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ABSTRACT 
 

TRANSCRIPTIONAL REGULATION OF BONE FORMATION, 

MECHANOSENSING, AND EVOLUTION 

 

SEPTEMBER 2023 

 

EMILY TETRAULT, B.A., MOUNT HOLYOKE COLLEGE 

 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

 

Directed by: Professor R. Craig Albertson 

 

 

Given that bone remodeling is a dynamic process, the output of which is 

dependent upon time, levels of mechanical input, and the ability of bones to respond to 

that mechanical stimulus, I assessed regulation of gene expression in the craniofacial 

region to determine how a response happens during mechanosensing and bone 

remodeling. To do this, I used African cichlids as a model, as they known for their rapid 

speciation rates, high phenotypic variation within and between species, and ability to 

remodel their bones in response to mechanical loading. In chapter 2, I combined RNA-

seq and ATAC-seq datasets to determine with high confidence genes are responsible for 

plasticity and shape differences in cichlid species with different feeding morphologies. In 

particular, I found genes that were both differentially expressed and differentially 

accessible to transcriptional machinery that were implicated in cell cycle progression. In 

chapter 3, using qPCR, I was able to determine that time is a critical factor in assessing 

plasticity and the response of certain species to mechanical input. This was paired with 

2D morphometrics for shape analysis over time to show that species that do not fall on 

the extreme end of phenotypic variation are more genetically plastic, and gives insights 

into the underpinnings of evolution in cichlid jaw morphology. Results from both 
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chapters 2 and 3 suggested that certain environments facilitate larger changes in gene 

expression than others. In chapter 4, using molecular techniques such as qPCR coupled 

with enzymatic staining, I found that when mechanosensitive structures in the cell are 

ablated, gene expression regulation collapses over time, and specific sites of bone 

remodeling activity are less predictive. Taken together, this body of work supports 

previous research in the field and gives insight into the regulation of gene expression 

during bone remodeling, plasticity, and evolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vii 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS ............................................................................................................................ iv 

ABSTRACT.................................................................................................................................................... v 

List of Tables ................................................................................................................................................. ix 

List of Figures ................................................................................................................................................ x 

GENERAL INTRODUCTION..................................................................................................................... 1 

THE TRANSCRIPTIONAL STATE AND CHROMATIN LANDSCAPE OF CICHLID JAW 

SHAPE VARIATION ACROSS SPECIES AND ENVIRONMENTS ..................................................... 6 

Introduction ............................................................................................................................................... 6 

Materials and Methods ........................................................................................................................... 10 

Fish husbandry ..................................................................................................................................... 10 

Experimental design ............................................................................................................................. 11 

RNA-seq ............................................................................................................................................... 11 

ATAC-seq ............................................................................................................................................ 13 

Results and Discussion ............................................................................................................................ 14 

Extensive species differences in gene expression ................................................................................ 14 

Differential gene expression is rare between foraging environments .................................................. 15 

The pelagic environment drives species-specific differences in gene expression and reveals signature 

of genetic assimilation.......................................................................................................................... 18 

Species-specific differences in chromatin accessibility are influenced by foraging conditions .......... 21 

Candidate genes in craniofacial divergence among cichlid species ..................................................... 22 

Validation of select candidate genes by qPCR .................................................................................... 25 

Conclusions .............................................................................................................................................. 26 

CRANIOFACIAL PLASTICITY VIA ROBUST AND EARLY EXPRESSION OF 

ENVIRONMENTALLY SENSITIVE GENES ........................................................................................ 45 

Introduction ............................................................................................................................................. 45 

Materials and Methods ........................................................................................................................... 49 

Fish Husbandry .................................................................................................................................... 49 

Experimental design ............................................................................................................................. 49 

RNA extraction and qPCR ................................................................................................................... 50 

Bone staining ........................................................................................................................................ 50 

2D morphometrics and linear measures ............................................................................................... 51 

Results ...................................................................................................................................................... 52 

Gene expression varies by species, time, and environment ................................................................. 52 

Anatomical plasticity over time ........................................................................................................... 54 

Discussion................................................................................................................................................. 56 

The evolution, genetic basis, and plasticity of a dynamic functional system ...................................... 56 

The importance of pelagic foraging in driving plasticity and adaptive radiations ............................... 58 

The proximate genetic basis of craniofacial plasticity: Where to go from here? ................................. 60 

Conclusions: Transcriptional dynamics of craniofacial plasticity ....................................................... 63 

CILIARY ROOTLET COILED-COIL 2 (crocc2) IS ASSOCIATED WITH EVOLUTIONARY 

DIVERGENCE AND PLASTICITY OF CICHLID JAW SHAPE ........................................................ 77 

Introduction ............................................................................................................................................. 77 

Plasticity is a core concept in the extended evolutionary synthesis ..................................................... 77 

The cichlid jaw as a flexible stem ........................................................................................................ 78 

Materials and Methods ........................................................................................................................... 80 



 viii 

Species and husbandry ......................................................................................................................... 80 

Pedigree Mapping (data generated by RCA) ....................................................................................... 81 

Immunohistochemistry (data generated by MP) .................................................................................. 82 

Geometric morphometrics (data generated by MCG) .......................................................................... 83 

Quantitative real-time PCR and network analysis ............................................................................... 83 

Bone deposition analysis (data generated by DN) ............................................................................... 84 

Results and Discussion ............................................................................................................................ 85 

Genetic variation in crocc2 is associated with functionally salient aspects of cichlid jaw shape ........ 85 

Rates of bone matrix deposition are canalized in the African cichlid species with the divergent crocc2 

allele ..................................................................................................................................................... 89 

Crocc2 is required for the maintenance of primary cilia...................................................................... 90 

Jaw defects in crocc2 mutants localize to regions of adaptive morphological variation in the cichlid 

jaw ........................................................................................................................................................ 91 

Crocc2 is required for bone homeostasis ............................................................................................. 92 

Crocc2 is required for bone plasticity .................................................................................................. 94 

Conclusion ............................................................................................................................................... 96 

Adaptive radiations and the root of flexible stems............................................................................... 96 

GNMT AS A CANDIDATE FOR CICHLID SPECIES CRANIOFACIAL SHAPE DIFFERENCES

 ..................................................................................................................................................................... 115 

Introduction ........................................................................................................................................... 115 

Materials and Methods ......................................................................................................................... 118 

Species and treatment ......................................................................................................................... 118 

SAM/SAH assay ................................................................................................................................ 119 

Results .................................................................................................................................................... 120 

SAM/SAH levels are tissue dependent .............................................................................................. 120 

Discussion............................................................................................................................................... 120 

GENERAL CONCLUSIONS ................................................................................................................... 125 

HH signaling as a predictor of plasticity............................................................................................. 125 

Cell cycle and methylation in plasticity and species shape differences ............................................ 126 

Time is a major factor in gene expression regulation ........................................................................ 127 

The new genotype-phenotype map ...................................................................................................... 128 

APPENDICES ............................................................................................................................................ 130 

APPENDIX A. Fgf signaling in cichlid scale shape variation. .......................................................... 130 

APPENDIX B: HH signaling in bone deposition in Malawi Cichlids. ............................................. 132 

APPENDIX C: HH signaling target gene expression in HH transgenic zebrafish lines. ............... 134 

APPENDIX D: Expression of crocc2 in mutant vs WT animals. ..................................................... 137 

REFERENCES .......................................................................................................................................... 138 

 

 

 



 ix 

List of Tables 

        

Table 1: Number of genes that are DE or DA from RNA-seq and ATAC-seq datasets, 

respectively. (Ch2)………………………………………………………………………39 

Table S1: Alignment data across all individuals. (Ch2)…………………………………42 

Table S2: Cichlid qRT-PCR primer sequences for expression validation. (Ch2)……….43 

Table S3: Differential expression and differentially accessibility overlapping genes. 

(Ch2)……………………………………………………………………………………..44 

Table 2: Statistics from the ANOVA model assessing importance of species, treatment, 

and time in gene expression. (Ch3)………………………………………………………70 

Table 3: Comparison of slopes between environments and species. (Ch3)……………...70 

Table S4: Sample size of each species:week:treatment for qPCR and anatomical work. 

(Ch3)……………………………………………………………………………………..74 

Table S5: qPCR cichlid primer sequences. (Ch3)……………………………………….75 

Table S6: Plasticity in gene expression by time point for each species. (Ch3)………….76 

Table 4: Expression differences of bone marker genes. (Ch4)…………………………106 

Table 5: Covariation in the expression of bone marker genes. (Ch4)………………….107 

Table S7: Primer sequences for zebrafish bone markers and the housekeeping gene, b-

actin. (Ch4)……………………………………………………………………………..114 

 

 

 

 

 

 

 

 

 

 

 

 

 



 x 

List of Figures 
 

Figure 1: Genotype-phenotype map. (Ch1)………………………………………………5 

Figure 2: African cichlids from Lake Malawi display differences in foraging anatomy. 

(Ch2)……………………………………………………………………………………..29 

Figure 3: Differential expression between species is more robust than between foraging 

environments. (Ch2)……………………………………………………………………..30 

Figure 4: Little differential expression is detected between foraging environments. 

(Ch2)……………………………………………………………………………………..31 

Figure 5: Bone matrix deposition rates from three areas along the opercle (OP) – 

interopercle (IOP). (Ch2)………………………………………………………………...32 

Figure 6: The pelagic environment drives differences in expression between species and 

implicates cell cycle regulation as a mode of increased bone deposition. (Ch2)………..33 

Figure 7: Differential expression across species plus environment reveals signatures of 

genetic assimilation and further supports a role for the cell cycle. (Ch2)……………….35 

Figure 8: The overlap of RNA-seq and ATAC-seq datasets narrows the list of candidate 

genes. (Ch2)……………………………………………………………………………...36 

Figure 9: Roles for Etv4 and associated pathways in species-specific bone growth. 

(Ch2)……………………………………………………………………………………..38 

Figure S1: qPCR validation of a subset of genes from the overlap of the RNA-seq and 

ATAC-seq datasets. (Ch2)……………………………………………………………….40 

Figure 10: Cichlid time series experimental design. (Ch3)……………………………...65 

Figure 11: Gene expression is dynamic over time, with the early response being the most 

important. (Ch3)…………………………………………………………………………66 

Figure 12: Morphological plasticity is dependent upon species and individual linkages. 

(Ch3)…………………………………………………………………………………….68 

Figure 13: Landmarking scheme and trajectory analysis. (Ch3)………………………..69 

Figure S2: Expression of each gene over time. (Ch3)…………………………………..71 

Figure 14: Functional anatomy of the cichlid and zebrafish head. (Ch4)………………99 

Figure 15: Mapping of the lower jaw mechanical advantage in cichlids. (Ch4)……….100 

Figure 16: Rates of bone matrix deposition in cichlids. (Ch4)…………………………101 

Figure 17: Cilia number in WT and mutant zebrafish. (Ch4)…………………………..102 

Figure 18: Dysmorphic bone geometry in crocc2 mutants. (Ch4)……………………..103 

Figure 19: Mis-regulation of the bone marker gene expression in crocc2 mutants. 

(Ch4)……………………………………………………………………………………104 

Figure 20: Rates of bone matric deposition do not respond to environmental stimuli in 

crocc2 mutants. (Ch4)………………………………………………………………….105 

Figure S3: Sequence variation in Crocc2 across fishes. (Ch4)………………………...110 

Figure S4: Expression results from bone marker genes. (Ch4)………………………...112 

Figure S5: Shape analysis of the CP in crocc2 and WT zebrafish across environments. 

(Ch4)……………………………………………………………………………………113 

Figure 21: Gnmt has been implicated as important for species differences in multiple 

separate experiments. (Ch5)……………………………………………………………123 

Figure 22: The methionine cycle and SAM/SAH levels in different tissues. (Ch5)…...124 

Figure 23: New genotype-phenotype map considering new contributions to the field. 

(Ch6)……………………………………………………………………………………129 



 1 

CHAPTER I 

GENERAL INTRODUCTION 

 
The road from genotype to phenotype is not simple nor linear. It would be 

convenient for many aspects of biology if things encoded in the genome directly resulted 

in a particular observable characteristic. However, both internal and external 

environmental interactions can modify a genomically-encoded phenotype (Figure 1). 

During development, molecules interact within and between neighboring cells. Cell-cell 

communication gives rise to tissues, structures, and organs. These interactions are not 

explicitly encoded in the genome, however, modifications to any one of these levels of 

organization can cause changes to a trait ranging from no change to extreme change 

(Figure 1). For example, molecular interactions such as the addition of methyl groups to a 

DNA strand cause decreased gene transcription (reviewed in Doerfler, 1983.). Cell-cell 

spatial interactions and tissue form can generate stress that feeds back to alter 

proliferation rates (Nelson et al., 2005). External environmental inputs such as nutrition 

and temperature also modify phenotypes (Figure 1). For example, early temperature 

changes in zebrafish larval development alters the general body size and number of 

multiple fin rays (Sfakianakis & Leris, 2011). Ewes that graze on Veratrum californicum 

ingest the teratogen cyclopamine, a potent inhibitor of the sonic hedgehog pathway. 

Lambs born to ewes that have ingested cyclopamine present with a range of potentially 

fatal birth defects, including cyclopia, holoprosencephaly, and mandibular and maxillary 

deformations or dysplasia (Welch et al., 2009). For the purpose of this dissertation, the 

phenotype is the craniofacial skeleton. 

https://en.wikipedia.org/wiki/Veratrum_californicum
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 The craniofacial skeleton is formed and patterned by a sequential series of early 

cell movements and specific gene expression location and timing. Maintaining the 

skeleton requires mature bone to be replaced with new bone over time. This is done via 

activation of bone resorbing cells, the osteoclasts, that carve out mature or fractured bone 

which is followed by deposition of bone by osteoblasts (Al-Bari & Al Mamun, 2020). 

This bone turnover is known as bone remodeling, which is important during fracture 

repair, exercise, and general skeletal maintenance. Under normal conditions, the 

rate/amount of bone resorption and bone deposition should be in equilibrium. Too much 

resorption leads to bone diseases like osteoporosis, which is characterized by low bone 

mass and mineral density (Elson et al., 2022). Conversely, overly dense bones form when 

bone deposition is higher than rates of bone resorption (Nakahama, 2010). Bone 

remodeling can be induced via changes in mechanical loading. Increases in mechanical 

loading stimulates bone deposition, while extended periods of rest causes high rates of 

resorption (Zhang et al., 2008). 

Bone remodeling requires a bit of phenotypic plasticity, which is the idea that a 

single genotype can give rise to multiple phenotypes. This is so because levels of gene 

expression, epigenetics, and environmental cues can change and fine-tune a phenotype. 

For example, the genetic background of mice affects tibia area and bone formation in 

response to loading (Akhter et al., 1998). Mechanosensing is a form of plasticity that is 

important for bone remodeling.  

African cichlids from the African Rift Valley lakes are a great model for 

phenotypic plasticity, specifically in the craniofacial region, owing to their rapid 

speciation and vast variation in size and shape. It is estimated that around 1000 species 
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have arisen in the past 1-2 million years (Seehausen, 2006). While variety in cichlids is 

abundant, much of the variation is localized to the upper and lower jaws, the shape and 

size of which are adapted to the foraging style a particular species uses and falls along the 

benthic-pelagic axis. Benthic foraging cichlids tend to have deep heads, a rounded 

craniofacial profile, small eyes, and robust jaws that are adapted for the biting/twisting 

motions of rocky habitats. Conversely, pelagic fish have shallower head depths, gradually 

sloped craniofacial profiles, large eyes, and gracile upturned jaws adapted for the speed 

of rapid gaping required for suction feeding (Cooper et al., 2010; Parsons et al., 2016).  

Benthic/pelagic bone shape traits can be induced using laboratory feeding 

methods imposing different functional demands on the cichlid jaw that mimic benthic or 

pelagic foraging in the lake (Huysseune, 1995; Gunter et al., 2013; Parsons et al., 2016). 

Results from these types of plasticity experiments show that the direction of craniofacial 

bone shape and size, globally and locally, are what would be expected given the nature of 

the foraging environment. For example, certain cichlid species fed on a pelagic diet had 

more of a straight craniofacial profile (Parsons et al., 2014), with faster bone growth in 

specific bones important for a fast jaw rotation (Navon et al., 2020), rather than bones 

associated with a strong rotation. The same species fed a benthic diet presented with a 

comparatively more rounded craniofacial profile (Parsons et al. 2014), and faster bone 

growth in bones related to a stronger jaw rotation (Navon et al., 2020). However, plastic 

responses manifest at different times depending on the specific area of the head being 

assessed. This is also reflected in the transcriptional response induced by alternate 

foraging regimes, in that there are differences in gene expression as early as 5 weeks and 

as late as 18 months after the onset of treatment (Gunter et al., 2013; Parsons et al., 2016; 
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Navon et al., 2020). Interestingly, the cichlid craniofacial region has many homologous 

structures in humans, making it a great model for human variation and disease in this 

area. 

         Studying aspects of craniofacial shape in response to mutations, varying 

mechanical inputs, and time can be fruitful in the field of evolution, medicine, and 

development. However, every phenotype has a genetic component. All levels of 

organization—and modification—have a transcriptional output, and levels of gene 

expression is what regulates organismal complexity. Looking into the regulation of gene 

expression under varying conditions will be informative as to why a phenotype or 

response presents as it does. For example, assessing the transcriptional response under 

different mechanical load in different species of cichlid can give insight into the 

molecular regulation of plasticity and whether/how different species’ responses have 

evolved. As time has been shown to play a critical role in the plastic transcriptional 

response, assessing the regulation of gene expression along a series of time would lend 

insight into how/how quickly a plastic response presents. In addition, because 

mechanosensing is intimately linked to the primary cilium, determining the effect of 

ablated/mutated cilia could be crucial in establishing how stable bone-related gene 

networks are. 
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Figure 1: Genotype-phenotype map. A genotype does not inherently encode a 

phenotype, as epigenetics, such as interactions between cells and tissues or epigenetic 

modifications to the genome, and external environmental stimuli, can modify the 

phenotype. Figure modified from Jamniczky et al. (2010), Bioessays, 32(7), 553-558. 
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CHAPTER II 

THE TRANSCRIPTIONAL STATE AND CHROMATIN 

LANDSCAPE OF CICHLID JAW SHAPE VARIATION 

ACROSS SPECIES AND ENVIRONMENTS 
 

Tetrault, E.R., Swenson, J., Aaronson, B., Marcho, C., & Albertson, R.C. (2023). 

Molecular Ecology, 32(14), 3922-3941. 

 

Introduction 

A major ongoing challenge in biological research is to understand the origin and 

maintenance of biodiversity, with broad implications in conservation, ecology and 

evolutionary biology. Traditionally, these endeavors have involved characterizing the 

forces and mechanisms operating above the organismal level (e.g. selection, 

environmental change (Burns et al., 2009; Callaghan et al., 2004; Schluter, 2000; 

Siepielski et al., 2017)) or within the organism (e.g. genetic and developmental 

mechanisms (Hohenlohe, 2014; Kawajiri et al., 2014; Margres et al., 2015)). 

Understanding the intersection of extrinsic and intrinsic forces (Laitinen & 

Nikoloski, 2019; Levis et al., 2020; Mccairns & Bernatchez, 2012; van Heerwaarden & 

Sgrò, 2017) holds significant potential to advance the field. 

African cichlids are a hyperdiverse group of fishes that have long been used as an 

evolutionary model (Kocher, 2004; Seehausen, 2006) and have been especially useful in 

revealing both the genetic and environmental factors that contribute to biodiversity (Ding 

et al., 2015; Genner et al., 2004; Malinsky et al., 2018; McKaye et al., 1984; Sturmbauer 

& Meyer, 1992). In Africa, approximately 2000 cichlid species have arisen over the past 

~20 million years, which is unparalleled compared with the speciation rates of other 

vertebrates (Seehausen, 2006). Moreover, cichlid diversity is pronounced across several 
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phenotypic axes, including coloration (Maan et al., 2006; Salzburger, 2009; Seehausen et 

al., 1999), activity levels (Lloyd et al., 2021), as well as reproductive and foraging 

behaviors (Balshine‐Earn & Earn, 1998; Genner et al., 1999; López‐Fernández et 

al., 2014). Variation in feeding architecture, which relates to the foraging niche exploited 

by each species/population, is another critical axis of cichlid diversity (e.g. Cooper et 

al., 2010). Cichlid craniofacial variation is largely continuous, but there are also examples 

of extreme or discontinuous variants (reviewed by Powder & Albertson, 2016). In general 

terms, cichlids partition their foraging niche along a benthic–pelagic ecomorphological 

axis, with concomitant shifts in foraging anatomy (Conith & Albertson, 2021; Cooper et 

al., 2010; Young et al., 2009). For instance, species inclined towards a benthic mode of 

feeding tend to have steeply descending facial profiles, small eyes positioned towards the 

top of their heads, and short, robust oral jaws with closely spaced, multicuspid teeth 

optimal for biting and scraping (e.g. Figure 2a,b). On the opposite end of this spectrum, 

pelagic feeders tend to possess longer, streamlined heads, large eyes and long, up‐turned 

oral jaws with large, widely spaced teeth optimal for suction/ram feeding (e.g. 

Figure 2c,d; Albertson et al., 2003; Cooper et al., 2010). 

Significant efforts over the past 20 years have focused on characterizing the 

genetic basis of cichlid craniofacial variation (e.g. Albertson et al., 2005; DeLorenzo et 

al., 2022; Hu & Albertson, 2017; Powder et al., 2014; Roberts et al., 2011; Singh et al., 

2017). In addition, cichlids have long been a model of phenotypic plasticity 

(Huysseune, 1995; Machado‐Schiaffino et al., 2014; Meuthen et al., 2018; Meyer, 1987; 

Navon et al., 2020; Schneider et al., 2014; Wimberger, 1991), which is defined as the 

ability of a single genotype to produce a range of phenotypes in response to 
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environmental inputs. Plasticity is critical for organismal survival in an era of rapid 

environmental change (Gugger et al., 2015; Karasz et al., 2022; Morgan et al., 2022; Sih 

et al., 2011; Willis et al., 2008). It can also influence the direction and/or speed of future 

evolutionary change by exposing new phenotypic and genetic variants to natural selection 

(Campbell et al., 2021; Landy et al., 2020; Ledón‐Rettig et al., 2010; Mcguigan et 

al., 2011). In spite of its importance across a range of biological disciplines, there are 

many outstanding questions about plasticity, including its genetic basis and evolutionary 

potential (Gibert, 2017). Plasticity is well‐documented in cichlids across a range of 

morphological traits including full body, craniofacial, oral jaw and pharyngeal jaw shapes 

(Gunter et al., 2013; Huysseune,1995 ; Muschick et al., 2011; Navon et al., 2020; Parsons 

et al., 2014). A notable theme that has come from these data is that closely related species 

can differ in either their magnitude or direction of the plastic response to the same 

stimulus (Navon et al., 2020; Parsons et al., 2014), suggesting that plasticity itself is an 

evolvable trait. If true, then plasticity must also have an explicit genetic basis (Diouf et 

al., 2020; Küttner et al., 2014; Lafuente et al., 2018); however, understanding plasticity at 

this level has proven challenging (Gibert, 2017). 

Previous efforts in our laboratory have sought to describe the genetic basis of 

plasticity and have described roles for Wnt (Parsons et al., 2014) and Hh (Hu & 

Albertson, 2017; Navon et al., 2020) signalling, respectively. In addition, genetic 

mappings studies within different foraging environments led to the discovery of ciliary 

rootlet coiled-coil 2 (crocc2) as a regulator of functionally relevant cichlid jaw shape 

(Gilbert et al., 2021). Crocc2 encodes a protein that is a major structural component of 

the primary cilium's rootlet (Yang et al., 2002). Primary cilia are important 
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mechanosensors that help cells sense and respond to environmental stimuli, but roles of 

the rootlet in mechanosensing are less clear (Styczynska-Soczka & Jarman, 2015). 

Notably, this gene was only implicated in regulating cichlid jaw shape in the 

mechanically demanding benthic/biting environment (Gilbert et al., 2021; Parsons et al., 

2016), and functional analyses in zebrafish showed that mutations in crocc2 led to 

degeneration of cilia, decreased mechanosensing abilities, dysmorphic bone shapes and 

misregulation of gene networks in bone tissue (Gilbert et al., 2021). Together, this 

incipient literature has implicated a small handful of genes that contribute to 

mechanosensitive signal transduction pathways (e.g. Hh) and structural components of 

the cell (e.g. rootlets) in the evolution and plasticity of cichlid bone shape. 

Beyond inquiries into plasticity stricto sensu, we have shown that the 

environment can significantly influence the genotype–phenotype map in cichlids. 

Specifically, when reared in alternate foraging environments, loci that underlie variation 

in various feeding-related traits map to largely distinct regions of the genome (Parsons et 

al., 2016; Zogbaum et al., 2021). Notably, this genetic modularity was observed 

regardless of whether or not the traits themselves were plastic (Parsons et al., 2016). Such 

cryptic genetic variation has long been recognized as an important factor regulating 

evolutionary potential, developmental outcomes and the penetrance of disease (Gibson & 

Dworkin, 2004); however, the genes that underlie cryptic genetic effects on phenotype 

remain poorly understood, especially in vertebrate systems. 

Here, we seek to advance an understanding of the genetic and epigenetic control 

of adaptive variation in the cichlid feeding apparatus. We utilize two complementary 

methods of assessing transcriptional output: RNA-seq to analyze gene expression and 
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ATAC-seq to assess chromatin accessibility. We focus on an important functional 

complex—that is, the interopercle- retroarticular (IOP-RA) linkage—which (1) is part of 

the opercle 4-bar system, (2) helps to drive lower jaw depression, (3) is comprised of 

hard and soft tissues, (4) varies among Malawi cichlids in a manner that predicts foraging 

mode/habitat, and (5) has been shown to be plastic in previous research (Figure 2; Hu & 

Albertson, 2014, 2017; Navon et al., 2021). Environmental input is explicitly 

incorporated into our experimental design, as we force animals to collect prey in a 

manner that mimics alternate benthic-pelagic modes of feeding. Our goals are to identify 

genes that are both differentially expressed (DE) and differentially accessible (DA) 

between species and environments. In doing so, we will characterize the 

molecular/cellular basis through which species-specific jaw shapes arise over 

development, as well as the roles played by the foraging environment in shaping the 

feeding apparatus. 

