin et al. 2013).  

In a previous study, I estimated that a large number of genetic factors are involved 

in the color pattern differences between a pair of Lake Malawi cichlids, while only 1-2 

genetic factors are involved in female mate choice (Ding et al. 2014b). To further 

understand the genetic mechanisms underlying these traits, this study aims to identify 

genomic regions that contribute to color pattern and female mate choice differentiation 

using QTL mapping. First, I generated a large number of single nucleotide polymorphism 

markers (SNP) through sequencing reduced representation genomic libraries (RAD-Tag) 

(Baird et al. 2008). Second, I identified the genetic markers that are associated with color 

pattern and female mate choice through mapping a population of F2 hybrid intercrosses. 

Third, I mapped these genetic markers to the draft reference genome of Maylandia zebra 
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to identify candidate genes potentially responsible for the differences of these phenotypes. 

To complement the QTL analysis for female mate choice, a genome wide association 

study (GWAS) was also performed. 

 

Material and Methods 

Study Species  

Maylandia zebra and Maylandia benetos are a pair of sympatric species from 

Lake Malawi. While M. zebra is a cosmopolitan species that occurs at many locations 

across the lake, M. benetos only inhabits Mazinzi Reef. The two species coexist and share 

similar habitats at this reef. However, both species are completely reproductively isolated 

in the laboratory and wild. Their ecology, behavior and morphology have been described 

in detail elsewhere (Danley 2011, Husemann et al. 2014). 

Since hybridization between the two species rarely occurs, hybrids were obtained 

by artificial fertilization following Ding et al. (2014b). Before the F2 siblings reached 

sexual maturity, male and female F2 hybrids were individually isolated to avoid any 

sexual experience. The water temperature was kept at 26-28°C. The light was kept at a 

12-hour day / night cycle by using timer controlled fluorescent lights. Fish were fed a 

mixture of food flakes twice daily.  

Phenotyping Male Color Pattern 

Fish were allowed to grow for a minimum of one year for sexual maturity. The 

scale from the first complete body bar (one scale from immediately below the lateral line) 

and the distal third of the pelvic fin were collected. The scale and pelvic fin tissue 

samples were then emerged in K
+
 rich aggregating fluid (Ohta 1974) to contract 
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melanophores. Melanophore quantity was assessed by counting the number of 

melanophores which occurs in a 0.25 mm
2
 area from both tissues at 30X magnification 

through a Nikon stereo microscope (SMZ1500). 

Phenotyping Female Mate Choice 

Female mate choice assays were run in 110cm x 28cm x 30cm tanks that were 

split into three compartments: two male compartments that flanked a central female 

compartment. Plastic grating composed of 15 mm squares (‘egg crate’) was used to 

divide the tank and to produce a false bottom to the tank; the latter prevented females 

from collecting their eggs during the mate choice assay. Single males of M. zebra and M. 

benetos were placed in each opposite flanking compartment and allowed to acclimate for 

at least 24 hours before mate choice assay starts. The males were size-matched for 

standard length (< 2mm difference). In each female mate choice trial, a single 

reproductive female, as determined by her swollen abdomen and slightly protruded 

genital papilla, was introduced to the central compartment. To quantify female mate 

choice, the introduced female remained in the tank until it had laid eggs. Eggs that were 

laid on either M. zebra or M. benetos side of the compartment were counted. Trials in 

which eggs were laid in the center compartment were rare and were excluded from the 

analysis. An index of female mate choice was expressed as the number of eggs laid in M. 

zebra compartment minus the number of eggs laid in M. benetos compartment divided by 

the total number of eggs that the female laid in a single trial. This index ranges from +1 

(individuals sexually isolated from M. benetos) to -1 (individuals isolated from M. zebra). 

Each female was tested three times in three different arenas against three different pairs 

of males. The average of these three trials, which females exclusively mated with M. 
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zebra or M. benetos, was the mate choice index used for the subsequent QTL mapping 

and GWAS analyses. 

Genotyping the Hybrid Population 

High quality genomic DNA was extracted from the fish fin clips using DNeasy 

Blood & Tissue Kits (QIAGEN, Inc. California, USA). The amount of DNA was 

quantified with Quant-It PicoGreen dsDNA Assay Kit (Molecular Probes, Inc. Orland, 

USA). 3 μg of high molecular weight (> 50 kb) DNA was extracted from each fish and 

normalized at a concentration equal or greater than 30 ng / μL. The molecular weight was 

determined by electrophoresis with 1 kb DNA ladder (BioLabs, Inc. Georgia, USA). The 

standardized DNA samples were submitted to Floragenex, Oregon, which generated the 

reduced representation DNA libraries using a RAD-Tag protocol by Baird et al. (2008). 

In brief, sequencing adaptors and individual barcodes were ligated to PstI-digested total 

genomic DNA, and the resulting fragments were sequenced from the restriction sites. 

Individually barcoded samples were jointly sequenced on the Illumina GAIIx / HiSeq 

platform with single-end 100-bp chemistry. A total of 73 individuals, including two 

grandparents, seven F1 hybrids, 64 F2 were genotyped. 

Sequence quality (Illumina 1.9+ quality score encoding) statistics were assessed 

by FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html) and FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were processed for 

individual barcodes and then aligned to M. zebra reference genome 

(http://www.ncbi.nlm.nih.gov/Traces/wgs/?val=AGTA02#contigs) with Bowtie 

(Langmead et al. 2009). Reads were quality filtered by requiring a quality score of at 

least 15. Any short reads that matched more than one location in the genome were 

http://hannonlab.cshl.edu/fastx_toolkit/index.html
http://www.ncbi.nlm.nih.gov/Traces/wgs/?val=AGTA02#contigs
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discarded for downstream analyses. For each short read alignment, a maximum of three 

mismatches was allowed. The Bowtie alignment generated the sorted binary alignment 

map (BAM) files, which were inspected with BAMStats (http://bamstats.sourceforge.net/) 

for summary statistics. These BAM files were subsequently taken by SAMtools and used 

to generate pileup files to call the variants. SNP variants were stored in the Variant Call 

Format (VCF) (Danecek et al. 2011). The VCF files were indexed and compressed with 

VCFtools, and visualized in the integrative genome viewer (Thorvaldsdottir et al. 2013). 

