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ABSTRACT

Cichlid fishes are a textbook example for adaptive
radiations, since they diversified into several hundred
highly specialized species in each of three great East
African lakes. Even scale-eating, an extremely specialized
feeding mode, evolved independently multiple times in
these radiations and in Lake Tanganyika alone, six
endemic scale-eating species occupy this extremely
specialized ecological niche. Perissodus microlepis went a
step further, by evolving bilaterally asymmetrical heads
with an intra-specific polymorphism where left- and right-
headed morphs predominantly scrape scales from the
opposite sides of their prey. While the bilateral asymmetry
of scale-eating cichlids has been known, exactly which
craniofacial features explain the laterality of the heads
remained unclear. Here we aimed, by utilizing micro-
computed tomography (uUCT), to resolve this issue of how
bilateral symmetry in the skeletal structure is broken in
scale-eating Perissodus. Our 3D geometric morphometrics
analysis clearly separated and identified the two groups of
either left- or right-headed fish. In addition, we observed
consistent asymmetric volume changes in the premaxilla,
maxilla, and mandible of the craniofacial structures, where
left-headed fish have larger jaw elements on the right side,
and vice versa. The bimodality implies that the effect sizes
of environmental factors might be minor while genetics
might be responsible to a larger extent for the asymmetry
observed in their head morphology. High-speed video
analyses of attacks by asymmetrical morphotypes
revealed that they utilize their asymmetrical mouth
protrusion, as well as lateralized behavior, to re-orientate
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the gape towards the preferred side of their prey fish to
more efficiently scrape scales.
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INTRODUCTION

Cichlid fishes are a prime example for rapid adaptive
morphological diversification and the Cichlidae is one of the
most species-rich families of vertebrates. The evolutionary
success of cichlids has been attributed, at least in part, to their
innovative cranial system and the de-coupling of their oral and
pharyngeal jaws (Liem, 1973), as well as their variability in
foraging and complex social behaviors (Keenleyside, 1991).
Recently, it was proposed that their curiosity might have
allowed them, more than other fish, to explore ecological
opportunities seeking novel habitats and exploit new
ecological niches (Sommer-Trembo et al., 2024). Perissodus
microlepis, in particular, a scale-eating cichlid species
endemic to Lake Tanganyika, has been cited as a textbook
example for these evolutionary processes (Futuyma, 2009). Its
asymmetric head, associated with lateralized foraging
behavior equips it to exploit a particularly narrow ecological
niche especially efficiently —in this case, foraging on the
scales of other (cichlid) fish species, since they are
specialized to feed predominantly from either the right or the
left sides of their preys based on the asymmetric head morph
(Hori, 1993; Lee etal, 2017). In this species, two
morphotypes can be recognized: The left-headed (L) and the
right-headed (R) (Hori, 1993). The first morph predominantly
feeds on the right side of their prey, while the latter morph
exhibits the opposite preference. When populations are
surveyed for several years a long-term ratio of nearly 50:50
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was observed (Hori, 1993; Kusche etal.,, 2012; Lee etal.,
2010). Interestingly, that 50:50 ratio was not strictly adhered to
every year, but rather fluctuated and cycled back within
approximately four to five years (Hori, 1993). This cyclic
frequency change of the abundance of the right- and left-
morph has been interpreted as being caused by negative
frequency-dependent selection (Hori, 1993; Kusche etal.,
2012) as the more abundant morph would be selected against
(due to being detected more readily by their prey fish, that
survive and presumably remember these attacks that would
be more frequent from one particular side) thereby favoring
the predation success of the less common morph, leading to
their higher fithess and resulting in a subsequent increase in
relative abundance of the more rare morph (Berlinghieri et al.,
2021; Lee etal., 2010). This negative frequency-dependent
model requires that some portion of the left-right headedness
of these fish must be heritable (Lee etal., 2010, 2015).
Bilateral asymmetry, as a stable deviation from the widely
prevalent symmetry patterns in  evolutionary and
developmental biology, holds profound and important
significance different from other symmetry deviations (Levin,
2005), like fluctuating asymmetry (Nijhout & Davidowitz, 2003)
and directional asymmetry (Pither & Taylor, 2000). As a result,
considerable research has been devoted to investigating the
genetic basis of its bilateral morphological asymmetry (Lee
etal.,, 2017; Raffini etal., 2017, 2018; Stewart & Albertson,
2010; Takeuchi et al., 2018).