Materials and Methods 

Fish husbandry 

Wild-caught cichlids were purchased from the aquarium trade, and housed and 

bred in 40-gallon glass aquaria at ~28°C on a 14-h light/10-h dark cycle. Each aquarium 

was part of a recirculating system, with automated daily water changes and chemical 

dosing to ensure consistent water quality (pH ~8.5 and 350 μS). Cichlid husbandry 

follows protocols approved by the institutional animal care and use committee at the 

University of Massachusetts. 
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Experimental design 

To determine how alternative feeding regimes affected gene expression and the 

cis-regulatory system, we used a benthic diet or pelagic diet to impose a power or speed 

demands, respectively, on the oral jaw apparatus. This experimental design was used in 

two cichlid species, Tropheops sp. ‘red cheek’ (TRC) and Maylandia zebra (MZ) (Figure 

2a–d). Animals used in this study were juvenile stage and 2–3 generations removed from 

wild-caught. We chose this life history stage to mitigate the confounding effects of 

dominance, as cichlids are territorial and aggressive toward conspecifics. It is also the 

period of development when all bony elements have formed but animals are still actively 

growing (Fujimura & Okada, 2007, 2008a, 2008b). Diet treatments ran for 17 days for 

RNA-seq and 28 days for ATAC-seq (Figure 2e). The combination of approaches 

allowed us to examine both differential expression and differential chromatin 

accessibility between species and environments. That the experiments were performed at 

two different time points following the onset of foraging challenges, allowed us to 

identify loci with effects over extended periods of time. 

RNA-seq 

We terminated the diet treatment at 17 days and each individual was sacrificed. 

The interopercle, interopercle-mandibular ligament and retroarticular (i.e. IOP-RA 

complex, Figure 2) were dissected from the left side of each fish for RNA-seq and qPCR. 

It is to be noted that this complex is a mix of tissue types (e.g. bone, ligament and 

epithelial tissue). For RNA-seq, six animals were randomly selected from each treatment 

and species, and dissected tissues were stored in Trizol (Invitrogen) at −80°C, 

homogenized using a Next Advance Bullet Blender and five UFO beads each, and 
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processed using the phenol–chloroform method of RNA extraction, but did not undergo 

cDNA conversion. We standardized each sample to 500 ng total RNA in 50 μL and 

produced libraries using the TruSeq Stranded mRNA Library Prep Kit (Illumina). Any 

remaining RNA not used for RNA-seq was stored at −80°C. Libraries were sequenced at 

the University of Massachusetts Medical School Deep Sequencing Core with a HiSeq 

4000 with 50 × 50 paired end reads. 

Raw reads from RNA-Seq were assessed using FastQC (Andrews, 2010), and 

ends were trimmed accordingly using cutadapt (Martin, 2011). Cleaned reads were 

mapped against the Maylandia zebra genome version UMD2a (Yates et al., 2020) with 

Bowtie2 (Langmead & Salzberg, 2012) and a matrix of read counts was generated from 

the alignments with HT-Seq count (Anders et al., 2015). Nucleotide diversity in Lake 

Malawi cichlids can be higher within than between species (Malinsky et al., 2018); 

therefore, it is not a surprise that MZ and TRC individuals in our study showed similar 

alignment rates to the MZ genome (Table S1). As such, there does not appear to be any 

analytical bias stemming from mapping reads from both species to one genome. 

We used edgeR v3.30.3 (Chen et al., 2014; Robinson et al., 2010) to identify 

differentially expressed genes between treatments, as well as those that showed an 

additive effect between species and environment. Results were groundtruthed by visually 

comparing normalized counts (counts-per-million; cpm) among treatments. We used 

FDR (Benjamini–Hochberg method) to determine significance (threshold of .05) for 

DEGs in pairwise comparisons, as well as our additive model, which took the form E(y) 

= 𝛽0 + 𝛽spxsp + 𝛽envxenv where E(y) is the expected number of read counts (applied to 

each gene). This model allowed us to detect DEGs that showed an effect across both 
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species and environment. Heatmaps were made using Euclidean distance with the 

heatmap.2 function in the gplots v3.1.1 package (Warnes et al., 2015). Gene ontology 

(GO) terms were as- signed using the annotated Maylandia zebra genome (ensembl.org) 

via biomaRt v2.44.4 (Durinck et al., 2005, 2009) in the biomartr package v0.9.2 (Drost & 

Paszkowski, 2017), and enrichment analysis was conducted via topGO v2.40.0 (Alexa & 

Rahnenfuhrer, 2009) in the R environment v4.0.5 (R Core Team, 2021) using the 

weight01 algorithm and Fisher's exact test with a significance threshold of .05. 

Tissues from individuals not used for RNA-seq, were stored in Trizol at −80°C, 

and homogenized as previously described. We followed the phenol–chloroform RNA 

extraction method and converted RNA to cDNA using a High-Capacity cDNA reverse 

transcription kit (Applied Biosystems) for gene expression validation purposes. These 

samples were standardized to an RNA concentration of 70 ng/μL. 

qPCR was used to measure expression of genes found to be differentially 

expressed and differentially accessible from the RNA-seq and ATAC-seq datasets using 

the comparative CT method. qPCR primer sequences are listed in the Table S2. 

ATAC-seq 

We designed an ATAC-seq protocol optimized for bony/ligamentous fish tissues 

(adapted from Buenrostro et al., 2013; Corces et al., 2017). The diet treatment was 

terminated after 28 days (Figure 2e), and similar to the RNA-seq experiment, each animal 

had the IOP-RA complex from the left side of the face removed after being euthanized. 

Briefly, each sample was placed in 3% collagenase II in 5% FBS/DMEM for cell 

collection for 2 h. To ensure we collected cells of the appropriate size, we filtered the 

cells through a 70μm strainer. Cell quality and count was confirmed by inverted light 
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microscopy. We collected up to 500,000 cells for each sample. Cells were then lysed to 

isolate nuclei and underwent a transposition reaction to cut chromatin, and the resulting 

DNA fragments were purified using a Qiagen MinElute Cleanup Kit. We constructed 

libraries from the transposed DNA and performed double-sided bead purification to 

remove large (>1000 bp) and small (e.g. primer dimer) DNA fragments. The detailed 

protocol can be found on github at http://github.com/tetra22e/Genomics2022. Libraries 

were sequenced in the same manner as RNA-seq libraries. 

Raw reads were again aligned against the Maylandia zebra genome using bowtie2 

v2.4.1, and data were converted to appropriate formats for downstream analyses using 

samtools v1.9 (Li et al., 2009) and bedops v2.4.14 (Neph et al., 2012), with 

parallelization enabled by gnu parallel (Tange, 2018). Peaks were called for each 

individual sample using Genrich (https://github.com/jsh58/Genrich), and flags were set to 

filter mitochondrial reads and PCR duplicates before peak calling. 

Differential accessibility was assessed using DiffBind v3.0.15 (Stark & Brown, 

2011). Significance was determined using FDR (Benjamini–Hochberg method, threshold 

of 0.05). Peaks that were differentially accessible between any two treatments were 

annotated by intersecting the genomic coordinates of the peaks with the Maylandia zebra 

gtf file using bedtools v2.29.2 (Quinlan & Hall, 2010), with the requirement that 30% of 

the peak must overlap with the annotated feature. 

Results and Discussion 

Extensive species differences in gene expression 

The cichlid genome has over 25,000 protein-coding genes (Conte et al., 2019). Of 

these, 17,525 were expressed in focal tissues, and 5318 were differentially expressed 
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(DE) between our two species, across both foraging conditions, with 2667 upregulated in 

MZ (relative to TRC—red in Figure 3a) and 2651 upregulated in TRC (relative to MZ—

blue in Figure 3a; Table 1). Cluster analysis using the top 500 most differentially 

expressed genes (DEGs) illustrates a clear separation of species (Figure 3b), but 

differences between foraging environments are less apparent. While MZ shows some 

separation by environment, this pattern is not as apparent among TRC. 

Gene ontology (GO) analyses were performed on DEGs to determine what 

biological processes were enriched (Figure 3c). Whereas processes related to cell cycle 

regulation were among the most enriched in genes upregulated in MZ, a diversity of other 

processes were enriched in upregulated genes in TRC. These data suggest that there may 

be divergent modes of bone growth operating in these species at the time when tissues 

were collected. 

Differential gene expression is rare between foraging environments 

Craniofacial plasticity is well-documented in cichlids (Meyer, 1987; Navon et al., 

2020; Schartau et al., 2009; van Snick Gray & Stauffer, 2004; Wimberger, 1991), and 

skeletal plasticity has been associated with changes in gene expression (Navon et al., 

2020). However, most work on the transcriptional basis of craniofacial plasticity in 

cichlids has focused on the lower pharyngeal jaw (Gunter et al., 2013; Schneider et al., 

2014). Our work complements this body of literature by focusing on skeletal and soft-

tissue elements critical for lower oral jaw depression (i.e. IOP-RA complex, Figure 2). 

While 38 DEGs were detected between foraging environments in MZ, none were 

detected for TRC (Table 1, Figure 4a,b), suggesting that MZ is more plastic than TRC, 

and/or plasticity arises earlier in MZ compared to TRC. Of the DEGs within MZ, 25 were 
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upregulated in the pelagic environment, whereas 13 were upregulated in the benthic 

environment (Table 1, Figure 4b). Assuming upregulated genes have a positive effect on 

bone deposition rates, these data are consistent with previous data showing greater rates 

of bone deposition in MZ exposed to a pelagic environment (Navon et al., 2020). 

Within MZ, genes upregulated in the pelagic environment (relative to the benthic 

environment) seemed to be largely associated with proliferation, which was reflected by 

the GO analysis (Figure 4c). For example, ccna2 is a cyclin that activates cdk2 and 

promotes cell cycle progression through both G1/S and G2/M phases (Pagano et al., 

1992), and cks1b slows the progression of G1/S and can block entry to M phase 

(Westbrook et al., 2007). In addition, cdc20 regulates metaphase–anaphase transition 

during mitosis via activation of APC, which targets proteins for degradation (Visintin et 

al., 1997; Yu, 2002). Finally, cdca5, which encodes Sororin, plays an important role in 

cell proliferation (Fu et al., 2020), and more specifically in the binding of Cohesin to 

chromatin during cell division (Rankin et al., 2005; Schmitz et al., 2007). Each of these 

genes was upregulated in our study in pelagic foraging MZ compared with benthic 

foraging conspecifics. Given the well-studied roles for cell proliferation in bone 

formation, shape and growth (Capecchi et al., 2018; Du et al., 2021; Gao et al., 2020; Le 

Pabic et al., 2022; Shekhar et al., 2019), the data presented here suggest that this 

mechanism is important in mediating skeletal plasticity in this species. 

For MZ in the benthic environment, the only GO term enriched for upregulated 

genes (relative to pelagic) was stress response. In addition, a diversity of other processes 

are implicated by specific upregulated genes, including skeletal muscle changes in 

response to stimuli (e.g. arrdc3b, Gordon et al., 2019; myoglobin, Beyer & Fattore, 
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1984), and osteoblast proliferation via regulation of cyclins (e.g. per2, Fu et al., 2005). 

Our previous work suggested that benthic foraging might be a nonpreferred environment 

for MZ, at least in terms of environmentally stimulated bone growth (Navon et al., 2020). 

Here, this assertion is supported by the observation that genes upregulated in the pelagic 

environment all seemed to contribute to the same biological process—that is, cell 

proliferation—with known roles in bone formation/growth (Capecchi et al., 2018; Du et 

al., 2021; Gao et al., 2020; Shekhar et al., 2019). Alternatively, genes upregulated in the 

benthic environment were involved in a diversity of processes, including stress response. 

Craniofacial plasticity has been noted in both MZ and TRC (Navon et al., 2020; 

Parsons et al., 2014), and so the lack of more extensive DEGs between foraging 

treatments, especially in TRC, was somewhat surprising. However, we note that plasticity 

in these species was (a) subtle, and (b) described weeks or months following the onset of 

foraging trails (Navon et al., 2020; Parsons et al., 2014). For instance, while rates of bone 

matrix deposition were significantly different within both MZ and TRC (Navon et al., 

2020), there is a fair amount of overlap between treatments, particularly in TRC (Figure 

4b). In fact, a closer look at the data by Navon et al. (2020) clearly shows that MZ is 

more plastic than TRC, and that plasticity in MZ is driven by the pelagic foraging 

environment (blue, Figure 5a). Timing is also a potentially con- founding factor in the 

study of plasticity. Previous studies have used time points measured in months 

(Schneider et al., 2014) or years (Gunter et al., 2013) to examine DEGs between foraging 

environments in the cichlid lower pharyngeal jaw, and so it is possible that we did not 

allow enough time for a plastic response to manifest. Alternatively, mechanical load has 

been shown to induce gene expression changes in bone cells in a matter of hours (Govey 
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et al., 2015; Kelly et al., 2016; Mantila Roosa et al., 2011; Raab-Cullen et al., 1994). It is 

therefore also possible that a more robust plastic response in gene expression might occur 

earlier than the time point sampled here. Finally, FDR is a stringent metric, and it is 

possible that biologically relevant changes in expression have occurred but are not 

detected by standard pipelines. In this regard, examining genes with high fold changes, 

but FDR-values >0.05, might prove fruitful. For example, a transcript that was 

upregulated in benthic TRC (log2FC = 5.44, p = .015, FDR = 1.0) corresponds to 

receptor transporting protein 3 (rtp3), which has been linked to human femoral cortical 

thickness and buckling ratio, as well as hip fractures (Zhao et al., 2010), and another 

upregulated benthic gene (log2FC = 4.83, p = .015, FDR = 1.0), poly(ADP-ribose) 

polymerase 14 (parp14), has been shown to regulate cell cycle progression via Cyclin D1 

(O'Connor et al., 2021). Thus, viable candidates for craniofacial bone plasticity may be 

found just under the threshold set by RNA-seq protocols. 

We stress that a relatively low number of DEGs within species does not preclude 

more general roles for the environment in determining species-specific bone shapes. For 

example, bone matrix deposition data (Figure 5) suggest that pelagic foraging is leading 

to a greater difference between species than benthic foraging. As a next step, we therefore 

assessed the effect of foraging environments on DE between species. 

The pelagic environment drives species-specific differences in gene expression and 

reveals signature of genetic assimilation 

 

We have shown previously that foraging conditions can have a marked impact on 

the genotype–phenotype map. Specifically, quantitative trait loci (QTL) for the same trait 

map to distinct regions of the genome when animals are reared under alternate 

benthic/pelagic foraging conditions (Parsons et al., 2016; Zogbaum et al., 2021). We 
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therefore examined expression differences between species within each environment and 

documented a striking imbalance in DEGs. Specifically, when only considering animals 

exposed to pelagic conditions, we found 3761 DEGs between species, whereas only 984 

DEGs were detected between species when only comparing animals reared under benthic 

conditions (Table 1, Figure 6a– c). Additionally, when comparing environment-specific 

DEGs to the total dataset (i.e. combining both environments), we found that 2609 genes 

from pelagic animals were represented in the global comparison, whereas only 155 genes 

from benthic animals overlapped between datasets (Table 1, Figure 6c). These data 

underscore the importance of environmental context in determining the genetic basis of 

species-specific bone shapes (Parsons et al., 2016; Zogbaum et al., 2021). More 

specifically, they suggest that the pelagic foraging environment is driving species 

differences in gene expression within the IOP-RA functional complex. 

This trend is drawn out when comparing genes from an additive model (S + E), 

whereby DEGs were detected at the level of both species and foraging environment 

(Figure 7a). When illustrated as a heatmap, these data support the assertion that species 

differences in gene expression are driven by the pelagic environment, and reveal patterns 

consistent with either genetic accommodation or assimilation. Genetic assimilation is a 

mechanism by which plasticity is lost over evolutionary time as genetic variation that 

facilitated plasticity in an ancestral population becomes fixed as descendent populations 

adapt to a specific environment (reviewed by Pigliucci et al., 2006). If we assume that 

plasticity is ancestral, evidence for genetic assimilation is apparent in several gene 

clusters (denoted by pink dots, Figure 7a), whereby TRC expression levels are 

indistinguishable between foraging environments and match those of benthic MZ. 
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Consistent with previous data, many of the DEGs identified by this model contribute to 

cell cycle regulation—for example, cdc20, cdca5, cdca8, ccne2, ccnb1, ccnb2, ccnf. A 

list of all the DEGs in this model can be found on github at 

http://github.com/tetra22e/Genomics2022. 

Alternative to genetic assimilation is genetic accommodation, or an increase in 

genetic plasticity over evolutionary time. We cannot rule this out, as it is possible that 

plasticity has been enhanced beyond the ancestral condition in MZ. Regardless, the main 

conclusion to be drawn from these data is that the evolution of plasticity in this system 

may be traced to divergent patterns of gene expression associated with cell cycle 

regulation. 

We next performed GO analyses for DEGs between species in each foraging 

environment. When considering animals reared in the pelagic foraging environment, GO 

analysis revealed a diversity of biological processes; however, those associated with cell 

division were among the most enriched in MZ, whereas translation and cell 

differentiation were among the most enriched processes in TRC (Figure 6d). For animals 

reared in the benthic environment, comparatively fewer biological processes were 

enriched in general, consistent with fewer DEGs being identified. Similar to pelagic 

fishes, this analysis found enrichment of cell cycle genes in MZ, and cell differentiation 

in TRC (Figure 6e). 

Unsurprisingly, enriched GO terms for the additive model are similar to those for 

MZ in the pelagic environment, and include cell cycle, cell division and chromosome 

segregation (Figure 7b). In addition, this analysis found enrichment of cytoskeleton 

organization, which is critical to many cellular functions relevant to bone formation and 
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plasticity, including mechanotransduction (Gunst & Zhang, 2008), and primary cilia 

formation (Mirvis et al., 2018), which we and others have found to be necessary for load-

induced bone formation (Chen et al., 2016; Gilbert et al., 2021; Moore et al., 2019). 

Species-specific differences in chromatin accessibility are influenced by foraging 

conditions 

Areas of the genome that contain open chromatin are more accessible to 

transcriptional machinery and therefore able to increase gene expression, whereas closed 

chromatin sites are less accessible for transcription. The differences in accessibility (e.g. 

between species or environments) are considered differentially accessible (DA), and may 

be due to either genetic (e.g. deletion of a TF binding site) or epigenetic (e.g. methylation 

changes) processes. When comparing species across both environments, we identified 

10,770 areas of accessible chromatin, and of these 297 were DA. Note that many genes 

contain more than one accessible chromatin peak (e.g. Figure 8b,d). The number of DA 

genes was considerably less than the number DE of genes, which may reflect differences 

in the timing and/or nature of each experiment. In addition, we did not observe a marked 

bias in one environment versus the other in terms of the number of differentially 

accessible genes (DAGs) between species, with 114 DAGs identified when animals were 

forced to feed pelagically and 157 DAGs when animals foraged using a benthic mode 

(Table 1). These data suggest that the number of DAGs between species is not being 

driven by one environment at the time when tissues were collected. 

The overlap between RNA-seq and ATAC-seq datasets implicates loci acting over 

extended periods of time (i.e. at both 17- and 28-day time points) following the onset of 

foraging trials (Figure 8a, Table S3). In all, we identified 15 genes in the interspecies 
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comparisons that were both DE and DA in fishes reared in the pelagic foraging 

environment, and 11 from the benthic environment. We also identified 13 genes that were 

DE and DA in both environmental conditions, which suggest that their expression is 

robust to differences in the environment. The direction of DE and DA across all genes 

was generally consistent (Table S3). In particular, out of 39 genes, the polarity of DE and 

DA was similar in 34. Differences in the other five could be due to DA being associated 

with the binding of a repressive transcription factor. Alternatively, given that RNA-seq 

and ATAC-seq experiments were performed at different time points, it is also possible 

that expression of these factors may oscillate over time. 

Determining whether or not these factors are DA due to genetic or epigenetic 

factors would be a fruitful line of future study. Resequencing a panel of cichlids around 

DA peaks would allow us to assess whether any indels or SNPs might underlie 

differences noted here. In addition, the co-occurrence of DA peaks and CpG islands 

would suggest that differential DNA methylation might be driving differences in 

expression. For example, the DA peak associated with KIAA0586 expression is in intron 

7– 8 (Table S3), which is large and contains several predicted CpG islands, although 

none overlap with the DA peak (Figure 8c). 

Candidate genes in craniofacial divergence among cichlid species 

A few of the genes identified as both DE and DA have been implicated in 

craniofacial development, including KIAA0586 (also known as talpid3), which is 

essential for primary cilia formation and Hedgehog (Hh) signalling (Schock et al., 2016), 

and etv4 (Ahi et al., 2016; Rodriguez et al., 2020). KIAA0586 is notable given previous 

work from our laboratory that has demonstrated important roles for the primary cilium-
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Hedgehog molecular mechanism in cichlid and zebrafish craniofacial development 

(Gilbert et al., 2021; Hu & Albertson, 2014; Navon et al., 2020; Zogbaum et al., 2021). 

While KIAA0586 is well-studied in the context of early craniofacial patterning events 

(reviewed by, Schock et al., 2016), roles at latter stages, including bone growth and 

mechanosensing, have not been explored. Taken together, multiple independent 

experiments in the cichlid system support the thesis that the primary cilium-Hedgehog 

‘signal transduction machinery’ is an important and evolvable mechanism for shaping the 

craniofacial skeleton. 

Etv4, a member of the ETS family of transcription factors, is a particularly 

interesting candidate as it connects environmental stress and craniofacial morphogenesis. 

This gene encodes the main co-factor of Hypoxia-inducible factor (Hif; Wollenick et al., 

2012), a ‘master switch’ for hypoxia-induced transcription in fishes (Nikinmaa & Rees, 

2005). Hypoxia-inducible factor can also act through Ahr signalling, another regulator of 

environmental stress, including oxygen levels (Schulte, 2007). Notably, Ahr signalling 

was recently implicated in benthic–pelagic divergence of Arctic charr, with greater 

relative expression of ahr2b observed in benthic versus pelagic morphs (Ahi et al., 2015). 

While neither ahr2b nor hif were DE in our dataset, a number of their transcriptional 

targets were (Figure 9). The link to hypoxia is of note since benthic habitats are 

characterized by relatively low oxygen levels (Nikinmaa & Rees, 2005), and many fish 

assemblages partition their habitat along the benthic–pelagic eco-morphological axis 

(reviewed in Cooper et al., 2010). Within Lake Malawi, for example, cichlid 

communities are structured by depth (Parnell & Streelman, 2011), and oxygen levels 

show a steady decrease with depth (Martin et al., 1998). Thus, oxygen may represent an 
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important factor in the ecological segregation of cichlid species (Martin et al., 1998). 

Etv4 can also act through oestrogen signalling (i.e. oestrogen receptor alpha, ER) to 

promote the expression of skeletogenic factors such as bmp2, ptch1/2, rankl, and rara 

(Ahi et al., 2016; Rodriguez et al., 2020), and experimental reduction in oestrogen levels 

in zebrafish leads to the development of shortened, benthic-like crania (Cohen et al., 

2014). Thus, etv4 appears to have pleiotropic effects on hypoxia adaptation and 

craniofacial geometry. 

Figure 9 supports much of the above discussion. Here, we examined etv4 

expression within the context of various downstream effectors, including those acting 

through Hif, Ahr and/or oestrogen signalling (Figure 9a). The cluster analysis did not 

return wide-spread structuring by signalling, which may point to their interdependence or 

to Etv4 acting through multiple pathways to influence the development of species-

specific bone shapes. Similar to studies by Ahi et al. (2014, 2015), who showed greater 

expression of ahr2b and ets2 (another ETS transcription factor) in benthic Arctic charr 

species, etv4 was expressed at a higher level in our benthic species, TRC (Figure 9b). We 

also note that bmp2b expression was the most similar to etv4, which aligns with previous 

work demonstrating roles for Bmp levels in craniofacial development of an extreme 

benthic cichlid species, Labeotropheus fuelleborni (Albertson et al., 2005). 

The gene, Wiskott–Aldrich syndrome (was), is another interesting candidate in 

light of recent work. This gene is a member of the Was/Wasl protein family that signals 

through the actin cytoskeleton to regulate numerous cell behaviours (Snapper & Rosen, 

1999). Until recently, no roles for Was/Wasl signalling had been reported in craniofacial 

or bone biology, but in 2021, Hawkins and colleagues demonstrated that it regulates 
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patterning of the appendicular skeleton in both zebrafish and mouse models (Hawkins et 

al., 2021). Other genes in this dataset are largely new to the field of craniofacial biology, 

but implicate biological processes important in bone patterning, formation, growth and 

homeostasis, including chromatin remodelling (e.g. actr6 (Yoshida et al., 2010)), cell 

signalling (e.g. asb5 (Yoshioka et al., 2006)) and cell growth (e.g. impdh1 (Chang et al., 

2015)). In all, this dataset provides a robust foundation for future inquiry. 