The initial SNP table comprised 28,898 putative SNPs, however, only SNPs which were 

covered by a minimum of four reads at each locus were accepted. A minor allele 

frequency (MAF) of 0.075 was applied to filter out rare alleles in the genome. The SNP 

would only be retained if 90% of individuals were genotyped at the same locus. This 

allowed detecting alternative alleles if present while reducing the number of paralogous 

SNP from repetitive DNA elements. Finally, I removed all SNP candidates with three or 

more alleles and excluded SNP which were monomorphic across the two parental species. 

The resulting loci that were differentially fixed between the parental species and were in 

Hardy-Weinberg Equilibrium (HWE) after Bonferroni correction were exported for QTL 

mapping analysis. 

Linkage Map and QTL Mapping 

The VCF file was transformed to a R/qtl format with a custom PYTHON script. 

The linkage map was created using R/qtl (Broman and Saunak 2009). The melanophore 

count data for both fin and scale tissues were natural log transformed to improve 

normality. Firstly, marker regression (ANOVA) and interval mapping methods such as 

the EM algorithm, Haley-Knott regression and Extended Haley-Knott regression models 

http://bamstats.sourceforge.net/
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were applied for a single QTL analysis. The 5% genome wide significance level 

logarithm of odds (LOD) threshold was determined for the scale and fin melanophore 

count after 1000 permutations based on the observed data. Secondly, I applied a two QTL 

scan model to identify the loci with potential interactions that might be responsible for 

each of these three traits. QTL intervals were examined for significance by determining 

the Bayesian credible interval. Candidate genes in these credible intervals were identified 

with the gene annotations found in the M. zebra draft genome and literature searches. 

Finally, a case-control GWAS was conducted for female mate choice using GenABEL in 

R (Aulchenko et al. 2007). All females that exclusively mated with M. benetos were 

considered as cases, while the individuals exclusively mated with M. zebra were treated 

as controls. All SNP alleles and genotypes were individually analyzed for association 

with female mate choice using a generalized linear mixed model to account for 

relatedness among individuals (Kenny et al. 2012). The genome wide significance level 

was determined by the Bonferroni correction (Ma et al. 2013). The influence of family 

structure was assessed by examining the distribution of test statistics generated from the 

association tests and assessing their deviation from the null distribution from a quantile-

quantile (Q-Q) plot.  

 

Results 

 

 

RAD-tag Sequencing and Genetic Map Summary 

 

A total of 73 individuals were genotyped. Each sample, on average, yielded 4.1 

million reads. After applying all SNP filters, 2,648 SNP were retained for downstream 

analyses. Among these 2,648 SNP, 346 loci were alternatively fixed between the two 



57 

 

parental species. The HWE test further excluded 21 markers for the genetic map 

construction. 325 alternatively fixed SNP were used to construct a genetic map from the 

64 intercross hybrids. 33 linkage groups were generated with a LOD score of 5.0 and a 

recombination threshold of 0.35 (three additional linkage groups with single marker were 

excluded) (Figure 4.1).  

 

 

Figure 4 1. The genetic map comprises 33 linkage groups generated from 64 individuals with 325 SNP 

markers. 

 

 

The average genotype completeness was 86.5%, and the frequencies of each 

genotype class were 30.1% AA, 38.3% AB, and 31.6% BB (A designated for M. zebra 

allele, B designated for M. benetos allele). The percentage of the phenotyped scales, fins 

and mate choice was 96.8%, 96.8%, 100%, respectively. The total length of the genetic 

map was 2824.8 centi-Morgan (cM). The average distance between two markers was 9.8 

cM. The maximum distance between two markers was 49.6 cM. 
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QTL Scan and Detection 

In the single QTL analysis, several putative QTL associated with color pattern 

were identified. However, none of them reached the genome wide statistically significant 

level. The SNP markers that associated with the scale melanophore count with the highest 

LOD score (LOD = 3.23) was gi|393994729|gb|AGTA02039838.1|.28043r (Figure 4.2 

and 4.3, Left). This marker was situated on LG 29 at 35.7 cM. However, this marker’s 

LOD score did not meet the genome-wide significant threshold of LOD = 4.15 at the 5% 

significance level. The marker with the second highest LOD score (LOD = 3.14) for 

single marker regression analysis was gi|393927322|gb|AGTA02071231|.744r. The single 

marker and interval mapping results for scale melanophore count were summarized in 

Table 4.1. 

The marker with the highest LOD score for the fin melanophore count was 

gi|393972034|gb|AGTA02052502.1|.6338r (Figure 4.2 and 4.3, Right), which situated on 

LG 15 at 78.2 cM (LOD = 3.73). The LOD score of this marker failed to meet the 

genome-wide significant threshold of LOD = 3.97 at the 5% significance level. The 

marker with the second highest LOD score (LOD = 2.90) for single marker regression 

analysis was situated on LG 14 at 83.98 cM. The single marker and interval mapping 

results for fin melanophore count were summarized in Table 4.2. 

The marker with the largest LOD score for female mate choice was 

gi|393940877|gb|AGTA02064455|.635r at 177 cM in LG1 (LOD = 2.19), which fell short 

of the 5% significance level (LOD = 3.8). This locus was not annotated due to the low 

statistical confidence. 
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Table 4.1. Summary of single QTL analysis for scale melanophore count 

 

Algorithm Marker  LOD 

Marker regression gi|393994729|gb|AGTA02039838.1|.28043r 3.23 

 gi|393927322|gb|AGTA02071231|.744r 3.14 

Standard interval mapping gi|393927322|gb|AGTA02071231|.744r 3.49 

Haley-Knott regression gi|393927322|gb|AGTA02071231|.744r 3.56 

Extended Haley-Knott regression gi|393927322|gb|AGTA02071231|.744r 3.43 

Multiple imputation gi|393927322|gb|AGTA02071231|.744r 3.52 

 

 

 

