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Abstract

Phenotypic integration is an important metric that describes the degree of covariation among traits
in a population, and is hypothesized to arise due to selection for shared functional processes.

Our ability to identify the genetic and/or developmental underpinnings of integration is marred

by temporally overlapping cell-, tissue-, and structure-level processes that serve to continually
‘overwrite’ the structure of covariation among traits through ontogeny. Here we examine whether
traits that are integrated at the phenotypic level, also exhibit a shared genetic basis (e.g.,
pleiotropy). We micro-CT scanned two hard tissue traits, and two soft tissue traits (mandible,
pectoral girdle, atrium, and ventricle respectively) from an Fs5 hybrid population of Lake Malawi
cichlids, and used geometric morphometrics to extract 3D shape information from each trait.
Given the large degree of asymmetric variation that may reflect developmental instability,

we separated symmetric- from asymmetric-components of shape variation. We then performed
quantitative trait loci (QTL) analysis to determine the degree of genetic overlap between shapes.
While we found ubiquitous associations among traits at the phenotypic level, except for a handful
of notable exceptions, our QTL analysis revealed few overlapping genetic regions. Taken together,
this indicates developmental interactions can play a large role in determining the degree of
phenotypic integration among traits, and likely obfuscate the genotype to phenotype map, limiting
our ability to gain a comprehensive picture of the genetic contributors responsible for phenotypic
divergence.
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INTRODUCTION

Phenotypic integration (i.e., the degree of covariation among traits) is an important and
ubiquitous feature of multicellular organisms that shapes functionality within and among
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structures. Integration can permit or limit the accumulation of morphological variation

by partitioning traits into distinct subunits (i.e., modules) and then varying the degree

of association among these subunits (Klingenberg 2008; Goswami et al. 2014). Recent
research has demonstrated that differences among populations in the pattern and magnitude
of phenotypic integration can have major consequences for taxonomic diversification, rates
of morphological evolution, and the ability of a population to respond to selection (Smith et
al. 2015; Hu et al. 2016; Conith et al. 2018a, 2020). However, in spite of being an important
intrinsic feature of animals, the origins of integration are unclear. Indeed, the question

of what actually determines the pattern and magnitude of trait covariation has become a
central line of inquiry since Olson and Miller placed phenotypic integration into a statistical
framework (Olson and Miller 1958). The difficultly in characterizing phenotypic integration
stems from the overlapping influences of genetics, development, and the environment that
together form the adult phenotype (Hallgrimsson et al. 2009; Jamniczky et al. 2010).
Untangling these roles has proved difficult as each factor can temporally and spatially vary
in their relative contributions to the phenotype.

Theory predicts that traits with similar functions should evolve shared genetic control

(i.e., genetic integration), while traits with divergent functions should evolve independent
genetic control (i.e., genetic parcellation). Such genetic organization would optimize

the evolutionary potential of a complex anatomical system; however, the hierarchical
natural of development makes it challenging to detect instances of genetic integration,

or parcellation (Young and Hallgrimsson 2005; Hallgrimsson et al. 2019). It is often
assumed that the connection between genotype and phenotypes is linear, and therefore
covariation in phenotype should be reflected in the genotype (Figure 1a); however, it

is becoming increasingly apparent that this is an oversimplification, and that in most
instances genetic (co)variation will be masked by the interactions between gene products,
including cells, tissues, and structures (Figure 1b—c). Indeed, while genome-wide association
studies (GWAS) are commonly used to understand the association between genotype and
phenotype, these techniques typically highlight only a handful of causative loci and explain
only a relatively small proportion of the total phenotypic variation, likely due to the role of
pleiotropy, epistasis, and development (Liu et al. 2012; Hallgrimsson et al. 2014; Adhikari
et al. 2016). What we are measuring when we characterize phenotypic variation may better
reflect developmental interactions, resulting in a link between genotype and phenotype

that is more tenuous (Hallgrimsson et al. 2014), or at least biased such that interactions
that occur above the level of the genome will distill any measureable genetic signal to
those genes centered on regulating the most pertinent developmental interactions. Therefore,
depending on the strength and level of interactions, the adult phenotype could differentially
reflect genetic, cellular, tissue, or structural level processes.

Waddington was the first to present the idea that processes occurring above the level of the
genome can impact the phenotype (Waddington 1942b, 1957). Among his key findings,
Waddington demonstrated that certain developmental mechanisms existed to suppress
phenotypic variation both within individuals (i.e., developmental stability) and between
individuals (i.e., canalization), resulting in a more integrated phenotype across a population
(Waddington 1942a, 1953). Like Waddington, we are defining development as processes
that are occurring above the level of the genome, including but not limited to coordinated
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growth and kinematics that can occur at any point throughout ontogeny. Indeed, we are
taking ‘development’ to refer to the totality of those processes, from patterning events that
occur in the embryo to remodeling events that occur in the adult. While numerous traits that
are functionally integrated arise from different embryonic sources, all should be subject to
spatially and temporally interacting cell, tissue, and organ level developmental processes.
More recently, Hallgrimsson et al. (2009) expanded upon these ideas by using the metaphor
of a palimpsest, an ancient writing tablet that can be re-used many times but retains a faint
imprint of what came before it, to describe how a structure such as the skull is subject to
temporally overlapping developmental processes that leave an ‘imprint” on the phenotype.
The Hallgrimsson palimpsest model makes two key predictions that we use to frame our
own questions: (1) interactions among cells, tissues, and/or organs occurring at different
times in development are important in determining structural geometry across the skull, and
(2) many of the interactions that contribute to adult shape variation operate above the level
of the genome (Figure 1). Recent studies have demonstrated that craniofacial structures are
subjected to an array of overlapping morphogenic fields through development, and soft and
hard tissue are constantly remodeling in response to biomechanical, molecular, and cellular
interactions (Jamniczky et al. 2010; Yang et al. 2010; Choe and Crump 2014; Conith et al.
2019a).