Validation of select candidate genes by qPCR 

We validated a subset of genes from this analysis with qPCR, focusing on those 

that overlapped in the RNA-seq/ATAC-seq datasets (Figure S1a–e). Trend across 

transcript counts (i.e. counts per million, cpm) and qPCR expression were generally 

equivalent, but we note that qPCR picked up significant differences in gene expression 

that did not meet the threshold for RNA-seq significance. For example, actr6, which 

plays important roles in heterochromatin formation in yeast, Drosophila and vertebrates 

(Ohfuchi et al., 2006), was DE between benthic and pelagic TRC according to qPCR, but 

not RNA-seq (Figure S1a). In addition, gnmt, a methyltransferase involved in the 

methionine pathway, which has been linked to bone density (Ables et al., 2012; Vijayan 

et al., 2014; Wang et al., 2011), exhibits an expression pattern that is similar to the RNA-

seq data, but it is also plasticity expressed among Maylandia reared in different 

environments (Figure S1d). We also validated the expression of cdc20, a gene that is 

involved in cell cycle regulation (Visintin et al., 1997; Yu, 2002), and was significantly 

DE between benthic and pelagic MZ. Expression of this gene via qPCR did not quite 

reach significance at the .05 alpha level, but exhibited a lot of variation across samples, 

and showed a similar pattern to the RNA-seq data (p = .17, Figure S1e). 
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Conclusions 

A number of general themes emerge from these data. First, they provide further 

support for the hypothesis that foraging environment influences the genotype–phenotype 

map for craniofacial skeletal traits (Navon et al., 2021; Parsons et al., 2016; Zogbaum et 

al., 2021). More specifically, our data suggest that pelagic foraging is an especially potent 

driver of species- and environment-specific differential gene expression. This may seem 

counterintuitive as diets that involve large/hard prey items are generally considered to be 

more mechanically demanding com- pared to small/soft food (Gunter et al., 2013; Hulsey 

et al., 2020; Muschick et al., 2011). However, Navon et al. (2020) showed that in MZ, 

bone matrix was deposited at a fast rate under pelagic foraging conditions, and speculated 

that suction feeding imposes high mechanical load on the feeding apparatus as animals 

repeatedly open and protrude their jaws. Our data support this assertion, and thus we 

consider the foraging treatments utilized here to challenge the feeding apparatus in two 

distinct ways (compared to a ‘standard’ flaked food diet); our benthic treatment was 

designed to impose high amplitude but low frequency loading on the feeding apparatus as 

animals scraped food from rocks, whereas our pelagic treatment translated to higher 

frequency but lower amplitude loading as animals repeatedly protruded their jaws to 

gather small food items. 

These results are relevant to the broader context of fish adaptive radiations, which 

are characterized by repeated, almost stereotypical, divergence along a benthic–pelagic 

ecomorphological axis (Cooper et al., 2010; Doenz et al., 2019; Harrod et al., 2010; 

Maldonado et al., 2009; McGee et al., 2013; Wilson et al., 2013). Whereas benthic 

species typically evolve relatively short jaws, deep bodies and smaller dorsally displaced 
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eyes to locate and consume large, tough and/or harder prey items, pelagic species possess 

longer jaws, fusiform bodies and large eyes to foraging on small and/or elusive prey. In 

terms of the opercle 4-bar linkage system, this translates to shorter IOPs and longer RAs 

as seen in TRC, versus longer IOPs and shorter RAs as seen in MZ (Figure 2; Hu & 

Albertson, 2014; Westneat, 1990). These parallel anatomical changes are observed across 

distantly related fish lineages, as well as at widely different timescales. For instance, 

signatures of benthic–pelagic divergence have been documented between species in deep 

time (e.g. Cretaceous-Palaeogene boundary; Ribeiro et al., 2018), and as a plastic 

response within species (e.g. Day & McPhail, 1996). Thus, a major contributor to fish 

biodiversity, in both freshwater and marine habitats, appears to be selection acting along 

(i.e. parallel to) the benthic-pelagic ecomorphological axis. 

Insofar as connecting phenotypic plasticity to morphological evolution, our data 

also detected evidence for genetic assimilation. In particular, when considering loci that 

were DE between species + environments, patterns in benthic MZ resembled those across 

TRC. Tropheops species, including sp. ‘red cheek’, are generally found in a benthic 

environment (Ribbink et al., 1983), and may have lost a degree of plasticity as they 

evolved to specialize on benthic food items. MZ on the contrary are true generalists in the 

sense that they routinely forage from both the benthic and pelagic zones (Ribbink et al., 

1983). While plasticity has been noted in TRC (Navon et al., 2020; Parsons et al., 2014), 

our data suggest that MZ is more plastic in that they mount a more pronounced 

transcriptional response, at least at the time point analyzed in this study. 

Cell cycle regulation consistently appeared in GO analyses, describing species 

differences, as well as plasticity within MZ. This implicates cell proliferation as an 
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important biological mechanism of species- and environment-specific bone growth in 

cichlids. This observation is notable as our previous work has implicated Hedgehog 

signalling in the evolution and plasticity of the cichlid jaw, including the IOP-RA 

complex (Hu & Albertson, 2014; Navon et al., 2020; Parsons et al., 2016). While 

canonical members of the Hedgehog signalling pathway were not significantly DE or DA 

in this dataset (although KIAA0586 regulates the signal, Schock et al., 2016), cell 

proliferation is well-known to be regulated by this pathway (St-Jacques et al., 1999; Sun 

& Deng, 2007; Tiet et al., 2006; Zaman et al., 2019), providing a potential cellular 

mechanism through which variation in Hedgehog signalling leads to differences in bone 

shape among and within cichlid species. 

Finally, with these large overlapping genome-wide datasets, we were able to 

narrow thousands of DEGs to a few dozen that were both DE and DA. Given that each 

experiment was conducted at a different time point, this reduced dataset points to loci 

whose expression is important for species divergence over extended periods of growth. 

Among these were genes that were both sensitive and robust to the environment. Notably, 

nearly all of these genes are new to the field of bone biology, and while some encode 

known effectors of well-studied signalling pathways (e.g. EST, interleukin/Wnt, 

Talpid/Hh) and cell behaviours (e.g. Casp6/apoptosis, Impdh1b/cell cycle), others 

implicate largely novel mechanisms (e.g. Gnmt/methionine cycle). Thus, this work 

establishes a robust foundation for future studies into how genotype and the environment 

combine to influence bone formation, remodeling, and evolution. 
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Figure 2: African cichlids from Lake Malawi display differences in foraging 

anatomy. (a) Tropheops sp. ‘red cheek’ (TRC) has a more downturned oral jaw 

apparatus, and a steeply sloping craniofacial profile, adapted for benthic foraging via 

scraping/biting/nipping. (b) A schematic of the opercle 4-bar linkage chain, which is 

critical for lower jaw depression, is shown for TRC. (c) Maylandia zebra (MZ) is 

characterized by a more upturned oral jaw, better suited for pelagic feeding via fast jaw 

rotation. (d) A schematic of the opercle 4-bar linkage chain is shown for MZ. Relative to 

TRC, MZ possesses a longer coupler link (CL) and shorter output link (OL). (a, c) 

Images courtesy of Ad Koning at Cichlid Press. (b, d) Red bars indicate movable 

linkages—input link (IL), CL, and OL—while the black bar represents the fixed link. 

Blue depicts the interopercle (IOP) bone, and green shows the retroarticular process (RA) 

of the lower jaw, while orange is the interopercle- mandibular (ioml) ligament that 

connects the two bones. Throughout the text, we refer to this as the IOP-RA functional 

complex. (e) Experimental schematic in which we fed cichlids either flake or rock food 

for 17 days (RNA-seq) or 28 days (ATAC-seq), with a 1-week training period. Inset 

shows an external view of the IOP-RA complex dissected for all experiments.  
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Figure 3: Differential expression between species is more robust than between 

foraging environments. (a) Volcano plot of the pairwise comparison between MZ and 

TRC across environments, showing a large number of DEGs (n = 5318) with roughly 

equal numbers of significantly upregulated genes between species (n = 2667 MZ; n = 

2651 TRC). Given the nature of the comparison, genes considered upregulated in MZ are 

downregulated in TRC, and vice versa. Red indicates upregulated genes for MZ, blue 

depicts genes upregulated in TRC, while black represents genes that do not meet the 

significance threshold of <0.05 FDR. (b) Heatmap of the top 500 most variable genes in 

6 |   TETRAULT et  a l .

MZ, at least in terms of environmentally stimulated bone growth 

(Navon et al., 2020). Here, this assertion is supported by the ob-

servation that genes upregulated in the pelagic environment 

all seemed to contribute to the same biological process— that is, 

cell proliferation— with known roles in bone formation/growth 

(Capecchi et al., 2018; Du et al., 2021; Gao et al., 2020; Shekhar 

F I G U R E  2 Differential expression between species is more robust than between foraging environments. (a) Volcano plot of the 
pairwise comparison between MZ and TRC across environments, showing a large number of DEGs (n = 5318) with roughly equal numbers 
of significantly upregulated genes between species (n = 2667 MZ; n = 2651 TRC). Given the nature of the comparison, genes considered 
upregulated in MZ are downregulated in TRC, and vice versa. Red indicates upregulated genes for MZ, blue depicts genes upregulated in 
TRC, while black represents genes that do not meet the significance threshold of <0.05 FDR. (b) Heatmap of the top 500 most variable 
genes in the RNA- seq dataset is shown. Individuals from the pelagic foraging treatment are labelled with grey triangles, while benthic 
individuals are labelled with black triangles. Species cluster together, but there is less obvious structuring by foraging environment, although 
MZ segregate by environment more so than TRC. Photographs courtesy of Ad Koning at Cichlid Press. (c) Enriched GO terms associated with 
genes upregulated in the MZ:TRC comparison across environments. Colours are representative of the −log10(p- value). Grey bars indicate no 
significance. Gene counts are given as a total for both species along with the corresponding GO term.
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the RNA-seq dataset is shown. Individuals from the pelagic foraging treatment are 

labelled with grey triangles, while benthic individuals are labelled with black triangles. 

Species cluster together, but there is less obvious structuring by foraging environment, 

although MZ segregate by environment more so than TRC. Photographs courtesy of Ad 

Koning at Cichlid Press. (c) Enriched GO terms associated with genes upregulated in the 

MZ:TRC comparison across environments. Colors are representative of the −log10(p 

value). Grey bars indicate no significance. Gene counts are given as a total for both 

species along with the corresponding GO term.  

 

 

 

 

Figure 4: Little differential expression is detected between foraging environments. 

(a) Within TRC, the volcano plot shows no DEGs between environments. (b) Within MZ, 

a small number of DEGs (n = 38) were detected between environments, with more 

upregulated in the pelagic (n = 25; blue) versus the benthic (n = 13; red) environment. 

Black dots represent genes that are not significantly DE at FDR < 0.05 (c) Within MZ, 

more GO terms were returned for upregulated genes in animals exposed to pelagic versus 

benthic environments. Cell cycle regulation features prominently in the pelagic 

environment. 
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et al., 2019). Alternatively, genes upregulated in the benthic envi-

ronment were involved in a diversity of processes, including stress 

response.

Craniofacial plasticity has been noted in both MZ and TRC 

(Navon et al., 2020; Parsons et al., 2014), and so the lack of more 

extensive DEGs between foraging treatments, especially in TRC, 

was somewhat surprising. However, we note that plasticity in 

these species was (a) subtle, and (b) described weeks or months 

following the onset of foraging trails (Navon et al., 2020; Parsons 

et al., 2014). For instance, while rates of bone matrix deposition 

were significantly different within both MZ and TRC (Navon 

et al., 2020), there is a fair amount of overlap between treatments, 

particularly in TRC (Figure 4b). In fact, a closer look at the data 

by Navon et al. (2020) clearly shows that MZ is more plastic than 

TRC, and that plasticity in MZ is driven by the pelagic foraging 

environment (blue, Figure 4a). Timing is also a potentially con-

founding factor in the study of plasticity. Previous studies have 

used time points measured in months (Schneider et al., 2014) or 

TA B L E  1  Numbers of genes that are DE or DA from RNA- seq and ATAC- seq datasets, respectively.

RNA- seq (DE) MZ:TRC MZB:TRCB MZP:TRCP MZB:MZP TRCB:TRCP S +  E

Total 5318 984 3761 38 0 128

MZ 2667 549 1927 n/a n/a n/a

TRC 2651 435 1834 n/a n/a n/a

Benthic n/a n/a n/a 13 0 27

Pelagic n/a n/a n/a 25 0 101

ATAC- seq (DA) MZ:TRC MZB:TRCB MZP:TRCP MZB:MZP TRCB:TRCP

Total 297 157 114 0 0

MZ 202 118 60 n/a n/a

TRC 95 39 54 n/a n/a

Benthic n/a n/a n/a 0 0

Pelagic n/a n/a n/a 0 0

Note: In each comparison/model, the total numbers are provided, followed by the numbers that are upregulated in a particular species or 
environment.

F I G U R E  3  Little differential expression is detected between foraging environments. (a) Within TRC, the volcano plot shows no DEGs 
between environments. (b) Within MZ, a small number of DEGs (n =  38) were detected between environments, with more upregulated in 
the pelagic (n =  25; blue) versus the benthic (n =  13; red) environment. Black dots represent genes that are not significantly DE at FDR <  0.05 
(c) Within MZ, more GO terms were returned for upregulated genes in animals exposed to pelagic versus benthic environments. Cell cycle 
regulation features prominently in the pelagic environment.
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Figure 5: Bone matrix deposition rates from three areas along the opercle (OP)-

interopercle (IOP) series are plotted as histograms in MZ (a) and TRC (b). Green 

indicates values from animals reared in the benthic environment, and blue are values 

from benthic fishes. Note the relatively broader distribution in MZ (a) compared to TRC 

(b). Mean values for pelagic- versus benthic-reared animals are plotted above each 

histogram. Note that while in TRC mean benthic/pelagic values are equally displaced 

from ‘0’, the pelagic mean in MZ is further from ‘0’ than the benthic mean, suggesting 

that the pelagic foraging environment is driving plasticity in this species. Data presented 

here are from Navon et al. (2020).  
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years (Gunter et al., 2013) to examine DEGs between foraging en-

vironments in the cichlid lower pharyngeal jaw, and so it is pos-

sible that we did not allow enough time for a plastic response to 

manifest. Alternatively, mechanical load has been shown to induce 

gene expression changes in bone cells in a matter of hours (Govey 

et al., 2015; Kelly et al., 2016; Mantila Roosa et al., 2011; Raab- 

Cullen et al., 1994). It is therefore also possible that a more ro-

bust plastic response in gene expression might occur earlier than 

the time point sampled here. Finally, FDR is a stringent metric, 

and it is possible that biologically relevant changes in expression 

have occurred but are not detected by standard pipelines. In this 

regard, examining genes with high fold changes, but FDR- values 

>0.05, might prove fruitful. For example, a transcript that was up-

regulated in benthic TRC (log2FC =  5.44, p =  .015, FDR =  1.0) cor-

responds to receptor transporting protein 3 (rtp3), which has been 

linked to human femoral cortical thickness and buckling ratio, as 

well as hip fractures (Zhao et al., 2010), and another upregulated 

benthic gene (log2FC =  4.83, p =  .015, FDR =  1.0), poly(ADP- ribose) 

polymerase 14 (parp14), has been shown to regulate cell cycle pro-

gression via Cyclin D1 (O'Connor et al., 2021). Thus, viable candi-

dates for craniofacial bone plasticity may be found just under the 

threshold set by RNA- seq protocols.

We stress that a relatively low number of DEGs within species 

does not preclude more general roles for the environment in de-

termining species- specific bone shapes. For example, bone matrix 

deposition data (Figure 4) suggest that pelagic foraging is leading 

to a greater difference between species than benthic foraging. As 

a next step, we therefore assessed the effect of foraging environ-

ments on DE between species.

3.3 | The pelagic environment drives species- 
specific differences in gene expression and reveals 
signatures of genetic assimilation

We have shown previously that foraging conditions can have a 

marked impact on the genotype– phenotype map. Specifically, quan-

titative trait loci (QTL) for the same trait map to distinct regions of 

the genome when animals are reared under alternate benthic/pelagic 

foraging conditions (Parsons et al., 2016; Zogbaum et al., 2021). We 

therefore examined expression differences between species within 

each environment and documented a striking imbalance in DEGs. 

Specifically, when only considering animals exposed to pelagic con-

ditions, we found 3761 DEGs between species, whereas only 984 

DEGs were detected between species when only comparing animals 

reared under benthic conditions (Table 1, Figure 5a– c). Additionally, 

when comparing environment- specific DEGs to the total dataset (i.e. 

combining both environments), we found that 2609 genes from pe-

lagic animals were represented in the global comparison, whereas 

only 155 genes from benthic animals overlapped between datasets 

(Table 1, Figure 5c). These data underscore the importance of en-

vironmental context in determining the genetic basis of species- 

specific bone shapes (Parsons et al., 2016; Zogbaum et al., 2021). 

More specifically, they suggest that the pelagic foraging environ-

ment is driving species differences in gene expression within the 

IOP- RA functional complex.

This trend is drawn out when comparing genes from an addi-

tive model (S +  E), whereby DEGs were detected at the level of both 

species and foraging environment (Table S3; Figure 6a). When illus-

trated as a heatmap, these data support the assertion that species 

F I G U R E  4  Bone matrix deposition 
rates from three areas along the opercle 
(OP)— interopercle (IOP) series are plotted 
as histograms in MZ (a) and TRC (b). Green 
indicates values from animals reared in 
the benthic environment, and blue are 
values from benthic fishes. Note the 
relatively broader distribution in MZ (a) 
compared to TRC (b). Mean values for 
pelagic-  versus benthic- reared animals are 
plotted above each histogram. Note that 
while in TRC mean benthic/pelagic values 
are equally displaced from ‘0’, the pelagic 
mean in MZ is further from ‘0’ than the 
benthic mean, suggesting that the pelagic 
foraging environment is driving plasticity 
in this species. Data presented here are 
from Navon et al. (2020).
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Figure 6: The pelagic environment drives differences in expression between species 

and implicates cell cycle regulation as a mode of increased bone deposition. (a) 

Volcano plot depicting DE between species in the benthic environment (n = 984 total; n = 

549 MZ in red; n = 435 TRC in blue). (b) Nearly four times the number of DEGs are 

detected in the pelagic environment (n = 3761 total; n = 1927 MZ in red; n = 1834 TRC 

in blue). (c) The venn diagram shows that not only are there more DEGs in the pelagic 

versus benthic environment, but that most (813/984 = 83%) of the DEGs detected in the 

benthic environment are also DE in the pelagic environment. Alternatively, only 22% 
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differences in gene expression are driven by the pelagic environ-

ment, and reveal patterns consistent with either genetic accom-

modation or assimilation. Genetic assimilation is a mechanism by 

which plasticity is lost over evolutionary time as genetic variation 

that facilitated plasticity in an ancestral population becomes fixed as 

descendent populations adapt to a specific environment (reviewed 

F I G U R E  5 The pelagic environment drives differences in expression between species and implicates cell cycle regulation as a mode of 
increased bone deposition. (a) Volcano plot depicting DE between species in the benthic environment (n = 984 total; n = 549 MZ in red; 
n = 435 TRC in blue). (b) Nearly four times the number of DEG s are detected in the pelagic environment (n = 3761 total; n = 1927 MZ in red; 
n = 1834 TRC in blue). (c) The venn diagram show s that not only are there more DEG s in the pelagic versus benthic environment, but that 
most (813/984 = 83%) of the DEG s detected in the benthic environment are also DE in the pelagic environment. Alternatively, only 22% 

(813/3761) DEG s detected in the pelagic environment are also DE in benthic fish. (d, e) Enriched GO terms are show n for MZ versus TRC 

in the pelagic (d) and benthic (e) environments. Colours are representative of the −log10(p- value). Grey bars indicate no significance. Gene 
counts are given as a total for both species along with the corresponding GO term. Many terms enriched for in MZ in both environments are 
associated with cell cycle (e.g. cell cycle and cell division).
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(813/3761) DEGs detected in the pelagic environment are also DE in benthic fish. (d, e) 

Enriched GO terms are shown for MZ versus TRC in the pelagic (d) and benthic (e) 

environments. Colours are representative of the −log10(p-value). Grey bars indicate no 

significance. Gene counts are given as a total for both species along with the 

corresponding GO term. Many terms enriched for in MZ in both environments are 

associated with cell cycle (e.g. cell cycle and cell division). 
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Figure 7: Differential expression across species plus environment reveals signatures 

of genetic assimilation and further supports a role for the cell cycle in promoting 

species differences. (a) We constructed an additive model to identify genes that were 

differentially expressed between species and environment (S + E), which identified 128 

DEGs. With the exception of a single MZ individual, species clustered together. 

Clustering by environment was observed in MZ but not TRC. Assuming that plasticity 

represents the ancestral condition, this analysis also provides evidence for genetic 

assimilation, whereby pelagic MZ exhibited relatively high gene expression compared to 

benthic MZ, which generally resemble TRC in terms of expression. Pink dots on the 

cladogram to the left of the heatmap denote gene clusters that exemplify this pattern. We 

note that three pelagic MZ exhibited especially robust expression levels. (b) Enriched GO 

terms associated with genes in the S + E model. Colours are representative of the 

−log10(p-value). Grey bars indicate no significance. The nature of the additive model 

precludes us from having an up- versus down-regulated analysis of genes, because it 

takes into account both species and environment at the same time. These GO terms are 

similar to previous analyses in returning processes involved in cell cycle regulation.  

10 |   TETRAULT et  a l .

by Pigliucci et al., 2006). If we assume that plasticity is ancestral, 

evidence for genetic assimilation is apparent in several gene clusters 

(denoted by pink dots, Figure 6a), whereby TRC expression levels are 

indistinguishable between foraging environments and match those 

of benthic MZ. Consistent with previous data, many of the DEGs 

identified by this model contribute to cell cycle regulation— for ex-

ample, cdc20, cdca5, cdca8, ccne2, ccnb1, ccnb2, ccnf. A list of all the 

DEGs in this model can be found in Table S3.

Alternative to genetic assimilation is genetic accommodation, or 

an increase in genetic plasticity over evolutionary time. We cannot 

rule this out, as it is possible that plasticity has been enhanced be-

yond the ancestral condition in MZ. Regardless, the main conclusion 

to be drawn from these data is that the evolution of plasticity in this 

system may be traced to divergent patterns of gene expression as-

sociated with cell cycle regulation.

We next performed GO analyses for DEGs between species in 

each foraging environment. When considering animals reared in 

the pelagic foraging environment, GO analysis revealed a diversity 

of biological processes; however, those associated with cell division 

were among the most enriched in MZ, whereas translation and cell 

differentiation were among the most enriched processes in TRC 

(Figure 5d). For animals reared in the benthic environment, compar-

atively fewer biological processes were enriched in general, consis-

tent with fewer DEGs being identified. Similar to pelagic fishes, this 

F I G U R E  6 Differential expression across species plus environment reveals signatures of genetic assimilation and further supports a role 
for the cell cycle in promoting species differences. (a) We constructed an additive model to identify genes that were differentially expressed 
between species and environment (S + E), which identified 128 DEG s. W ith the exception of a single MZ individual, species clustered 

together. Clustering by environment was observed in MZ but not TRC. Assuming that plasticity represents the ancestral condition, this 
analysis also provides evidence for genetic assimilation, whereby pelagic MZ exhibited relatively high gene expression compared to benthic 
MZ, which generally resemble TRC in terms of expression. Pink dots on the cladogram to the left of the heatmap denote gene clusters that 
exemplify this pattern. We note that three pelagic MZ exhibited especially robust expression levels. (b) Enriched GO terms associated with 
genes in the S + E model. Colours are representative of the −log10(p- value). Grey bars indicate no significance. The nature of the additive 
model precludes us from having an up-  versus down- regulated analysis of genes, because it takes into account both species and environment 
at the same time. These GO terms are similar to previous analyses in returning processes involved in cell cycle regulation.
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Figure 8: Overlap of RNA-seq and ATAC-seq datasets narrows the list of candidate 

genes. (a) In total, 89 genes were identified that were both differentially expressed (DE) 

at 17 days and differentially accessible (DA) between species. Of these, 15 overlapped 

with genes identified in the pelagic dataset (light blue), 11 overlapped with genes from 

the benthic dataset (dark blue), and 13 were identified in both foraging environments. 
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F I G U R E  7  Overlap of RNA- seq and ATAC- seq datasets narrows the list of candidate genes. (a) In total, 89 genes were identified that 
were both differentially expressed (DE) at 17 days and differentially accessible (DA) between species. Of these, 15 overlapped with genes 
identified in the pelagic dataset (light blue), 11 overlapped with genes from the benthic dataset (dark blue), and 13 were identified in both 
foraging environments. These overlapping datasets identified a relatively small subset of genes where expression differences may be due 
to differences in the cis- regulatory region. Boxes to the right of the venn diagram display the specific genes from each area of overlap. (b– d) 
Diagrams of genes are shown (each panel has its own scale bar), as well as the location of ATAC- seq peaks based on DA analyses, and CpG 
islands (from the UCSC genome browser CpG island track based on at least 50% GC content, >200 bp, and >0.6 ratio of observed number of 
CG dinucleotides). Shown are representative data from the benthic dataset (b, actr6 on LG7), the pelagic dataset (c, kiaa0586 on an unlinked 
contig), and a gene that was significantly DE and DA in both environments (d, capn1- like on LG10). Beneath each gene model, ATAC- seq 
peaks are coloured based on concentrations, with lighter colours indicating lower concentrations and darker colours indicating higher 
concentrations.
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These overlapping datasets identified a relatively small subset of genes where expression 

differences may be due 

to differences in the cis-regulatory region. Boxes to the right of the venn diagram display 

the specific genes from each area of overlap. (b–d) Diagrams of genes are shown (each 

panel has its own scale bar), as well as the location of ATAC-seq peaks based on DA 

analyses, and CpG islands (from the UCSC genome browser CpG island track based on 

at least 50% GC content, >200 bp, and >0.6 ratio of observed number of CG 

dinucleotides). Shown are representative data from the benthic dataset (b, actr6 on LG7), 

the pelagic dataset (c, kiaa0586 on an unlinked contig), and a gene that was significantly 

DE and DA in both environments (d, capn1-like on LG10). Beneath each gene model, 

ATAC-seq peaks are colored based on concentrations, with lighter colors indicating 

lower concentrations and darker colors indicating higher concentrations.  
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Figure 9: Roles for Etv4 and associated pathways in species-specific bone growth. 

(a) Etv4 connects environmental stress response, including hypoxia, through Hif and Ahr 

signalling, and craniofacial development through ER signalling. Lists of genes that were 

DE between MZ and TRC are colour-coded based on the pathway they associated with. 

Note that Hsp90 participates on more than one pathway, suggesting that these pathways 

may be interdependent. (b) A heatmap of these factors is shown. Because of differences 

in overall expression levels between genes, cpms were scaled as a percentage to the 

highest value. MZ are labelled with light grey and TRC as dark grey. Symbols indicate 

the foraging environment that the individual was exposed to.  
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oestrogen levels in zebrafish leads to the development of shortened, 

benthic- like crania (Cohen et al., 2014). Thus, etv4 appears to have 

pleiotropic effects on hypoxia adaptation and craniofacial geometry.