Table 4.2. Summary of single QTL analysis for fin melanophore count 

 

Algorithm Marker  LOD 

Marker regression gi|393972034|gb|AGTA02052502|.6338r 3.73 

 gi|393974136|gb|AGTA02051451|.1198r 2.90 

Standard interval mapping gi|393974136|gb|AGTA02051451|.1198r 3.50 

Haley-Knott regression gi|393974136|gb|AGTA02051451|.1198r 3.07 

Extended Haley-Knott regression gi|393974136|gb|AGTA02051451|.1198r 3.57 

Multiple imputation gi|393974136|gb|AGTA02051451|.1198r 3.23 

 

 

 

 

Figure 4.2. Effect plots for scale at the marker (gi|393994729|gb|AGTA02039838.1|.28043r) with the 

highest LOD score of 3.23 and fin at the marker (gi|393972034|gb|AGTA02052502.1|.6338r) with the 

highest LOD score of 3.73. The black circle represents the observed genotypes and the red circle represents 

the imputed genotypes. 
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Figure 4.3. LOD scores by single QTL mapping for scale (Left) and fin (Right). 

 

 

The subsequent mapping of the genetic variants back to the reference genome 

showed two candidate genes that may be responsible for both the scale and fin phenotype 

differences. SNPs with the highest LOD scores for both pigmentation phenotypes 

mapped to a region believed to contain the kita and csf1rb genes. kita contributes to 

melanogenesis in Danio rerio, whereas csf1rb (colony-stimulating factor 1 receptor β) is 

a receptor tyrosine kinase in Danio, and involves the pigmentation pattern diversification 

in Danio (Parichy and Johnson 2001). 

In the two QTL genome scan, the SNP with the highest LOD scores for the scales 

were located on LG2 at 15 cM and LG12 at 30 cM (Figure 4.4, Left) (Tf = 8.47, Tfv1 = 

5.53, Ti = 3.66, Ta = 4.81, Tav1 = 1.86). The SNPs with the highest LOD scores for the fins 

were located on LG13 at 2.5 cM and LG14 at 82.5 cM (Figure 4.4, Right) (Tf = 9.79, Tfv1 

= 6.29, Ti = 4.69, Ta = 5.11, Tav1 = 1.61), the LOD threshold of 5% genome wide 

significance level for the two QTL model for the fin melanophore count were (Tf = 11.02, 
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Tfv1 = 9.13, Ti = 8.28, Ta = 7.07, Tav1 = 4.19). Therefore, no evidence of QTL for the 

melanophore counts in fin either. 

As to the mapping of female mate choice, the two loci with the highest LOD score 

identified were located on LG1 at 175 cM and LG11 at 110 cM (Tf = 7.65, Tfv1 = 5.5, Ti = 

4.95, Ta = 2.71, Tav1 = 0.56), the LOD threshold at 5% genome wide significance levels 

for the two QTL model were (Tf = 561, Tfv1 = 560, Ti = 555, Ta = 567, Tav1 = 565). Given 

the low confidence of the LOD scores, no candidate gene annotation was carried out for 

mate choice either. 

 

 
 

Figure 4.4. Interaction plots for scale between the marker at 15 cM of LG2 and 30 cM of LG12 and for fin 

between the marker at 2.5 cM of LG13 and 82.5 cM of LG14. 

 

 

Population stratification usually leads to false positive results for GWAS studies. 

The Q-Q plot of the test statistics in GWAS were shown in Figure 4.5. No evidence of 

overall systematic bias for female mate choice was indicated. The genomic inflation 

factor (λ) was well below 1, indicating that no strong stratification existed (Clarke et al. 

2011). 
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No statistically significant SNP at the genomic scale were identified for female 

mate choice (Figure 4.6). The marker with the most significant corrected p value (0.0059) 

was gi.393959440.gb.AGTA02058803.1568r. However, the p value changed to 0.985 

after applying the genome wide correction. The top five most significant markers were 

shown in Table 4.3 (before correction) and Table 4.4 (after correction). 

 

 

Figure 4.5. Quantile-quantile plot for the female mate choice. The horizontal axis indicates the expected -

log10(P-values) and the vertical axis indicates the observed -log10(P-values). Black line of slope 1: expected 

under no inflation, Red line: fitted slope. It shows minor deviations from the null distribution except in the 

upper tail of the distribution, this pattern suggests that no population structure is unaccounted for. 

 

 

 

Figure 4.6. Manhattan plot showing the significance of association between 342 SNP and female mate 

choice. No statistically significant SNP were associated with female mate choice. The blue and green dots 

represent SNP markers in each LG. 
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Table 4.3. Description of SNP significantly associated with female mate choice. 

 

Chromosome Position Strand χ².1df P1df χ².2df P2df Pc1df 

1 145 + 7.57 0.01 7.61 0.02 0.01 

1 157 + 6.84 0.01 6.87 0.03 0.01 

1 152 + 6.63 0.01 7.45 0.02 0.02 

6 169 + 6.46 0.01 6.48 0.04 0.01 

27 13 + 5.70 0.02 5.90 0.05 0.03 

 

 

Table 4.4. Description of SNP significantly associated with female mate choice after genomic wide scale 

correction. 

 

Chromosome Position Strand χ².1df P1df χ².2df P2df Pc1df 

1 145 + 7.57 0.61 -0.47 7.61 0.99 

1 157 + 6.84 0.77 -0.46 6.87 1 

1 152 + 6.63 0.79 0.50 7.45 0.995 

6 169 + 6.46 0.82 -0.43 6.45 1 

27 13 + 5.70 0.94 -0.46 5.90 1 

 

Pc1df P-values from the 1-d.f. test for association between SNP and trait, which is corrected for inflation. 

P1df corresponding list of P-values of 1-d.f (additive or allelic) test for association between SNP and trait. 

P2df corresponding list of P-values of 2-d.f (genotypic) test for association between SNP and trait. 

χ².1df is the χ² test for alleles for one degree of freedom. 

χ².2df is the χ² test for genotypes for two degree of freedom. 