Many biological aspects of the head asymmetry in P.
microlepis still remain poorly understood. For example, it is
unclear exactly which osteological traits cause the lateral head
asymmetry. Liem & Stewart (1976) were the first to attempt to
understand which bones were bringing about the lateral
asymmetry, but did not reach conclusive results. It had also
been noted that different populations of this scale-eating
cichlid in Lake Tanganyika exhibit distinct patterns of
asymmetry: some populations display a bimodal bilateral
asymmetry (Hori, 1993; Hori et al., 2007), while others exhibit
a more continuous distribution (Kusche etal., 2012). The
morphs are quite easily identified when freshly caught in the
field by viewing the fish from above, as first described by Hori
(Hori, 1993) and others (Kusche et al., 2012; Lee et al., 2010;
Takeuchi et al., 2012). Based on this technique, P. microlepis
R-morphs are characterized by the ascending process of their
premaxillary bone being oriented towards the right, and to the
opposite side for the L-morphs (Kusche etal., 2012). Later
Kusche etal. (2012) using dorsal view P. microlepis
photographs, digitally measured the bending angles of both
morphs by connecting the eye sockets and the tip of the snout
(hereafter referred to as “dorsal photograph” technique). In
contrast to measurements on soft tissue, isolation of specific
craniofacial bones such as the mandible (Hata et al., 2013),
and the use of X-rays (hereafter referred to as “X-ray
imaging”) (Indermaur et al., 2018) were also applied to these
cichlids, to more objectively quantify internal skeletons, and to
increase the accuracy for a more confidential determination of
the L- or R- morphs in preserved specimens.

Different approaches did not always yield the same
consistent distributions of L- and R-morphs, but reliable and
repeatable phenotyping is necessary for accurate studies of
this fish including heritability estimations. A discrete/bimodal
distribution of head asymmetry may suggest a relatively
simple Mendelian/oligogenic basis for the head asymmetry
(Hata etal., 2013; Hori, 1993). Conversely, a continuous

unimodal distribution would indicate a more complex
(polygenic) genetic architecture and potentially suggest a
stronger influence of non-genetic factors such as phenotypic
plasticity (Lee et al., 2015; Van Dooren et al., 2010). Many of
these crucial issues remain unanswered including a more
accurate description of the asymmetric head morphology to
begin with. Since this involves working with preserved
specimens, it is important to account for the effects of fixation
in formalin or ethanol on accurate morphotype quantification.
Additionally, how this bilateral asymmetrical craniofacial
morphology is involved in scale-eating behavior in live fish
needs further investigation. The goal of this study is to
address these morphological issues in Perissodus to enhance
the understanding of this notable case of bilateral asymmetry
and the maintenance of its trophic polymorphism.

The lateralized behavior, coupled with the asymmetric
morphology, facilitates the exploration and specialization of
fish scales as food source even from only one or the other
side of their prey in this species (Raffini & Meyer, 2019;
Takahashi etal.,, 2007; Takeuchi etal.,, 2016). While
observations of lateralized feeding exist for these fish from
both nature (Hori, 1993; Kawano et al., 1987) and laboratory
settings (Lee etal., 2012; Takeuchi et al., 2019, 2022; Van
Dooren etal, 2010), many gaps in knowledge remain.
Takeuchi etal. (2022) documented the lateral-feeding
behavior in the laboratory, by high-speed filming. The fish also
consume other diets such as conventional fish food in
laboratory although they seem to prefer to eat scales.
Nonetheless, crucial information such as how the mouth
protrusion might be adjusted by the fish when feeding on
different diets has not been quantified due to limitations in
resolution (e.g., the number of pixels) in high-speed filming
(Takeuchi et al., 2022; Takeuchi & Oda, 2017). Lateralized
predation and craniofacial asymmetry presumably arose due
to intense competition (Hori, 1993).

We quantified the asymmetric craniofacial structure in P.
microlepis in an effort to better understand which changes
contribute to the asymmetry, thereby increasing the fishes’
ability to feed laterally on scales. First, we assessed existing
methods for quantifying L- and R- morph. Moreover, we
introduced high-resolution micro-computed tomography (uCT)
to quantitatively measure asymmetry in 3D craniofacial
skeletons (refer to “3D pCT”) and employed high-speed
imaging to detail jaw kinematics during feeding on different
types of food. Our study offers an unbiased way to measure
head asymmetry, linking phenotype to behavior, and serves
as a basis for further research on phenotype-genotype
connections in the skeletal system.