Here we took advantage of a genetic mapping population to disentangle the relative
contributions of genetics and development on phenotypic integration. In particular, we
assess phenotypic integration and developmental stability (i.e., fluctuating asymmetry) in the
craniofacial region of Lake Malawi cichlid fishes to examine if or how these two features are
reflected in the genotype-phenotype map. We characterize two bone complexes responsible
for independent functional tasks: the mandible, responsible for food capture and processing,
and the pectoral girdle, responsible for housing the musculature of the pharyngeal jaw and
the pectoral fin. We compare these structures to two components of the teleost heart: the
ventricle and atrium. We selected these four anatomical units as they conduct functionally
disparate tasks (i.e., locomotion, respiration, and feeding), have diverse developmental
origins (i.e., mandible = neural crest cell (NCC); pectoral girdle = mesoderm; heart = NCC
and mesoderm), but are all located within the cranial region, and therefore should be subject
to a suite of overlapping morphogenic fields that may impact their development, growth,

and overall shape. Furthermore, given the divergence in eco-morphology between the two
parental species used for this genetic cross (Parsons et al. 2016), this system represents

an excellent opportunity to begin to parse the genetic and non-genetic factors that underlie
phenotypic integration of structures likely under divergent selective pressures between taxa.

To assess the first prediction of the palimpsest model, that integration of structures is
evident across the skull, we examine covariation among and between our hard and soft
tissue traits (i.e., mandible, pectoral girdle, atrium, and ventricle), in our hybrid cichlids.
While hybridization can affect the strength of integration among traits (Parsons et al.
2011b), hybridization is a common occurrence in wild populations, and gene flow is
prominent among Lake Malawi cichlids (Malinsky et al. 2018). Thus, a hybrid genomic
background is not an artificial state in this system. Further, using a recombinant hybrid
population can prove useful in assessing the relative roles of genetics and development in
trait integration, as it allows us to decouple these processes in a way that cannot be achieved
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in “natural” populations. We use 3D geometric morphometrics to characterize shape in
these structures, statistically separating the asymmetric from symmetric components of
landmark variation from all structures. We then conduct a suite of correlations among the
structures using the symmetric and asymmetric configurations. By removing the asymmetric
component of variation, the remaining symmetric component should reflect a shape that is
mostly free from developmental noise (Klingenberg 2019). In structures that form within
overlapping developmental fields, we may predict that these traits will exhibit a greater
degree of correlation in the asymmetric component of shape, because any perturbation

in the system (i.e., developmental noise) may be propagated to both traits. Evidence for
correlations among structures suggests traits can be integrated regardless of spatial and
temporal differences or developmental origin. Evidence for a lack of correlation among
structures suggests development within a shared morphogenetic environment can still elicit
independent phenotypic patterning.

We then address the second prediction of the palimpsest model, that patterns of phenotypic
(co)variation are strongly influenced by interactions operating above the level of the
genome. In particular, we use a quantitative trait loci (QTL) analysis to reveal those regions
of the genome responsible for how variation in trait geometry is established, and assess

the degree to which disparate traits that phenotypically covary map to similar genomic
regions. Overlapping QTL would suggest that shared genetic control, and not developmental
interactions, is important in producing an integrated craniofacial structure. This scenario
could arise from multiple, non-mutually exclusive, events, including: (1) a very large genetic
effect that shapes multiple traits (e.g., £da in stickleback bony armor plates and lateral

line system (Archambeault et al. 2020)), (2) an early acting genetic effect that is steadily
amplified by development through ontogeny in a way that preserves the signal through
ontogeny (e.g., maturation of distinct heart chambers via Nofch1b expression and muscular
contraction (Samsa et al. 2015)), or (3) an accumulation of many relatively minor genetic
effects of a single locus at multiple points throughout ontogeny (e.g., ptch1 in cichlid
craniofacial development (Hu and Albertson 2014, 2017; Navon et al. 2020)). On the other
hand, observing the relative independence of QTL among structures that are phenotypically
integrated would suggest that these associations manifest as a result of developmental
interactions that occur above the level of the genome. This scenario does not preclude roles
for genetics, but rather suggests that developmental interactions have “overwritten” early
genetic signals, obscuring the G-P map (e.g., the Palimpsest model (Hallgrimsson et al.
2009, 2012)).

MATERIALS AND METHODS

Hybrid Population

We generated an Fg hybrid population from two, wild-caught African cichlids from Lake
Malawi: Labeotropheus fuelleborni (LF) and Tropheops ‘red cheek’ (TRC). Further details
of the pedigree mapping are provided in the supplement. While LF and TRC are both
members of the mbuna clade (Malinsky et al. 2018), they exhibit differences in craniofacial
anatomy, feeding behavior, and microhabitat. LF is considered a highly specialized algae
scraper, and exhibits traits consistent with this behavior: a steep craniofacial profile,
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wide and short oral jaws, and a generally robust feeding apparatus. Indeed, one striking
specialization that arose in the Labeotropheus genus is a pronounced snout that permits the
ripping of algae from rocks by using the snout as a fulcrum to lever filamentous algae away
from the rocks (Conith et al. 2018b). As a result, Labeotropheus rarely venture far from
rocks, avoiding the more turbulent waters present in their rocky shore habitats. TRC are
considered more generalist feeders relative to LF, exhibiting nipping, sifting, and suction
feeding behaviors to consume algae and small invertebrates. As a result, TRC have a more
shallow craniofacial profile, narrower and longer oral jaws, and a more gracile skull shape.
While the diet of TRC is similar to LF, TRC plucks filamentous algae using a twisting and
jerking method that is presumably more energetically expensive, and means they are often
subjected to the turbulent waters surrounding the rocks (Konings 2007; Conith et al. 2019b).

