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Abstract

Adaptive phenotypic plasticity, the ability of an organism to change its phenotype to
match local environments, is increasingly recognized for its contribution to evolution.
However, few empirical studies have explored the molecular basis of plastic traits. The
East African cichlid fish Astatoreochromis alluaudi displays adaptive phenotypic plas-
ticity in its pharyngeal jaw apparatus, a structure that is widely seen as an evolution-
ary key innovation that has contributed to the remarkable diversity of cichlid fishes. It
has previously been shown that in response to different diets, the pharyngeal jaws
change their size, shape and dentition: hard diets induce an adaptive robust molari-
form tooth phenotype with short jaws and strong internal bone structures, while soft
diets induce a gracile papilliform tooth phenotype with elongated jaws and slender
internal bone structures. To gain insight into the molecular underpinnings of these
adaptations and enable future investigations of the role that phenotypic plasticity
plays during the formation of adaptive radiations, the transcriptomes of the two diver-
gent jaw phenotypes were examined. Our study identified a total of 187 genes whose
expression differs in response to hard and soft diets, including immediate early genes,
extracellular matrix genes and inflammatory factors. Transcriptome results are inter-
preted in light of expression of candidate genes markers for tooth size and shape,
bone cells and mechanically sensitive pathways. This study opens up new avenues of
research at new levels of biological organization into the roles of phenotypic plasticity
during speciation and radiation of cichlid fishes.
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Introduction

Recent years have seen a renewed interest in hypotheses
that were originally put forward by Waddington and
Schmalhausen, namely that phenotypes are not deter-
mined solely by the genotype, but rather through inter-
actions between the genotype and internal and external
environmental influences (Schmalhausen 1949; Wadd-
ington 1953; Gilbert 2001, 2012; Bosch & McFall-Ngai
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2011). Through providing a better match to local envi-
ronments than purely genetically encoded phenotypes,
environmentally induced phenotypes can offer a selec-
tive advantage, providing fuel for evolution (West-
Eberhard 2003, 2005; Pigliucci 2007; Jablonka & Raz
2009). Developmental plasticity is known to be the basis
of divergent adult phenotypes in well-known adaptive
radiations such as spadefoot toads (Gomez-Mestre &
Buchholz 2006), sticklebacks (Day et al. 1994; Day &
McPhail 1996; Wund et al. 2008) and Anolis lizards
(Losos et al. 2000; Kolbe & Losos 2005), potentially
contributing to their speciation. Even phenotypic
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plasticity itself is a trait that appears to be subject to nat-
ural selection (Crispo 2007; Schwander & Leimar 2011).
Divergent traits that arise initially through phenotypic
plasticity can subsequently be encoded by the genome
through the process of genetic assimilation and enriched
through natural selection (Schmalhausen 1949; Wadd-
ington 1953; West-Eberhard 2003; Schwander & Leimar
2011). Current neo-Darwinian paradigms do not account
for the role of phenotypic plasticity in speciation, main-
taining an exclusive focus on heritable variability (Pig-
liucci 2007). However, as natural selection acts upon
phenotypes rather than on genotypes, determining
whether genetic assimilation contributes to speciation
remains an important unanswered question of evolu-
tionary biology one that potentially allows us to bridge
genotypic and phenotypic aspects of evolution. It has
now become possible to address an important aspect of
phenotypic plasticity that remained largely unknown
until now: its molecular basis (Aubin-Horth & Renn
2009; Beldade et al. 2011). The understanding of this is
also the key to testing the importance of genetic assimi-
lation, as regulatory evolution of plasticity-related genes
has the potential to mediate their environmental respon-
siveness and thus, the degree of phenotypic plasticity
displayed by different lineages.

Cichlid fishes of the East African rift lakes have
formed famously diverse adaptive radiations that arose
by extremely rapid speciation. They display an aston-
ishing array of morphological and behavioural traits in
spite of their young evolutionary age in the case of
Lake Victoria, its 500 species are <100 000 years
old and are characterized by only minute genetic dif-
ferences (Meyer et al. 1990; Salzburger et al. 2005; Kishe-
Machumu et al. 2008; Elmer et al. 2009). Phenotypic
plasticity may have contributed to cichlid diversification
as it is known to generate morphological variants that
responded to altered feeding ecologies, facilitating
access to new trophic niches or to a more efficient
exploitation (Meyer 1987, 1993; Wimberger 1994; Stauf-
fer & Gray 2004). To date, the best-studied cichlid
example of phenotypic plasticity involves hypertrophy
of the lower pharyngeal jaw (LP]) of Astatoreochromis
alluaudi in response to a mechanically robust diet, mak-
ing it an excellent model system in which to character-
ize the molecular basis of phenotypic plasticity (Fig. 1a)
(Greenwood 1959, 1965; Hoogerhoud 1986b; Huysseune
et al. 1994; Huysseune 1995; Smits et al. 1996b).

Cichlids posses a pharyngeal jaw apparatus (PJA)
with unique morphological features that facilitate the
exploitation of a myriad of trophic niches including the
crushing of very hard food items such as particular lin-
eages of snails (Fig. 1b). Comprised of the upper and
lower pharyngeal jaws and associated muscle attach-
ments, the cichlid PJA represents a second functional
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set of jaws that take over the role of mastication from
the oral jaws. This has lead to a functional decoupling
between the oral and pharyngeal jaws, expanding their
‘degrees of freedom’ to evolve considerably more
diverse modes of food acquisition than virtually all
other families of fishes (Liem 1973). As a result, the
cichlid PJA has been interpreted as an evolutionary key
innovation that may, at least in part, be responsible for
the extraordinary evolutionary success of cichlids (Liem
1973; Stiassny & Jensen 1987).