MATERIALS AND METHODS

Field sampling of specimens

In April 2018, 102 wild-caught P. microlepis specimens were
collected from five locations in Zambia (Supplementary Table
S1), following local regulations and guidelines (Kusche et al.,
2012; Permit G. R. no: 2077761). The specimens' standard
lengths ranged from 3.8 to 9.4 cm, averaging 6.8 cm.

Field examination

The L- and R-morphs in 102 freshly caught P. microlepis were
visually determined in the field based on Hori (1993) criteria.
L-morph had a premaxilla ascending process oriented to the
left, while R-morph had them pointing in the opposite direction.
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After examination, all the specimens were preserved in 98%
ethanol and stored at 4°C for further studies. A chi-square test
(Pearson, 1900) was performed to evaluate the expected
50:50 ratio of L- and R- morphs.

Dorsal photograph

In the laboratory, all 102 ethanol-preserved P. microlepis were
photographed from dorsal using a Panasonic Lumix DMC-
FZ72 camera (Panasonic, Japan). The mouth asymmetry was
measured by marking three landmarks on the eye sockets and
the snout, following Raffini et al. (2017) and then quantified as
the difference between left (aL) and right (BR) angles, with
positive values indicating L-morph and negative for R-morph.
Measurement repeatability was verified using a double-blind
method on 20 individuals. The analysis was conducted using
tpsDig (Rohlf, 2006a), tpsUtil (Rohlf , 2006b), and Python (Van
Rossum & Drake, 2009).

X-ray image determination

Bilateral asymmetry of the internal skeleton in the same 102
specimens was quantified using the premaxilla-vertebrae
angle derived from X-ray images. Specifically, dorsal-ventral
X-ray images of each head were taken with a ZooMax Digital
X-ray machine (Control-X Medical, USA) at 52 kVp peak and
4-7 mAs for optimal resolution. The degree was calculated as
the angle 8 between the line from the first two vertebrae and
the line from the middle of otoliths to the premaxilla tip.
Positive 6 values indicated L-morph, while negative values
indicated R-morph.

3D uCT

Based on the X-ray-derived bending angles, we selected 20
individuals with extreme asymmetry (n=10 L, n=10 R) and 20
with nearly symmetrical heads (n=20) for detailed 3D skeletal
measurements. The PCT scans were conducted at the
University of Ulm using a Skyscan 1176 (Bruker, Belgium).
The scanner settings were: isotropic voxel resolution of 18 ym,
X-ray voltage of 50 kV, current of 500 pA, a 0.05 mm
aluminum filter, and a 1° rotation step. The resulting images
were reconstructed using NRecon software (Bruker, Belgium)
and processed with 3D Slicer (Fedorov et al., 2012).

Three craniofacial skeletal elements —the premaxilla,
maxilla, mandible, which directly contact prey during scale-
eating (see feeding videos below) and can be clearly
separated were further examined. These elements were
isolated to measure relative volume, density, and shape
variation. Suspensorium, though potentially informative, was
not included in the volume and density comparison due to
insufficient ossification in some areas but were included in the
subsequent geometric analysis. The relative volumetric
asymmetries between left and right sides were calculated
based on the following equation (Palmer & Strobeck, 1986).

Degree of asymmetry = (Left — Right)/(Left + Right) (1)

Bone density was represented by the average Hounsfield
Units (HU), calculated using the Segment Statistics module on
the segmented bones. Density asymmetries were computed
using the same equation as described above. Geometric
morphometrics (GM) analysis involved placing 96 landmarks
on homologous and anatomically recognizable features on
both sides of the head (Supplementary Figure S1). Major 3D
shape variations among the specimens were extracted using
generalized Procrustes analysis (GPA) (Gower, 1975; Rohlf &
Slice, 1990) and then summarized with principal component
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analysis (PCA) (Pearson, 1901). Asymmetric levels were
calculated using the relative volume ratio between the left and
right sides or the resulting PCs.

The impact of mouth posture during fish preservation was
eliminated by removing the variation in PC1: First, we
standardized the landmarks using GPA for scaling and
rotation. We then performed PCA on the standardized
landmarks to obtain the PCs and their load and score
matrices. To eliminate the influence of PC1 on the dataset, we
nullified its impact using a specific equation, thereby correcting
PC1's effects in the initial PCA analysis (equation below).

Xeorr = X = s1xv1T (2)

where X, is the adjusted landmark matrix, X is the original
landmark matrix, s7 is the score vector of PC1, v1 is the load
vector of PC1, and T is transposition of the vector.