In crossing LF with TRC we gained a range of craniofacial traits for morphological analysis
that reflected the full range of phenotypes between these two species, and even included
transgressive phenotypes (Parsons et al. 2011a). Our Fg hybrid population comprised 140
individuals that were housed in identical environments in a recirculating system and fed

a diet of algae and egg yolk flakes, thus limiting environmental variation. Hybrid animals
were collected at ~5 months. Our sample also included four LF and four TRC individuals to
examine how traits in the hybrids are distributed relative to the parentals.

Morphological Analysis

We used 3D geometric morphometrics to extract the shape of two bones, the mandible and
pectoral girdle, and two major components of the heart, the atrium and ventricle from uCT
scanned specimens (Figure 2). For further X-ray scanning information, see the supplement.
We used a combination of fixed-, semi-, and surface- landmarks (LMs) to characterize
shape information in each structure and mirrored LM positions on both the left and right
sides in all our structures, which allowed us to separate the symmetric from asymmetric
components of shape variation (Figure 3; Table S1). We placed a series of LMs at key
functional and developmental positions (i.e., processes, muscle insertion points, sutures etc.)
on the mandible and pectoral girdle. We used a total of 20 fixed LMs on the mandible, and
46 fixed landmarks along with 90 sliding semi-landmarks on the pectoral girdle. To generate
a detailed digital representation of the heart we combined human and semi-automated
landmarking procedures. We first placed 2 fixed LMs and 97 sliding semi-landmarks on the
atrium, alongside 2 fixed LMs and 62 sliding semi-landmarks on the ventricle for all hybrids
and parentals. We then combined this with a semi-automated procedure to distribute surface
semi-landmarks across the atrium and ventricle to generate a high-resolution anatomical
characterization of the heart. This involved constructing two 3D templates using computer
aided design (CAD) software (FreeCAD v.0.16.6712) that broadly mimicked atrium and
ventricle morphology. The atrium was modeled as a cylindrical segment, and the ventricle
was modeled as a cone (Figure S1). Fixed and sliding semi-landmarks were then placed on
each of the CAD models that corresponded to their position in the real structures, alongside
surface semi-landmarks (atrium, 240 surface LMs; ventricle, 160 surface LMs). We then
used the R package Morphoto map the surface semi-landmarks from the templates to each
atrium and ventricle specimen using the placePatch function (Schlager 2017, 2018). All
human-digitized landmarks were placed using Landmark Editor (Wiley et al. 2005).
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We used general least squares Procrustes superimposition (GPA) to remove the effects of
size, translation, and rotation from each structure among all our specimens with the gpagen
geomorph function (Rohlf 1998; Adams et al. 2017). We then performed a Procrustes
ANOVA between the geometric size of the skull and shape of each structure using the
procD.Im geomorph function (Adams et al. 2017) and found a significant effect of allometry
in all cases (mandible, r2 = 0.032, F = 4.49, p = 0.002; pectoral girdle, r? = 0.048, F = 7.36,
p = 0.001; atrium, r2=0.024, F = 3.31, p = 0.001; ventricle, r2=0.016, F = 2.25, p = 0.009).
To remove the allometric component of shape variation, we extracted the landmark residuals
from this Procrustes ANOVA model to obtain landmark data sets for all four traits for use in
subsequent analyses.

To assess the degree of fluctuating asymmetry in our allometrically corrected mandible,
pectoral girdle, atrium, and ventricle landmark configurations we used the bilat.symmetry
geomorph function. Given our traits can be traced embryologically to initially developing
with a separate left and right sides, we treat all traits as paired structures for the

purpose of our symmetry analyses. All traits fuse their midlines at a similar embryonic
stage (Kratochwil et al. 2015). While the heart then loops and jogs, it still originated

as a paired structure (Desgrange et al. 2018). All structures were landmarked for both

left and right sides separated by their midlines, allowing us to assess object symmetry.
First, the landmarks from one side are reflected onto the other and undergo Procrustes
superimposition. The variation among the reflected and original landmark configurations
for all comprises the symmetric component of shape variation. The asymmetric component
of variation was calculated through quantifying the deviation of the original landmark
configuration from the symmetric consensus of the original and mirrored configuration
(Klingenberg et al. 2002). The degree of asymmetry was then statistically evaluated using
Procrustes ANOVA using residual randomization permutation procedures (Collyer et al.
2015). All structures were found to exhibit significant degrees of directional asymmetry
(mandible, r2 = 0.042, F = 26.99, p = 0.001; pectoral girdle, r2 = 0.030, F = 15.76, p = 0.001;
atrium, r2 = 0.201, F = 78.02, p = 0.001; ventricle, r? = 0.641, F = 552.44, p = 0.001). We
therefore extracted landmark configurations from all structures that reflected the symmetric
and asymmetric components of variation for use in future analyses. This resulted in three
different landmark configurations for each trait: landmark configurations that reflect the
allometrically corrected data prior to symmetry analysis (termed ‘original configuration’),
landmark configurations of the symmetric component of shape variation (termed ‘symmetric
configuration’), and landmark configurations of the asymmetric component of shape
variation (termed ‘asymmetric configuration’). Isolating the symmetric and asymmetric
components of variation allows us to reduce the amount of developmental noise present in
our morphological data, and should increase the power to detect a genetic signal.

We then performed a principal component (PC) analysis on the original, symmetric, and

asymmetric configurations to quantify variation in shape for all four traits (Table S2). We
initially excluded all parentals in our PC analysis and then exported the first two PC axes
that typically represented between 20-40% of the total shape variation for each structure,
and saved those PC scores for to use as traits in the mapping analyses (there are currently
no methods available to assess shape data in a multivariate framework). We then included
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parentals in the PC analysis and plotted the first two PC axes for each trait to visualize the
major differences in shape variation among individuals.