Figure 8 supports much of the above discussion. Here, we ex-

amined etv4 expression within the context of various downstream 

effectors, including those acting through Hif, Ahr and/or oestrogen 

signalling (Figure 8a). The cluster analysis did not return wide- spread 

structuring by signalling, which may point to their interdependence 

or to Etv4 acting through multiple pathways to influence the devel-

opment of species- specific bone shapes. Similar to studies by Ahi 

et al. (2014, 2015), who showed greater expression of ahr2b and 

ets2 (another ETS transcription factor) in benthic Arctic charr spe-

cies, etv4 was expressed at a higher level in our benthic species, TRC 

(Figure 8b). We also note that bmp2b expression was the most simi-

lar to etv4, which aligns with previous work demonstrating roles for 

Bmp levels in craniofacial development of an extreme benthic cichlid 

species, Labeotropheus fuelleborni (Albertson et al., 2005).

The gene, Wiskott– Aldrich syndrome (was), is another interesting 

candidate in light of recent work. This gene is a member of the Was/

Wasl protein family that signals through the actin cytoskeleton to 

regulate numerous cell behaviours (Snapper & Rosen, 1999). Until 

recently, no roles for Was/Wasl signalling had been reported in 

craniofacial or bone biology, but in 2021, Hawkins and colleagues 

demonstrated that it regulates patterning of the appendicular skel-

eton in both zebrafish and mouse models (Hawkins et al., 2021). 

Other genes in this dataset are largely new to the field of cranio-

facial biology, but implicate biological processes important in bone 

patterning, formation, growth and homeostasis, including chroma-

tin remodelling (e.g. actr6 (Yoshida et al., 2010)), cell signalling (e.g. 

asb5 (Yoshioka et al., 2006)) and cell growth (e.g. impdh1 (Chang 

et al., 2015)). In all, this dataset provides a robust foundation for fu-

ture inquiry.

3.6 | Validation of select candidate genes by qPCR

We validated a subset of genes from this analysis with qPCR, focus-

sing on those that overlapped in the RNA- seq/ATAC- seq datasets 

(Figure S1a– e). Trend across transcript counts (i.e. counts per million, 

cpm) and qPCR expression were generally equivalent, but we note 

that qPCR picked up significant differences in gene expression that 

did not meet the threshold for RNA- seq significance. For example, 

actr6, which plays important roles in heterochromatin formation in 

yeast, Drosophila and vertebrates (Ohfuchi et al., 2006), was DE be-

tween benthic and pelagic TRC according to qPCR, but not RNA- 

Seq (Figure S1a). In addition, gnmt, a methyltransferase involved 

F I G U R E  8  Roles for Etv4 and 
associated pathways in species- 
specific bone growth. (a) Etv4 connects 
environmental stress response, including 
hypoxia, through Hif and Ahr signalling, 
and craniofacial development through 
ER signalling. Lists of genes that were DE 
between MZ and TRC are colour- coded 
based on the pathway they associated 
with. Note that Hsp90 participates on 
more than one pathway, suggesting that 
these pathways may be interdependent. 
(b) A heatmap of these factors is shown. 
Because of differences in overall 
expression levels between genes, cpms 
were scaled as a percentage to the highest 
value. MZ are labelled with light grey and 
TRC as dark grey. Symbols indicate the 
foraging environment that the individual 
was exposed to.
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Table 1: Number of genes that are DE or DA from RNA-seq and ATAC-seq 

datasets, respectively. 
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et al., 2019). Alternatively, genes upregulated in the benthic envi-

ronment were involved in a diversity of processes, including stress 

response.

Craniofacial plasticity has been noted in both MZ and TRC 

(Navon et al., 2020; Parsons et al., 2014), and so the lack of more 

extensive DEGs between foraging treatments, especially in TRC, 

was somewhat surprising. However, we note that plasticity in 

these species was (a) subtle, and (b) described weeks or months 

following the onset of foraging trails (Navon et al., 2020; Parsons 

et al., 2014). For instance, while rates of bone matrix deposition 

were significantly different within both MZ and TRC (Navon 

et al., 2020), there is a fair amount of overlap between treatments, 

particularly in TRC (Figure 4b). In fact, a closer look at the data 

by Navon et al. (2020) clearly shows that MZ is more plastic than 

TRC, and that plasticity in MZ is driven by the pelagic foraging 

environment (blue, Figure 4a). Timing is also a potentially con-

founding factor in the study of plasticity. Previous studies have 

used time points measured in months (Schneider et al., 2014) or 

TA B L E  1  Numbers of genes that are DE or DA from RNA- seq and ATAC- seq datasets, respectively.

RNA- seq (DE) MZ:TRC MZB:TRCB MZP:TRCP MZB:MZP TRCB:TRCP S +  E

Total 5318 984 3761 38 0 128

MZ 2667 549 1927 n/a n/a n/a

TRC 2651 435 1834 n/a n/a n/a

Benthic n/a n/a n/a 13 0 27

Pelagic n/a n/a n/a 25 0 101

ATAC- seq (DA) MZ:TRC MZB:TRCB MZP:TRCP MZB:MZP TRCB:TRCP

Total 297 157 114 0 0

MZ 202 118 60 n/a n/a

TRC 95 39 54 n/a n/a

Benthic n/a n/a n/a 0 0

Pelagic n/a n/a n/a 0 0

Note: In each comparison/model, the total numbers are provided, followed by the numbers that are upregulated in a particular species or 
environment.

F I G U R E  3  Little differential expression is detected between foraging environments. (a) Within TRC, the volcano plot shows no DEGs 
between environments. (b) Within MZ, a small number of DEGs (n =  38) were detected between environments, with more upregulated in 
the pelagic (n =  25; blue) versus the benthic (n =  13; red) environment. Black dots represent genes that are not significantly DE at FDR <  0.05 
(c) Within MZ, more GO terms were returned for upregulated genes in animals exposed to pelagic versus benthic environments. Cell cycle 
regulation features prominently in the pelagic environment.
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Figure S1: qPCR validation of a subset of genes from the overlap of the RNA-seq 

and ATAC-seq datasets. In general, the trends of gene expression matched the trends of 

cpm from RNA-seq libraries. For all panels, gene expression via qPCR is on the left, and 

the corresponding cpm is on the right. (A) Actr6 is from the benthic overlapping dataset 

and therefore is expected to be significantly different between species exposed to benthic 
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foraging: Expression MZB:TRCB p=9.39e-4; Expression TRCB:TRCP p=0.00154; cpm 

MZB:TRCB p=0.00805; cpm TRCB:TRCP p=0.11. Note that qPCR suggests that this 

gene is also plastically expressed within TRC. (B) Asb5 is from the pelagic overlapping 

dataset and expected to be significantly different between species exposed to pelagic 

foraging: Expression TRCB:TRCP p=0.0592; Expression MZP:TRCP p= 9.19e-4; cpm 

TRCB:TRCP p=0.0353; cpm MZP:TRCP p=1.48e-4. Based on qPCR, expression of this 

gene is also distinct between environments in TRC. (C) Capn1-like was identified in both 

pelagic and benthic datasets and expected to be DE between species in both 

environments. Expression MZB:TRCB p=1e-8; Expression MZP:TRCP p=2e-7; cpm 

MZB:TRCB p=0.0105; cpm MZP:TRCP p= 4.72e-4. (D) Gnmt was also from this 

“robust” dataset: Expression MZB:TRCB p=1e-8; Expression MZP:TRCP p=7.7e-6; cpm 

MZB:TRCB p=9.12e-4; cpm MZP:TRCP p= 7.52e-4. (E) We also examined cdc20 

which was not found in the DE:DA overlapping dataset, but was a gene found to be 

plastic in MZ. It is also involved in cell-cycle regulation, which was implicated many 

times in this study. The trend is similar between expression and cpm dataset, however 

only the cpm data reached significance between pelagic and benthic MZ: Expression 

MZP:MZB p=0.17; cpm MZP:MZB 1.48e-4. 
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Table S1: Alignment data across all individuals. All reads were aligned to the MZ 

genome. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1. Alignment data across individuals. All reads were aligned to the MZ genome. 

Species Individual Treatment Reads Align Rate(%)

Maylandia MZ1r Benthic 39429421 83.45

Maylandia MZ2r Benthic 36709816 82.81

Maylandia MZ3r Benthic 21312522 83.5

Maylandia MZ5r Benthic 27753598 82.49

Maylandia MZ6r Benthic 27510625 84.21

Maylandia MZ8r Pelagic 44701983 81.67

Maylandia MZ9r Pelagic 27678241 83.52

Maylandia MZ10r Pelagic 27593463 83.85

Maylandia MZ11r Pelagic 25069226 85.38

Maylandia MZ13r Pelagic 25925780 84.09

Tropheops TRC1r Benthic 36882758 83.65

Tropheops TRC2r Benthic 48038591 83.82

Tropheops TRC3r Benthic 40974594 84.44

Tropheops TRC5r Benthic 31433515 83.9

Tropheops TRC6r Benthic 30233914 83.06

Tropheops TRC11r Pelagic 33655345 82.92

Tropheops TRC12r Pelagic 37770476 83.73

Tropheops TRC13r Pelagic 28706744 83.31

Tropheops TRC14r Pelagic 31868378 83.3

Tropheops TRC15r Pelagic 36830798 83

Tropheops TRC16r Pelagic 34917788 85.78

!4
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Table S2: Cichlid qRT-PCR primer sequences for expression validation. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S2: Cichlid qRT-PCR primer sequences for expression validation. 

Gene Sequence (5'-3')

actr6 For GCAAATCCCGTCTGTTACGC

actr6 Rev CATAGTCCTCCCGCATCACC

asb5 For CAGTGTGATGGTACCCGTCC

asb5 Rev CACAAAACGAGCAGCTCAGAAA

capn1 For ATGTTTAGGGTTGGGACTCCAG

capn1 Rev GGTGACAACCAACTGATCCCT

gnmt For GTGTCGGACCAGTGTTTTGC

gnmt Rev AGCCCAAAGAGATGAACGCA

cdc20 For GGCTCCTGTATCAGTTCGCT

cdc20 Rev AGGCGAATGGTCTCATCTGC

actb2 For GTATGTGCAAGGCCGGATT

actb2 Rev TTCTGACCCATACCCACCAT

!5
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Table S3: Differential expression and differentially accessibility overlapping genes, 

the environmental condition in which they are upregulated, and where differential 

accessibility peaks occur. Colors correspond to Figure 8 in the main text. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ensembl_id Gene_name Environment DE DE_FDR DA DA_FDR DA_in

ENSMZEG00005001000 asb5 Pelagic TRC 0.01156174 TRC 9.83E-09 5' flanking--intron 1

ENSMZEG00005024961 gimap7 Pelagic TRC 0.01080607 TRC 0.033698174 intron 1

ENSMZEG00005005887 ctsf Pelagic TRC 4.14E-05 TRC 0.003640002 5' flanking--exon 1

ENSMZEG00005018947 snrnp35 Pelagic TRC 0.01523367 TRC 0.00763847 intron 3--exon 4

ENSMZEG00005024667 aamdc Pelagic TRC 0.00742822 TRC 0.010974519 intron 1

ENSMZEG00005020024 prkag2a Pelagic TRC 0.01155025 TRC 0.003061195 intron 3--exon 4

ENSMZEG00005018223 sobpb Pelagic TRC 0.00957963 TRC 0.029994701 exon 7--UTR

ENSMZEG00005007459 etv4 Pelagic TRC 0.02918761 TRC 0.016803017 intron 4

ENSMZEG00005019100 il1rl2 Pelagic TRC 0.05489003 TRC 0.001717386 intron 6

ENSMZEG00005027541 KIAA0586 Pelagic TRC 0.00199194 TRC 0.043908005 intron 7

ENSMZEG00005005561 impdh1b Pelagic MZ 0.00383998 MZ 0.024572016 intron 1

ENSMZEG00005016815 SERPINB1 Pelagic MZ 0.00445556 TRC 1.87E-09 intron 5

ENSMZEG00005019577 mcub Pelagic MZ 0.04672242 MZ 2.03E-08 5' flanking--exon 1

ENSMZEG00005026160 mcm6 Pelagic MZ 0.02718694 MZ 0.046314643 5' flanking--exon 1

ENSMZEG00005026032 ak2 Pelagic MZ 0.02069088 MZ 6.38E-04 5' flanking--intron1

ENSMZEG00005002411 actr6 Benthic TRC 0.00936915 TRC 1.40E-09 intron 4--intron6

TRC 9.10E-08 5' flanking--exon 1

ENSMZEG00005006938 nipsnap3a Benthic MZ 7.80E-05 MZ 1.18E-04 intron 1

ENSMZEG00005022151 hla-dpa1 Benthic MZ 0.00935691 MZ 1.34E-04 5' flanking--intron 1

ENSMZEG00005022984 camk2d1 Benthic MZ 0.00059887 MZ 3.26E-04 5' flanking--intron 1

ENSMZEG00005009504 n-wasp Benthic MZ 0.00966982 MZ 4.07E-04 exon 2--intron 3

ENSMZEG00005025763 adgrl2a Benthic MZ 0.00855149 MZ 0.024653634 intron 4

ENSMZEG00005018733 b4galnt2 Benthic MZ 0.00984306 MZ 0.001738169 5' flanking--intron 1

ENSMZEG00005021009 tspan8 Benthic TRC 0.01409865 MZ 0.009624277 intron 1

ENSMZEG00005023557 them6 Benthic MZ 0.02186381 MZ 0.035666661 5' flanking--exon 1

ENSMZEG00005028342 wdr59 Benthic MZ 0.0265954 MZ 0.025420487 5' flanking--intron 1

ENSMZEG00005012056 tns2a Benthic TRC 0.00791493 MZ 0.026294009 intron 1

ENSMZEG00005025584 tnfrsf6b Robust MZ 6.74E-09 MZ 9.95E-24 5' flanking--exon 1

ENSMZEG00005014061 b3galt2 Robust MZ 3.99E-08 MZ 1.64E-20 exon 2

ENSMZEG00005021026 thx Robust MZ 4.70E-08 MZ 3.85E-19 intron 3

ENSMZEG00005020951 ak8 Robust TRC 3.23E-07 TRC 4.35E-13 intron 3

ENSMZEG00005016544 b3galt1 Robust MZ 5.77E-13 MZ 8.38E-13 5' flanking--exon 1

ENSMZEG00005010628 capn2b Robust MZ 7.54E-06 TRC 5.67E-12 intron 1--exon 2

ENSMZEG00005024744 capn1 Robust MZ 0.00562961 TRC 2.18E-11 intron 4

MZ 3.89E-07 intron 4

ENSMZEG00005025773 il1rl2 Robust MZ 5.36E-05 MZ 3.56E-10 5' flanking--intron 1

ENSMZEG00005002433 fam3c Robust TRC 4.65E-12 TRC 4.37E-10 5' flanking--exon 1

ENSMZEG00005019407 fbxo15 Robust TRC 1.68E-05 TRC 3.47E-09 5' UTR--exon 1

ENSMZEG00005018769 novel gene Robust MZ 2.16E-05 MZ 4.64E-09 intron 5

MZ 1.97E-06 intron 2

ENSMZEG00005006910 gnmt Robust MZ 1.52E-07 MZ 8.25E-07 exon 3--intron 3

ENSMZEG00005000687 slc18a1 Robust TRC 1.04E-05 MZ 9.94E-05 intron 5--intron 6 
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CHAPTER III 

CRANIOFACIAL PLASTICITY VIA ROBUST AND EARLY 

EXPRESSION OF ENVIRONMENTALLY SENSITIVE GENES 
 

Tetrault, E.R., Aaronson, B., Gilbert, M.C., & Albertson, R.C. 

 

This chapter was submitted to PNAS in August 2023. 

 

Introduction 

How complex phenotypes arise and are maintained over time remains an 

important question in evolutionary biology (Komarova 2014; Schwander et al., 2014; 

Musser & Clarke, 2020). The craniofacial skeleton (e.g., skull, jaws, and other supporting 

hard- and soft-tissue traits in the head) is an exquisitely complex organ whose final form 

relies on a balance between genetic and environmental factors (Szabo-Rogers et al., 2010; 

Roosenboom et al., 2016). Furthermore, due to the explicit connection between 

craniofacial form, function and ecology, it is one of the most diverse and rapidly evolving 

traits among vertebrates (Albertson & Kocher, 2006; Navalón et al., 2020; McGirr & 

Martin, 2021). For example, adaptive radiations, which constitute a major source of 

biodiversity (Schluter, 2000; Hu et al., 2016 ; Borko et al., 2021), are often driven by 

divergence in diet, and concomitant changes in foraging-related structures, including the 

craniofacial skeleton. The proximate mechanisms through which divergence in 

craniofacial shape occurs remains an open question, but given the complex nature of this 

structure, both genetic and environmental factors are undoubtedly involved.   

The search for sources of craniofacial variation have largely involved genetic, 

molecular, and cellular mechanisms (Roberts et al., 2011; Pallares et al., 2014; Parsons et 

al., 2014 (1); Parsons et al., 2014 (2); Ito et al., 2015; Parsons et al., 2015; Percival et al., 
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2017), focusing on early developmental processes. However, allometry also figures 

prominently in craniofacial shape, providing opportunities for natural selection to target 

various life history stages (Schaefer et al., 2004; Tamagnini et al., 2017; Hallgrímsson et 

al., 2019; Marugán-Lobón et al., 2021). Allometric changes in the craniofacial skeleton 

are often associated with dietary niche shifts over ontogeny (Hellig et al., 2010; Chatterji 

et al., 2022; Patterson et al., 2022), which suggests that phenotypic plasticity may play an 

important role in influencing the geometry of the skull. Under this scenario distinct 

mechanical inputs associated with different foraging modes would be interpreted by 

distinct sets of progenitor cells, resulting in environment-specific remodeling and growth 

of the feeding apparatus. The genetic mechanisms that enable this capacity are an 

important and ongoing topic of investigation.  

The genetic complexity of bone mechanosensing has long been appreciated. In the 

mouse tibia model, for example, load-induced bone formation is linked to multiple loci 

and interactions, each of relatively small effect (Kesavan et al., 2006). Other studies have 

shown that while load-induced bone formation in the tibia is associated with the 

regulation of Wnt signaling, the effects are dependent upon the number of loading bouts 

and the age of the animals (Holguin et al., 2016). Our work in cichlids has also 

implicated Wnt signaling in craniofacial bone formation and plasticity (Parsons et al., 

2014), as well as extensive gene-by-environment effects, whereby genetic mapping of a 

range of hard- and soft-tissue traits under different foraging conditions, resulted in almost 

completely non-overlapping genotype-phenotype maps (Parsons et al., 2016; Zogbaum et 

al., 2021).    
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Additional efforts in our lab have characterized roles for primary cilia and the 

Hedgehog pathway in the evolution and development of the cichlid feeding apparatus. In 

particular, Hh signaling was linked to the size and shape of the interopercle (IOP) bone 

and the retroarticular process (RA) of the lower jaw (Roberts et al., 2011; Hu & 

Albertson, 2014). Variation in the relative sizes of these elements can determine whether 

the feeding apparatus is adapted for a pelagic (i.e suction feeding; speed) or benthic (i.e 

scraping/biting; power) foraging (Westneat, 1991). Further, Hh levels were shown to be 

necessary and sufficient to sensitize bone to mechanical load (Navon et al., 2020). 

Members of the Hh signal transduction pathway localize to the primary cilia, a 

mechanosensitive organelle (Rohatgi et al., 2007), and we recently implicated the ciliary 

rootlet in cichlid bone shape and plasticity (Gilbert & Tetrault et al., 2021). Specifically, 

we showed that allelic variation in crocc2, which encodes a major structural component 

of the primary cilium (Yang et al., 2005), is associated with species that exhibit different 

bone shapes and environmental sensitivities.  In addition, zebrafish crocc2 mutants were 

unable to elicit a plastic response, were characterized by dysmorphic bone geometry 

particularly at sites of high mechanical stress, and exhibited dysregulated bone 

homeostasis at the transcript and tissue levels (Gilbert & Tetrault et al., 2021). 

To complement this gene-by-gene approach we next used multiomics to increase 

the pace of discovery of environmentally sensitive genes that underlie species-specific 

differences in jaw shape. Focusing on the IOP-RA functional complex we used 

overlapping both RNA-seq and ATAC-seq datasets to assess differences in transcription 

levels and chromatin accessibility between species and environments (Tetrault et al., 

2023). The RNA-seq experiment was performed at ~2 weeks, while the ATAC-seq 
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experiment was carried out at ~4 weeks, allowing us to ~50 identify loci with effects at 

both time points. This dataset included genes involved in primary cilia formation, 

chromatin structure, DNA methylation, cell-cycle regulation, and apoptosis (Tetrault et 

al., 2023). While these data were informative of the genomic regulation of 

environmentally sensitive genes, they were limited to a relatively narrow window 

following the onset of foraging challenges. Here we seek to characterize the expression 

dynamics of these environmentally sensitive genes over time. As a negative control we 

also used another species to our dataset that is characterized by a feeding apparatus that is 

robust to foraging mode (Parsons et al., 2014; Navon et al., 2020). Finally, to compare 

the relative timing of plasticity at the transcript and anatomical levels, the same animals 

were used for gene expression and shape analysis at 1, 2, 4, and 8 weeks following the 

onset of the feeding experiment.  

Several predictions can be made based on our previous work, as well as the 

broader literature on bone plasticity/mechanosensing. First, we expect that plasticity in 

gene expression will be more pronounced and occur earlier in the species known to be 

plastic at the tissue level. Correspondingly, the canalized species should exhibit little in 

the way of environmentally sensitive gene expression. Second, we expect that plasticity 

in gene expression will precede that in anatomy. Next, we expect that the pelagic 

foraging mode will drive plasticity at both levels (e.g., Tetrault et al., 2023).  In terms of 

when plasticity will manifest, there are multiple possibilities. For instance, since 

plasticity of gene expression in the cichlid pharyngeal jaw in response to hard vs soft 

diets was not observed until after 1 month (Schneider et al., 2014), it is possible that the 

magnitude of plasticity in gene expression will increase over time. Alternatively, in 
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various mammalian models a transcriptional response to bone loading has been detected 

in less than a day (Terai et al., 1999; Mantilla Roosa et al., 2011; Holguin et al., 2016), 

and thus robust plastic gene expression may be observed at the earliest time point. The 

answer to these questions, in concert with the broader body of research, will advance a 

better understanding of how genes and the environment interact to determine adaptive 

variation in jaw shape. 

Materials and Methods 

Fish Husbandry 

Cichlids were purchased and housed at equal density in 40-gallon glass aquaria at 

~28°C on a 14 hour light/10 hour dark cycle. Each aquarium had constant water flow and 

air stones to aerate the water.  Cichlid husbandry follows a protocol approved by the 

institutional animal care and use committee at the University of Massachusetts. 

Experimental design 

We used three species of African cichlid from Lake Malawi, two generalist 

species, Maylandia gallireya (MG; n=51), a true generalist that forages on many food 

types, Tropheops olive (TO; n=61), a generalist who has a slight benthic preference, and 

one benthic specialist, Labeotropheus fuelleborni (LF; n=42) (Figure 10a). We split each 

species of cichlid into two separate tanks to isolate each treatment/species combination. 

Individuals in the pelagic treatment were given ground cichlid flake food to impose a 

cyclic load on the oral jaw, while animals in the benthic treatment had an equal amount 

of ground flake food mixed with 1.5% food-grade agar, and pasted over two lava rocks, 

which imposed a more static load. Groups were given one week to train on their 

respective diet to ensure they learned how to forage correctly before the start of the 
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experiment. We sacrificed animals at four time points: 1 week, 2 weeks, 4 weeks, and 8 

weeks (Figure 10b; Table S4). This allowed us to track gene expression and bone shape 

changes over time. The IOP-RA complex on the left side of each animal was stored in 

Trizol at -80°C for RNA extraction. 

RNA extraction and qPCR 

RNA-extraction was performed using the phenol-chloroform method with each 

sample standardized to 70ng/µL RNA. cDNA was prepared using the High Capacity 

Reverse Transcription Kit (Applied Biosystems). We assessed gene expression dynamics 

over time in the IOP-RA functional complex using qPCR. Our panel included 11 genes 

including six environmentally sensitive loci from genome-wide study (i.e., actr6, asb5, 

capn1, cdc20, gnmt, kiaa0586; Tetrault et al., 2023). Five additional genes were added to 

this panel based on known roles in bone development, mechanical stimulation and 

remodeling (sp7, opg, rankl, ptch1, notch1a). See primer sequences in the supplementary 

information (Table S5). 

Bone staining 

After dissection of the left IOP-RA complex, each animal was stored in 4% 

paraformaldehyde for approximately 1 week at room temperature, washed with RO 

water, and stepped through an ethanol series until 70% and stored in fresh 70% EtOH 

until staining. Each specimen was soaked in Alizarin Red (Sigma-Aldrich) bone stain in 

70% EtOH for 24-48 hours depending on the size of the animal. Excess stain was 

removed by further soaking each sample in 70% EtOH for 2-3 days, and stored in fresh 

70% EtOH until imaging. We captured images of the right lateral surface of each 
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specimen using a Leica M165 FC microscope with an attached Leica DFC450 camera 

(Leica Camera AG, Wetzlar, Germany). 

2D morphometrics and linear measures 

 

The global craniofacial landmarking scheme consisted of 11 fixed landmarks. In 

addition, two curves were drawn with 11 and 5 sliding semilandmarks to outline the eye 

and the slope of the head, respectively (see Figure 13). To determine whether the 

geometry of the 4-bar linkage of the cichlid oral jaw changes in response to alternate 

foraging treatment, we landmarked the joint of each linkage. All images were digitized 

using StereoMorph (Olsen and Westneat, 2015). We then ran a generalized Procrustes 

analysis (GPA) on landmark data. From whole shape landmark data, we quantified shape 

change trajectories between environments (shape ~ species x treatment, ~centroid size), 

or over time (shape ~ species x time, ~centroid size) using the trajectory.analysis function 

in the Geomorph v3.0 package (modified from Packard et al., 2023). This function uses 

ANOVA to evaluate the trajectories, and calculates the differences in trajectory path and 

magnitude. Landmark data was subjected to 10000 random permutations via a 

randomized residual permutation procedure. Each trajectory was then superimposed over 

the morphospace of PC1 and PC2. A test was considered significant if 𝛂≤0.05. 