 

 

Discussion 

 

 

The Relationships between Gene Duplication and the Diversification of Lake Malawi 

Cichlids Color Pattern 

 

Identifying the genetic basis of color pattern can facilitate our understanding of 

the role of color pattern diversification in cichlid evolution. In this study, I identified 

several SNPs correlated with melanistic pigmentation. Though the relationships between 

SNPs and pigmentation phenotypes never reached statistical significance, by localizing 

these markers within the draft genome of M. zebra I have identified two candidate genes 

potentially involved melanistic patterning. The candidate genes for scale melanophore 
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count differences were kita and csf1rb. kita is known to involve in melanocyte stem cell 

fate decisions in zebrafish embryos (O’Reilly-Pol and Johnson 2013), melanocyte 

migration and survival (Rawls and Johnson 2003, Mellgren and Johnson 2004, Dooley et 

al. 2013) and overall color pattern of Danio fishes (Parichy et al. 2000, Mills et al. 2007). 

The second gene, csf1rb, also influences pigmentation pattern formation in zebra fish. 

Surprisingly, the sequences of both genes were in the same chromosomal block and 

highly conservative across many other teleost species. The conservative syntenies of 

these paralogues have also been identified in the genomes of pufferfish and medaka and 

other cichlids. Interestingly, both kita and csf1rb had been shown to have undergone at 

least two rounds of genome duplication (Braasch et al. 2006). Genome duplication 

allowed the repetitive elements to accumulate and these duplicated paralogues were 

under less selective pressure, thus evolving in a faster rate. This can create genetic source 

for the evolution of phenotypic novelty and speciation (Ohno 1970, Lynch and Conery 

2000, Zhang , Wu and Ting 2004, Diepeveen et al. 2013, Machado et al. 2014). The 

accelerated evolution rate of the duplicated genes has recently been observed in other 

genes in the cichlid genome as well (Braasch et al. 2006, Watanabe et al. 2007, 

Diepeveen et al. 2013). The divergence of these genes has been suggested to be 

associated with the diversification of cichlid color patterns (Braasch et al. 2006). Studies 

also found that the astonishing diversity of the teleost fishes were accompanied by a third 

round of fish specific genome duplication (Meyer and Van de Peer 2005, Santini et al. 

2009). Since these duplicated genetic elements were independent in the genome, this 

could potentially create an array of phenotypes that selection can act upon, rendering a 
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higher propensity to generate a greater phenotypic diversity (Parsons et al. 2012, Maan 

and Sefc 2013). 

Though these candidate genes are promising, none of the SNPs were statistically 

significant. Several factors have likely contributed to this. This study utilized a small 

sample size reducing the power of the study. In addition, my previous study suggested 

that both fin and scale color pattern phenotypes were controlled by a large number of 

genetic factors which is consistent with the general observation that sexually selected 

characteristics that distinguish taxa typically involve a polygenic basis (Coyne and Orr 

2004). The likely polygenic basis of melanistic coloration hampered my ability to map 

loci with a smaller genetic effect.  

Female mate choice is another important factor contributing to the extraordinary 

diversification of cichlids. Although many sexual selection models of female mate choice 

have been proposed to explain the diversity of cichlids, the empirical genetic study is 

scarce. The quantitative genetic architecture of cichlid female mate choice has only been 

studied from a pair of cichlids in Lake Victoria (Haesler and Seehausen 2005) and Lake 

Malawi (Ding et al. 2014b). Both studies suggest that only a limited number of genetic 

factors were involved in female mate choice; the latter study further revealed partial gene 

dominance of female mate choice alleles. Though both studies have facilitated the 

understanding of how genetic architecture may influence cichlids speciation, the 

underlying genetic mechanisms remain unknown. The current study is a first attempt to 

genetically dissect female mate choice in cichlids. However neither QTL mapping nor 

GWAS uncovered any statistically significant locus associated with female mate choice. 

One obvious explanation is the lack of statistical power due to the relatively small sample 
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size and the limited number of genetic markers. This is especially true for the genome 

wide association study, which usually requires tens of thousands of SNP markers when 

no prior genetic knowledge of the trait of interest is available (Pettersson et al. 2009). In 

addition to small sample size and number of genetic markers, other factors such as 

imprinting might also limit the ability to identify genes associated with female mate 

choice. In this experiment, only the hybrid F1 females were allowed to mate freely with 

hybrid F1 males in the breeding tank, the fertilized eggs were then removed from the 

buccal cavity after one to two days to hatch in an incubator. It is known in cichlids that 

early imprinting could influence female mate choice (Barlow et al. 1984, Verzijden and 

ten Cate 2007); however, no study has examined the effects of imprinting in this species 

pair used in my experiment. Nevertheless, it is unlikely that imprinting would have such a 

large effect, as all of the F2 were derived from three female fish, imprinting would affect 

every embryos equally and not result the clear segregation of mating preference as shown 

in Ding et al. (2014b). Despite that, it would have been more prudent to treat the hybrid 

F1 females the same as treating their parental species when generating hybrid broods. 

Future Directions 

Genotyping a larger mapping population will address the lack of statistical power 

observed in this study. Alternatively, a future study should harness the recently developed 

genomic resources and design SNP markers around the candidate genes to conduct a 

candidate gene mapping study. More efficient genotyping methods such as a SNP array 

would dramatically increase the genotyping success rate for each single locus; this will 

also give more statistical power to detect the candidate gene responsible for the 

phenotypes of interest. 
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As for the genetic basis of female mate choice, transcriptomic profiling of fish 

brain would be a promising alternative. It is well established that specific transcripts were 

expressed when females chose their mates (Cummings 2012, Fan et al. 2013); however, 

this method has not been applied to cichlid mate choice yet. It will be a promising 

complementary to QTL mapping to identify loci associated with cichlids female mate 

choice.  
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CHAPTER FIVE 

Habitat Complexity Predicts the Community Diversity of Rock-dwelling Cichlid Fish in 

Lake Malawi, East Africa 

 

This chapter published as: Baoqing Ding, Jason Curole, Martin Husemann, and Patrick D. 