High-speed videography and digitizing

Wild-caught P. microlepis were used to study feeding
kinematics on goldfish scales or non-scaly food. The
experiments were conducted in a 50 cm longx25 cm widex30
cm high tank filled with 25 liters of water. High-speed videos
were recorded at 400 frames per second (fps) and 1920x1080
pixels using a Sony NEX-FS700R camera (Sony, Japan)
positioned 20 cm above the tank. The tank background
featured a 1 cm? grid for contrast and length estimation. The
camera was remotely operated to minimize interference.
Specimens were acclimated in the tank for one day before the
experiments. During scale-eating trials, a goldfish was
introduced into the tank corner without human presence while
recording. For non-scaly food trials, mysis shrimp were gently
dropped into the tank, allowing the fish to eat as they fell.

RESULTS

Inconsistencies in three conventional
measurements

Three conventional methods were used in this study to
evaluate head asymmetry. We first visually inspected the 102
freshly caught P. microlepis in the wild, identifying 50 samples
as L-morph, 48 samples as R-morph, and four as
indeterminant due to their ambiguous morphology. The L- and
R-morph ratios met the expected 50:50 distribution (x? test, P-
value>0.05). Using the “dorsal photograph” methodology
based on mouth-bending angles, 60 samples were classified
as L-morph and 42 samples as R-morph and met the 50:50
expectation (x* test, P-value>0.05), with a continuous and
unimodal distribution (Figure 1A). Moreover, the X-ray-derived
skeleton asymmetry also yielded a unimodal distribution
(Figure 1B). Among the 102 specimens, 43 were identified as
L-morph and 59 as R-morph, with no significant deviation from
a 50:50 ratio (x* test, P-value>0.05). However, the morph
classification was clearly inconsistent among “field
examination”, “dorsal photograph”’, and “X-ray imaging”
methods (“field examination” vs. “dorsal photograph”: T-test,
P-value>0.05, Figure 1C; “field examination” vs. “X-ray
imaging”: T-test, P-value>0.05; Figure 1D; “dorsal photograph”
vs. “X-ray imaging”: Pearson correlation, r=0.07, P-value>
0.05; Figure 1E).

phenotypic

MCT adoption addressed inconsistencies
We next conducted yCT measurements to address potential
inconsistencies among the three earlier methods. Our puCT
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Figure 1 Frequency distribution of head asymmetry in Perissodus microlepis

A: Distribution of snout-bending angle of 102 fish (dorsal photograph). B: Distribution of the premaxilla-vertebrae angle of 102 fish (X-ray imaging).
C: The distribution of snout-bending angles of the L- and R-morphs determined in the field. D: The distribution of premaxilla-vertebrae angles of the
L- and R-morphs determined in the field. T-test was used to test the significance of the differences between the two morphs, the P-value is shown in
the figure. E: Correlation between snout-bending angle and premaxilla-vertebrae angle. The Pearson correlation coefficient (r) and its P-value are

shown in the corner. ns: Not significant.

analysis were carried out on a subsample of 20 extremely
asymmetric and 20 near-symmetric fish, as defined by X-ray
imaging (Supplementary Figure S2). The 3D reconstruction
enabled the isolation of specific ossified units (Figure 2). By
examining bones that directly contact prey in lateralized scale
eating (premaxilla, maxilla, and mandible; see feeding videos
below) and analyzing their relative volumes as indicators of
bone size, we identified a consistent pattern of volume
discrepancies between left and right sides in most samples
(Figure 3A). Specifically, left-headed fish have significantly
larger craniofacial bones (premaxilla, maxilla and mandible)
on the right side, while right-headed fish have significantly
larger bones on the left. Volume asymmetry distributions
deviated from a unimodal pattern and fit a bimodal distribution
(Figure 3B-D). The Pearson correlation coefficients between
these three bone volume asymmetries ranged from 0.75 to
0.88 (P-values<0.05). Importantly, significant correlations
were observed between all three volume asymmetries and
field examination results (P-values<0.05; Figure 3E-G). In
contrast, no significant correlations (P-values>0.05) were
found between volume asymmetries and the two primary 2D
methods  (dorsal photograph and X-ray imaging)
(Supplementary Figure S3).