We assessed the degree of correlation among all traits within their respective landmark
configurations (i.e., original, symmetric, asymmetric). We used the two.b.pls geormorph
function (Adams et al. 2017), which performs a partial least squares analysis between two
sets of Procrustes-aligned coordinates to assess the degree of association (Rohlf and Corti
2000; Adams and Collyer 2016).

Quantitative Trait Loci Analysis

To determine the relative roles of genetics and development in shaping phenotypic
integration we began by constructing a F5 genetic map of cichlids. For full information on
map construction, see the supplement. We then performed a QTL analysis on the PC scores
extracted from all our structures that reflected the symmetric, asymmetric, and the original
components of variation. We ran each PC axis as a separate trait through our QTL analysis,
and identified regions of the genome that represented a possible association between
phenotype and genotype. This approach would enable the separation of loci responsible for
overall geometric change from loci responsible for asymmetric change. The genetic regions
highlighted in each case could be compared to the original datasets to reveal how important
the effects of directional asymmetry are in each structure. Additionally, considering the
effects of symmetry and asymmetry independently may aid in identifying cryptic genetic
variation that are only revealed when asymmetry is removed.

While the approach outlined above uses PC scores as its data source that reflect maximum
variation within a trait, these data are subtlety different to those observed in the phenotypic
integration analysis, which fixes the PC axes to vary with maximum covariation between
two traits. As a result, we also assessed where the trait data derived from the covariation
between our traits localized to on our QTL map. We mapped covariation between all
possible symmetric trait configurations and performed a QTL analysis in an attempt to
derive a map that retains consistency in the traits displayed in the integration analyses, and
in the QTL analyses. We discuss these results in the supplementary information section, but
note we found broad similarity in QTL localization between the variation- and covariation-
derived trait data.

We began searching for putative loci using the multiple QTL mapping (MQM) approach
(Broman and Sen 2009) implemented in the R package r/qtl (Broman and Wu 2020).
Following an initial QTL scan using the scanone function, we progressively added
cofactors to the model and cofactor fit was determined via maximum-likelihood backward
elimination in the mgmscan function. We continued to add cofactors to the model until the
logarithm of odds (LOD) score was maximized. We quantitatively assessed QTL marker
significance using the mgmpermutation function. The mgmpermutation function reshuffles
the phenotypic data relative to genotypic data 1000 times, disassociating any possible
relationship between genotype and phenotype, to generate a null distribution (Arends et
al. 2010). QTL marker LOD scores that exceeded the 5% LOD threshold level are deemed
significant. Once a significant QTL peak was determined, we used the function bayesint
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to calculate an approximate Bayesian credible interval in which a potential candidate locus
would reside within.

Once we had identified the approximate position of a candidate marker, we then fine
mapped that linkage group to further refine candidate marker position. This involved using
the Maylandia zebra (MZ) genome to anchor QTL intervals to particular stretches of
physical sequence (Conte and Kocher 2015). We matched the QTL marker range revealed
by the Bayesian credible interval analysis to corresponding stretches of the MZ genome. We
then identified additional RAD-seq SNPs across the linkage group of interest and genotyped
them in the Fs. These were selected to span the linkage group with an average spacing

of around one marker every 150kb. This provided a greater resolution of genotypes, to
assess genotype-phenotype correlations across the credible intervals. We then examined the
difference in the average trait values between individuals with the LF allele and TRC allele
at every marker position using the effectsplot function. We then performed a permutation
test to determine fine map marker significance, which involved randomizing the trait data
relative to genotypic data 100 times to create a null distribution.

Quantification of shape variation in hard and soft tissue traits

We found that the major axes of morphological variation in the mandible and pectoral girdle
reflects a spectrum from more LF-like to more-TRC like shapes, and are largely consistent
with the major axes of variation present across the rock dwelling cichlids in Lake Malawi
(Cooper et al. 2010; Hulsey et al. 2018). Morphological variation in the atrium and ventricle
also spans a spectrum from LF-like morphologies to TRC-like morphologies, and change
along these axes mimic broad differences observed in other lineages, such as cavefish

(Tang et al. 2018). Notably, variation in heart structures reflect changes characteristic of
differences in foraging behavior and energetics (Figure 4; Figure S2), from the energetically
demanding nip-and-twist mode of TRC, to the more efficient and highly specialize mode

of LF, whereby animals use their hypertrophied snout pads to help leverage algae from the
substrate (Konings 2007).

Atrium PC1 reflects elements of asymmetry and length (18.4%), and PC2 represents depth
and the size of the connection between the atrium and sinus venosus (9.4%). When assessing
the symmetric component of atrium variation, PC1 reflects length, depth, and the size of
the connection between the atrium and sinus venosus (17.8%), and PC2 represents width
(10.5%). When assessing the asymmetric component of atrium variation, PC1 reflects a
left-right skew of the posterior surface (36.1%), and PC2 represents left-right skew of the
anterior surface (9.2%). Ventricle PC1 reflects elements of asymmetry and depth (17.8%),
and PC2 represents length and width (14.1%). When assessing the symmetric component
of ventricle variation, PC1 reflects depth and length (26.5%), and PC2 represents width
and length (18.6%). When assessing the asymmetric component of ventricle variation, PC1
reflects a left-right extension of the posterior surface (35.5%), and PC2 represents left-right
invagination of the medial surface (19.2%).
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Mandible PC1 reflects width, length, and a proximal-medial shift of the RA (30.4%), and
PC2 represents coronoid length, retroarticlar process (RA) width, and ascending arm (AA)
length and anterior-posterior position (9.9%). When assessing the symmetric component of
mandible variation, PC1 reflects similar changes in the RA, mainly differences in width,
length, and proximal to distal shift in positioning (38.9%). PC2 still describes variation in
AA length, but now also describes differences in coronoid length, and RA width (12.6%).
When assessing the asymmetric component of mandible variation, PC1 reflects a left-right
change in width and RA position (20.9%), and PC2 represents a left-right shift in the
height of the AA and depth of the RA (17.3%). Pectoral girdle PC1 reflects over all depth,
length, and width of the structure (26.2%), and PC2 represents scapulocoracoid depth, a
left-right shift in the height of the scapulocoracoid, supracleithrum depth and width, and