Danley (2014). Habitat complexity predicts the community diversity of rock-dwelling 

cichlid fish in Lake Malawi, East Africa. Hydrobiologia. 

 

 

Introduction 

 

Understanding the factors regulating species diversity is a central goal in ecology, 

conservation biology, and macroevolutionary biology. A variety of factors can influence 

species diversity including historical events (Ricklefs and Schluter 1993, Wiens and 

Donoghue 2004), immigration and extinction (MacArthur and Wilson 1963, Rosenzweig 

1995), latitudinal gradients (Willig et al. 2003), area size and productivity (Wright 1983), 

rate and degree of disturbance (Petraitis et al. 1989), competition (Vandermeer 1970), 

and habitat complexity (Ricklefs and Schluter 1993, Huston 1994). Among these factors, 

the relationship between habitat complexity and species diversity seems universal 

(Kovalenko et al. 2012). First quantified by MacArthur and MacArthur in their study of 

tropical birds (MacArthur and MacArthur 1961), this association was later confirmed in a 

variety of organisms, including insects (Whitmore et al. 2002, Lassau and Hochuli 2004) 

and other invertebrates (Kohn and Leviten 1976, Heck and Wetstone 1977, Parr et al. 

2010), reptiles (Petren and Case 1998, D'Cruze and Kumar 2011), fish (Roberts and 

Ormond 1987, Ferreira et al. 2001, Brian and Martin 2005, Gratwicke and Speight 2005, 

Willis et al. 2005) and small mammals (August 1983, Williams et al. 2002). Although the 

relationship between habitat complexity and species diversity has been well documented 
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in many aquatic systems (Cunha et al. 2012), it is still poorly understood in lakes, except 

in the context of anthropogenic disturbance and restoration (Tews et al. 2004).  

Here I examine the role of several environmental factors, particularly habitat 

complexity, in shaping the cichlid fish diversity in Lake Malawi. The lake supports well 

over 700 haplochromine cichlid fish species, all of which likely descended from a single 

common ancestor within the past two to four million years (Koblmüller et al. 2008a). The 

rock-dwelling cichlids, or mbuna, are among the most diverse lineages in the lake. They 

are represented by several hundred species, many of which are locally endemic. At any 

given rocky habitat, 30 or more species may co-exist and utilize this habitat for feeding, 

shelter, and reproduction (Ribbink et al. 1983). These large numbers of sympatric species 

provide an excellent opportunity to elucidate the mechanisms that contribute to the 

distribution and maintenance of species diversity.  

A number of factors have been suggested to account for the remarkable diversity 

of Lake Malawi’s cichlid fish. The great depth of the lake, for example, is believed to 

have allowed cichlid fish to persist through the East African mega-droughts (Danley et al. 

2012), and the long and heterogeneous shoreline likely facilitated the divergence of even 

geographically proximate populations (Danley et al. 2000, Genner et al. 2004). 

Throughout the lake, species richness negatively correlates with water depth (Ribbink et 

al. 1983, Genner and Turner 2005, Albertson 2008, Parnell and Streelman 2011). Biotic 

factors such as trophic partitioning (Ribbink et al. 1983, Albertson 2008), mate choice 

(Van Oppen et al. 1998), dispersal rates (Trendall 1988) , migration (Danley et al. 2000), 

extinction (Seehausen et al. 1997), and anthropogenic translocation (Trendall 1988, 

Genner et al. 2006) can all influence mbuna diversity. However, despite this extensive 
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work the relationship between habitat complexity, spatial scale and cichlid diversity still 

remains poorly quantified in Lake Malawi. 

To identify the major environmental factors determining the diversity of mbuna 

communities, I quantified the relationship between mbuna diversity and a variety of 

environmental variables at different sampling sites across the lake. To quantify the 

similarities of mbuna communities at different spatial scales, I further generated 

community similarity matrices across the lake at both the species and functional levels 

and examined how different environmental variables predict the similarities among 

different communities. 

 

Material and Methods 

 

Community Survey 

To investigate the relationship between environmental features and mbuna 

diversity, seven sites with rocky substrate were studied in Lake Malawi between 14 May 

and 13 June 2010 (Figure 5.1, Table 5.1). A nested sampling design using a large range 

of distances within and between sites was employed to investigate large-, intermediate-, 

and fine-scale spatial patterns. To investigate large-scale diversity patterns I sampled 

cichlid communities greater than 100 km apart. Cichlid communities separated by 1 km 

to 100 km were sampled to investigate the effects of intermediate geographic distances. 

Analysis at the fine spatial scale included transects less than 100 m apart at the same site.  

At each site two 20 m long transect lines running perpendicular to the shoreline 

were established. Along each transect three positions at randomly selected distances from 

the shoreline were chosen. On both sides of these three positions a 2 m × 2 m quadrat was 

placed on the substrate perpendicular to the transect line. These quadrats, with centres 



71 

 

two metres from the transect line, defined the area of data collection. Thus, 12 quadrats 

were sampled at each site except for Chiofu Bay, where only 10 quadrats were sampled 

(at Chiofu Bay transect 1, six quadrats were sampled; at Chiofu Bay transect 2, four were 

sampled). 

To document the mbuna community in each quadrat, a diver placed the quadrat on 

the substrate and moved away to allow fish to acclimate for 10 minutes. The diver then 

returned to the quadrat and allowed the fish to acclimate to the diver’s presence for an 

additional five minutes. After acclimation, the diver recorded the number of adult 

individuals of each mbuna species entering from the left side of the quadrat during a 10 

minute observation period to avoid repeat counting. Species identification and 

classification followed Konings (2007) and Ribbink et al. (1983). Water samples were 

taken at the centre of each quadrat at the depth of the substrate and water temperature, 

conductivity, pH, and salinity were measured with a YSI 556 Multiparameter System 

Probe (DBA Instrumart, South Burlington, VT, USA). Lateral Secchi distance was used 

to estimate turbidity at each quadrat. Lateral Secchi distance was measured as the 

distance at which a diver, located at the quadrat, could no longer distinguish black from 

white on a horizontally displaced Secchi disk. The depth of the quadrat centre was 

measured with a dive computer (Subgear XP-10, Wendelstein, Germany). 