Astatoreochromis alluaudi is a relatively widely distrib-
uted cichlid species, inhabiting Lake Victoria, as well as
its surrounding satellite lakes (Greenwood 1959, 1965).
Two morphs have been identified for this species: a
molariform morph with a robust LPJ (Liem 1973;
Stiassny & Jensen 1987), studded with large, molar-like
teeth; and a papilliform morph with a more gracile LPJ,
bearing small, delicate teeth (Hoogerhoud 1986b;
Huysseune et al. 1994; Huysseune 1995). Molariform
populations inhabit Lake Victoria, feeding primarily on
hard-shelled snails, which are cracked using their
robust pharyngeal jaws (Greenwood 1965; Witte 1981),
while individuals from satellite lake populations are
more often papilliform, ingesting a range of softer food
items, with a preference for insects (Slootweg et al.
1994). Molariform and papilliform jaws show a higher
degree of efficiency in processing hard and soft diets,
respectively (Meyer 1989); thus, each phenotype repre-
sents a trade-off and is adaptive depending on the eco-
logical niche in which it is expressed. So striking are
the differences in LPJ] morphology that these popula-
tions were initially classified into two separate subspe-
cies (Greenwood 1959). Later, it was recognized that
these differences are caused by phenotypic plasticity
when Greenwood examined an adult aquarium-bred
individual, descended from a wild-caught Lake Victoria
(molariform) stock, he found that its LPJ differed mark-
edly from the source population, more strongly resem-
bling satellite lake (papilliform) specimens (Greenwood
1965). Several further studies have shown that for A. al-
luaudi as well as other species of cichlid fish, the LPJ
morphology is affected by diet, where a hard diet
induces a molariform LPJ] and a soft diet retains an
ontogenetically and phylogenetically earlier papilliform
LP] (Greenwood 1965; Hoogerhoud 1986b; Smits 1996;
Muschick et al. 2011). Detailed morphological analyses of
A. alluaudi’s LPJ suggest that mechanical strain induced
by cracking hard-shelled snails is instrumental in shap-
ing the molariform morphology (Huysseune et al. 1994;
Huysseune 1995); however, to date, this phenotypic
response had not been examined at the molecular level.

Mechanical forces are inherently linked to skeletal
development, whereby the shape, size and density of
bones typically reflect the forces applied to them an
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Fig. 1 (a) Astatoreochronis alluaudi, an East African cichlid includes two naturally occurring morphs that differ in their trophic ecolo
gies and morphology of their pharyngeal jaws. Photograph provided by Erwin Schraml. (b) The pharyngeal jaw apparatus of cichlid
fishes displays three morphological features that make it well suited to crushing: (i) the upper jaw articulates with the neurocranium,
(ii) the lower pharyngeal jaw (LP]) is suspended in a muscular sling, connecting the neurocranium to the posterior muscular arms of
the lower jaw and (iii) the two 5th gill arches are sutured to form a single unit, the LPJ. (cl) Cleithrum, (h) hyoid, (Ipj} lower pharyn
geal jaw, (nc) neurocranium, (oj) oral jaw, (upj) upper pharyngeal jaw are indicated. Image modified from (Mabuchi ¢t al. 2007).

idea originally described by Julius Wolff (Chamay &
Tschantz 1972). Since then, considerable insight has
been gained on the cellular and molecular basis of bone
growth and modification, through both in vitro and in
vivo investigations on mammalian bones (Liedert ef al.
2006; Thompson et al. 2012). Lacking osteocytes (living
cells embedded in bones), which are assumed to be
units of strain detection, the acellular bones of derived
teleosts (such as cichlids) display fundamental differ-
ences to those of mammalian cellular bones (Moss
1962). Modelling and remodelling in derived teleosts
largely relies on mononucleated osteoclasts (bone-
resorbing cells), which differ considerably from the
massive multinucleated osteoclasts of mammals. Stll,
common pathways regulate osteoclasts both in teleosts
and mammals (Witten & Huysseune 2009). In mam-
mals, bone remodelling is achieved through the tightly
coupled activity of osteoclasts and osteoblasts (bone-
secreting cells) (Lemaire ef al. 2004). This response is
coordinated by osteocytes, which sense localized shear
stresses in the bone, launching a transcriptional
response that leads to the proliferation and differentia-
tion of both osteoblasts and osteoclasts (Klein-Nulend
et al. 2005; Bonewald 2011). Previous investigations on
mammalian bone provide sets of candidate genes of
known function that can be investigated comparatively
in fish.

In this study, the molecular basis of diet-induced
plasticity in A. alluaudi’s LP] was examined through
using combined morphological and transcriptional
investigations. Several pathways underlying the molari-
form phenotype were identified, many of which are
known to respond to mechanical strain in the bones
and teeth of mammals. Furthermore, we identified the
upregulation of several genes that promote osteoblast
proliferation and differentiation, matrix remodelling
and calcium signalling, and the downregulation of

inflammatory markers, which together are likely to
shape the molariform morphology. Our study sheds
light on questions concerning the molecular basis of
phenotypic plasticity, opening the door for future stud-
ies of genetic assimilation that investigate its potential
contribution to the adaptive radiation of cichlid fishes.
Moreover, we add to previous molecular studies of
phenotypic plasticity in cichlids (Burmeister et al. 2005;
Aubin-Horth et al. 2007; Renn et al. 2008; Huffman et al.
2012).