a left-right shift in anterior-posterior positioning of the supracleithrum (14.3%). When
assessing the symmetric component of pectoral girdle variation, PC1 again reflects depth,
length, and width (35.5%), and PC2 represents scapulocoracoid depth and supracleithrum
height (18.4%). When assessing the asymmetric component of pectoral girdle variation,
PC1 reflects a left-right skew in the height of the whole pectoral girdle (39.0%), and PC2
represents a left-right shift in the anterior-posterior positioning of the supracleithrum, and a
left-right shift in the height of the scapulocoracoid and radials (8.8%).

Correlations among and within hard and soft tissue traits

We find evidence for moderate associations in shape among our hard tissue configurations
(Table 1; Figure 5-6). The mandible and pectoral girdle are tightly correlated across
symmetric, asymmetric, and original landmark configurations. This indicates tight
integration can occur between traits with diverse functional roles (locomotion and feeding),
different developmental origins (NCC derived and mesodermally derived), and spatially
distant positions. The correlation between asymmetric configurations is interesting as it
suggests a common origin of developmental noise in these distinct anatomical components.

We also found evidence for moderate shape associations among our soft tissue traits.

The atrium and ventricle exhibit tight integration when comparing symmetric, asymmetric,
and original landmark configurations. The correlation between asymmetric configurations
in different compartments of the heart is likely due to common asymmetric patterning
events (Desgrange et al. 2018). When comparing the correlations based on the original and
symmetric configurations, the positions of the parental species are more divergent in the
symmetric configurations (Figure 5), possibly because the original configurations contain
asymmetric variation due to developmental noise (Figure 5c).

Notably, we also observe associations between hard and soft tissues (Figure 6; Figure

S3). When comparing both the symmetric and original configurations between hard and
soft tissues we observe tight integration across tissues, which suggests that species-specific
(i.e., LF-TRC) aspects of structural variation are developing together across tissue types
(i.e., bone or cardiac muscle). However, correlations between tissues are absent when
comparing asymmetric correlations, which may be due to different origins for asymmetry
in hard and soft tissue — e.g., developmental noise in bones, asymmetric gene expression

in hearts. Additionally, parental species are not placed at the extremes of the distributions
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for asymmetric configurations. This appears to reflect a departure from normal, directional
asymmetric patterning of the heart observed in the parental species. In particular, both
parental species are characterized by heart shapes with posterior extensions toward the

left. Hybrids, on the other hand, possess both left- and right-facing hearts extensions,
which indicates greater fluctuating asymmetry (i.e., developmental instability) in the hybrid
population. We also note that comparing the asymmetric components of variation in the
pectoral girdle to the atrium and ventricle is made more challenging by the presence of two
outliers (Table 1c), as their removal can change the outcome of the correlation by either
reducing the significance of the correlation (i.e., pectoral girdle-ventricle,) or increasing
significance (i.e., pectoral girdle-atrium).

Genetic mapping provides limited evidence for genetic pleiotropy

Our QTL analysis reveals multiple regions of the genome that underlie variation in
mandible, pectoral girdle, and heart shapes (Table S3). We found a total of 42 significant
QTL (30 at the <0.05 genome-wide level, and a further 12 at the <0.10 level), which may
be partitioned into symmetric (9 at <0.05 and 5 at <0.10), asymmetric (10 at <0.05 and 2 at
<0.10), and total components of shape variation (11 at <0.05 and 5 at <0.10). Each structure
exhibited between 3-5 QTL depending on configuration. We typically recovered fewer QTL
for the asymmetric components (3 QTL), compared to the symmetric (3-4 QTL), or total
shape components (3-5 QTL). We identified significant LOD scores on 17 of 25 linkage
groups (Table S4). All significant QTL explained between 8%-18% of the variation in the Fg
population. Modes of inheritance for traits included additive, dominant, and overdominant
effects.

We found minimal evidence for shared genetic architecture (i.e., pleiotropy) between traits
based on the lack of overlapping QTL regions (Figure 7; Figure S4; Table S5). We found

a single instance where QTL for symmetric traits localize to the same linkage group

across structures (LG 22), no instances of QTL overlap between asymmetric traits, and two
instances of overlap among asymmetric-symmetric traits (LGs 5, 22). When we considered
overlap among the symmetric-asymmetric configurations and the originals, we noticed
several instances in which QTL derived from the original configurations are conspicuously
isolated from their symmetric and/or asymmetric components of variation (atrium, LG12;
ventricle, LG4, LG17, LG19; mandible, LG15; pectoral girdle, LG14). Data derived from
the original configurations typically exhibited more QTL per trait, likely because these
configurations combined symmetric and asymmetric aspects of the morphology. The QTL
regions that are unique to the original configurations are intriguing and suggest unique
regions of the genome may control the interaction between symmetric and asymmetric
morphological variation.

Given the very large genomic regions revealed by our QTL intervals, any perceived overlap
among structures could be due to separate, but linked loci. Since an Fg mapping pedigree
provides a large number of recombination events, we employed a fine mapping technique
to refine our QTL intervals. These analyses focused on three linkage groups (LG7, LG11,
LG22), and revealed a modest to large number of shared significant markers between two
structures (Figure 8; Table S6). For the symmetric comparisons, the mandible and ventricle
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overlapped across a physical stretch of 18Mb on LG7, and the pectoral girdle and atrium
overlapped along a 9Mb stretch on LG22. For the asymmetric comparison, the mandible
and pectoral girdle overlapped for around 2Mb on LG11. The fine mapping approach served
to narrowed interval size for these QTL, and identified additional markers that share a
significant genotype-phenotype relationship for distinct traits. For these loci, we cannot
reject the hypothesis of shared genetic control between tissues, and a number of genes
within these overlapping regions represent potential candidates for controlling global shape
change across multiple tissue types across the head (Table S7).