Using ImageJ, we also took linear measures of each linkage of the 4-bar system 

individually to measure length over time. Each animal was plotted an individual linkage 

against their head length to get a growth slope by species and treatment. An ANCOVA 

determined whether slopes were significantly different from each other. Statistically 

different slopes indicated a plastic response between each treatment, or faster/slower 

growth between species. A test was considered significant if 𝛂≤0.05. 
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Results 

 

Gene expression varies by species, time, and environment 

We assessed gene expression across 3 species, reared in 2 foraging conditions, 

and at 4 time points. Several notable trends emerged from these data (Figure 11; Figure 

S2). First, we found that the overall highest levels of gene expression were observed at 

week 1 in pelagic Maylandia and 2 weeks in benthic Maylandia. Tropheops exhibited a 

similar, though less pronounced, pattern whereby expression was higher at 1 and 2 

weeks, relative to later time points within this species. Conversely, Labeotropheus 

exhibited overall dampened expression across all markers, and at all timepoints. Notably, 

these trends were not only observed in genes selected from our genome-wide dataset as 

being environmentally sensitive (Tetrault et al., 2023), but held across all other bone 

markers, suggesting that the pattern is not an artifact of choosing a biased set of genes, 

but rather an intrinsic feature of a large bone network.  

         In addition to relatively high early gene expression, Maylandia exhibited 

plasticity in expression at both weeks 1 and 2. At week 1, all but two genes were 

significantly upregulated in the pelagic compared to benthic foraging condition (but even 

gnmt and opg were trending higher in the pelagic environment; Figure 11a). These data 

were consistent with our prediction that pelagic foraging is driving craniofacial plasticity 

in this cichlid genus (Navon et al., 2020; Tetrault et al., 2023). It is notable, however, that 

this pattern switches by two weeks. While fewer genes are differentially expressed 

between environments in Maylandia at 2 weeks, those that are are upregulated in animals 

reared in the benthic environment (Figure 11b). While there was an uptick in expression 

of some genes in Tropheops at week 1, none were differentially expressed between 
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environments (Figure 11a). By two weeks Tropheops exhibited relatively high expression 

of kiaa0586 in the pelagic environment, and opg in the benthic environment (Figure 11b). 

Thus, plastic gene expression is more limited and takes longer to manifest in Tropheops, 

which is consistent with previous work showing that anatomical plasticity may be more 

muted in this genus. In contrast to Mayandia and Tropheops, gene expression in 

Labeotropheus was neither dynamic nor especially plastic in the first two weeks 

following the onset of foraging trails (Figure 11a,b). This is consistent with previous 

research showing that Labeotropheus bone formation is canalized with respect to 

alternate foraging conditions. The one exception was sp7, a core osteoblast marker 

(reviewed in Long, 2012), which was expressed at a significantly higher level in pelagic 

versus benthic fish at 2 weeks (Figure 11b). Although, given that levels of sp7 in 

Labeotropheus were low compared to the “spikes” in expression of sp7 and other genes 

observed in Mayandia and Tropheops, it’s hard to know the extent to which this 

difference is biologically relevant.   

 By 4 weeks we observed relatively lower levels of expression across all species 

and treatments (Figure 11c), a pattern that seems to persist to 8 weeks (Figure 11d). A 

handful of genes were differentially expressed between environments in Tropheops at 4 

weeks and in all three species at 8 weeks; however overall levels were low, which again 

makes inferences about the biological significance of these differences tenuous. In all, we 

found that gene expression was highly dependent on genomic background (e.g., species), 

foraging mode, and time. This assertion is reflected in the dendrograms in figure 11, 

which do not point to any consistent covariation in expression over time. It is also 

supported statistically by an ANOVA model (expression ~ species * treatment * time) 
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that returned significant S:T:T interactions for 9/11 genes (Table 2). The exceptions 

being gnmt and opg, although the S:T:T p-value for opg was 0.056. 

Anatomical plasticity over time 

Whereas Maylandia and Tropheops have both been shown to be plastic in rates of 

bone matrix deposition in response to the same foraging challenges (Navon et al., 2020), 

Maylandia showed a greater response that was largely driven by the pelagic foraging 

treatment (Tetrault et al., 2023). Labeotropheus was not observed to be plastic in either 

environment, although it showed a high degree of variation in bone matrix deposition in 

both environments (Navon et al., 2020). Here we sought to characterize anatomical 

plasticity over time. Importantly the same fish were used for both anatomical and gene 

expression analyses.  

We first examined growth of the same elements, from the contralateral side of the 

head, used to obtain expression data. These include the IOP and RA, which represent 2/3 

movable links of the opercle 4-bar linkage system, the coupler and output links, 

respectively (Figure 10a). We also included the 3rd mobile link, depth of the opercle, 

which constitutes the input link. Growth of each element was assessed by plotting each 

against head length and then statistically comparing slopes for animals from different 

foraging environments (Figure 12). No significant differences were detected for the input 

in any species (Table 3). For both the coupler and output links, Maylandia from the 

pelagic treatment exhibited significantly steeper slopes than those from the benthic 

treatment (Figure 12a; Table 3), suggesting that pelagic foraging stimulates faster growth 

of the IOP and RA. This does not appear to be due to an overall difference in growth 

between treatments, as head length (x-axis) exhibits a similar range across treatments. In 
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Tropheops, slopes were nearly identical between treatments for both the coupler and 

output links (Figure 12b; Table 3), indicating similar growth rates; however, we note that 

benthic foragers exhibited generally longer output links, relative to head length, which 

suggests a degree of plasticity in this element. Labeotropheus, likewise, exhibited nearly 

identical slopes between foraging treatments for the coupler link. A different trend was 

noted for the output link, where markedly different slopes were observed in 

Labeotropheus reared in each treatment (Figure 12c; Table 3). Here animals reared in the 

benthic environment exhibited faster growth of the RA, and also reached larger sizes. 

There was a lot of variation in the length of this element from animals in both treatments, 

and thus the difference between slopes was not significant at the 0.05-level. That 

Labeotropheus from the benthic environment grew larger underscores the idea that these 

are highly specialized benthic foragers (Ribbink et al., 1983; Konings, 2007; Albertson & 

Pauers, 2019). 

We also assessed whether foraging treatments induced more global changes in 

craniofacial geometry over time. Using 2-D landmark-based geometric morphometrics, 

we documented similar results. Specifically, we found that craniofacial developmental 

trajectories were distinct between Maylandia from each foraging treatment (trajectory 

shape, p=0.0367), whereas they were indistinguishable between treatments in Tropheops 

and Labeotropheus (p>0.1 for both). Plotting these trajectories in PC space (Figure 13) 

provided a visualization of these statistics. The first notable trend is that Maylandia from 

each time point occupied more of the PC plot than the other two species, whereas 

Labeotropheus time points all overlapped close to the 0,0 position. Tropheops were 

intermediate in terms of spread across the PC plot. Further, we noted slight differences in 
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mean shapes at each stage for Maylandia reared under benthic versus pelagic foraging 

conditions. In all species, ontogeny was largely captured by PC1, which characterized 

variation in eye size, eye position, relative head length, and craniofacial profile.  In 

addition, 4 and 8 week Maylandia were distinguished along PC2, which likewise 

captured variation in relative eye size and head length. Thus, Maylandia exhibited the 

most dynamic and plastic patterns of growth, in terms of specific bone lengths as well as 

global craniofacial geometry. 

Discussion 

The evolution, genetic basis, and plasticity of a dynamic functional system 

It is hard to overstate the importance of 4-bar linkage systems in the field of 

evolutionary morphology, which have been used to model the kinematics of fish feeding 

(Westneat, 1990), avian flight (Norberg et al., 1990; Nudds et al., 2007), and the raptorial 

appendage of mantis shrimp (Patek et al., 2007). Not only do such engineering principles 

provide a way to predict function from form, but they can also reveal aspects of 

morphology that may be more constrained by physics than others. For instance, a recent 

study showed that the evolution of kinematic transmission in both the fish opercle 4-bar 

system and the stomatopod raptorial appendage appears to be disproportionately driven 

by variability in the output linkage (Hu et al., 2017). In other words, changing the length 

of the RA may provide a more efficient means for selection to alter fish feeding 

kinematics.    

We have long sought to better understand the genetic basis, development, and 

evolution of elements of the opercle 4-bar linkage system in cichlids (e.g., Albertson et 

al., 2005; Roberts et al., 2011; Hu & Albertson, 2014; Hu & Albertson, 2017). This 
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functional complex of bones and ligaments helps to drive lower jaw depression (Westneat 

1991), varies between species in a way that predicts foraging niche adaptation (Roberts et 

al., 2011; Hu & Albertson, 2014, 2017), and has been shown to be plastic when animals 

are reared under different foraging/mechanical conditions (Hu & Albertson, 2017; Navon 

et al., 2020). Results from the current study complement and expand previous work in 

this system. First, we document a high degree of plasticity in the generalist forager, 

Maylandia, insofar as exhibiting early and more extensive gene expression differences 

between foraging treatments, as well as differences in growth trajectories at the 

anatomical level. These data are consistent with previously published data showing 

greater rates of bone deposition in Maylandia compared to Tropheops (Navon et al., 

2020; Tetrault et al., 2023).  Also similar to previous work (Parsons et al., 2014; Navon et 

al., 2020), we show that the specialized benthic foraging taxon, Labeotropheus, exhibits 

limited anatomical plasticity and consistently low gene expression across treatments over 

time. There is a hint of plasticity in this species in the length of the RA, which is 

consistent with a previous genetic mapping study where we found that the Labeotropheus 

allele was sensitive to foraging treatments at a locus that underlied variation in RA length 

(Parsons et al., 2016).  Tropheops also exhibited more limited sensitivity of gene 

expression to foraging mode and no detectable difference in bone growth; although, RA 

length was generally longer in benthic foraging animals, which is consistent with 

previous data showing greater bone deposition in Tropheops in response to benthic 

foraging (Navon et al., 2020). Taken together, we suggest that these cichlid genus reside 

at different points along a plasticity axis, with Maylandia exhibiting the highest 

magnitude of plasticity across craniofacial bones, Labeotropheus developing a feeding 
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apparatus that is largely (though not completely) robust to foraging mode, and Tropheops 

residing somewhere in the middle (Parsons et al., 2014; Parsons et al., 2016; Navon et al., 

2020; Tetrault et al., 2023). 

The importance of pelagic foraging in driving plasticity and adaptive radiations 

Another notable consensus from this body of research is that pelagic foraging 

appears to be driving plasticity, particularly in Maylandia. In previous work, this was 

seen as greater rates of bone matrix deposition, and higher relative expression of the Hh 

target, ptch1, when Maylandia individuals were reared under pelagic foraging conditions 

(Navon et al., 2020). In a recent genome-wide analysis, nearly 4x as many genes were 

differentially expressed between Maylandia and Tropheops when animals were reared in 

a pelagic versus benthic foraging environments. Here we showed that anatomical 

plasticity in Maylandia was associated with an early and dramatic increase in expression 

of environmentally sensitive and bone marker genes in Maylandia individuals required to 

forage with a pelagic mode (Figure 11). This may seem counterintuitive as bone 

mechanosensing is almost always associated with and studied in the context of high static 

loadings (Akhter et al., 1998; Gunter et al., 2013; Holguin et al., 2016; Muschick et al., 

2011), which is more closely approximated by our benthic foraging challenge. We 

suggest that the pelagic treatment will challenge the feeding apparatus in a different way 

– e.g., through the (presumably) low amplitude, but high frequency action of rapidly 

opening and closing the oral jaws while suction feeding. In several independent 

experiments we now show that this action can have a more pronounced effect on bone, at 

both the transcript and tissue level, compared to biting/scraping food from rocks (Navon 

et al., 2020; Tetrault et al., 2023).  
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In the realm of freshwater ecology and evolution, the benthic habitat of lakes has 

long been recognized as an important driver of trophic segregation in fishes owing to a 

high level of heterogeneity (Bootsma et al., 1996; Schindler and Scheuerell, 2002); 

however, the vast open-water pelagic zone may also be considered novel when 

ancestrally riverine populations invade large lakes, the first step in many fish adaptive 

radiations (Gillespie & Fox, 2003; Wund et al., 2008; Matthews et al., 2010; Præbel et 

al., 2013; Doenz et al., 2019). Plankton drives energy flow in the pelagic habitat 

(Schindler and Scheuerell, 2002), and deep lakes support a greater abundance of plankton 

than rivers (e.g., Cardoso et al., 2012). Adaptations associated with locating (e.g., UV 

vision; Carleton et al., 2000) and foraging on (e.g., suction feeding) plankton are required 

for fishes to successfully invade this niche.  Suction feeding involves several unique 

musculoskeletal and kinematic features relative to other modes of foraging (Liem, 1991; 

Wainwright et al., 2015); however, the “modulatory multiplicity” that characterizes 

cichlid feeding mechanisms (Liem, 1979; 1980), combined with plasticity of the 

underlying craniofacial bones (Bouton et al., 1983; Navon et al., 2020), positions cichlids 

to efficiently exploit (in the near term) and adapt (in the long term) to this trophic niche.  

The idea that phenotypic plasticity in an ancestral population may bias the 

direction of phenotype evolution is known as the “flexible stem hypothesis” (West-

Eberhard, 1998; 2003). Under this hypothesis, when a plastic population in one 

environment (e.g river) is exposed to a new and novel environment (e.g lake/pelagic), 

new patterns of phenotypic variation are exposed to selection. If the novel environments 

remain stable over time, the loci and/or alleles that control new phenotypic variants may 

be driven to fixation. Two key predictions underlie the flexible stem hypothesis. One is 
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that phenotypic patterns of divergence between species align with patterns induced by 

plasticity within species.  Cichlids have undergone repeated evolution along the benthic-

pelagic eco-morphological axis (Kocher, 2004), leading to predictable variation in a suite 

of foraging related traits (Cooper et al., 2010), which can be recapitulated in the lab by 

manipulating the mode by which animals are allowed to feed (e.g., Bouton et al., 2002; 

Parsons et al., 2014; 2016). For this reason the cichlid feeding apparatus has long been 

hypothesized to be a morphological “flexible stem” (West-Eberhard, 1998; 2003). The 

other prediction under the flexible stem hypothesis is that genes involved in plasticity 

will also underlie species differences (Gibert, 2017). Thus, the genes examined in this 

study provide molecular support for the flexible stem theory. 

The proximate genetic basis of craniofacial plasticity: Where to go from here? 

 

Our data show that craniofacial plasticity is associated with early “spikes” in 

expression of environmentally sensitive genes, but what might the roles for these genes 

tell us about how plasticity is regulated at the molecular/cellular level? 

Kiaa0586 is required for primary cilium formation and without the Kiaa0586 

protein, cilia axonemes fail to form, but still have intact basal bodies (Yin et al., 2009). 

Primary cilia are mechanosensors that sense and respond to fluctuations in environmental 

stimuli and at the center of this organelle is Hh signaling (reviewed in Bangs & 

Anderson., 2017). The Hh pathway is critical for bone formation in various areas of the 

mammalian skeleton, but of particular interest to us is its role in craniofacial bones 

(reviewed by Pan et al., 2013). We have recently implicated Hh signaling and cilia 

structure/function in cichlid bone formation and plasticity (Navon et al., 2020; Gilbert & 

Tetrault et al., 2021; Packard et al., 2023). Kiaa0586 is required for both proper 
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craniofacial development and Hh signaling (Buxton et al., 2004; Davey et al., 2006). 

Kiaa0586 was plastic in both Maylandia and Tropheops, but the timing was different, 

with the highest intraspecific variation in Maylandia at week 1, and Tropheops at week 2 

(Figure 11a-d; Figure S2a; Table S6). Labeotropheus was not plastic at any time point for 

this gene. We also assessed expression of ptch1, which showed a similar, albeit less 

pronounced, pattern with plastic expression in Maylandia at 1 week. Hh signaling can 

regulate bone development in a number of ways, including cell-cycle regulation and 

differentiation of progenitor cells (Wu et al., 2004; Plaisant et al., 2009; 2011; Deng et 

al., 2019). Our previous genome-wide study using the same taxa and tissues implicated 

cell-cycle regulation (Tetrault et al., 2023), and consistently cdc20 exhibits marked 

differential expression between environments in Maylandia at 1 week (Figure 11a; Figure 

S2g; Table S6). However, we also note that ptch1 and the bone differentiation marker, 

sp7, cluster together at the 1 week time point (Figure 11a). It is therefore possible that Hh 

signaling is leading to accelerated bone growth in pelagic Maylandia through both cell 

division and differentiation. Further experiments looking at these cell behaviors 

immunohistochemically would be fruitful. 

Some genes were plastic in multiple species but at different times, suggesting an 

importance in bone plasticity in general, but that the effects are time- and species-

dependent. For example, actr6 encodes an evolutionarily conserved actin-related protein 

that has been shown to localize to the nucleus and interact with heterochromatin proteins 

(Ohfuchi et al., 2006). Actr6 is predicted to be a member of the SWR1 chromatin 

remodeling complex, supporting both its structure and function (Willhoft and Wigley, 

2020). Notably, SWR1 can act as both a repressor and activator of transcription, and as 
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part of this complex in plants Actr6 has been shown to have a negative effect on basal 

level transcription and a positive effect on environmentally induced transcription (Choi et 

al., 2016).  Here actr6 expression was plastic in Maylandia at weeks 1, 2, and 8 wks 

(Figure 11a,b,d; Figure S2b; Table S6), in Tropheops at 4 wks (Figure 11c; Figure S2b; 

Table S6), and not at all in Labeotropheus. In both Maylandia and Tropheops actr6 was 

initially expressed at a higher level in the pelagic environment; however, in Maylandia it 

was expressed at a higher level in benthic animals at 2 and 8 weeks (Figure 11a,b,d; 

Figure S2b; Table S6). It is tempting to speculate that the higher initial expression of 

actr6 under pelagic foraging conditions represents the “induced” condition associated 

with transcriptional activation and accelerated bone growth, whereas the higher 

expression observed later in benthic Maylandia represents the basal condition and 

transcriptional repression. Either way the potential changes in chromatin state associated 

with differential actr6 expression would be a fruitful line of future inquiry. 

While we did not find any clustering between genes across time points (Figure 

11), opg remained somewhat of an outlier, especially at later time points and in the 

combined dataset (Figure 11c-e), indicating that this gene is acting differently than the 

others in the dataset. For example, contrary to all other markers, opg did not decrease to 

its lowest level at week 8, and instead exhibited relatively high levels of expression at 

week 8 across all three species (Figure 11e; Figure S2j; Table S6). In the context of bone 

remodeling, OPG is a negative regulator of osteoclastogenesis. It is secreted from 

osteoblasts, along with RANKL, and while RANKL binds to its receptor, RANK, on the 

surface of osteoclast progenitors to promote differentiation, OPG binds to RANKL, 

preventing the activation of RANK. The ratio of RANKL:OPG is considered an indicator 
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of bone remodeling activity (Mizuno et al., 1998; Yasuda et al., 1999; Wu et al., 2013). 

In Labeotropheus and Tropheops, this ratio remained consistently low over time, 

suggesting modest remodeling activity. Alternatively, the RANKL/OPG ratio in 

Maylandia was higher, particularly at weeks 1 and 2, which suggests that not only is 

more bone being deposited at these time points (e.g., high early expression of sp7), but 

that bone is being remodeled to accommodate environment-specific bone architectures. 

That opg expression peaks again in Maylandia at 8 wks, while rankl decreases in 

expression (i.e., decreasing the RANKL/OPG ratio), may suggest decreased remodeling 

activity and a shift to more isometric growth at this time point. Either way, the dynamic 

and unique pattern of expression of this gene should be followed-up in future studies 

aimed at characterizing the cytochemical basis of bone remodeling activity in these 

species. 

Conclusions: Transcriptional dynamics of craniofacial plasticity 

We took a set of marker genes previously characterized to be involved in bone 

formation/remodeling, combined with a set previously shown to be environmentally 

sensitive (Tetrault et al., 2023), and characterized expression patterns at multiple time 

points following the on-set of foraging challenges. The data showed markedly similar 

patterns over time in each species. Whereas the plastic taxon, Maylandia, was 

characterized by an early response of relatively high expression followed by a drop off in 

transcription over time, the canalized genus, Labeotropheus, exhibited relatively low 

levels of expression over time. Gene expression in Tropheops was characterized by 

patterns somewhere in between the other two species. In general, these data underscore 

the importance of time in the assessment of gene expression, in response to a shift in 
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foraging environment. Indeed, the effect of time was significant for every gene, and in all 

three species (Table 2), a result that is not surprising given the dynamic nature of bone 

development (Brunskill et al., 2014; Mork & Crump, 2015; Ahi, 2016).  

Also of importance is the observation that the 1 week time point is where we 

observed bone the highest level of expression as well as the greatest number of genes 

differentially expressed within a species. This suggests that studies that examine the 

transcriptional basis of plasticity weeks or months after the start of the experiment (Tu et 

al., 2012; Gunter et al., 2013; Schneider et al., 2014; Parsons et al., 2016; Gibbons et al., 

2017) may be missing important, early response activity. In fact, our data suggest that 

important expression dynamics may be occurring in a matter of days following the on-set 

of foraging challenges.  

Finally, this work underscores the importance of pelagic foraging in driving 

craniofacial plasticity. In addition to implications insofar as the flexible stem evolution of 

pelagic eco-morphs (see above), it is important to consider the novelty of the pelagic 

environment in terms of current and future anthropogenic change of aquatic systems. In 

particular, the widespread construction of hydroelectric dams is leading to the creation of 

large reservoirs. Adaptation to pelagic modes of foraging will be critical for survival of 

fishes whose habitat changes from clear-water river systems to reservoir/lake (Gilbert et 

al., 2020), and so understanding the factors that enable plasticity is also critical. Our 

work, while limited in taxonomic scope, suggests that (a) some species will be better able 

to mount a plastic response than others, and (b) plasticity in response to novel pelagic 

foraging niches might be more efficient than that in response to newly created benthic 

habitats.  All in all, there is still much to learn about the molecular regulation of 
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plasticity, but given its wide-spread importance across fields, we suggest that it should 

remain a top priority for biologists.  

 

 

Figure 10: Cichlid time series experimental design. (a) African cichlids forage along 

the benthic-pelagic axis, and have craniofacial structures optimized for their foraging 

preference. Each skeletal diagram has the 4-bar linkage overlaid. The three movable 

linkages are in red, while the fixed linkage is shown in black. The input link (IL) is the 

height of the opercle bone, the coupler link (CL) is the length of the IOP bone and the 

IOP ligament, and the output link (OL) is the connection from the end of the CL to the 

jaw joint. Labeotropheus (bottom)  are benthic specialists with a short coupler link 

(CL)  and long output link (OL)  adapted for scraping algae off of rocks. Tropheops 

(middle) are benthic generalists, with a longer coupler link and shorter output linkage, 

compared to Labeotropheus, which allows for a faster jaw rotation but this species 

prefers a benthic environment. Maylandia (top) are true generalists with the longest 

coupler and shortest output linkage, compared to Labeotropheus, which allows for a fast 

oral jaw rotation. (b) We fed all three species either on a benthic or pelagic diet challenge 

for 1, 2, 4, or 8 weeks with a one week training period to ensure all experimental animals 

were able to forage in the correct manner. Pelagic fish were given finely ground up flake 

food (75% algae; 25% yolk) to force animals to suction feed out of the water column, and 

a small amount of brine shrimp daily. Animals in the benthic environment were fed the 

same amount of finely ground flake food mixed with ground freeze dried brine shrimp 

pasted on lava rocks with food-grade agar so fish would have to bite and twist their food 

to pluck it from the rocks. 
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Figure 11: Gene expression is dynamic over time, with the early response being the 

most important. All panels present gene expression for all three species, Labeotropheus 

(Labeo), Tropheops (Troph), and Maylandia (May) at one or more timepoints. Solid lines 

separate species, while dotted lines separate benthic (B) and pelagic (P) treatments. 

Asterisks indicate significant differences in gene expression between environments, and 

are labeled on the treatment with higher average expression (*, **, and *** indicate 

significance at the <0.05, <0.01, and <0.001 levels, respectively) . Darker colors indicate 

higher expression levels than lighter colors (key in panel E). Positions of genes listed on 

the right of each heatmap are based on relatedness of the genes, as determined by the 

dendrogram associated with each map. Expression was calculated via the ΔCt method. 

Each biological replicate for each gene indicates the average expression of an individual 

as a percentage of the highest expression value for that gene. (A) Gene expression of 

week 1. No plasticity was observed in Labeotropheus or Tropheops, while all genes 

except gnmt were plastic in Maylandia. Plasticity in Maylandia always occurred with 

high expression in the pelagic environment. (B) Alternatively to week 1, week 2 
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expression showed plasticity in Tropheops, and limited plasticity in Labeotropheus. All 

plasticity in Maylandia at this time point was upregulated in the benthic environment. (C) 

Week 4 expression indicates plasticity only in Tropheops. However, many genes in 

Maylandia were just under the level of significance (0.1>p>0.05). Plasticity in 

Labeotropheus could not be determined because n<3 for the benthic environment. (D) 

Expression levels at 8 weeks show plasticity for all three species but expression was 

higher only in the benthic environment. (E) Expression over all time points, separated by 

species (solid black lines), then by week (solid blue lines), and further by environment 

(dotted gray lines; B,P). 
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Figure 12: Morphological plasticity is dependent upon species and individual 

linkages. Representative images of Alizarin red stained LF (A), TO (B) and MG (C). 

Head length of each individual was plotted against either the coupler linkage length 

(middle) or output linkage length (right). Animals in the benthic treatment are 

represented by green circles and pelagic by purple triangles. Slopes for each species by 

treatment were calculated using a linear model and were used to compare slopes. 