Material and methods

Specimens used in this study

We conducted a controlled diet experiment on an
inbred strain of Astatoreochromis alluaudi, obtained from
Frans Witte in 2008, which was originally collected from
the Mwanza Gulf of Lake Victoria in 1984. A single
brood, ~60 individuals, was raised on Artemia salina
nauplii and TetraMin flake food until they reached
30 mm standard length (SI). This brood was then
divided into two groups in substrate-free 100-L aquaria
for 18 months on one of two experimental diets: the
hard diet (HD) group was fed hard-shelled gastropod
molluscs (Melanoides sp.), and the soft diet (SD) group
was fed equivalent amounts of frozen, pulverized Mela-
noides sp. snails (similar to methods described in Mus-
chick et al. (2011)). The diets were supplemented with
TetraMin flakes. At the end of the experimental period,
fish were sexually mature and many exceeded 80 mm
SL, a size at which overt differences in jaw morphology
were expected (Hoogerhoud 1986a; Huysseune ef al.
1994; Smits et al. 1996b). Fish were killed according to
local ethics regulations, and LPJs were dissected up
to 30 min after feeding, so as to capture the patterns
of transcription induced by a robust diet on both



immediate and long-term levels. LPJs were stored in
RNAlater (Qiagen) according to manufacturer’s instruc-
tions for subsequent use in morphometric and fran-
scriptional analyses.

Morphometric analyses

While submerged in RNAlater, LPJs were cleaned of
surrounding connective tissues and photographed in
both dorsal and ventral orientations under a dissection
microscope. LPJs were then weighed to an accuracy of
0.0001 g after RNAlater was blotted with a Kimwipe.
To test for differences in size between treatments and to
facilitate comparison to previous studies, linear mea-
surements were obtained either digitally from photo-
graphed specimens, or with dial callipers in the case of
jaw depth (Fig. 2a d). The area and centroid size of
each pharyngeal jaw were estimated from the x y coor-
dinates of landmarks and semilandmarks that were also
used in the geometric morphometric analysis (Fig. 2d;
see below) by using Matlab (version R2010a; Math-
works Inc.). Additionally, pharyngeal jaw volume was
estimated by multiplying LP] area by LP] depth. Tooth
size was estimated by adding together measurements of
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Fig. 2 Measurements made for traditional and geometric
morphometric analyses. Traditional morphometric measure
ments included (a) central toothed area (cta), dentigerous
length (den len), (b) length (len), width (w), left horn width
(Ihw), right horn width (rhw), suture width (sut wid) and (c)
depth (d). (/) Landmarks and semilandmarks used for the
geometric morphometric analyses, and for calculation of area.
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tooth length and width, which were obtained from the
photographs. Each of these measurements was then
log-transformed and subjected to an analysis of covari-
ance (aNcova) in sTaTisTiCA (StatSoft, Inc.), using SL as a
covariate (to account for allometric variation) and sex
and treatment as categorical variables. A principal
component analysis (PCA) was also carried out in
NTSYSpc (Rohlf 2007a) on the correlation matrix of the
log-transformed measurements, producing plots of the
scores on the first two PC axes to explore overall pat-
terns of variation in the data set.

Using digital images of ventrally oriented LP[s, 16
points (Fig. 2d), including landmarks (points 1 and 9)
and semilandmarks (the remaining points), were digi-
tized with mace] (Schneider ef al. 2012). The configura-
tions of points were then subjected to a Generalized
Procrustes analysis with sliding of semilandmarks
(Bookstein 1997) using the software tpsRelw (Rohlf
2007b). As pharyngeal jaws are symmetrical structures,
analyses were performed only on the symmetric com-
ponent of shape variation (Klingenberg et al. 2002). A
multivariate regression of shape variables on body SL
was carried out to account for allometric variation in
shape, and residuals were used in subsequent analyses.
Treatments were compared using discriminant analysis
in Morpho] (Klingenberg 2011), testing the significance
of between-treatment differences in mean shape using a
permutational procedure based on Procrustes distances
(1000 permutations). The accuracy of classification of
the discriminant function was estimated with the leave-
one-out cross-validation implemented in the software.

RNA extraction

RNA was extracted from LPJs using a method modified
for bone tissue, which combines Trizol (Invitrogen) with
RNeasy (Qiagen) extraction, similar to (Mantila Roosa
et al. 2011b). Modifications included an additional
homogenization step using a FastPrep-24 (MP Biomedi-
cals), prior to phase separation, and an on-column
DNase treatment, which was conducted according to
manufacturer’s instructions (Qiagen). RNA purity and
integrity were assessed by spectrophotometry (Eppen-
dorf) and Bioanalyzer 2100 (Agilent) (Table 51, Support-
ing Information).