DISCUSSION

Phenotypic integration is present within and between disparate structures

The cranial region of vertebrates is a highly complex, multifunctional structure housing

the major sensory and feeding structures, and in teleost fishes, this anatomical region is
physically associated with the heart, as well as the appendicular and rostral axial skeleton.
Skull development is tightly regulated at the genetic level, especially at early stages (e.g.,
patterning), but involves inputs from diverse developmental sources, acting at the cellular,
tissue, and structural levels (e.g., neural crest cell migration and differentiation, cellular
condensation, organ growth, and muscle bone interactions (Hallgrimsson et al. 2009)).
Waddington discussed the importance of such extrinsic forces that act upon the initial
genetic variation to shape the eventual phenotype at levels acting above the genome
(Waddington 1957). Here we examined the impact of developmental processes, such as
phenotypic integration and developmental stability (i.e., fluctuating asymmetry), on the adult
phenotype and examine how development can influence our ability to detect a genetic signal
(Figure 1). We found strong support for our first prediction, that phenotypic integration

is evident across the skull. Indeed, we found evidence for shape correlations among all
structures indicating that the cranial region, as a whole, reflects a fairly well integrated trait
complex, despite comparing disparate tissue types (i.e., bone, cardiac muscle).

It is perhaps unsurprising to find general associations among structures in the head

given how traits are likely subjected to, and influenced by, spatially and temporally
overlapping developmental fields, alongside shared cellular origins and genetic signals. To
our knowledge, no formal assessment of cardiac shape integration exists, although different
heart structures appear to be associated with body size (Hu et al. 2000; Shifatu et al. 2018).
Recent studies have also demonstrated that patterns of trait covariation can span tissues with
vastly different developmental origins (e.g., Martinez-Vargas et al. 2017; Conith et al. 2019;
Yamamoto et al. 2020). Taken together, it appears that patterns of integration can encompass
multiple tissue types, even extending beyond structures in close physical proximity, to act as
a global mechanism permitting the skull to operate as a single unit.

We also found a surprising number of correlations among our structures when using

the asymmetric components of shape variation. However, these correlations are typically
confined to comparisons within a specific tissue type (mandible-pectoral girdle and atrium-
ventricle). These tissue-specific associations may result from differences in the capacity of
each tissue to remodel; bone tissue takes longer to remodel relative to cardiac tissue, and our
heart structures exhibited the highest levels of fluctuating asymmetry, a trend not unusual
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for soft tissue traits (Zelazniewicz and Pawtowski 2018; Hedrick et al. 2019). Additionally,
the heart is asymmetrically patterned early in development, and thus asymmetric gene
expression may contribute to shared laterality detected in our analyses (Desgrange et

al. 2018; Guerra et al. 2018), whereas asymmetry in our bony structures is more likely

due to developmental instabilities that arise over broad windows of ontogeny. Fluctuating
asymmetry can vary among traits due to functional and structural (i.e., cellular composition)
differences, and the strength of selection acting upon a trait (Aparicio and Bonal 2002).

We note that there is some evidence to suggest asymmetry may be under genetic control

in both the heart (Guerra et al. 2018) and mandible (Albertson and Yelick 2005; Stewart
and Albertson 2010) of fish, which could also contribute to (co)variation in our asymmetric
components of shape.

Developmental processes limit our ability to link genotype to phenotype

Waddington predicted that developmental and other external environmental processes
operating above the level of the genome could have large effects on the eventual phenotype,
producing a range of shapes that are not directly genetically determined, but are the result
of interacting cellular, tissue, or organ level processes (Waddington 1957; Jamniczky et al.
2010). Our second prediction, that phenotypic (co)variation is largely shaped by processes
and interactions operating above the level of the genome, echoes those of Waddington,

and is largely supported. We observed that phenotypic associations (i.e., integration)

among traits rarely result in genetic associations among traits. Indeed, despite widespread
phenotypic correlations among our skeletal and cardiac structures, we found little evidence
for overlapping QTL regions that would likely signify shared genetic control. The lack of
genetic overlap in our QTL analysis applies to both asymmetric and symmetric traits. Within
symmetric components of shape, a lack of overlap suggests that either, 1) developmental
processes have obfuscated the G-P map, limiting our ability to gain a clear picture of the
major genetic contributors to phenotypic differences among our traits (e.g., Figure 1), or

2) that pleiotropy does not play a large role in determining covariation of traits across the
head, as noted elsewhere (i.e., Navon et al. 2017). Within asymmetric structures, a lack

of overlap suggests different genomic regions are responsible for producing asymmetric
variation among structures, demonstrating a large number of genes maybe responsible for
regulating fluctuating asymmetry and not a core subset. We also found little genetic overlap
between symmetric and asymmetric traits for a given structure, suggesting independence
between the genes that control overall geometry and those that influence left-right symmetry
and/or developmental noise.