Divergent slopes indicate plasticity in that particular linkage, which is apparent only in 

the output linkage for LF (A), and in MG for both linkages (C). While TO may appear 

plastic in the output linkage due to non-overlapping slopes, the slopes are nearly identical 

and indicate that TO are not plastic, but benthic feeders appear to be larger than pelagic 

feeders (B). 
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Figure 13: Landmarking scheme and trajectory analyses. Whole shape landmarking 

data for (a) Maylandia, (b) Tropheops, and (c) Labeotropheus. Fixed landmarks are 

denoted by black dots on the cleared and stained craniofacial profiles. Semilandmarks 

painting curves around the eye and along the slope of the head are in red. Trajectory 

analyses are superimposed onto PC space by treatment and by week for each species. 

Black points indicate individual animals. Colored triangles in the top three panels depict 

treatment (benthic=green, pelagic=purple), or time (week 1=dark brown, week 2=light 

brown, week 4=light teal, week 8=dark teal) in the remaining panels. Mean path is 

illustrated in a dark gray arrow on each panel. Deformation grids illustrate the outer 

bounds of each PC. 
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Table 2: Statistics from the ANOVA model assessing importance of species, 

treatment, and time in gene expression. There is an effect of species, time, and the 

interaction between them for all genes. Treatment was less prominent in determining 

gene expression differences. Darker cells indicate lower p-values. 

 

 

Table 3: Comparison of slopes between environments and species. (Top) Slopes from 

Figure 12. Statistically different slopes at 𝛂=0.05 are highlighted in gray. Darker shades 

indicate different significance levels. While Labeotropheus did not reach the level of 

significance for any linkage, the output link approached plasticity with p=0.0616. 

(Bottom) p-values are displayed for the comparison of slopes between species within a 

treatment. Cells are highlighted based on p-value. Notably, Maylandia grew faster for 

both the coupler and output linkages in the pelagic environment compared to both 

Tropheops and Labeotropheus. However, species were indistinguishable from each other 

for both linkages when fed benthically. 

 

 

 

 

 

 

 

kiaa0586 actr6 asb5 sp7 capn1-like gnmt cdc20 ptch1 notch1a opg rankl

Species 0.04134 8.71E-09 1.04E-04 0.02371 2.00E-16 2.00E-16 3.12E-11 1.96E-07 1.14E-09 2.00E-16 1.76E-13

Treatment 0.03225 0.00648 0.054785 3.24E-04 0.035491 N/S N/S 0.06242 0.07228 N/S 0.06194

Time 3.33E-06 1.69E-06 4.25E-04 5.35E-08 2.66E-15 3.29E-16 2.00E-16 4.45E-09 7.37E-11 2.00E-16 1.66E-12

Species:Treatment 0.07935 0.00295 N/S 0.037132 0.043118 N/S N/S 0.07993 N/S N/S N/S

Species:Time 0.00471 1.47E-08 4.09E-04 1.66E-05 2.00E-16 2.00E-16 2.00E-16 0.00912 9.81E-15 2.21E-14 3.55E-13

Treatment:Time 0.00996 6.65E-05 0.003963 6.52E-06 8.04E-04 N/S 2.62E-05 7.58E-05 1.29E-04 0.0548 7.76E-04

Species:Treatment:Time 0.00178 9.06E-07 0.00365 0.0046 1.34E-04 N/S 9.38E-07 7.42E-05 1.04E-07 0.0558 0.00298



 71 

 



 72 

 



 73 
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Figure S2: Expression of each gene over time. Expression of (a) kiaa0586  (b) actr6 (c) 

asb5 (d) sp7 (e) capn1-like (f) gnmt (g) cdc20 (h) ptch1 (i) notch1a (j) opg (k) rankl in 

Maylandia, Tropheops, and Labeotropheus. Each gene is separated by species (thick 

black bar) and further by time (gray bars). Red dotted bars indicate y-axis values are 

different between the two bordering species. Benthic points are in green, pelagic in 

purple. 
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Table S4: Sample size of each species:week:treatment for qPCR and anatomical 

work. 
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Table S5: qPCR cichlid primer sequences. 
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Table S6: Plasticity in gene expression by time point for each species. Darker shades 

of gray indicate a lower p-value. May=Maylandia, Troph=Tropheops, 

Lab=Labeotropheus. B=Benthic, P=Pelagic. 
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CHAPTER IV 

CILIARY ROOTLET COILED-COIL 2 (crocc2) IS ASSOCIATED 

WITH EVOLUTIONARY DIVERGENCE AND PLASTICITY 

OF CICHLID JAW SHAPE 
 

Gilbert, M.C*., Tetrault, E.R.*, Packard, M., Navon, D., & Albertson, R.C. (2021). 

Molecular Biology and Evolution, 38(8), 3078-3092. 

 

Introduction 
 

Plasticity is a core concept in the extended evolutionary synthesis 

 

The Modern Synthesis of the 1930s and 1940s united Darwin’s theory of natural 

selection with Mendelian genetics to explain the origin and maintenance of adaptive 

variation within populations, and has since been the prevailing paradigm in evolutionary 

biology (Mayr 1993). The Modern Synthesis set out a largely gene-centric view of 

adaptation wherein new variation arises in a population through genetic mutation, and 

natural selection leads to the differential survival of variants. In recent decades, however, 

it has become apparent that several elements are missing from the Modern Synthesis 

(Pigliucci 2007), including a consideration for previously unrecognized sources of 

variation, such as development (Waddington 1959; Jamniczky et al. 2010) and the 

environment (West-Eberhard 1989, 2003). In other words, the mechanisms for how 

phenotypic variation arises and is maintained within populations are not yet well 

understood (Hendrikse et al. 2007). These conceptual omissions have led to the idea that 

the field is in need of an Extended Evolutionary Synthesis (Mayr 1993; Pigliucci 2009).  

Within the context of the Extended Evolutionary Synthesis, phenotypic plasticity 

has emerged as a core concept as it can have a potent effect on the degree and type of 

genetic variation that is exposed to natural selection (Mayr 1993; Pigliucci 2005, 2008; 
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Laland et al. 2014). Operationally, plasticity is the capacity of a single genotype to 

produce two or more phenotypes in response to environmental stimuli (Bradshaw 1965), 

which may increase fitness in fluctuating environments (West-Eberhard 1989; 

Schlichting and Pigliucci 1998). Phenotypic plasticity also has the potential to influence 

several evolutionary phenomena, including the origins of novel traits (Moczek 2008), 

speciation (Price et al. 2003; West-Eberhard 2005; Pfennig et al. 2010), and adaptive 

radiations (West-Eberhard 2003; Wund et al. 2008). Although plasticity is often 

considered separate from (or even opposite to) genetics, it is important to note that the 

two are inextricably linked, and that plasticity manifests due to the sensitivity of 

(genetically encoded) molecules and/or pathways to environmental input (Pigliucci 

2005). In other words, if phenotypic variance is due to the combined effects of genetics, 

the environment, and their interaction (i.e., P=G+E+GxE), then plasticity may be 

considered the interaction term (GxE). A genetic basis for plasticity is supported by its 

heritability (reviewed by, Scheiner 1993), but many questions remain, including what are 

the specific genetic components of plasticity and at what level (e.g., nucleotide, 

transcript, protein) do they confer environmental sensitivity (Pigliucci 2005; Gibert 

2017). This uncertainty about the genetic nature of plasticity has hindered progress into 

understanding the mechanisms through which plasticity may evolve (Via et al. 1995). 

Thus, phenotypic plasticity is recognized as an important process in evolution, but we 

still lack an understanding of many fundamental aspects of its biology (Ehrenreich and 

Pfennig 2016; Schneider and Meyer 2017). 

The cichlid jaw as a flexible stem 
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Over the past two decades, we and others have worked to reveal the genetic bases 

for jaw shape differences among cichlid species (e.g., Albertson et al. 2003, 2005; Parnell 

et al. 2012; Powder et al. 2014; Hu and Albertson 2017; Irisarri et al. 2018). In addition, 

plasticity is well documented for the cichlid jaw. Specifically, when reared in the lab on 

diets that imposed distinct functional demands on the feeding apparatus, cichlids will 

develop distinct oral jaw morphologies (Bouton et al. 2002; van Snick Gray and Stauffer 

2004). Notably, variation in cichlid feeding morphology induced by alternate feeding 

regimes can be strikingly similar to patterns of natural craniofacial variation among 

species (Parsons et al. 2014). Repeated lacustrine cichlid radiations are defined by a 

conserved primary axis of craniofacial variation that involves differences in head depth 

and jaw length/rotation, traits that are intimately associated with adaptations to alternate 

benthic and pelagic trophic habitats (Cooper et al. 2010), and it is this pattern of variation 

that is typically observed in studies of developmental plasticity of the cichlid jaw (Bouton 

et al. 2002; Parsons et al. 2014). Moreover, similar patterns of craniofacial plasticity have 

been observed in several other fish lineages when fed alternate benthic/pelagic diets 

(Parsons and Robinson 2006, 2007; Wund et al. 2008), which suggests a common 

mechanism may be at work. 

The combination of morphological diversity and developmental plasticity has led 

to the assertion that the cichlid jaw represents a morphological “flexible stem” (West-

Eberhard 2003). The flexible stem hypothesis of adaptive radiation postulates that 

patterns of developmental plasticity in an ancestral lineage will generate independently 

derived radiations along similar eco-morphological axes (West-Eberhard 1989, 2003). In 

other words, the nature of developmental plasticity in an ancestral population can 
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influence the direction of adaptive radiations by determining what genetic variation is 

exposed to selection through its phenotypic expression. Under this hypothesis, repeated 

evolution along a conserved benthic-pelagic eco-morphological axis in cichlids is the 

result of sorting, and ultimately fixing, genetic variation that is exposed to selection via 

plasticity. If true, we would expect that the same loci that underlie evolutionary 

divergence in cichlid jaw shape will also regulate plasticity of the structure (Gibert 2017). 

Here, we test this prediction. 

Materials and Methods 
 

Species and husbandry 

 

Both cichlids and zebrafish were used for this project. All cichlids were raised in 

10 gal glass aquaria on standard flake food until 2 months of age, before being transferred 

to 40 gal glass aquaria. A single LF female was crossed to a single TRC male, creating a 

hybrid mapping population that was used for pedigree mapping. These species differ in 

craniofacial geometry and plasticity (Parsons et al. 2014; Albertson and Pauers 2019; 

Navon et al. 2020). A full-sibling F1 family was interbred to produce 25 F2 families, 

which were interbred to generate 265 F3 individuals used in this study. At 2 months, F3 

families were split into two diet treatments, pelagic or benthic. For more detailed 

methods on these treatments and this cross, see previously published papers by Parsons 

and colleagues (Parsons et al. 2014, 2016). Briefly, a combination of flake food, algae 

wafers, and freeze-dried daphnia was ground and either sprinkled directly into the water 

column (pelagic treatment) or mixed with a ~1–1.5% food-grade agar (Carolina 

Biological Supply Co., Burlington, NC) solution and spread over lava rocks (benthic 

treatment). Fish were raised to ~7 months of age on each diet, euthanized with MS-222 
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according to approved IACUC protocols, fixed in 4% PFA, and stored in 75% ethanol. 

Prior to fixation, flank muscular tissue was taken for DNA extraction. Animals were 

dissected to reveal functionally salient bones and muscles, and imaged using a digital 

camera (Olympus E520). 

Zebrafish were raised in 2.8-l plastic aquaria on a diet of rotifers from 5- to 12-

day postfertilization, and then on a combination of GM-300 (Skretting) and brine shrimp 

thereafter. For the foraging experiment (details below), zebrafish in the pelagic treatment 

received GM-300 sprinkled directly into the water column, whereas benthic fish received 

GM-300 mixed with a ~1% food-grade agar solution spread over the rough side of 2-in 

ceramic tiles. Crocc2 mutant alleles were obtained from the Zebrafish International 

Resource Center (ZIRC). Allele 20707 consists of an ENU induced C > T nonsense 

mutation mapped to exon 8 that encodes a premature stop codon at amino acid 272. 

Allele 20708 contains a C > T nonsense mutation in exon 14 that creates a premature stop 

at amino acid 585. Fish harboring either allele yield comparable bone phenotypes; only 

20707 phenotypes are reported here. Both alleles were contributed to ZIRC by the 

Stemple Lab (Busch-Nentwich et al. 2013) and map positions are based upon Zebrafish 

genome assembly GRCz11. 

Pedigree Mapping (data generated by RCA) 

 

QTL mapping methods and results are described elsewhere (Parsons et al. 2016; 

Zogbaum et al. 2021). Briefly, genomic DNA was extracted from flank muscle tissue 

using DNeasy blood and tissue kits (Qiagen Inc., CA), digested with the SbfI restriction 

enzyme, processed into RAD libraries as described (Chutimanitsakun et al. 2011), 

barcoded and sequenced using an Illumina HiSeq 2000 (Illumina, San Diego, CA) and 
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single-read (1x100 bp) chemistry. We focused on a locus for lower jaw mechanical 

advantage, which mapped to an interval on linkage group (LG) 21, with a peak genotype 

phenotype association at a marker on physical scaffold 31 at 2,946,476 bp (Figure 15a). 

Since an F3 hybrid cross allows for a relatively higher number of recombination events 

and mapping resolution, we used additional, unmapped, RAD-seq SNPs to assess 

genotypic effects along this scaffold at increasingly fine scales, using makers every ~0.5 

Mb (Figure 15c) and ~0.1–0.2 Mb (Figure 15d). In addition, genetic divergence between 

wild caught LF and TRC (imported directly from the lake) was explored, using a panel of 

3,087 RAD-seq SNPs, and FST values following Nei (1987) and calculated in the R 

package HIERFSTAT. These fishes were genotyped following the same RAD procedures 

and SNP calling pipeline, and at the same time as the hybrids. 

Immunohistochemistry (data generated by MP) 

 

Immunostaining was performed with mouse anti-acetylated alpha tubulin (1:500; 

Sigma T6793) or rabbit anti-gamma tubulin (1:500; Sigma T6557). Amplification of 

T6793 signal was performed using donkey anti-mouse Biotin (1:100) and Alexa 488 

Streptavidin Conjugate (1:1,000) (Jackson Immunoresearch). Donkey anti-rabbit Alexa 

594 was used to visualize gamma tubulin antibodies. Briefly, animals were anesthetized 

and sacrificed using MS222 (Western Chemical, Inc.) and fixed for 1.5 h in 4% 

paraformaldehyde, pH 7.4, at room temperature. For young zebrafish, 4dpf larval samples 

were permeabilized in acetone at 20C for 20 min followed by 1% Triton X-100 in PBS 

for 1 h, and blocked in 5% donkey serum (Jackson Immunoresearch) in 0.1% Triton X 

100 in PBS. For adult zebrafish, samples were embedded in 1.5% agar/5% sucrose and 

20 m cryosections were blocked for 1 h before immunostaining. All Washes were 
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performed in 0.1% PBS-Tween 20, pH 7.4. To prevent photobleaching, all samples were 

mounted using Vectashield with DAPI (H-1200; Vector Labs). 

Geometric morphometrics (data generated by MCG) 

 

Adult zebrafish were cleared and stained using traditional methods (Potthoff 

1984; Taylor and Van Dyke 1985). All dissections, and subsequent imaging, were 

performed using a Leica M165 FC microscope, and attached Leica DFC450 camera 

(Leica Camera AG, Wetzlar, Germany). We imaged the lateral profile of the lower jaw, 

and dorsal surface (when premaxillae are protruding) of the kinethmoid (Hernandez et al. 

2007) for morphological analyses. Geometric morphometric data were collected using 

Stereomorph (Olsen and Westneat 2015) in R (R Core Team 2018). In total, we 

summarized the lower jaw using six fixed and four semilandmarks (sliding) and the 

kinethmoid using four fixed and eight semilandmarks (see Rohlf and Slice 1990; Gunz 

and Mitteroecker 2013, for more information on fixed/semilandmarks). 

Morphological data were aligned via generalized Procrustes superimposition 

(Goodall 1991) and then analyzed via ANOVA to test for significance differences in 

mean shape between homozygous genotypes for both the lower jaw and kinethmoid. In 

all analyses, we compared null models (shape~size) to full models 

(shape~size+genotype) to control for the effects of size. Tests were conducted utilizing a 

randomized residual permutation procedure (RRPP) and the data were subjected to 

10,000 random permutations (Collyer and Adams 2018; Collyer et al. 2015). All 

morphological analyses were performed using Geomorph v3.1 (Adams et al. 2015, 2018). 

Quantitative real-time PCR and network analysis 
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We purified RNA from homogenized whole heads of zebrafish excluding eyes 

and brain, between the ages of 3 and 15 months, in Trizol (Invitrogen) using phenol 

chloroform. We standardized resulting cDNA to 70 ng/ll using a High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems). To determine relative gene expression 

levels, we used a 10-ll total reaction in triplicate using a QuantStudio3 Real-Time PCR 

System (Applied Biosystems). Each gene assessed was compared with expression levels 

of b-actin to determine relative expression levels via the DDCT method (Livak and 

Schmittgen 2001). Sample size was n= 5 for all genes in each age group/genotype except 

10- to 15-month (i.e., old) mutant ptch2 where n=4. We used ANOVA for statistical 

analyses in R. 

In order to determine the covariation of gene sets in our quantitative real-time 

PCR (qPCR) data set, we constructed gene networks in R. First, we used pairwise partial 

correlations with the ppcor package using the Pearson method to account for 

multicollinearity (Table 5). We next used the iGraph package to perform and visualize 

network analyses for each data set. These analyses weight the relationships between each 

gene based on the pairwise partial correlation value strengths. Correlations with a P value 

below 0.15 were included in the construction of the gene networks (Figure 19). The 

number of lines between each pair of genes indicates the strength of the covariation 

between them (i.e., five lines represents stronger correlation than 2). 

Bone deposition analysis (data generated by DN) 

 

Bone deposition experiments are described in detail elsewhere (Navon et al. 

2020). Briefly, fish were anesthetized using MS-222 in cool water during injections and 

handling. They were injected with alizarin red (50 mg-fluorochrome/kg fish) at the first 
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timepoint and with calcein green (0.5 mg-fluorochrome/kg fish) at the second timepoint, 

approximately 5 weeks apart. One week after the final fluorochrome injection, fish were 

euthanized with a lethal dose of MS-222 and stored in 95% ethanol at 4C. Craniofacial 

bones and flank scales were dissected from the head and body, cleaned of surrounding 

soft tissue, and flat mounted on glass slides. Cichlid bones were imaged with a Zeiss 

Axioplan2 fluorescent apotome microscope. Zebrafish bones were imaged with a Leica 

M165 FC microscope, and attached Leica DFC450 camera. All elements were imaged in 

triplicate using a red fluorescent filter, a green fluorescent filter, and a DCIM brightfield 

view. Trunk scales were flat mounted and imaged in the same way. Bone deposition was 

quantified by calculating the distance between the red and the green fluorochrome labels 

in each bone using Photoshop. Bone deposition was standardized for individual growth 

rate by regressing bone growth on scale growth and taking the residual values for 

downstream analysis. A series of ANOVAs using treatment and species (cichlids) or 

genotype (zebrafish) were performed in R (R Core Team 2018). Tukey’s post hoc 

analyses (i.e., TukeyHSD) were performed to identify significant pairwise differences. 

 

Results and Discussion 
 

Genetic variation in crocc2 is associated with functionally salient aspects of cichlid jaw 

shape 

 

We generated a hybrid mapping pedigree by crossing two cichlid species that 

differ in jaw shape as well as their ability to remodel their jaws under different 

environmental conditions (Parsons et al. 2014; Navon et al. 2020). The first species, 

Labeotropheus fuelleborni (LF hereafter), is an obligate algal scraper, with a robust 
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craniofacial skeleton and limited plasticity. The second, Tropheops sp. “red cheek” 

(TRC), is a more generalized benthic forager, with smaller jaws and greater plasticity. 

With this genetic cross, we mapped variation in feeding architecture under distinct, 

ecologically relevant feeding regimes, whereby families were split and progeny were 

made to feed with either “biting” or “sucking” modes of feeding, mimicking a major 

ecological axis of divergence (see Parsons et al. 2016 for details). Results from this study 

demonstrated that the craniofacial G–P map is strongly influenced by the environment, as 

most quantitative trait loci (QTL) were specific to one environment (Parsons et al. 2016; 

Zogbaum et al. 2021). Among the environmentally sensitive loci was a QTL for the 

mechanical advantage of jaw closing, which is defined as the height of the ascending arm 

of the articular bone (e.g., articular process, AP), relative to overall jaw length (Figure 

14). In cichlids, this bony process is where a major muscle involved in jaw closing inserts 

(the second subunit of the adductor mandibulae, A2), establishing this structure as the in 

lever for this functional system. A longer AP relative to jaw length, predicts greater 

mechanical advantage and a stronger bite. Lower jaw mechanical advantage tracks 

closely with feeding ecology in a range of vertebrate taxa (Westneat 2004; Manabu 2010; 

Roberts et al. 2011; Dumont et al. 2012; Casanovas-Vilar and van Dam 2013; Arbour and 

López-Fernández 2014), and is thought to drive evolutionary diversification (Dumont et 

al. 2014); however, its genetic basis is largely unknown (but see Albertson et al. 2005; 

Powder et al. 2014). 

In this genetic cross, relative AP height mapped to LG21 in the benthic/biting 

environment (but not the pelagic/suction feeding environment) (Parsons et al. 2016; 

Figure 15a). Fine mapping across the physical scaffold associated with the QTL interval 
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showed that the peak genotype–phenotype association occurred at a SNP (i.e., G/A) 

within the ciliary rootlet coiled-coil 2 (crocc2) gene (Figure 15b–d). A genome scan for 

divergent loci between natural populations of the parental species used in this cross (i.e., 

LF and TRC) demonstrated that these species possess alternate crocc2 alleles (i.e., 

FST=0.95; Figure 15d; full data set published in Albertson et al. 2014). Notably, the SNP 

that underlied divergence within our mapping pedigree and between natural populations 

corresponded to a nonsynonymous change within crocc2 (Figure 15b). This gene encodes 

an important structural component of the primary cilia, the ciliary rootlet. The alanine 

residue at position 963 appears to be conserved across African cichlids, but is a valine in 

LF, the obligate benthic forager with a long AP and low magnitudes of plasticity (Figure 

15b). In addition, the A963V change is predicted to alter protein function based on a 

PolyPhen-2 (Adzhubei et al. 2013) protein prediction algorithm score of 0.904 (scores 

approaching 1.0 are considered functionally relevant), making this gene a robust 

candidate for regulating bone shape differences in cichlids. 

Crocc2 encodes a large protein composed almost entirely of coiled-coil domains 

(Yang et al. 2002). This structural motif forms alpha-helices through hydrophobic 

interactions, wherein the polypeptide chain coils in order to bury hydrophobic residues 

and expose polar side chains (reviewed by Woolfson [2005]). The pairing of coiled-coil 

proteins occurs through heptad repeats, usually denoted as abcdefg, where a and d 

represent the hydrophobic residues (Figure 15e; Figure S3c), and interactions between 

opposing a and d residues represent the main hydrophobic seam in dimer formation 

(Woolfson 2005). In addition, residues that flank the hydrophobic seam in the alpha-

helix, e and g, contribute to the specificity and stability between helices via ionic 
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interactions (e.g., salt bridges). Coiled-coils are dynamic and flexible structural motifs, 

which participate in myriad biological functions.  

In the cilium, Crocc2 monomers homodimerize to form filamentous rootlets, 

which originate from the basal body and extend proximally toward the cell nucleus 

(Figure 15a, inset). Rootlets are thought to provide structural support for cilia by 

integrating the cilium with actin filaments (Yang et al. 2005). Cells lacking rootlets are 

structurally unstable and degenerate over time (Yang et al. 2005; Mohan et al. 2013). 

Notably, the  

A963V change in African cichlids is predicted to affect this structural motif. Specifically, 

this change occurs in a stretch of residues where the heptad repeat is interrupted twice in 

African cichlids with the A allele (black arrowheads, Figure 15e). The V allele in LF is 

predicted to re-establish the heptad repeat across this region (Figure 15e). Consistent with 

this, the stability of the dimerization between helices is predicted to be higher with the V 

allele (Tm=95ºC), compared to the A allele (Tm=85ºC) (bCIPA, Mason et al. 2006). 

Notably, dimerization between the two different alleles is predicted to be the least stable 

(Tm=80ºC), which suggests that hybrids could be at a disadvantage if dimerization of this 

protein serves a core function. Collectively, these data suggest that this polymorphism 

may affect protein structure and cilia integrity/stability, with the V allele acting to 

increase stability. 

When extending the Crocc2 sequence comparison across additional fish species 

several notable patterns emerged (Figure S3). First, we found that all perciform species 

examined (n=15) possessed either an A or V at this position, and further that all ray-

finned fishes possessed a nonpolar, hydrophobic amino acid (Figure S3b). In addition, the 



 89 

A/V poly- morphism noted in noncichlid perciforms was associated with the same G/A 

nucleotide polymorphism. Thus, all species within this order seem to have one of two 

nucleotides at this position, leading to either an A or V, and correspondingly a stretch of 

Crocc2 characterized by interrupted or contiguous heptad repeats, respectively (Figure 

S3c). The functional significance of this pattern with respect to bone/jaw shape remains 

unclear. On one hand, this region of the protein is characterized by increased variation in 

the continuity of the coiled-coil motif (relative to flanking regions), and so it may 

represent an area more permissive of variation, and therefore a potential target of 

selection. On the other hand, no obvious pattern emerges in terms jaw morphology when 

comparing species with continuous (e.g., LF, orangethroat darter, Antarctic dragonfish) 

versus interrupted (e.g., TRC, damselfishes, threespine stickleback) heptad repeats across 

this region. It is worth noting, however, that Crocc2 is a relatively large protein (>1,600aa 

in cichlids), and so it may be that the consequences of variation in amino acid sequence 

on bone biology has less to do with any one region of the protein, and more to do with the 

number and/or integrity of coiled-coil motifs across the entire protein, especially when 

making broad taxonomic comparisons. This could represent a fruitful line of future 

inquiry. Within African rift lake cichlids, however, where amino acid sequence homology 

is high (>95%), this particular mutation, and its predicted structural consequences, are 

more likely to have a direct effect on jaw/bone shape. 