Candidate gene gRT-PCR

Sixteen candidate genes were selected for gRT-PCR
analysis (Table 1). These include genes that are known
to establish tooth size and patterning [pitx2, eda, shh,
bmp2, bmp4, described in (Fraser et al. 2008, 2009)],
genes that respond to mechanical strain in mamma-
lian bones [bmp2 and bmp4 (Sato et al. 1999), pghs2
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Table 1 Candidate genes and their anticipated expression in
response to a mechanically stimulating diet

Putative function

and gene name Predicted expression

Tooth patterning

pitx2 Up in HD (Fraser et al. 2008, 2009)

eda Up in HD (Fraser et al. 2008, 2009)

shh Up in HD (Fraser et al. 2008, 2009)

bmp2 Up in HD (Fraser et al. 2008, 2009)

bmp4 Up in HD (Fraser et al. 2008, 2009)
Mechanical strain response

Nnos Up in HD (Rubin et al. 2003)

cx43 Up in HD (Su et al. 1997)

pghs2 Up in HD (Klein Nulend ef al. 1997)

wntba Up in HD (Hadjiargyrou et al. 2002)

p catenin Up in HD (Robinson et al. 2006)

bmp2 Up in HD (Sato et al. 1999)

bmp4 Up in HD (Sato et al. 1999)
Osteoblast pathway

runx2a Up in HD (Ducy et al. 1997;

Komori ef al. 1997)
runx2b Up in HD (Ducy et al. 1997;
Komori ef al. 1997)

0Sx Up in HD (Nakashima et al. 2002)

ap Up in HD (Owen et al. 1990)

bmp2 Up in HD (Tsuji et al. 2006)
Osteoclast pathway

opg Up in HD (Udagawa et al. 2000)

RANKL Up in HD (Schoppet et al. 2002)

(Klein-Nulend et al. 1997), nos (Rubin et al. 2003), cx43
(Su et al. 1997), wntba (Hadjiargyrou et al. 2002) and
p-catenin (Robinson et al. 2006)], representatives of the
osteoblast proliferation/differentiation pathway (runx2a/
2b (Ducy et al. 1997; Komori et al. 1997), osx (Nakashima
et al. 2002), ap (Owen et al. 1990) and bmp2 (Tsuiji et al.
2006)) and the osteoclast pathway (opg (Udagawa et al.
2000) and RANK-L (Schoppet et al. 2002)). It was
hypothesized that each of these genes may be upregu-
lated in response to the HD treatment (Table 1), thus
contributing to the molariform morphology, represent-
ing a departure from the baseline condition of this spe-
cies. Specifically, the upregulation of: mechanical strain
response genes would occur in response to snail crack-
ing, the upregulation of osteoblast proliferation/differ-
entiation genes and osteoblast pathway genes together
would explain the alterations in size and shape, and
tooth-patterning genes would be required for the devel-
opment of enlarged tooth germs.

Eight of these genes were cloned using degenerate
primers (pghs2, nos, wntba, f-catenin runx2a/2b, osx, ap,
opg and RANK-L; Table S2, Supporting Information),
and the remaining eight were obtained from transcrip-
tome reads generated by our RNA-seq experiment (see
below). Orthology was confirmed through construction

of maximum-likelihood trees using Jalview (Waterhouse
et al. 2009) and PhyML (Guindon et al. 2010) (Fig. S1,
Supporting Information).

Primer pairs were designed so that the reverse primer
was situated in the 3" UTR of each gene (Table S2, Sup-
porting Information). Primer concentration was opti-
mized so that negligible dimers were produced in the
negative control (>10 cycles after the positive control).
RNA was verified to be free from gDNA contamination
through noRT control reactions. cDNA was synthesized
from 1.0 pg of each RNA using Superscript III (Invitro-
gen), primed with oligodT and diluted 1:10 for use in
qRT-PCR reactions. Reactions were run on 22 cDNA
samples (12 HD and 10 SD) using a cfx96 Real Time
System (Bio-Rad) with the SYBR green iQ supermix
(Bio-Rad), using the following conditions: 95 °C 3 min,
then 40 cycles of 95 °C 10's, 55 60 °C 30 s, 72 °C 30 s.
Efficiency was calculated through the generation of a
standard curve, based on serial dilutions of pooled
cDNAs (1:5, 1:10, 1:20, 1:40, 1:80). Housekeeping genes
were selected from the RNA-seq results (see below),
searching for genes with the lowest between-sample
variability. The housekeeping genes were tested using
qBase (Hellemans et al. 2007), and two genes, actinR
and twinfilin were shown to display sufficiently low
variability to enable the calculation of a reliable normal-
ization factor (NF). Relative quantitation was calculated
for each sample using the algorithm described in
(Simon 2003), which were scaled against NF. Compari-
sons of the levels of gene expression between treat-
ments were then performed using the bootstrap version
of the t-test implemented in spss (IBM Corp.).

RNA-seq

We performed RNA-seq in an effort to identify novel
regulators of plasticity in the Astatoreochromis alluaudi
LPJ. Ten individually barcoded cDNA libraries were syn-
thesized (Table S1, Supporting Information) using the
Nlumina TruSeq RNA sample preparation kit according
to manufacturer’s instructions (Illumina, San Diego, CA,
USA). The barcoding enabled multiplexing, eliminating
potential biases created by lane-to-lane variability (Auer
& Doerge 2010). Paired-end sequencing (72 bp from each
end) of clustered template cDNA was performed using
an [llumina Genome Analyzer IIx (Illumina). The result-
ing reads were then trimmed with CLC Genomic Work-
bench (version 4.9; CLC bio, Aarhus, Denmark), and de
novo assembled using VELVET (version 1.2.01) (Zerbino &
Birney 2008) and oasEs (version 0.2.05) (Schulz et al. 2012)
with Kmer lengths ranging from 29 to 49. Annotation
was performed through blastx comparison to the Medaka
genome, a model system that is closely related to cichlids,
in the Ensembl database (Hubbard et al. 2002). We



mapped the filtered reads to the assembled transcripts
using BowTE (version 0.12.9) (Langmead ef al. 2009) and
extracted the digital expression value for each sample
using exrrRess (version 1.3.0) (Roberts & Pachter 2012). Dif-
ferentially expressed (DE) genes were identified through
comparisons between the LP] samples of 5 HD (molari-
form) and 5 SD (papilliform) individuals (Table S1, Sup-
porting Information), using edgeR (version 3.0.8)
(Robinson et al. 2010) and DESeq (Anders & Huber 2010),
with correction of false discovery rate 0.1. Both edgeR
and DESeq (version 1.10.1) are based on a negative bino-
mial model, but they also differ in a few steps [for exam-
ple, see Dillies et al. (2012)]. Only the genes that were
identified by both edgeR and DESeq (a total of 183) were
included in further analyses this conservative approach
has been endorsed by recent research as a means of con-
trolling the inclusion of false positives in RN A-seq results
(Yendrek et al. 2012). K-means clustering of the DE genes
was performed based on a K-means calculation script
(define clusters by cutting tree.pl) on the Trinity web-
site (Grabherr ef al. 2011).