The Hallgrimsson et al. (2009) palimpsest model takes Waddington’s ideas further,
suggesting developmental processes build on each other, constantly rewriting the pattern

of covariation. As a result, the phenotype could differentially reflect specific developmental
processes depending on the strength of interactions through ontogeny (Figure 1b—c). Recent,
empirical evidence suggests that a number of developmental factors can obscure the G-P
signal even further, such as non-linear developmental processes, behavioral modulation,

and biophysical feedback (Hallgrimsson et al. 2019). For example, Hu and Albertson

(2017) demonstrated how variation in gaping behavior during the first two weeks of cichlid
development can elicit drastically different rates of bone deposition due to the mechanical
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environment in which the mandible develops. Notably, the phenotypic effects on bone length
induced by manipulating this behavior were equal to those predicted by QTL or induced
by molecular manipulations. Thus, even within larval stages of development, structural
interactions have the potential to induce phenotypic variation of sufficient magnitude to
“rewrite” variation encoded in the genome. Additionally, biophysical processes operating
during ventricle development appear to influence the shape of the ventricle by altering the
timing of cardiac differentiation based on hemodynamics (Sedmera et al. 2003; Auman

et al. 2007; Jensen et al. 2012). Taken together, these examples highlight how variation

in developmental regulation can operate on existing genetic variation to further shape
phenotypic variation, while simultaneously obscuring the relationship between genotype
and phenotype.

Phenotypic integration may be governed by pleiotropy, shared development origins,
overlapping developmental fields, and coordinated growth

While overlapping regions among structures were rare overall, our fine mapping data reveals
a handful of shared markers between structures, and these regions reveal potential candidate
genes involved in important regulatory roles (e.g., Notch, Wnt). We found a substantial
overlapping region on LG7 (18Mb), between the mandible (symmetric PC2, length and
width), and ventricle (symmetric PC2, length and width). A number of genes involved in
cardiac and bone development reside within this, albeit large, region including notch1a,
camk2bZ, and nrg1. All three genes have been implicated in regulating development of
tissues across the head and have multiple roles in patterning both hard, and soft tissue traits
(Rothschild et al. 2009; Samsa et al. 2015; Liang et al. 2019).

In spite of these few regions of genetic overlap, the mandible, pectoral girdle, atrium, and
ventricle are phenotypically correlated to a degree that is far greater than what can be
explained by pleiotropy. This suggests outsized roles for factors operating above the level

of the genome, including common cell origins, cross-talk between developmental fields,
and/or the need to function in concert with neighboring structures. Neural crest cells (NCCs)
are responsible for patterning much of the cranial region in fishes, producing most of the
cartilage, bone, dentine, and connective tissues present in the head. In addition, NCCs
contribute to cardiac tissues, and unlike mammals and birds, where these cells only give

rise to the outflow track, fish NCCs contribute to all chambers of the heart (Sato and Yost
2003). Thus, the heart and mandible in fishes share a common cellular origin, which may
contribute to the integration between these distinct tissues. In addition, structures developing
in close proximity to each other are more likely to experience a similar developmental
environment, and may depend on signals derived from a common cell population (e.g., heart
and pharyngeal skeleton (Choe and Crump 2014)).

There is also mounting evidence to suggest biomechanical forces acting across structures are
critical to “‘normal’ development and growth, and can lead to tight patterns of covariation.
Indeed, the shapes of various bony structures across the head are strongly associated with
cranial skeletal muscles, and these associations exist beyond simply origin-insertion points
on a given bone (Conith et al. 2019a; Yamamoto et al. 2020). Such muscle-bone associations
likely arise from a biomechanical environment that is shared over ontogeny (Hallgrimsson et
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al. 2009), and this idea may even extend to the heart, which also depends on biomechanical
inputs for proper development and function (Sedmera et al. 2003).

Morphological variation among hybrids mimics variation observed across cichlids

The major axes of divergence among our structures reflect characteristic changes that occur
across lake Malawi cichlids (Albertson and Kocher 2006; Cooper et al. 2010; Hulsey et

al. 2018). Differences in mandible shape reflect a spectrum from wide, short, and robust
jaws to thin, long, and slender jaws, features that are linked to differences in diet and
biomechanics (Albertson et al. 2003; Hu and Albertson 2014). Patterns of variation and
covariation in cichlid jaw shape have been well studied at the phenotypic and genetic levels
(Albertson et al. 2005; Albertson and Kocher 2006; Hu et al. 2014). The pectoral girdle,

on the other hand, is an important but understudied element of fish anatomy. It supports
musculoskeletal components of both the pectoral and pelvic fins, and it provides attachment
sites for muscles that power the lower pharyngeal jaw and hyoid apparatus. Thus, as a single
bony complex, it participates in multiple functions, including lower jaw depression (via the
urohyal), prey processing (via the pharyngeal jaw), and locomotion. Differences in pectoral
girdle morphology among hybrids represent shape change from deep, long, and thin to
shallow, short, and wide; shape differences that are characteristic of divergence in foraging
and locomotory behavior across cichlid species (Hulsey et al. 2018).

Another novel aspect of this study, is that it documents variation in heart shape, which
ranged from short, deep, and wide reflecting an LF-like morphotype to shallow, long and
thin reflecting a TRC-like morphotype. Deeper ventricle shapes are typically associated with
more active and athletic fish that require greater blood pressure and stroke work (Claireaux
et al. 2005). LF therefore appear to develop a more athletic heart, running counter to our
initial expectation that LF is a more efficient forager and should therefore expend less
overall energy while feeding, compared to TRC (Conith et al. 2019b). Both species are
territorial, with males vigorously defending breeding territories (Ribbink et al. 1983), and a
recent study examining activity levels across cichlid species found that LF and TRC exhibit
high and indistinguishable levels of activity relative to other species (Lloyd et al. 2020).