Rates of bone matrix deposition are canalized in the African cichlid species with the 

divergent crocc2 allele 

 

In the context of plasticity, a mutation that influences the integrity of a structural 

protein could provide a mechanism through which genetic assimilation occurs. We know 

from previous work that the cichlid species with the divergent crocc2 allele, LF, exhibits 
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reduced craniofacial plasticity, relative to TRC, in response to alternate feeding regimes 

(Parsons et al. 2016; Navon et al. 2020). To determine the degree to which this finding 

holds specifically within the AP, we subjected LF and TRC to alternate feeding regimes, 

and then assessed rates of bone matrix deposition in the AP using two different 

fluorochromes injected at the beginning and end of the experiment (described in Navon et 

al. [2020]). We expected the generalized forager, TRC, to deposit more bone on the AP 

in the benthic/biting, compared with the pelagic/suction feeding, environment. 

Furthermore, we expected the obligate benthic foraging species, LF, to deposit relatively  

high rates of bone matrix deposition in both environments, consistent with the 

assimilation of a “biting” bone geometry. Our results support these predictions (Figure 

16). We found a significant species-by-treatment effect in terms of matrix deposition 

(F=4.108, P=0.0137), with pairwise differences noted for TRC (TukeyHSD, P=0.0177) 

but not LF (TukeyHSD, P=0.9345) reared in different environments. These results show 

that bone formation is canalized in LF, resulting in consistently high levels of bone 

matrix deposition on the AP, and greater mechanical advantage of jaw closing. 

Taken together, our results in cichlids suggest roles for crocc2 in regulating 

species-specific bone geometry and plasticity, and that both phenotypes are related to 

differential mechanosensing. To test this hypothesis, we utilized the zebrafish system. 

Crocc2 is required for the maintenance of primary cilia 

 

Bone is a dynamic tissue that can sense and respond to its mechanical 

environment, and the primary cilia on bone cells are thought to play critical roles in 

mediating this process (Xiao et al. 2006; Papachroni et al. 2009; Nguyen and Jacobs 

2013). Mice lacking functional cilia in bone precursor cells exhibit normal larval skeletal 
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patterning, but impaired growth (Qiu et al. 2012), as well as a reduced ability to form 

bone in response to mechanical loading (Temiyasathit et al. 2012). Unlike the axoneme 

and basil body, roles for the ciliary rootlet in bone biology are unknown. The limited data 

on this structure suggest that rootlets are important for maintaining ciliary integrity over 

time (Yang et al. 2005). Consistently, we found that zebrafish crocc2 mutants possessed 

primary cilia as larvae (e.g., 4 days), but exhibited a dramatic reduction in cilia number, 

compared to wild-type (WT) siblings, as adults (e.g., >12 months) (Figure 17). Based on 

these data as well as known roles for the primary cilia and bone mechanosensing, we 

predicted that crocc2 mutants will exhibit bone phenotypes that include 1) dysmorphic 

skeletal architecture in areas of high mechanical stress, 2) degenerative bone 

homeostasis, and 3) a reduced ability to mechanosense. 

Jaw defects in crocc2 mutants localize to regions of adaptive morphological variation in 

the cichlid jaw 

 

We found that homozygous recessive crocc2 mutants were viable through adult 

stages, enabling the analysis of bone phenotypes throughout life history stages. 

Consistent with our prediction, patterning of the crocc2 craniofacial skeleton appeared 

relatively normal, but shape was distinct, especially at adult stages. A geometric 

morphometric analysis of craniofacial shape revealed key differences in foraging related 

bones, specifically in regions with direct mechanical input (e.g., attachment points for 

tendons and ligaments) (Figure 18). For instance, variation that distinguished mutant and 

WT jaw shapes was largely limited to the size and shape of the coronoid process (CP, 

Figure 18a,b). In zebrafish, this structure represents the point of insertion for the A2 

muscle (Figure 14), and is functionally analogous to the region of the cichlid jaw that 
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maps to the crocc2 locus. Thus, genetic/genomic mapping in cichlids and mutagenesis in 

zebrafish are consistent in implicating crocc2 in the formation of nonhomologous but 

functionally equivalent structures of the jaw. 

Shape defects were also noted in other bony elements. For example, the 

kinethmoid, which drives zebrafish jaw protrusion through a complex arrangement of 

ligamentous attachments, exhibited a unique shape in mutants (Figure 18c,d). Regions of 

this bone most affected in crocc2 mutants include the rostral- and caudal-most surfaces, 

which serve as attachment sites for ligaments that connect the kinethmoid to the 

neurocranium and premaxilla, respectively (Staab and Hernandez 2010). In all, crocc2 

appears to be required to maintain bone integrity in zebrafish, especially in areas 

subjected to mechanical stress. 

Crocc2 is required for bone homeostasis 

 

We next examined bone growth and homeostasis in crocc2 mutants at the 

transcript level. Specifically, we performed quantitative RT–PCR on freshly dissected 

craniofacial bones from mutant and WT animals at two different stages, young (3–5 

months) and aging (10-15 months) adults. We used a panel of known and presumptive 

bone markers for this analysis (n=10, Table S7), and reasoned that if 1) cilia are required 

for normal bone growth and homeostasis, and 2) crocc2 mutants lose cilia over time, then 

we should observe a mis-regulation of bone marker genes in older, compared with 

younger, mutant animals. 

When considering the expression of individual bone marker genes, we found 

evidence for mis-regulation (Table 4; Figure S4). ANOVA models indicated significant 

effects of genotype on gene expression for three osteoblast markers (including col10a1), 
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and all three Hedgehog (Hh) markers. Hh signaling was assessed given that members of 

this pathway localize to the primary cilia (Goetz et al. 2009), and that it plays important 

roles in bone development and homeostasis (reviewed by Long 2011; Alman 2015). 

Genotype was not significant for osteoclast markers, nor the mature chondroblast marker, 

col2a1a. Age also had a significant effect on the expression levels of 3/4 osteoblast 

genes, 2/3 Hh markers, as well as the osteoclast marker, csf1ra. Genotype-by age was 

significant for the osteoblast markers, runx2b and AP, as well as for the Hh target gene, 

ptch2. The significant GxA effect for runx2b appeared to be driven by relatively higher 

expression in young mutant bones and lower expression in old mutant bones (Figure S4). 

For AP, higher expression was documented in older mutant fish, compared with old WT 

and young mutants, whereas for the Hh markers, ptch1 and ptch2, mutants exhibited 

relatively lower expression than WT at both stages (Figure S4). 

As bone homeostasis requires the coordinated expression of multiple genes, we 

next sought to assess the degree to which these genes exhibited coordinated expression in 

mutant and WT animals. Specifically, we performed partial correlations analyses on 

expression data within mutant and WT animals at both life-history stages, and report 

correlation coefficients and P values for all pairwise comparisons with the effect of the 

other variables removed (Table 5). Among young adults, differences between genotypes 

were modest, with mutant exhibiting 8/45 significant (P < 0.05) pairwise correlations, 

compared with 11/ 45 in similarly aged WT siblings (Table 5). Further, of the 11  

significant correlations in WTs, only three were shared with mutants. This pattern was 

reflected in a network analyses of expression data, where both WT and mutant animals 

were characterized by four modules of correlated gene expression; however, the 
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composition of genes within each module was different, as was the overall strength of 

correlation in gene expression, which was higher in WT bone (i.e., a greater number of 

lines connecting traits, Figure 19a,b). 

Differences in correlated gene expression were substantially greater in older 

adults, with mutants exhibiting 17/45 significant pairwise correlations, compared with 

31/45 significant correlations in age-matched WT animals (Table 5). These data suggest a 

far more integrated expression network of bone markers in WT versus crocc2 mutants, an 

assertion that was supported by the network analyses (Figure 19c,d). Four modules were 

recovered for older WT animals, which were characterized by a high degree of 

correlation both within and between modules. Alternatively, gene expression in older 

mutants was characterized by two distinct modules, consistent with a dissociated gene 

network. This idea was supported by the spatial localization of TRAP and AP activities in 

WT versus crocc2 mutants. In WT animals the enzymatic signature of bone resorption 

(i.e., TRAP) and deposition (i.e., AP) was typically colocalized (Figure 19c, inset), as 

expected based on the literature (e.g., Albertson and Yelick 2007; Cooper et al. 2013), 

and the interconnected expression of these two factors in the network (e.g., linked by 

various bone markers, Figure 19c). Alternatively, TRAP and AP activities were 

conspicuously distinct in crocc2 mutants (Figure 19d, inset), consistent with their 

dissociated expression in network-space (Figure 19d).  

All in all, these genetic data complement the analysis of crocc2 bone phenotypes 

(e.g., Figure 18), and suggest that dysmorphic bone shape in crocc2 mutants is underlain 

by mis-regulated marker gene expression. 

Crocc2 is required for bone plasticity 
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To more explicitly test the hypothesis that crocc2-induced bone defects are due to 

impaired mechanosensing, we subjected fish to alternate feeding regimes intended to 

impose different functional demands on the craniofacial skeleton (Figure 20), similar to 

what was performed in cichlids (Figure 16). We then assessed rates of bone matrix 

deposition in the coronoid process (CP) of animals reared in different environments 

(Figure 20b,c). Our expectation was that WT animals would exhibit greater rates of CP 

bone deposition in the benthic foraging treatment where fish were required to leverage 

food from the substrate. We predicted further that this plastic response would be limited 

in crocc2 mutants. Our data supported both predictions: Rates of bone matrix deposition 

were higher in the CP from WT fish reared in the benthic versus pelagic treatment, and 

this response was absent in mutants (Figure 20d). Thus, mutant fish reared in the benthic 

environment appear to have lost the ability to deposit bone in response to increased 

mechanical load. More generally, these results are consistent with the hypothesis that 

dysmorphic bone phenotypes in crocc2 mutants arise due to impaired mechanosensing.  

During this analysis, we noted variation in CP shape, consistent with the results 

from the shape analysis described above. We therefore explored CP shape in these 

experimental animals, and found that it was distinct between treatments (Treatment: 

Z=2.470, P=0.003) and genotypes (Genotype: Z=2.197, P=0.005), and that there was a 

significant interaction effect between these two variables (Genotype-by-Treatment: 

Z=2.194, P=0.006). In addition, by quantifying shape using both fluorochrome labels, we 

were able to track shape over time, and document a significant effect of this variable on 

CP shape (Time: Z=2.96, P=0.001). Another notable outcome of this analysis was that 

WT shape, across time and treatments, exhibited relatively less variation compared with 
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that across mutants, which occupied a far greater range of shape space (Figure S5). This 

qualitative assessment was supported by quantitative tests of morphological disparity, 

which showed that mutants exhibited 2x the disparity as WT animals (0.0238 vs. 0.0119, 

respectively; P=0.065). Increased disparity in mutant CP shape may be related to mis-

regulated bone homeostasis (e.g., Figure 19). 

Conclusion 
 

Adaptive radiations and the root of flexible stems 

 

Adaptive radiations constitute a major source of biodiversity on this planet, and 

have played a central role in our understanding of evolutionary processes. One attribute 

of adaptive radiations that has long intrigued and confounded biologists is their repeated, 

almost stereotypical, nature. For example, stem lineages that recurrently invade a novel 

environment (e.g., marine to freshwater among threespine stickleback) often diverge 

along highly predictable eco-morphological axes. Although similarities in ecological 

opportunity may explain some of these patterns, the extent to which replicate adaptive 

radiations are consistent has led to the proposition that other mechanisms may be at work. 

One notable hypothesis suggests that phenotypic plasticity in the stem lineage has the 

potential to bias the direction of adaptive radiations. Formalized as the flexible stem 

hypothesis (West-Eberhard 2003), this theory sets out to provide a mechanistic 

explanation for the repeated nature of adaptive radiations—for example, as an ancestral 

population is exposed to a novel environment, new phenotypic and genetic variants will 

be exposed to natural selection as individuals within the population mount a plastic 

response. Over time, those cryptic genetic variants that enable animals to more 

effectively exploit new resources may become fixed (i.e., genetic assimilation, sensu 
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Waddington 1953), thereby biasing the direction of evolution along the eco-

morphological axis established by the initial plastic response. Thus, if ancestral patterns 

of plasticity are similar across taxa, then the genetically fixed evolutionary responses 

should reflect that similarity. One empirical sign of such flexible stem evolution is 

predicted to be molecular similarity between morphological plasticity and evolution 

(Gibert 2017; Navon et al. 2020). Our work seeks to detect such signals.  

We first set out to study cryptic genetic variation underlying cichlid jaw shape, 

with a focus on loci that underlie variation within distinct foraging environments. Fine-

mapping implicated the crocc2 locus, and functional studies in zebrafish supported the 

assertion that this gene is necessary for load-induced bone growth and remodeling. These 

results are consistent with the broader literature on the primary cilia and bone remodeling 

(Xiao et al. 2006; Papachroni et al. 2009; Qiu et al. 2012; Temiyasathit et al. 2012; 

Nguyen and Jacobs 2013). However, whereas the overwhelming majority of studies focus 

on the basal body, axoneme, and other more distal components of primary cilia, ours is 

unusual in implicating the proximal rootlets in bone biology. Whether the effect is due to 

ciliary integrity or a more nuanced, and as yet undescribed, role for the rootlets remains 

to be determined. Regardless of the specific mechanism, we showed that the African 

cichlid species with the divergent crocc2 allele exhibited an assimilated phenotype—that 

is, high levels of bone matrix deposition regardless of mechanical environment. In the 

context of variation in the coiled-coil motif, this raises the interesting question of whether 

the number and/or integrity of the motif (i.e., fewer interruptions) might influence 

mechanosensing. In zebrafish, the loss (or reduction) of Crocc2 function resulted in 

reduced plasticity, supporting critical roles for this molecule in mechanosensing. In LF, 
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loss of plasticity was associated with a putative gain-of-function polymorphism, where 

Crocc2 is characterized by fewer disruptions in the motif and correspondingly higher 

homodimerization affinity. Taken together, these insights suggest that the ability of bone 

cells to mechanosense may actually require a degree of interruption in the Crocc2 coiled 

coil motif. In other words, this region of interrupted heptad repeats may serve to 

“sensitize” Crocc2/rootlets to environmental input. If true, this configuration may be 

actively selected for in African cichlids, several of which are known to be plastic in 

head/jaw shape (Parsons et al. 2014; Gunter et al. 2017; Hu and Albertson 2017; Navon 

et al. 2020). This work constitutes the second in a set of experiments aimed at 

understanding the molecular basis of plasticity. The other has focused on Hh signaling 

(Parsons et al. 2016; Hu and Albertson 2017; Navon et al. 2020), which is notable given 

the close association between the primary cilium and the Hh signal transduction pathway. 

Members of the Hh pathway localize to the cilium (Yuan et al. 2015), and cells lacking 

cilia are unable to transduce a signal in response to the Hh ligand (Haycraft et al. 2005; 

Berbari et al. 2009). Thus, cilia have been said to constitute the “Hh signal transduction 

machine” (Goetz et al. 2009). Given the conservation of molecular mechanisms across 

vertebrates, understanding how, or if, Hh signaling and rootlets interact to effect bone 

biology in general, and mechanical load-induced plasticity in particular, could be a 

fruitful line of study. More generally, we suggest that the Hh-cilia signaling mechanism 

represents a robust molecular candidate for flexible stem evolution of the cichlid jaw. 
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Figure 14: Functional anatomy of the cichlid and zebrafish head. A dissected and 

alizarin red stained head of a representative cichlid, Tropheops sp. “red cheek”, is 

depicted at left, and a zebrafish is shown at right. Craniofacial bones are red, and muscles 

are white. The lever mechanism that defines the mechanical advantage of jaw closing is 

illustrated for each species, whereby the jaw joint acts as the fulcrum (F), jaw length is 

the out-lever (OL), and a dorsally projecting bony process, on which the second subunit 

of the adductor mandibulae (A2) inserts, acts as the in-lever (IL). In cichlids, the in-lever 

is the ascending arm of the articular (AP), whereas in zebrafish it is the coronoid process 

(CP). Thus, in each species, this functional system is comprised of nonhomologous bony 

processes. Scale bar equals 1 cm in the cichlid image (left), and 1 mm in the zebrafish 

image (right). 

 

 



 100 

 
 

Figure 15: Mapping of lower jaw mechanical advantage in cichlids. The QTL for 

relative height of the articular process (i.e., mechanical advantage of jaw closing, “MA-

closing”) maps to LG21 and peaks over a marker on physical scaffold number 31 (A). A 

schematic of a primary cilium is shown in (A) as well, where “ax” is the axoneme, “bb” 

is the basal body, and “rt” illustrates the striated rootlet. The SNP at the QTL peak (red 

asterisk) encodes a nonsynonymous (A/V) polymorphism within Crocc2, where the A 

allele is conserved across African cichlids (B), and is associated with two predicted 

interruptions (arrowheads, C) in the heptad repeat (i.e., denoted, and color-coded, a–g). 

The V allele in LF is predicted to result in contiguous heptad repeats in this region of the 

protein (C). With additional markers every ∼0.5 Mb, we queried the phenotype–genotype 

relationship along scaffold 31, and show that the peak association remains at ∼2.9 Mb 

(red asterisk, D). We sought to refine the interval even further using markers every ∼100-

200 kb, between ∼2–4 Mb on scaffold 31, and find that the peak association holds at the 

crocc2 SNP (red asterisk, D). Further, this marker is nearly alternatively fixed between -

wild populations of LF and TRC (e.g., FST = 9.5). 
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Figure 16: Rates of bone matrix deposition in cichlids. Mandibles of LF (A) and TRC 

(B) are shown, and the ascending arm of the articular bone (AP) is labeled. The tip of the 

AP in TRC reared in either a benthic/biting (C) and pelagic/sucking (D) environment is 

shown. Panels (C and D) are overlays of bright field, GFP, and RFP illumination. The 

RFP filter shows where alizarin red was incorporated into the bone. GFP is the calcein 

green label 5 weeks later. The distance between labels (white arrows) represents the 

amount of matrix deposited during that time. Scale bars equal 50 µm. Quantification of 

the rates of bone matrix deposition are shown in (E). Significance was determined via an 

ANOVA followed by a Tukey’s multiple comparison test. 
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Figure 17: Cilia number in WT and mutant zebrafish. Cilia were visualized via 

immunohistochemistry using either anti-gamma-tubulin (shown), which labels the basal 

bodies, or anti-alpha acetylated-tubulin (not shown), which labels the axoneme, and 

imaged via confocal microscopy. Representative images are shown for the gill arch 

cartilage in WT (A) and full-sibling crooc2 mutants (B). Scale bar equals 20 µm. 

Quantification of cilia number per cartilage, calculated as the percentage of nondividing 

cells containing cilia, is shown in (C). Significance was determined via an ANOVA 

followed by a Tukey’s multiple comparison test. In larval (4dpf) fish, each data point 

represents a count from a different cartilage across n = 3 WT and n = 3 crocc2 mutant 

animals. In adults (>12 months), data points represent counts from different sections of 

Meckel’s cartilage (i.e., Mk), or from different gill arch cartilages. Sample sizes for 

adults are also n = 3 for each genotype. 
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Figure 18: Dysmorphic bone geometry in crocc2 mutants. A geometric morphometric 

shape analysis was performed on various element of the feeding apparatus in WT and 

crocc2 mutant fish. Mutants exhibit distinct mandible shapes compared to WT siblings, 

with the most conspicuous differences occurring in the size and shape of the coronoid 

process (B vs. A). Scale bars in (A) and (B) equal 1 mm. Shape differences were also 

noted for the kinethmoid, with mutants exhibiting an overall shortening of the element in 

the dorsal–ventral dimension (D vs. C). Scale bars in (C) and (D) equal 200 µm. 

Deformation grids represent commonly seen phenotypes in the mandible, and 

exaggerated mean shapes in the kinethmoid. Procrustes ANOVA with post-hoc pairwise 

comparisons of group means (procD.lm, advanced.procD.lm), was significant for 

mandible mean shapes at P = 0.02, and for kinethmoid means at P = 0.12. 
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Figure 19: Mis-regulation of the bone marker gene expression in crocc2 mutants. 

Network output of partial correlations (from Table 5). Red lines represent correlations 

between genes in different modules, whereas black lines represent correlations within 

modules. Colors denote distinct modules in each analysis. Panel (A) illustrates the 

interaction between bone marker expression in WT animals at the young adult stage (3–

5 months), whereas panel (B) shows data for comparably staged mutants. Note that, 

although there are a greater number of correlations in WT versus crocc2 mutant animals, 

both networks are characterized by four interconnected modules. Covariation of gene 

expression in old adult (10–15 months) bone is shown for WT (C) and mutant (D) 

animals. WT zebrafish show a relatively high number of correlations both within and 

between modules, consistent with a tightly integrated gene network. Alternatively, 

mutants show a dissociated pattern characterized by two distinct modules, which is 

reflected in in vivo patterns of bone cell activity (insets, C and D). In WT bone (i.e., 

interopercle), TRAP and AP are generally in close approximation, whereas in mutants 

these factors are often expressed in distinct areas of the bone. Scale bars equal 200 µm. 
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Figure 20: Rates of bone matrix deposition do not respond to environmental stimuli 

in crocc2 mutants. Bone deposition rate was measured as the ratio between the area of 

the coronoid process (CP) at time 0 (red label) over the area at time 1 (green label) in WT 

and crocc2 mutant zebrafish reared under alternate foraging regimes. Panel (A) shows the 

medial view of the oral jaw skeleton, under GFP illumination, depicting the anterior 

neurocranium (NCM), dentary (DNT), CP, and quadrate (QU). Scale bar for (A) equals 

1 mm. Panel (B) depicts a composite image of red and green fluorochromes in the CP of a 

WT animal, whereas panel (C) shows the CP of a crocc2 mutant. Two subdivisions of the 

adductor mandiblae can be seen in (B and C)—AM2 and AMω. Scale bars in (B) and (C) 

equal 200 µm. Panel (D) presents the results of a comparison of bone deposition rates. 

Pairwise significance was assessed via an ANOVA followed by a Tukey’s multiple 

comparison test. 
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Table 4: Expression differences of bone marker genes. 

 
 

Note.—Expression of genes involved in bone/cartilage development was assessed in WT and mutant 

animals at two life-history stages, young adult (3–5 months) and old adult (10–15 months). The ANOVA 
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model was (expression ∼ genotype × age), and the effects of genotype, age, and their interaction are 

presented. Marker genes are organized by general function. Col10a1 has an asterisk next to it, because it 

plays roles in both endochondral and dermal bone formation in fishes. Values with significance after 

Bonferroni-correction are italicized. 

 

Table 5: Covariation in the expression of bone marker genes 
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Note.—Partial correlation coefficients (below diagonal) and P values (above diagonal) are shown for both 

genotypes at young (3–5 months) and old (10–15 months) stages. Values are italicized if significant at the 

∼0.05-level. 
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Figure S3: Sequence variation in Crocc2 across fishes. Amino acid sequence around 

the coding mutation identified in our genetic cross is highly conserved across African 

cichlids, but sequence homology begins to breakdown when other perciform and ray-

finned fish species are included in the alignment (A-B). Notably, whereas all other 

African cichlids examined have an Alanine (A) at position 963, Labeotropheus has a 

Valine (V), which is similar to New World cichlids as well as most other perciform 

species. In fact, all perciforms possess either an A or V, and all fish species possess a 

non-polar, hydrophobic amino acid at this position (blue shade, B). While considerable 

sequence variation exists across this stretch of amino acids, the resulting coiled-coil motif 

Figure S1.  Sequence variation in Crocc2 across fishes. Amino acid sequence 
around the coding mutation identified in our genetic cross is highly conserved across 
African cichlids, but sequence homology begins to breakdown when other perciform and 
ray-finned fish species are included in the alignment (A-B). Notably, whereas all other 

!2
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is largely conserved, especially toward the N-terminus (C). The V in Labeotropheus 

results in few interruptions (black arrowheads) in heptad repeats (i.e., a- g) compared to 

other African cichlids (C). This region of Crocc2 is also associated with greater predicted 

structural variation, which suggests that this portion of the protein may be less 

constrained, and/or a target of natural selection. All Crocc2 sequences were obtained 

from NCBI and the Ensembl genome browser.  
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Figure S4: Expression results from bone marker genes. Full results are shown for 

quantitative RT-PCR, organized in the same pattern as Table 4. Relative expression 

levels are shown for young adult WT (Y-WT), old adult WT (O-WT), young adult crocc2 

mutants (Y-Mut), and old adult crocc2 mutants (O-Mut). Letters above the box plots 

refer to statistical groupings as determined by ANOVA followed by a Tukey’s multiple 

comparison test. Graphs with no letters, did not exhibit any significant pair-wise 

differences.  



 113 

 

Figure S5: Shape analysis of the CP in crocc2 and WT zebrafish across 

environments. Shape space from a morphometric analysis on CP shape. PC1 accounts 

for 63% of the variation, and mainly captures variation in growth over time, such that 

shape at time 0 (determined using the red fluorochrome, Alizarin Red) is associated with 

more negative PC1 scores, whereas shape at time 1 (green fluorochrome, Calcein Green) 

is associated with more positive PC1 scores. PC2 accounts for 17% of the variation in CP 

shape. The inset at top illustrates the digitizing scheme, with landmarks depicted as white 

Figure S3.  Shape analysis of the CP in crocc2 and WT zebrafish across 
environments. Shape space from a morphometric analysis on CP shape. PC1 accounts for 
63% of the variation, and mainly captures variation in growth over time, such that shape at time 
0 (determined using the red fluorochrome, Alizarin Red) is associated with more negative PC1 
scores, whereas shape at time 1 (green fluorochrome, Calcein Green) is associated with more 
positive PC1 scores. PC2 accounts for 17% of the variation in CP shape. The inset at top 
illustrates the digitizing scheme, with landmarks depicted as white dots and semi-landmarks 
arrayed along the blue dotted line. Note that each animal is measured twice - once for T0 shape 
(red), and once for T1 shape (green). In shape space, T1 and T0 are numbered consecutively, 
such that samples 1 and 2 correspond to individual one at times 1 and 0, respectively.  

!5
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dots and semi-landmarks arrayed along the blue dotted line. Note that each animal is 

measured twice - once for T0 shape (red), and once for T1 shape (green). In shape space, 

T1 and T0 are numbered consecutively, such that samples 1 and 2 correspond to 

individual one at times 1 and 0, respectively.  