To perform the functional annotation of the DE genes,
we first converted the Medaka annotations to Human En-
sembl gene ID (Release 70). Results were further charac-
terized using the online functional classification tool,
DAVID (version 6.7) (Huang ef al. 2008). Gene functional
classification and functional annotation clustering were
both performed. Two separate gene lists were generated
for functional annotation clustering, comprised of genes
that were, on average, up- or downregulated in HD rela-
tive to SD. Reported results include clusters with signifi-
cant EASE scores (>1.0) and annotation terms with P-
values above 0.1 after performing Benjamini Hochberg
multiple testing correction (Benjamini & Hochberg 1995).

Results

Diet influences size and shape of LP] and teeth in
Astatoreochromis alluaudi

After exposing Astatoreochromis alluaudi to the hard and
soft diets for a period of 18 months, LPJs were dis-
sected and linear and geometric morphometric mea-
surements were made. The two diet treatments, which
included intact and pulverized snails, resulted in
marked differences in the size and shape of the LPJs
and size of the teeth, (Fig. 3a ¢; Table S3, Supporting
Information), similar to other previous publications
(Hoogerhoud 1986b; Huysseune et al. 1994; Huysseune
1995; Smits 1996). Taking into account allometric and
sex-related variation, all measurements except one,
largest tooth size, differed significantly between diet-
hardness treatments (Table 53, Supporting Information).
The first two principal components accounted cumula-
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Fig. 3 Diet treatment induces plastic phenotypes in the LP] of
Astatoreochromis alluaudi. (a) Correlation of the original
variables with the first two PC axes. (b) Scatterplot of the indi
vidual observation scores along the first two PC axes. (c) Geo
metric morphometric analysis indicates a significant difference
(P < 0.001) in shape between diet treatments; predicted shape
for the hard diet treatment in red, predicted shape for the soft
diet in blue.

tively for 88.77% of variance. All included measure-
ments except LP] depth are highly and positively
correlated with the first PC axis (Fig. 3a). The plot of
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the individual scores along the first two principal com-
ponents shows a clear clustering of the two diet treat-
ments (Fig. 3b). Geometric morphometric analyses of
the LPJs indicate significant shape differences as a
result of the diet treatment (P < 0.001) with an 87.5%
cross-validated correct classification rate. Specifically,
the LPJs of the HD fish display a pronounced enlarge-
ment of the medial posterior edge and a relative reduc-
tion in keel length in comparison with SD fish (Fig. 3c),
a classic hallmark of molariformity, also observed in
noncichlid LPJs (Fruciano et al. 2011). These are known
adaptations for feeding on hard diets and did not
develop in response to the soft diet treatment.

Mechanically stimulating diet induces altered
candidate gene expression

Candidate gene expression was conducted using qRT-
PCR on the RNA extracted from the LPJs of hard diet
(HD) and soft diet (SD) fish (Tables S1 and S2, Support-
ing Information). All genes that displayed significant
differential expression were upregulated in HD jaws,
confirming our hypothesis; however, contrary to our
predictions, most genes did not differ in their expres-
sion between HD and SD jaws (Fig. 4a, Table 54, Sup-
porting Information). Significant expression differences
were detected for some representatives of the osteoblast
proliferation and differentiation pathways (bmp2,
runx2b, osx; Fig. 4a, Table 54, Supporting Information)
(Rickard ef al. 1994; Ducy et al. 1997; Nakashima et al.
2002; Nakashima & de Crombrugghe 2003), but not oth-
ers (runx2a, ap). We also detected significant differential
expression of some genes stimulated by mechanical
strain in bone (cx43, bmp2) (Ziambaras et al. 1998; Sato
et al. 1999), but not others (pghs2, nnos, wntba, f-catenin;
Fig. 4b, Table 54, Supporting Information). The differ-
ence in the expression of only one marker of tooth size
and shape was found to be significantly differential
(hmp2?), whereas the others were not (pitx2, eda, shh,
binpd), and neither were the osteoclast pathway markers
(rank-l1, opg; Fig. 4c, Table 54, Supporting Information).
However, as the LP] contains many tissue types that
are each represented in the homogenized samples of
the entire LP|, we cannot rule out the possibility that
these genes (or their protein products) play an impor-
tant role in shaping the LP] phenotypes that was not
detected by our study.