LF do occupy a greater depth range relative to TRC, foraging up to depths of 18 meters
while TRC often occupy depths up to 6 meters (Ribbink et al. 1983). Fish residing at
greater depths experience greater hydrostatic pressure and lower levels of dissolved oxygen
necessitating higher blood pressure and stroke, which may explain the deeper ventricle in
LF. Indeed, dissolved oxygen concentrations decline rapidly with depth in Lake Malawi,
dropping by around 30% from the surface to 10 meters, and then becoming highly variable
beyond 10 meters with oxygen concentrations dropping by as much as 60% relative to

the surface waters (Martin et al. 1998). However, it is unknown whether this drop in
dissolved oxygen concentration is necessary and sufficient to elicit differences in ventricle
shape between species. Given that the heart develops adjacent to the pectoral girdle, it is
also possible that differences in heart shape arise due to conformational changes in the
surrounding skeleton, which limits the shape of the pericardial cavity. Regardless of its
specific origins, given that heart shape can be a reliable predictor of habitat and activity,
and that it appears to have a tractable genetic basis, we suggest that this aspect of cichlid
anatomy will be a fruitful area of future research.
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CONCLUSIONS

Phenotypic integration is an important concept in biology (Felice and Goswami 2018;
Watanabe et al. 2019), but how it arises and persists within populations is unclear, but likely
involves multiple and hierarchical inputs from genetics, development and kinematics. As a
result, understanding the link between genotype and phenotype can be greatly complicated
by these emergent properties arising above the genomic level. By assessing the degree of
association among four structures with vastly different genetic and developmental origins
(mandible, pectoral girdle, atrium, ventricle) in the head of cichlid fish we found evidence
for integration among all structures. We then assessed the degree of genetic association
among these traits and found few instances where a phenotypic association resulted in a
genetic association. These dichotomous results strongly support the ideas first laid out by
Waddington (1957) and refined by Hallgrimmson et al. (2009). In addition, we assert that
they frame an important challenge for the field moving forward: How to describe the full
range of genetic effects that yield coordinated development and growth of the phenotype.
For early developmental events, classic mutational analysis will remain a useful approach,
as single genetic lesions can lead to primary defects across disparate traits (MaSek and
Andersson 2017). To decipher the genotype-phenotype relationship over extended periods of
the ontogeny, transgenic systems in model organisms that allow gene effects to be assessed
in a time-specific manner may also be useful (Wehner et al. 2014; Mishra et al. 2020).
However, such an approach would be limited to only a handful of model systems, and work
arising from these models may not be representative of wider patterns. As an alternative,
genetic mapping studies at multiple life-history stages or in different environments may

be used to understand the extent to which the genotype-phenotype map changes over
ontogeny. The few studies that have taken such an approach suggest that these studies

will be highly informative (Erickson et al. 2014; Parsons et al. 2016). Taken together,

these are exciting times when conceptual and technological advances have the potential to
substantially improve the resolution at which we understand the phenotype.
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The phenotype is shape by a multitude of genetic and developmental processes. a, Few

interactions among developmental processes impact the eventual phenotype leading to a
clear picture of how genotype patterns phenotype. b, Developmental interactions occurring
among tissues obscure our ability to fully trace the underlying genetic basis resulting

in a phenotype that mostly reflects tissue-level processes. ¢, Developmental interactions
occurring among structures can obscure our ability to understand both the genetic basis for
a given trait, and the cellular and tissue level processes that may have impacted the shape of
each structure. Gray arrows refer to interactions between levels that will go undetected due
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Figure 2.
Positioning of the mandible, pectoral girdle, atrium, and ventricle in the cichlid head.

a, Schematic demonstrating the full compliment of muscles and bones in the head. b,
Schematic of the cichlid head with the suspensorium removed to clearly reveal the heart,
mandible, and pectoral girdle. ¢, uCT scan of the head region including models of the heart
reconstructed from contrast enhanced images. MAN, mandible (dark green); PGL, pectoral
girdle (dark blue); HRT, heart, Atr, atrium (orange); Ven, ventricle (red); Den, dentary;
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Art, articular; P-T, post-temporal; SC, supra-cleitrum; Cle, cleithrum; Sca, scapula; Cor,
coronoid; Rad, radials; FRs, fin rays.
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Figure 3.
Geometric morphometric schematics for the placement of all landmarks. a, mandible; b,

pectoral girdle; c, ventricle; d, atrium. Fixed landmarks, red circles; semi-landmark curves,
blue circles; patch landmarks, yellow circles.
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b, Symmetric landmark configuration ¢, Asymmetric landmark configuration

&, Original landmark configuration
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Figure7.

QTL map for all structures and all components of variation. Lines reflect significant QTL
regions at the 95% level for the original configurations (dark gray), symmetric components
of variation (red), and asymmetric components of variation (blue). Letters on top of the lines
indicate structure identity: Atrium (A), ventricle (V), mandible (M), pectoral girdle (P).
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Figure8.
Fine maps depicting significant QTL markers across a linkage group and the degree of

overlap among those QTL markers. Each line reflects a significant marker, and the opacity
of a line indicates significance with solid lines representing highly significant markers,
while translucent lines reflect less significant markers. Black lines reflect overlapping
markers between traits with their opacity determined by their shared significance values.
a, comparing the symmetric component of variation between ventricle and mandible. b,
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comparing the symmetric component of variation between atrium and pectoral girdle. c,
comparing the asymmetric component of variation between pectoral girdle and mandible.
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configurations. b, associations among traits using the symmetric component of shape variation. c, associations
among traits using the asymmetric component of shape variation. Left of diagonal, p-values; right of diagonal,

r2 values.
aOriginal
Atrium 0.392 0.264 0.288
0.001 | Ventricle 0.175 0.267
0.013 0.040 | Mandible 0.202
0.004 0.001 0.006 | Cleithrum
b Symmetry
Atrium 0.253 0.233 0.286
0.004 | Ventricle 0.151 0.240
0.006 0.014 | Mandible 0.184
0.001 0.001 0.002 | Cleithrum
c Asymmetry
0.109
Atrium 0.359 0.070 0.228"
0.135
0.001 | Ventricle 0.084 01217
0.864 0.745 | Mandible 0.170
0.115 0.026
0002 | 01527 0.016 | Cleithrum

*
indicates outliers removed.
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