Two variables quantifying habitat complexity were used: rock complexity and 

rugosity. Rock complexity of the substrate was quantified at each quadrat using the 

Shannon-Wiener index, similar to the methods established by Willis et al. (2005). Six 

strings spanning opposing sides of the quadrat created a 4 × 4 grid of 0.5 × 0.5 m cells 

with nine cross string nodes. At each node, the underlying substrate was categorized as: 1) 
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sand, 2) pebble (< 20 cm along its long axis), 3) cobble (20-50 cm along its long axis), 4) 

boulder (50-150 cm along its long axis), or 5) bedrock (> 150 cm along its long axis). To 

generate relative frequencies for substrate types in each quadrat, the number of 

occurrences of each substrate type in a quadrat was summed and divided by nine.  

 

 

 

 

Figure 5.7. Lake Malawi showing the seven sampling sites covering both large and small geographical 

distances. 

 

Rugosity, the topographic complexity of the substrate within the quadrat 

(Shumway et al. 2007), was measured by draping a flexible metal chain across the 

quadrat, keeping the chain parallel to the lake shore and cautiously following the contour 

of the substrate such that all chain links were in contact with the substrate. The chain 

length required to span the quadrat was divided by the linear distance (2 m). This process 

was repeated three times at 50 cm intervals and the mean of these three values was used 



73 

 

to quantify the quadrat’s rugosity. A rugosity value of 1.0 describes a flat substrate and 

rugosity increases with increasing irregularity of the substrate.  

 

Table 5.1. Coordinates and number of species of each transect in the study 

 

Study site Latitude(S) Longitude(E) 

Number of 

observed species 

Boadzulu Island 1 14.15004 35.08506 7 

Boadzulu Island 2 14.15950 35.08546 10 

Chiofu Bay 1 13.31941 34.52013 8 

Chiofu Bay 2 13.32033 34.51884 10 

Maleri Island 1 13.53729 34.37130 11 

Maleri Island 2 13.53633 34.37164 5 

Nakantenga 1 13.54987 34.38568 13 

Nakantenga 2 13.54949 34.38626 15 

Thumbi West Island 1 14.01438 34.49437 16 

Thumbi West Island 2 14.01434 34.49397 14 

Otter Point 1 14.02366 34.49338 1 

Otter Point 2 14.02321 34.49375 2 

Nkhata Bay 1 11.36522 34.18057 7 

Nkhata Bay 2 11.36418 34.18197 18 

 

Data Analysis 

 

To test the similarity of the measured environmental variables across all sample 

sites, a mixed-model nested analysis of variance (ANOVA) was used. Rugosity, 

hydrochemical measurements, and species count data were log10(x+1) transformed to 

improve normality of the data. The significance of pairwise correlations between 

different environmental variables was examined with a t-test. 

The Simpson’s index was calculated to describe mbuna diversity (Simpson 1949). 

I used classification and regression tree analysis (CART) to identify the major 

environmental variables which affect mbuna diversity (Rejwan et al. 1999). CART 

divides the dataset recursively into increasingly homogenous subsets with respect to the 

defined groups and provides a regression tree with an associated dichotomous key to sort 
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samples into statistically significant different groups (McCune et al. 2002). After tree 

construction, cross-validation (n = 1000) procedures were used to prune the tree and 

avoid over fitting the variables in the model. The analysis is implemented in the mvpart 

library in the statistical package R (Therneau et al. 2012). The same analysis was applied 

to test the relationships between environmental variables and cichlid diversity at the 

functional (generic) level (see below).  

The Bray-Curtis dissimilarity index was calculated for each transect to evaluate 

how communities varied across different geographical scales. For each transect, I pooled 

the counts of each species from the 6 local quadrats to allow for comparisons between 

transects while discarding within transect variation. Geographical distances were 

calculated from GPS coordinates with the distGPS function in the SoDA package 

(Chambers 2008) in R. I then generated linear and nonlinear regression models to 

estimate the relationship between spatial distance and community divergence across the 

study transects. The best models for both linear and nonlinear regression were determined 

by utilizing a least squares approach. Having identified the best linear and non-linear 

models, lack-of-fit test is performed for model selection using ANOVA with two 

arguments: the nonlinear regression fit as the first argument and the linear fit as the 

second argument. 

Mbuna genera are distinguished by unique trophic structures that reflect genus 

specific adaptations to different food sources (Ribbink et al. 1983). Therefore, genera can 

be regarded as functional groups in the mbuna. To determine how environmental 

variables affect the differences of cichlid fish communities at the functional level, species 

data were collapsed to the level of genera. Hierarchical agglomerative cluster analysis 
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was utilized to determine the similarity of functional groups in each community (Lavorel 

et al. 1997, Hooper et al. 2002). An indicator species analysis (Dufrene and Legendre 

1997) was used to assign clusters into statistically significant groups. These groups were 

evaluated based on the calculation of the indicator value (IndVal) of genera in each 

cluster. To visualize these groups, nonmetric multidimensional scaling (NMDS) was used. 

Environmental variables correlated with community similarities at the generic level were 

determined using linear correlation. All analyses were performed in R statistical package 

(R Development Core Team 2012).  

 

Results 

 

 

Community Surveys and Environmental Variables 

A total of 82 quadrats at seven locations across the lake were sampled. Within 

these 82 quadrats, 54 mbuna species belonging to 12 genera were observed. Maylandia 

(synonymous with Metriaclima) zebra, was present at 45 of 82 quadrats (54.9 %) and 

was the most frequently observed species. In contrast, most species were restricted to a 

limited number of quadrats. Species richness was highest at Nkhata Bay, where as many 

as 15 species were recorded in a single quadrat. Otter Point had the lowest species 

richness with only two species observed across all quadrats. However, it is important to 

note that these data represent only the numbers of species recorded during our 

observation periods and therefore are not a complete record of the species at each site. 