Genome-wide transcriptional response to mechanical
strain in the LPJ

A genome-wide transcriptome analysis (RNA-seq) was
utilized to identify potentially novel transcriptional dif-
ferences between HD and SD individuals that were not
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Fig. 4 Candidate gene expression analysis of LF]s from Astato
reochromis alluaudi fed hard and soft diets. Candidates include
markers for (a) osteoclasts and osteoblasts (b) mechanical strain
response and (¢) tooth number and size. Note that some of the
genes in this list have pleiotropic functions, such as bmp2 and
bmpd, which also respond to mechanical strain. Blue bars
denote means of relative expression in LPJs of soft diet indi
viduals and red bars denote relative expression in hard diet
LPJs. SD mean is scaled to 1 and standard error indicated.
Asterisks indicate statistical significance according to bootstrap
t test (for further details see Table 54, Suppoting Information).

included in the candidate gene-based gRT-PCR
approach. This technique uses next-generation sequenc-
ing to generate shotgun sequences of cDNA libraries
(reads), which, through de nove assembly of transcripts,
enables the relative quantification of transcript abun-
dance (Wang et al. 2009). Differential expression (DE)



was analysed using edgeR (Robinson ef al. 2010) and
DESeq (Anders & Huber 2010), yielding a total of 183
genes (Table S5, Supporting Information), which were
the subjects of further analyses. A total of 16 698 fran-
scripts were detected amongst our samples. Although
some transcripts were undetected for a few samples,
each was identified in at least a few individuals of both
HD and SD treatments. The significant DE genes did
not include any of the original candidates, most likely
due to their low mean HD/SD ratios maximally 1.315
(Table S4, Supporting Information), while the lowest
mean HD/SD ratio shown amongst DE RNA-seq genes
was 1.496 (Table S5, Supporting Information).

K-means clustering (k  5) identified two main blocks
of genes that were either up- or downregulated in HD
vs. SD individuals, in addition to three further clusters
with expression that does not adhere strictly to the diet
groups (Fig. 5a). Nonetheless, each of the five replicate
individuals from the HD and SD groups clustered

Fig. 5 Transcriptome characterization of
response to mechanical strain in the LPJ
of Astatoreochromis alluaudi. (a) Heatmap
of genes displaying significantly differen
tial expression between HD and SD treat
ments, as identified by both edgeR and
DESeq. (b) Results of gene functional
classification clustering generated with
DAVID. Category labels represent the
top classifying term for each significant
gene group identified. Colour coding
represents average fold change of genes
in each cluster, upregulated in HD  red,
upregulated in 5D blue.

Soft

@ diet
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together, indicating that a mechanically stimulating diet
induces a characteristic expression pattern in the LPJ.
The three variable clusters contained between 1 and 4
transcripts, each with rather different expression pro-
files. Thus, we chose to focus on genes up- and down-
regulated in the HD and SD treatments. The HD
treatment stimulated the upregulation of 137 genes,
whereas only 46 displayed significantly higher expres-
sion in the SD treatment. A rich array of gene classes
was induced in the HD LPJs, including muscle-related
proteins, various signalling pathways, extracellular
matrix and cytoskeleton-related genes (Fig. 5b; Tables
S6 and S7 Supporting Information). However, upregu-
lated genes in the SD treatment predominantly included
genes most likely involved in the inflammatory
response, such as cytokines and chemokines (Fig. 5b;
Tables S6 and S8 Supporting Information). As the SD
treatment mimics the ground state of this species, it is
inferred that expression of these inflammation-related

Hard

diet
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Table 2 Gene families identified by RNA seq, also altered by mechanical strain in mammalian bones

Gene name and putative function

Reference

Apoptosis

clq tumour necrosis factor related protein 3
Calcium signalling

Annexin a6 isoform 1

Synaptotagmin 2
Cell cycle

Lymphocyte g0 g1 switch protein 2
Chemokine

¢ ¢ chemokine receptor type 7

¢ ¢ chemokine receptor type 9
¢ x ¢ chemokine receptor type 5

Cytokine
Interleukin 8
Interleukin 20 receptor subunit alpha

Cytoskeleton
Leiomodin 2
pdz and lim domain protein 3
Plakophilin 1 isoform 1
Sarcolemmal membrane associated protein
Heat shock proteins
Heat shock protein beta 1
Heat shock protein beta 8
Heat shock protein 30
Heat shock cognate 71 kda protein
Immediate early response
¢ fos protein
Immediate early response 2
Ion channel
Voltage dependent calcium channel gamma 6 subunit
ATP sensitive inward rectifier potassium channel 11a
Trimeric intracellular cation channel type a
Matrix
Collagen 6A3

Collagen 12A1

Fibronectin type iii domain containing protein 1
Hyaluronan and proteoglycan link protein 1
Protocadherin fat 3 like
Spondin 2 precursor

Muscle
Desmin
Musculoskeletal embryonic nuclear protein 1
Myosin binding protein h like
Tropomyosin alpha 4 chain like isoform 1

Troponin C
Troponin I

Troponin T

Xing et al. (2005)

Mantila Roosa et al.
Mantila Roosa et al.

Mantila Roosa et al.

Mantila Roosa et al.

Xing et al. (2005)

Mantila Roosa et al.

Xing et al. (2005)

Mantila Roosa et al.

Xing et al. (2005)

Mantila Roosa et al.
Mantila Roosa et al.

Xing et al. (2005)

Xing et al. (2005)
Xing et al. (2005)
Xing et al. (2005)
Xing et al. (2005)

Mantila Roosa et al.
Mantila Roosa et al.

Mantila Roosa et al.
Mantila Roosa et al.

Mantila Roosa et al.

Mantila Roosa et al.

Xing et al. (2005)

Mantila Roosa et al.

Xing et al. (2005)
Xing et al. (2005)

Mantila Roosa et al.

Xing et al. (2005)

Mantila Roosa et al.