 

 

Table S7: Primer sequences for zebrafish bone markers and the housekeeping gene, b-

actin. 

 

 

 

 

 

 

 

 

 

 

 

Table S1.  Primer sequences for zebrafish bone markers and the house-keeping 
gene, b-actin. 
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CHAPTER V 

GNMT AS A CANDIDATE FOR CICHLID SPECIES 

CRANIOFACIAL SHAPE DIFFERENCES 
 

Tetrault, E.R., & Albertson, R.C. 

Introduction 

Getting to the genomic regulation of species shape differences is important in 

understanding the molecular basis of adaptations. Malawi cichlids are a hyperdiverse 

family of fishes, with variation in body size and depth, coloration, brooding style, among 

other things, due to the rapid speciation rates in Lake Malawi (Streelman et al., 2003; 

Navon et al., 2017; Roberts et al., 2017; Albertson et al., 2018; Marconi et al., 2023). 

Though extensive, much of the variation in this group is centered along the benthic-

pelagic axis, and these fish have adapted their craniofacial profiles and jaws to feed 

efficiently along this axis. Benthic fishes feed by scraping algae off of rocks, with short 

jaws typically downturned with tricuspid teeth, and a steep, rounded sloped head 

(Westneat, 1991; Streelman et al., 2003), adapted for power. On the opposite end of this 

axis, pelagic foragers have longer jaws that are upturned, and fewer rows of bicuspid 

teeth, optimal for suction feeding from the water column (Westneat, 1991; Streelman et 

al., 2003). We previously described a large number of genes involved in the differences 

in cichlid species’ craniofacial bones by using a combination of RNA-seq and ATAC-seq 

data to understand with more confidence a suite of factors that have expression 

differences (i.e differentially expressed and differentially accessible) between species in a 

given environment (Tetrault et al., 2023). While subsets of genes were identified where 

expression differences were specific to a particular foraging environment, another subset 

included 13 genes that were differentially expressed in both the benthic and pelagic 
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foraging environment. In other words, the effects of these genes appeared to be robust to 

the environment, an assertion that we validated in chapter 3 using qPCR. We consider 

these factors to be promising candidates in regulating species-specific bone shapes.  

In the context of my dissertation, it was not plausible to follow-up on all 13, and 

so we sought to prioritize this list. We first looked to see which of these factors were in 

the top-100 (out of over 5000) differentially expressed genes.  This reduced the number 

to 6, including b3galt1, b3galt2, fam3c, thx, tnfrsf6b, and gnmt. We then cross-referenced 

these to other genetic and genomic datasets. Multiple previous QTL analyses repeatedly 

implicate an interval on linkage group 19 (LG19) as an important regulator of lower jaw 

shape, specifically global shape of the jaw, the height of the RA, and the mechanical 

advantage of jaw opening (Albertson et al., 2003; 2005; Figure 21a). In addition, both 

morphological integration and modularity of the lower jaw are associated with LG19 

(Parsons et al., 2012; Hu et al., 2014). In addition, population branch statistic (PBS) 

measurements, which uses genome-wide pairwise FST values among three populations 

(in this case three cichlid species) to determine whether one allele appears more 

frequently in one population than another, suggests that LG19 contains a divergent allele 

in Maylandia (Figure 21b). Together, these data implicate LG19 as a hotspot for the 

regulation of traits associated with the lower jaw, especially the RA. These multiple 

datasets accumulated over 20 years point to glycine N-methyltransferase (gnmt), which 

lies near all QTL and PBS data on LG19, as a top candidate to look into. 

Expression levels from RNA-seq libraries indicated that the generalist species, 

Maylandia, had higher gnmt levels compared to Tropheops, a benthic generalist (Figure 

21c). A separate experiment looking at expression dynamics over time supports the 
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genome-wide data, with higher expression in Maylandia at multiple timepoints following 

the onset of foraging trials (Figure 21c). 

Gnmt encodes a methyltransferase in the methionine cycle (Figure 22a), which 

involves a series of reactions important to many biological processes, but particularly for 

our purposes DNA methylation (Zhang, 2018) and bone metabolism (Vijayan et al., 

2014; Plummer et al., 2016). In this cycle, the adenosyl group from ATP is transferred to 

methionine, forming S-adenosylmethionine (SAM). Methyltransferases, such as gnmt, 

then catalyze the removal of the methyl group from SAM, leading to the formation of S-

adenosylhomocysteine (SAH) (Luka et al., 2009). S-adenosyl-L-homocysteine hydrolase 

(SAHH) converts SAH to homocysteine, which is further transformed to methionine to 

restart the methionine cycle. 

The ratio of SAM to SAH is considered the methylation index, with a high ratio 

leading to hypermethylation, and a low ratio suggesting hypomethylation. Research 

suggests that changes to the SAM/SAH ratio and resulting changes in methylation are 

typically underlain by levels of SAH (reviewed in Zhang, 2018), due to SAH being a 

potent methylation inhibitor. However, methylation and SAM/SAH ratios are largely 

tissue-specific (Chen et al., 2010). Gnmt transgenic Drosophila, in which gnmt 

expression is elevated, produced animals with low levels of SAM, high concentrations of 

SAH, and a low methylation index (Obata et al., 2014). In cellular models, high gnmt also 

leads to decreased SAM, as well as lower cell viability and cell number (Huidobro et al., 

2013). Methionine supplementation in rats is correlated with Gnmt protein levels and 

activity, as well as increases in the concentrations of both SAM and SAH (Rowling et al., 

2002). High gnmt expression is associated with high levels of DNA methylation in 
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developing zebrafish (Fang et al., 2013). While methionine is linked to methylation via 

the pool of available SAM and SAH, it also has been shown to elicit other epigenetic 

changes, such as increasing the expression of miRNAs (Plummer et al., 2017). However, 

how methionine affects methylation is age- and tissue-dependent, and gene-specific 

(Tremolizzo et al., 2002; Sanchez-Roman et al., 2011; Mattocks et al., 2017). 

Methionine also plays important roles in bone morphology, density, and bone cell 

differentiation. For example, methionine restricted mice present with low bone mass 

(Ables et al., 2012), decreased bone mineral content and bone size (Ouattara et al., 2016), 

and reduced expression of bone cell differentiation and activity genes (Ouattara et al., 

2016; Plummer et al., 2016). Conversely, methionine supplementation increases bone 

density, presumably via a decrease in bone resorbing cell markers and activity in rats 

(Vijayan et al., 2014). It is thought that this increase in bone works through 

downregulation of the TLR4/NF-kB signaling pathway in osteoclast precursor cells 

(Vijayan et al., 2014), which is involved in cell survival and proliferation. 

Based on previous data, as well as known roles for gnmt in methylation and the 

methionine cycle, we prioritized this gene for future study. As a first step, we performed 

a SAM & SAH ELISA to determine whether measures differ between species. 

 

Materials and Methods 

 

Species and treatment 

 

Cichlids were housed at equal density in 40-gallon glass aquaria on a 

14hour/10hour light/dark cycle at 28°C and fed a flake food diet (75% algae, 25% yolk) 

until the onset of an experiment. When animals were of similar size in one tank (3-4 cm), 
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they were given a pelagic-like diet for 2 weeks, consisting of finely ground flake food 

and supplemented with live brine shrimp. 

SAM/SAH assay 

We assessed levels of SAM/SAH, the relative concentrations of which give us the 

methylation index of a sample, using the SAM and SAH ELISA combo kit (Cell Biolabs, 

Inc). The IOP-RA complex and liver were dissected from each Maylandia (n=9,5), and 

Tropheops (n=3, IOP-RA only). Tissues were homogenized in 1X PBS using a dounce 

homogenizer and stored at -80°C until assay preparation. Briefly, SAM and SAH 

conjugates were added to a 96-well protein-binding plate to and stored overnight, 

covered, at 4°C to allow for binding. All wells were washed 3x with PBS the following 

day. Homogenized samples and anti-SAM or anti-SAH antibodies were added to the 

corresponding wells for 1 hour at room temperature. Wells were washed 3x with wash 

buffer, incubated with a secondary antibody for 1 hour at room temperature, and washed 

again 3x with wash buffer. Substrate solution was then added and left to develop for 2-30 

minutes. When color change was apparent across all wells, stop solution was added to 

stop the reaction. Absorbance measurements were immediately taken at 450nm in a plate 

reader. As this is a competitive binding assay, in which the antibodies preferentially binds 

SAM and SAH in tissue samples, which gets washed away, compared to the 

corresponding conjugate that is bound to the plates, higher absorbance readings are 

indicative of a lower concentration of SAM or SAH. 
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Results 

SAM/SAH levels are tissue dependent 

We assayed protein levels of SAM and SAH in both the IOP-RA complex and the 

liver in Maylandia, as the IOP-RA is a tissue of interest, and the liver is where much data 

on SAM and SAH are collected. For Tropheops, we were only able to obtain values for 

the IOP-RA, and had only 3 individuals.  

Only [SAH] showed significant differences between tissues in Maylandia (Figure 

22b,c). However, levels of both SAM and SAH in the IOP-RA complex were lower than 

what was confidently detectable given kit parameters. In addition, we had a low sample 

size and high degrees of variation between individuals, particularly in Tropheops. This, 

coupled with the sensitivity of the ELISA, makes it difficult to determine whether what 

we see is biologically relevant or an artifact of the assay itself, and therefore, solid 

conclusions cannot be made about levels of SAM and SAH in this complex. 

Discussion 

Concentrations of both SAM and SAH were very low in the tissues we were 

interested in and difficult to detect with the parameters set by the kit. Higher levels were 

obtained in the liver due to the abundant literature in this tissue, but we thought it best to 

go with a tissue-specific approach. For this to be successful, both IOP-RA complexes 

from one or more animals would need to be pooled together to generate a high enough 

concentration for detection. However, this may not be the best way to go about assessing 

methylation. Besides the experimental issues faced with the SAM/SAH ELISA, SAM 

and SAH levels are an indication of the pool of methyl groups available to be used for 

methylation. While much previous research links the ratio of these proteins to DNA 
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methylation, there is no evidence that this is the only type of methylation affected (e.g 

histone methylation). Further experiments should focus on luminometric methylation 

assay (LUMA). This assay uses methylation sensitive and insensitive restriction enzymes 

for DNA cleavage and pyrosequencing for quantification of genome-wide DNA 

methylation. LUMA gives a more accurate measurement of methylation than the 

SAM/SAH ELISA. However, given that methylation data can conflict between global 

levels and specific sites (Tremolizzo et al., 2002; Sanchez-Roman et al., 2011; Mattocks 

et al., 2017), then it may not be a matter of levels of global methylation, but perhaps the 

regions being methylated are different. In that case, reduced representation bisulfite 

sequencing (RRBS), or whole-genome bisulfite sequencing (WGBS), could be used to 

determine areas of high methylation. This assay couples bisulfite treatment, which 

converts unmethylated, but not unmethylated cytosines to uracils, and sequencing to map 

methylation across the genome. 

While gnmt is responsible for the conversion of SAM to SAH and in turn 

methylation, it is part of the more broad methionine cycle. The methionine cycle has 

implications in bone deposition, density, and size. We did try a fluorometric methionine 

quantification assay (Abcam, ab234041) using both IOP-RA complexes from each 

animal, however methionine levels were undetectable. Upon trouble-shooting, we found 

the manufacturer of the methionine kit recommends a large amount of starting material 

(i.e 106 cells). Previous experiments using ATAC-seq (Tetrault et al., 2023) in which we 

quantified the number of cells in each IOP-RA complex to be at an average of 6.5x104 for 

juvenile cichlids of the size used in this experiment. A single biological replicate would 
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then need to be pooled from both the left and right complex from a number of individuals 

in order to get a detectable signal indicating presence of methionine.  

A cichlid gnmt transgenic model would be a fruitful line of study to really 

understand the effects of gnmt on species shape differences, more specifically those 

linked to DNA methylation signatures and bone homeostasis. A CRISPR knockout model 

could be made using a gRNA that introduces a premature stop codon, specifically in a 

Maylandia species, as there was higher expression of gnmt compared to Tropheops 

(Figure 21c) and QTL analyses implicating LG19 were from hybrids of a Maylandia and 

Labeotropheus cross. Lower levels of gnmt from the knockout model would presumably 

give a more benthic shape phenotype (like Tropheops or Labeotropheus). From there, we 

could assess the molecular regulation of shape differences, using LUMA to determine 

genome-wide methylation levels, WGBS for identifying specific sites of methylation, and 

qPCR to assess downstream RNA targets of any major pathways. 

Instead of looking at methionine levels in different species, we could dose pelagic 

and benthic diets with differing concentrations of methionine and observe bone growth 

over time, looking at a combination of methionine manipulation and mechanical loading 

on bone shape and homeostasis. As methionine treatment increases bone density and 

decreases bone resorption activity (Vijayan et al., 2014), and restriction decreases 

transcription of bone depositing cell markers (Plummer et al., 2016), we would expect an 

increase in bone deposition and the cells responsible for this process, as well as increased 

transcription of major bone-positive genes. With restriction, we would intend on seeing 

the opposite: a higher number of osteoclasts (or at least fewer osteoblasts), and high bone 

resorption markers and activity. Whether this is methylation-dependent could be 
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determined via site-specific assays, like RRBS, which gives information about specific 

promoters that are methylated. 

 

Figure 21: Gnmt has been implicated as important for species differences in multiple 

separate experiments. (a) Multiple QTL on linkage group 19, containing gnmt, was 

found for the retroarticular process, which is a part of the same tissues used in 

experiments from panel (c). (b) PBS analysis also suggests there is an SNP right 

upstream of gnmt in Maylandia, compared to both Tropheops and Labeotropheus. (c) 

Gnmt was upregulated in Maylandia compared to Tropheops in RNA-seq experiments 

(first panel), validated in the same tissue in the same species (second panel), and in both 

weeks 1 and 2 in the timeseries experiments (third and last panels, respectively. Tissues 

from these experiments are partially composed of the same area of tissue as panel (a). 
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Figure 22: The methionine cycle and SAM/SAH levels in different tissues. (a) The 

methionine cycle. ATP is transferred to methionine forming SAM. Gnmt converts SAM 

to SAH by removing a methyl group. Levels of (b) SAM, and (C) SAH protein 

expression in Maylandia IOP-RA complex (purple) and liver (pink), and Tropheops IOP-

RA (green). 
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CHAPTER VI 

GENERAL CONCLUSIONS 
 

HH signaling as a predictor of plasticity 

HH signaling localizes to the primary cilium, and high HH signaling can be 

attributed to high levels of mechanosensing. Lack of HH signaling wipes out the plastic 

response from alternate foraging treatments in a manner similar to species that are not 

inherently plastic, like Labeotropheus (Navon et al., 2020). It is possible that the primary 

cilium in some species triggers HH signaling but does not in others, and that HH 

signaling sensitizes bone cells to respond to mechanical inputs. Compared to other cichlid 

species, such as the plastic species Maylandia, the Labeotropheus allele of the crocc2 

gene is associated with constant high levels of bone deposition. The predicted 

reestablishment of the heptad repeat of the crocc2 allele in Labeotropheus may create a 

stronger rootlet structure of the primary cilium leading to the high bone deposition rates 

regardless of environmental input, compared to the ancestral allele which allows for a 

plastic response dependent upon the mechanical stimulus. This is supported by the 

consistently low levels of HH-related genes (KIAA0586, ptch1) in Labeotropheus across 

multiple timepoints paneled in this dissertation, compared to Maylandia and Tropheops. 

Given the intimate connection between HH signaling and cell cycle/proliferation, and 

supported by the work of this dissertation, it is likely that cell proliferation is one 

mechanism by which the increased bone deposition occurs. Taken together, HH signaling 

can be a relatively confident predictor of the plastic potential of a species. 
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Cell cycle and methylation in plasticity and species shape differences 

While data on the specific mechanisms by which more bone is created in cichlid 

plasticity is not available at this time, given the work in this dissertation, it is reasonable 

to assume that cell proliferation and/or cell differentiation are part of the cause. At least 

in Maylandia, cell cycle is prominently implicated in the plastic response, particularly in 

the pelagic environment. Because progression through the cell cycle is required for cell 

division and therefore proliferation, it is likely that proliferation of progenitor cells is 

responsible for the increased bone deposition in this species. This is apparent given the 

specific genes found in the analysis directly related to cell proliferation (e.g. ccna2, 

cdca5). However, more work testing this directly is needed to make a solid conclusion, 

such as in vivo EdU labeling to assess cell populations that are actively proliferating. 

Besides plasticity, we found evidence of the genetic regulation of species 

differences. It is likely that species shape variation, at least in specific craniofacial bones 

that are sensitive to mechanical input, in part come from transcriptional differences in 

levels of cell-cycle related genes, and/or regulation of methylated DNA. Multiple 

analysis suggest cell cycle is important for Maylandia shape compared to Tropheops, 

regardless of the environment of rearing, whereas cell differentiation was implicated in 

Tropheops shape under the same conditions. It is possible that different species use 

different mechanisms of increasing bone cell number/type, which would be an interesting 

future direction to parse out. 

In addition to cell cycle, epigenetic mechanisms such as DNA methylation were 

implicated in species shape differences. Gnmt, a methyl transferase, was found to be 

differentially expressed and accessible between Tropheops and Maylandia in both 
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benthic and pelagic foraging environments. This was supported in further experiments at 

multiple timepoints showing that Maylandia had higher gnmt gene expression, and in 

independent QTL and PBS analyses. This highly suggests a role of DNA methylation in 

regulating craniofacial shape differences, and the specific levels and locations of this 

epigenetic regulation could be a fruitful line of study. It is probable that many of the 

downstream differences in gene expression across all chapters of this dissertation come in 

part from changes in methylation status across the genome. 

Time is a major factor in gene expression regulation 

A major theme of this dissertation is the role of time in gene expression 

regulation. In chapter 2, genes that were differentially expressed at 2 weeks with 

continued accessibility changes at 4 weeks were identified, suggesting that foraging 

treatment stimulates expression changes in certain species at least out to 2-4 weeks after 

onset of treatment. In chapter 3, genes were found to be most highly expressed after 1-2 

weeks of foraging challenge, with a later drop off in expression levels at 4 weeks, 

continuing to 8 weeks. In addition, other work suggests that the genetic profile is 

dependent upon the onset/duration of foraging treatment (Gunter et al., 2013; Schneider 

et al., 2014). Chapter 4 confirmed an early consistent gene network but later gene 

network disintegration characterized by lower levels of expression, specifically when 

mechanosensory organelles are disrupted. This suggests an important factor may be age 

in assessing transcriptional profiles. 

Because the body of work in this dissertation show the highest level of expression 

and largest number of differentially expressed genes early on (i.e. 1-2 weeks), it is likely 

that plasticity studies that assess gene regulation later on, such as 1 year+ after foraging 
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onset are missing the regulation of the early plastic response, and more so identifying 

genes involved in homeostasis and long term maintenance of bone shapes and the plastic 

response. Taken together, this suggests that the time of environmental input can greatly 

affect the regulation of a phenotype. 

The new genotype-phenotype map 

Considering the new contributions to the field, the genotype-phenotype map from 

Jamniczky et al. (2010) can be modified to include the effect of time on a resulting 

phenotype (Figure 23). Taking the timing and loss of cilia rootlet experiments together, 

we now know that the timing of mechanical stimulation greatly affects the transcriptional 

profile and plastic response of cichlid fishes. Plasticity is characterized by early, strong 

bursts of expression of mechanosensitive genes, followed by a decline over time. When 

the cilia rootlet is compromised, the transcriptional network early on is relatively stable, 

but disintegrates over time. However, it is likely that in the case of non-plastic species 

like Labeotropheus, the structurally stable primary cilium is less sensitive to 

environmental stimuli and has a locked-in transcriptional pattern that follows, regardless 

of time. Selection then acts on those fish that are best adapted to their novel environment, 

which alters the genotype. All in all, the genotype and the environment are inseparable, 

as they both influence the phenotype. While the genotype contains the genes, the 

environment and the timing of the environmental stimuli alters the expression of those 

genes, which then, via selection, feeds back onto the genotype. 
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Figure 23: New genotype-phenotype map considering new contributions to the field. 
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APPENDICES 
 

APPENDIX A. Fgf signaling in cichlid scale shape variation. 

 

Albertson, R.C., Kawasaki, K.C., Tetrault, E.R., & Powder, K.E. (2018). Genetic analysis 

in Lake Malawi cichlids identify new roles for Fgf signaling in scale shape variation. 

Communications Biology, 1: 55. 

 

Cichlid scale shapes differ between species and along different positions on the 

body. QTL analysis identified over 40 significant loci associated with scale shape 

variation in scales on two specific locations on the body, one hotspot being around the 

gene fgfr1b. Using qRT-PCR, we found that scales that were taller in the dorsal-ventral 

axis, as in Tropheops, had higher levels of fgfr1b gene expression compared to 

Labeotropheus, which has shorter scales. In addition, regenerated scales have a 

pronounced uptick in fgfr1b expression, again more so in Tropheops compared to 

regenerated Labeotropheus scales. This contributed to one figure in the main paper. 
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Figure A1: Quantitative rtPCR results for scale tissues. Box and whisker plot 

showing expression levels relative to the housekeeping gene, beta actin. All data points 

are shown as black dots. Error bars extend to the maximum and minimum values for each 

group, not including outliers. The center of each box depicts the median, and the upper 

and lower hinges correspond to the third and first quartiles, respectively. Relative 

expression is calculated via the comparative CT method. Along the x-axis, species names 

followed by “scale” indicates expression in tissue around normally growing scales. 

Species names followed by “regen” indicates expression in scales after one week of 

regeneration. Asterisks indicate significance at the p < 0.05 (*) and p < 0.01 (**) levels. 
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APPENDIX B: HH signaling in bone deposition in Malawi Cichlids. 

 

Navon, D., Male, I., Tetrault, E.R., Aaronson, B., Karlstrom, R.O., & Albertson, R.C. 

(2020). Hedgehog signaling is necessary and sufficient to mediate craniofacial plasticity 

in teleosts. Proceedings of the National Academy of Sciences of the United States of 

America, 117(32), 19321-19327. 

 

The cichlid species Maylandia zebra and Tropheops sp. red cheek were subjected 

to alternate foraging treatments for 5 weeks. We assessed ptch1 expression levels in the 

opercle and found that expression levels tracked with rates of bone deposition. MZ 

pelagic feeders and TRC benthic feeders exhibited higher rates of both bone deposition 

and ptch1 expression levels. This work contributed as one supplemental figure. 

 

 
 

Figure A2: Relative expression of ptch1 in the opercle bones of two species of cichlids, 

MZ and TRC, across diet treatments. Higher expression was observed in MZ reared in 

the pelagic environment, where greater rates of matrix deposition were documented, 

compared to those reared in the benthic environment [n=8,9 (ben, pel); p = 0.0014]. In 
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TRC, greater rates of matrix deposition were documented in the benthic environment, and 

this treatment is also where higher ptch1 expression was observed [n=8,7 (ben, pel); p = 

0.057].  
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APPENDIX C: HH signaling target gene expression in HH transgenic zebrafish 

lines. 

 

Navon, D., Male, I., Tetrault, E.R., Aaronson, B., Karlstrom, R.O., & Albertson, R.C. 

(2020). Hedgehog signaling is necessary and sufficient to mediate craniofacial plasticity 

in teleosts. Proceedings of the National Academy of Sciences of the United States of 

America, 117(32), 19321-19327. 

 

We assessed transcript levels of ptch1, ptch2, gli1, and hhip in wild type and two 

transgenic HH signaling lines, one that increases signaling upon heatshock, and one that 

decreases signaling with heatshock. Overall, we see increases in signaling output in the 

Shh transgenic line compared to WT. Gli2DR transgenic fish had similar or dampened 

expression compared to WT. This work contributed as one supplemental figure. 
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Figure A3: Relative expression of the Hh transcriptional targets, ptch1 (A), ptch2 (B), 

gli1 (C), and hhip (D) in the opercle series of bones from three different zebrafish lines: 

wild- type [n=8,8,7,6 (ptch1, ptch2, gli1, hhip); “WT”], (Tg(hsp70l:gli2aDR-EGFP)) 

[n=5,7,8,8 (ptch1, ptch2, gli1, hhip); “GliDR”], and (Tg(hsp70l:shha-EGFP)) [n=6,5,5,5 

(ptch1, ptch2, gli1, hhip); “Shh”]. WT fish represent animals with endogenous levels of 

all genes. We note relatively higher levels of ptch1 and ptch2, in WT bone relative to gli1 

and hhip. When heatshocked, GliDR fish express a dominant-negative form of the gli2a 

transcription factor, thereby repressing Hh signaling. Shh fish express shha when 

heatshocked, which encodes a Hh ligand, thereby expanding Hh signaling. These effects 

were originally validated via qPCR in larval zebrafish (30). We confirmed that transgene 

activities resulted in altered transcriptional output of Hh signaling targets in adult 

craniofacial bones. The effect of genotype on ptch1 (F = 6.328, p = 0.0034), ptch2 (F = 

46.08, p < 0.0001), gli1 (F = 10.89, p = 0.0001), and hhip (F = 30.05, p = 1.89e-09) levels 
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was highly significant for all Hh targets, although the trend is largely driven by animals 

with expanded Hh signaling especially for gli1 and hhip.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 137 

APPENDIX D: Expression of crocc2 in mutant vs WT animals. 

 

Packard, M.C., Gilbert, M.C., Tetrault, E.R., & Albertson, R.C. (2023). Zebrafish crocc2 

mutants exhibit divergent craniofacial shape, misregulated variability, and aberrant 

cartilage morphogenesis. Developmental Dynamics, 252(7), 1026-1045. 

 

 We assessed the role of the primary cilium rootlet component, crocc2, in cartilage 

morphogenesis. To ensure that gene expression of crocc2 was reduced in mutant animals 

compared to their WT siblings, I performed qPCR on the heads of juvenile (1-2 mos.) 

zebrafish. We found that expression was reduced, as expected. This work contributed to 

one supplementary table. 

 

 
Figure A4: Expression of crocc2 is significantly reduced in mutants compared to WT 

siblings. 
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