Mixed model nested analysis of variance indicates that the majority of 

environmental parameters varied significantly within sites, but not differ among sites 

(Table 5.2). Rugosity, rock complexity, salinity, pH and lateral Secchi distance all varied 
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significantly within sites, but did not differ among sites. Only temperature and depth 

differed significantly among sites. Temperature varied within sites, but depth did not. 

Conductivity showed no significant difference at either level. The pairwise correlations 

between different environmental variables were examined (Appendix B, Figure B.1). 

Water depth and secchi distance were significantly correlated (p < 0.001). Salinity was 

significantly correlated with pH (p = 0.006) and conductivity (p < 0.001). Water 

temperature was significantly correlated with the distance to the lake shore (p = 0.003) 

and depth (p < 0.001). No other significant correlations were identified. 

Cichlid Diversity Correlates with Habitat Complexity  

CART analysis revealed that rugosity was significantly positively correlated with 

mbuna diversity at the species (r
2
= 0.14, p < 0.01) and functional level (r

2 
= 0.12, p < 

0.01). At the species level, a habitat with a rugosity greater than 1.18 supported a more 

diverse community (mean Simpson index = 0.79, Figure 5.2, Left), whereas when 

rugosity was less than 1.18, less diverse communities were supported (mean Simpson 

index = 0.58). At the functional level, as with the species analysis, a habitat with higher 

rugosity (≥ 1.24) supported a more diverse functional group community (mean Simpson 

index = 0.245, Figure 5.2, Right). When rugosity was less than 1.24, less diverse 

functional groups were supported (mean Simpson index = 0.196). No other 

environmental variables were found to significantly influence species level or functional 

group diversity at the studied sites. 
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Table 5.2. Results of mixed model nested analysis of variance (ANOVA) with 1000 permutations on 

selected environmental variables across sample sites. 

 

 

 Among 

Sites 

  Within 

Sites 

 

Environmental variables d.f. F Pr(>F) d.f. F Pr(>F) 

Rugosity 6 2.6832 0.1149 7 6.8967 0.0010 

Rock Complexity            6 2.6220 0.1419 7 3.5603 0.0190 

Salinity 6 1.0305 0.4325 7 1.9376 0.0070 

pH 6 1.3456 0.3367 7 4.4054 0.0040 

Lateral Secchi Distance 6 4.5580 0.0550 7 3.4060 0.0150 

Temperature 6 6.1810 0.0080 7 3.2950 0.0360 

Depth 6 5.6215 0.0240 7 1.7889 0.1386 

Conductivity 6 0.6620 0.6980 7 1.4960 0.0850 

 

 

 
 

Figure 5.8. Scatterplots of Simpson Diversity and rugosity at the species (Left) and the functional levels 

(Right). Each point represents a sampled quadrat. The dotted line shows the partitioning of species diversity 

into two groups as identified by the classification and regression tree analysis. Rugosity values to the right 

of the line support a more diverse community, to the left a less diverse community.  

 

 

Community Similarity Decays Rapidly Across Limited Spatial Distance  

We examined the relationship between geographic distance (n) and community 

composition (S(n)). The lack-of-fit test was highly statistically significant (F = 31.518, d.f 

= 1, p < 0.001), indicating that the non-linear model better reflected the relationship 

between geographic distance and community dissimilarity. Our non-linear regression 
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showed a significant correlation between the two (F = 18.9, d.f = 89, p < 0.001, adjusted 

r
2
 = 0.29). The estimated model was: 

S(n) = -0.028/n + 0.816 

 

This relationship (solid line in Figure 5.3) demonstrated that across small 

geographic distances (less than ~4 km) community dissimilarity increased with distance, 

but for more widely spaced communities dissimilarity was not correlated with geographic 

distance.  

 

 

Figure 5.9. Relationship of community dissimilarity and geographic distance modelled with nonlinear 

regression.  

 

Habitat Complexity Predicts Functional Diversity of Cichlid Fish 

The cluster analysis of the functional group diversity in each quadrat showed a 

less distinct geographic pattern. As visualized on an NMDS plot (Figure 5.4), the 

Hierarchical agglomerative cluster analysis indicated that quadrats from different sites 

grouped together (Appendix B, Figure B.2). The indicator species analysis identified 

three significantly differentiated groups from the quadrats analysed at the functional level 
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(IndVal = 293.31, Appendix B, Figure B.3). The first was a large group comprising 

samples from all sampling sites with high diversity of genera (mean of the Simpson index 

= 1, S.D = 0) (Figure 5.4). The second was a smaller cluster consisting of samples from 

Maleri Island, Otter Point and Nkhata Bay (mean of the Simpson index = 0.74, S.D = 

0.06) (Figure 4.4). The third comprised quadrats from Otter Point/Nkhata Bay (mean of 

the Simpson index = 0.26, S.D = 0.28) (Figure 5.4). Rugosity showed a positive 

correlation with community diversity at the functional level: as the rugosity increases, the 

functional diversity of the community also increases. It accounted for the greatest amount 

of variance (r2 = 0.38, p< 0.01).  

 

Discussion 

Species Diversity 

Our analysis suggests that within the rocky habitats most abiotic variables are 

homogeneous across all sampled sites, but highly heterogeneous within sites. The inshore 

habitats of Lake Malawi consist of a heterogeneous patchwork of rocky, sandy, and 

marshy stretches. The heterogeneous nature of the shoreline (Ribbink et al. 1983), 

combined with the highly lithophilic nature of the mbuna (Markert et al. 1999), has 

resulted in the evolution of species that consist of highly fragmented populations with 

very low levels of gene flow between them (Arnegard et al. 1999). Thus, the 

heterogeneous nature of Lake Malawi’s shoreline is believed to have played an important 

role in the diversification of its cichlids.  
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Figure 5.10. Scatter plot of sites relative to the first and second MDS (multidimensional scaling) axes. 

Three groups are identified: 1) a low diversity cluster comprised primarily of quadrats from Otter Point, 2) 

an intermediate diversity cluster comprised of quadrats from Maleri Island, Otter Point and Nkhata Bay and 

3) a high diversity cluster comprising the rest of the quadrats. Arrow is regressed rugosity (r
2
 = 0.38) with 

length scaled to r
2
.  