Mantila Roosa et al.
Mantila Roosa et al.
Mantila Roosa et al.
Mantila Roosa et al.

Xing et al. (2005)

Mantila Roosa et al.

Xing et al. (2005)

Mantila Roosa et al.

Xing et al. (2005)

Mantila Roosa et al.

Xing et al. (2005)

(2011b)
(2011Db)

(2011b)

(2011b)

(2011b)

(2011b)

(2011b)
(2011Db)

(2011b)
(2011Db)

(2011Db)
(2011b)
(2011b)
(2011b)

(2011b)

(2011b)
(2011Db)
(2011b)
(2011b)
(2011b)
(2011b)
(2011Db)
(2011b)

(2011b)
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Gene name and putative function

Reference

Signal transduction
G protein coupled receptor 126 like

Other
Four and a half lim domains protein 1
Immunoglobulin d
lim domain protein 3
Lipoxygenase 3, epidermis type like
Regulator of g protein signalling 2
Semaphorin 3c precursor
Ubiquitin carboxyl terminal hydrolase28

Mantila Roosa et al. (2011b)
Xing et al. (2005)

Mantila Roosa et al. (2011b)
Mantila Roosa et al. (2011b)
Mantila Roosa et al. (2011b)
Mantila Roosa et al. (2011b)
Xing et al. (2005)

Xing et al. (2005)

Mantila Roosa et al. (2011b)

genes is suppressed in HD, rather than being induced
in SD.

Notably, our analysis indicated that a substantial
number of genes or related gene family members
induced in A. alluaudi in response to mechanical strain
are also observed in studies on mechanical strain in
mammalian bones [(Mantila Roosa ef al. 2011a,b; Xing
et al. 2005), Table 2]. This demonstrates an astonishing
degree of evolutionary and apparently functional con-
servation of molecular bone remodelling mechanisms
between mammals and teleosts.

Discussion

There is mounting evidence that phenotypic plasticity
generates adaptive phenotypic variation; however, the
underlying genetic and developmental mechanisms for
phenotypic plasticity remain largely unknown (West-
Eberhard 2003, 2005; Aubin-Horth & Renn 2009;
Jablonka & Raz 2009; Beldade et al. 2011). Emerging
techniques such as RNA-seq, when used in combination
with classical split brood and common garden experi-
ments, can shed light on the molecular basis of pheno-
typic plasticity in natural populations opening the door
to empirically test long-standing controversial theories
such as genetic assimilation. The lower pharyngeal jaw
(LP]) of Astatoreochromis alluaudi represents a classical
model for phenotypic plasticity, with research dating
back almost 50 years (Greenwood 1965; Hoogerhoud
1986a,b; Huysseune et al. 1994; Huysseune 1995; Smits
et al. 1996a,b). Our study represents the first molecular
investigation of skeletal plasticity in a cichlid fish, deter-
mining the transcriptional basis of phenotypic plasticity
in the LPJ, a key evolutionary innovation of cichlids.
Amongst the 187 genes that displayed significant dif-
ferential expression in response to hard diet (including
183 from RNA-seq and 4 from qRT-PCR) are many
genes that respond to mechanical strain in the bones of

mammals. Thus, our results support the hypothesis that
the mechanical strain received from cracking hard-
shelled snails shapes the molariform morphology
(Table 2). Mechanical strain in the bones of mammals
induces a suite of biochemical pathways, via localized
alterations to fluid flow and subsequent deformation of
cellular membranes, which subsequently induce a dra-
matic transcriptional response (Thompson et al. 2012).
Briefly after exposure to even a single loading, mechani-
cal strain induces the expression of immediate early
response genes such as c-fos and ier2, also detected by
RNA-seq in our study (Ott et al. 2009; Mantila Roosa
et al. 2011b). Relevant candidate genes that were upreg-
ulated in HD LPJs include the gap junction gene cx43,
which is important in coordinating the cellular response
to mechanical strain in mammalian bones (Taylor et al.
2007). Additionally, regulators of osteoblast differentia-
tion and proliferation such as bmp2 (Tsuji et al. 2006)
runx2 (Ducy et al. 1997) and periostin (detected by RNA-
seq) (Nakazawa et al. 2004) are also induced by strain
and fractures in mammals.

The functional classes of genes upregulated in HD
LPJs provide a potential link between mechanical strain
sensing to increased bone density, which was demon-
strated for molariform A. alluaudi by previous morpho-
logical analyses (Huysseune et al. 1994). In addition to
the increased expression of markers for osteoblast pro-
liferation and differentiation (see above), we observed
the over-representation of the Gene Ontology terms:
extracellular matrix (ECM), intracellular calcium flux,
cytoskeleton and muscle (Table 2). Mechanical strain
deforms cellular membranes, inducing a characteristic
signalling cascade involving calcium influx, alterations
to cytoskeletal dynamics and induction of various small
GTPases (Chiquet ef al. 2009). This secondarily alters
the expression of ECM proteins, which influence the
structural properties of the ECM to resist the mechani-
cal strain. Collagen VI and collagen XII, amongst the
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ECM genes induced in HD fish, both play critical roles
in bone development and remodelling through estab-
lishing appropriate bone density and matrix organiza-
tion, respectively (Izu et al. 2011; Christensen et al.
2012). Moreover, the altered expression of various ECM
and cytoskeletal proteins in HD fish may influence
differentiation of mesenchymal stem cells, as matrix
stiffness and cell shape have a profound influence on
their differentiation (McBeath et al. 2004; Engler et al.
2006). Interestingly, HD fish overexpressed mef2C,
which has been identified as a QTL for bone density in
humans (Rivadeneira et al. 2009). Muscle-related genes
were also strongly induced in HD fish, an observation,
which is consistent with mammalian transcriptome
analyses (Mantila Roosa et al. 2011b), perhaps reflecting
the extensive cross-talk between pathways expressed in
bone and muscle cells (Jahn et al. 2011). Note, care was
taken to dissect muscles away from our LPJ samples,
increasing the likelihood that this observation reflects
altered expression in bone rather than muscle cells.

Several of the identified genes may have pleiotropic
functions in generating the molariform phenotype as
they are known to function in both bone and tooth
development. The teeth of teleosts are replaced continu-
ally throughout their lifetimes (estimated to be once per
month in A. alluaudi (Huysseune 1995)), and it has been
shown that runx2 and bmp2 play a role in cichlid tooth
replacement (Fraser et al. 2013), representing a rede-
ployment of embryonic tooth developmental pathways
(Fraser et al. 2009). cx43 may also play a role in tooth
replacement as it is also involved in embryonic tooth
development (About et al. 2002). Also the eruption of
teeth from adult jaws requires localized bone resorption
by osteoclasts, which is orchestrated by c-fos (Wang
et al. 1992). Moreover, cx43 and c-fos are upregulated in
response to tooth injury (Mitsiadis & Rahiotis 2004),
which may plausibly occur in the HD fish as a result of
chewing hard-shelled snails. Although further spatial
gene expression analyses are required to tease apart the
precise function of these genes, this observation opens
up the exciting possibility that a pleiotropic network of
genes functions in concert to pattern both bones and
teeth, seemingly separate, but surely functionally
linked, aspects of the overall molariform phenotype.

In HD fish, we also observed striking downregulation
of inflammatory response genes including chemokines,
cytokines and MHC components, suggesting that the
hard diet had an anti-inflammatory effect, which may
also be linked to increased bone density. Localized
inflammation is linked to increased bone resorption in
rheumatoid arthritis (Goldring 2003), via activation of
osteoclasts. As osteoclasts are derived from the same
hematopoietic stem cell lineage as macrophages and are
themselves induced by the cytokine RANK-L (Boyle et al.

2003), there is an inherent link between inflammation
and bone turnover. cxcr5, one of the chemokines identi-
fied by our study, is known to function in bone remodel-
ling through altering differentiation of hematopoietic
stem cells (Manolagas & Jilka 1995; Calvi et al. 2003; Ton-
narelli ef al. 2009). As pharmacological suppression of
the inflammatory response is linked to increased bone
density (Morton et al. 1998), and chronic exercise is
linked to both increased bone density and reduced
inflammation (Bruunsgaard 2005), we predict that
through suppressing background levels of inflammation,
HD fish achieve enhanced bone deposition, potentially
though reducing the activity of osteoclasts. Further histo-
logical analyses are required to determine whether HD
fish do display subphysiological levels of inflammatory
cells, and whether this is concomitant with a reduced
abundance of osteoclasts. Future research should also
determine whether the reduced expression of inflamma-
tory factors is localized to the LPJ, or whether it reflects
immunosuppression of HD individuals, presenting a
potential cost of plasticity, which may be extremely rele-
vant amongst natural populations.

As they link strain sensing to altered cellular recruit-
ment, the genes identified by this study provide a toolkit
for determining the degree to which phenotypic plastic-
ity shapes LP] morphology in natural populations of
A. alluaudi, and whether plasticity is playing a role in
their evolution. Ecological conditions that remain stable
between generations would be expected to favour the fix-
ation of either molariform or papilliform jaw morpholog-
ies, with this trait ultimately losing its environmental
sensitivity (genetic assimilation) (Waddington 1953; Cri-
spo 2007). Indeed, A. alluaudi from Lake Saka display
molariform LPJs even though hard-shelled snails only
comprise a small proportion of their diet (Cosandey-Go-
din ef al. 2008). Moreover, populations that inhabit hyp-
oxic environments display papilliform jaws, which
accommodate increased gill size, in spite of the potential
to eat snails in these habitats (Binning & Chapman 2010;
Binning et al. 2010). Fixation of this plastic trait in some
populations may be achieved through mutations in cis-
regulatory regions of plasticity-related genes that con-
strain their environmental responsiveness. As many of
the genes included in our study are known to be mechan-
ically responsive, their expression is likely to be mediated
by shear stress responsive elements (SSREs), cis-regula-
tory elements of mechanically responsive genes (Nomura
& Takano-Yamamoto 2000). Alterations to the number or
position of these elements might alter the degree of
response to mechanical strain of these genes. Determin-
ing whether such regulatory evolution has occurred in
natural populations or between closely related species of
cichlids that can differ markedly in their pharyngeal jaw
morphologies will be the subject of our future work.



In conclusion, we have identified numerous transcrip-
tional changes that contribute to phenotypic plasticity
in the LPJs of A. alluaudi. These genes include various
mechano-responsive genes identified in the bones and
teeth of mammals, which will inform future studies of
the cellular and developmental basis of plasticity in the
LPJs. Empirical assessment of the importance of plastic-
ity in establishing phenotypes of wild populations, and
its potential importance in generating divergent PJA
morphologies in distantly related cichlid species can be
achieved in the future through examining the expres-
sion of genes identified by our study in a phylogenetic
context. One might speculate, and we plan to test, that
parallel evolution of molariform morphologies of the
PJAs of different cichlid radiations is caused by the
induction of similar expression patterns, which might
have become fixed through the process of genetic
assimilation.
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