 

 

Though many environmental variables significantly varied within each site, only 

rugosity was a robust predictor of mbuna community diversity. As rugosity increases, so 

did the species richness in a community. High rugosity might provide a variety of 

benefits for mbuna. For example, increasing rugosity may increase the amount of 

epilithic algae, the primary food for many mbuna (Ribbink et al. 1983). Also, the number 

of caves, which provide mbuna with shelter and breeding areas (Ribbink et al. 1983), 

likely increases with increasing habitat complexity. In addition, the number of 

microhabitat types increases with rising structural heterogeneity allowing for higher 

species diversity as observed in the pattern of microhabitat partitioning for cichlid fish of 

Lake Victoria (Seehausen and Bouton 1998) and Lake Malawi (Husemann et al. 2014). 

Furthermore, increasing habitat complexity may reduce cichlid aggressive behaviour and 

decrease the size of individual territories, thereby permitting the co-existence of a greater 
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number of individuals (Danley 2011). It is noteworthy that some unexamined biological 

factors might play an important role in mediating species coexistence and maintaining 

diversity as well. In Lake Tanganyika, for example, the interaction among different 

species can significantly facilitate an increase in species diversity (Hori et al. 1993).  

A second measure of habitat complexity, rock composition, did not show a 

statistically significant correlation with community diversity in this or some lineages of 

mbuna of a previous study (Genner et al. 2004). The inadequate predictive ability of rock 

composition in both studies highlights the importance of using multiple measurements of 

habitat complexity when identifying the environmental factors influencing community 

composition and diversity (Kovalenko et al. 2012).  

Surprisingly, depth was not informative in our study. Previous studies have shown 

that most mbuna species dwell between 2-7 m, with a progressive diminution in species 

diversity below this depth and very few species occurring below 20 m (Fryer 1959, Hill 

and Ribbink 1978, Marsh and Ribbink 1981, Ribbink et al. 1983, Albertson 2008, Parnell 

and Streelman 2011). Our sampling strategy limited quadrats to be within 20 m of the 

shore, and given the gently sloping nature of the lake bed at most sites the majority of our 

quadrats were between 0.8 and 15.2 m deep. Hence, our sampling limited the variation in 

depth within each sampling site and consequently reduced our ability to detect the effect 

of depth on species diversity. 

Similarity among Communities Decays as Geographical Distance Increases 

Nonlinear regression analysis revealed a strong geographical effect on community 

similarity. Our model indicated that when the distance between two transects is less than 

4 km, the divergence of communities increases dramatically as the geographical distance 
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increases. When the distance between sites is greater than 4 km, communities are 

equivalently different from each other, regardless of distance. The similarities of 

communities that are found among spatially distant sites are likely due to few shared 

cosmopolitan species (e.g. M. zebra and Labeotropheus fuelleborni). This result is 

consistent with the highly restricted distribution pattern of most mbuna species (Genner 

et al. 1999, Markert et al. 1999, Danley et al. 2000), supports previous ecological and 

population genetic studies (Ribbink et al. 1983, Markert et al. 1999, Genner et al. 2004), 

and agrees with the distance-decay relationship observed in many other communities 

(Morlon et al. 2008, Astorga et al. 2012). The breakdown of community similarity even 

across small geographic distances reflects both the fragmented nature of Lake Malawi’s 

shoreline and the philopatric nature of the mbuna (Albertson et al. 1999, Danley et al. 

2000, Genner et al. 2004).  

Functional Diversity 

The analysis of community similarity at the functional (generic) level yielded 

three distinct clusters, and no geographic structure was detected. The similarity of many 

quadrats found at the generic level across a variety of spatial scales suggests that most 

sampled sites throughout the lake harbour functionally equivalent communities. The 

similarity of the communities at the functional level and the great differentiation at the 

species level suggests that many communities include ecologically equivalent endemic 

species that replace other members of the same genus at different sites. 

When analyzed at the generic level, rugosity was positively related to functional 

group diversity. A highly complex environment tended to accommodate greater 

functional diversity at any given rocky habitat. Since each cichlid genus possesses unique 
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jaws and the variation of the jaws is believed to be directly linked to resource exploitation 

and ecological performance, different jaw shapes can be applied as surrogates for niche 

attributes (Wainwright and Reilly 1994). This suggests that in cichlid communities, as in 

many other fish communities, greater rugosity increases the number of available niches in 

a habitat (Willis et al. 2005). 
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CHAPTER SIX 

 

Summary and Conclusions 

 

 

Genetic architecture only partially explains the rate of cichlids speciation. Male 

color pattern is controlled by a large number of genetic factors, but female mate choice is 

controlled by only few genetic factors. Male color pattern and female mate choice in the 

studied species pair is unlikely to be in physical linkage. Sexual hormone (PG) 

expression was identified as a proximate mechanism for the cichlids reproductive 

isolation. The duplication of the genome played a significant role in cichlids speciation. 

A highly structured habitat allows species to coexist, so that the diversity of cichlids can 

be maintained. 
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APPENDIX A 

The Mean and Variance Plot Among Different Lines of Broods 

in Both Scale and Fin Tissues 

Figure A.1. The mean and variance of melanophore counts in scale of the parentals, F1, F2 hybrids and 

backcrosses. 

Figure A.2.The mean and variance of melanophore count in fin of the parentals, F1, F2 hybrids and 

backcrosses. 
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APPENDIX B 

The Pairwise Correlations between Different Environmental Parameters 

 

Figure B.1. A pairwise comparison among different environmental variables, most of the comparisons showed little or no significant correlation except for water 

depth and secchi distance, salinity and conductivity, water temperature and the distance to the lake shore and depth. 
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Figure B.2. Cluster analysis of cichlid communities from different sampling sites in Lake Malawi. Boadzulu (bd), Otter Point (ot), Chiofu Bay (cf), Nakatenga 

Island (nt), Thumbi West Island (tm), Maleri Island (ma), Nkhata Bay (nb). 
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Figure B.3. The summary of the indicator value analysis predicting the highest indicator value for the 

grouping of three clusters. 
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