We further assessed bone density on both sides for the
bones mentioned above. Among the three clearly separatable
bones (see Methods), the maxilla exhibited the highest
density, followed by the mandible, and the premaxilla had the
lowest (Supplementary Figure S4). Compared to the bilateral
asymmetry in bone relative volume, the variation in density
was less pronounced (Supplementary Figure S5). Among the
bones, the premaxilla showed a significant asymmetry in
density, which aligned with the relative volume difference: in
the L-morph, the right-side premaxilla was larger and denser
and the reverse was true for the R-morph (Supplementary
Figure S5). The maxilla also showed a significant density
asymmetry, though less pronounced than in the premaxilla. In
contrast, the mandible showed no significant asymmetry in

density (Supplementary Figure S5).

Major 3D shape variations of head morphology

Our 3D geometric morphometrics analysis revealed that most
variations were concentrated in the mandible region
(Supplementary Figure S6). The first three shape principal
components (PCs), accounted for 63.7%, 7.7%, and 5.8% of
the total variance, respectively. Notably, PC1 reflected
variations in mouth preservation posture rather than head
shape, with smaller PC1 values indicating an open mouth and
larger values indicating a closed mouth (Figure 4A,
Supplementary Figure S7). To reduce the effect of mouth
posture (see Methods) and highlight true shape variations, we
adjusted for PC1 and reconducted the PCA analysis.

After adjustments, the original PC2 and PC3 accounted for
21.4% and 16.1% of the total variance, respectively. PC2
primarily correlated with normalized mouth width; smaller PC2
values indicated a broader head, while larger PC2 values
indicated a narrowed head (Figure 4A). PC3 was associated
with mouth asymmetry: Smaller PC3 values indicated a left-
bended head, while larger PC3 values indicated a right-
bended head (Figure 4A). The classification of the L- and R-
morphs based on the relative volumetric asymmetries was
highly consistent with the groups separated by PC3
(Figure 4B), indicating that the adjustment of the bilateral bone
volume ultimately leads to bilateral morphological asymmetry.

We then explored the relationships between the
morphological traits from the GPA analysis and other factors
like body size and sex. Notably, there was a significant
correlation (r=0.62; P-value<0.05) between normalized mouth
width (PC2) and body size (Supplementary Figure S8).
However, no significant correlations (P-values>0.05) were
found between head asymmetry (PC3) and body size or sex
(Supplementary Figure S9).

General scale-eating vs. non-scaly eating comparison
To explore if scale-eating behavior contributes to the head
asymmetry of P. microlepis, we investigate its feeding
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Figure 2 Overall craniofacial skeleton structure of a right-headed scale-eater (Perissodus microlepis)

A: Craniofacial structure in lateral view, each color represents a separate ossified unit. B: Craniofacial structure in front view. C: Craniofacial

structure in dorsal view.

behavior and kinematics on scales (prey) and non-scaly food.
The results show distinct behaviors and kinematics between
the two types of food. When consuming non-scaly floating
food, the scale-eater gently approached and slightly opened
its mouth (Figure 5A; Supplementary Video S1). In contrast,
during scale-eating, it initiated an ambush from a considerable
distance (~10 cm) and launched a swift attack (~3 cm) from
behind and below its prey (Figure 5B; Supplementary Video
S2). At around a distance of ~1 cm away from its prey, the
scale-eater's body contorted into an S-shape, generating a
strong lateral force and opening its mouth widely and
asymmetrically to maximize contact with the prey (Figure 5B;
Supplementary Video S2). uCT also revealed the structural
adaptation of asymmetric bones during mouth opening,
highlighting the anatomical modifications that facilitate
increased prey contact and efficient scale removal
(Figure 5C). Remarkably, the premaxilla and mandible are the
bones that come into direct contact with prey and are the first
to be impacted during predation (Figure 5B). The consistent
increase in the unilateral relative volume and density in the
premaxilla not only expands the contact area but also helps
prevent damage during significant impacts (Supplementary
Figure S5). Nevertheless, the reason why the mandible
exhibits significant relative volumetric asymmetry but no
density asymmetry requires further investigation.

DISCUSSION

In this study, we assessed the craniofacial skeletal
adaptations that facilitate P. microlepis to consume scales,
using high-resolution uCT imaging combined with high-speed
videos. Our results revealed consistent asymmetric
craniofacial volume changes, confirming a bimodal, rather
than unimodal, distribution. Coupled with high-speed videos,
we demonstrated how this fish utilizes asymmetries in both
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morphology and behavior during the scale-eating process.

Limitations of 2D measurements

Despite both established 2D methodologies (dorsal
photograph and X-ray imaging) suggesting a unimodal
distribution of head asymmetry, the correlation between them
was notably low. Challenges included the environmental
distortions during preservation (Cribb & Bray, 2010; Strauss &
Bond, 1990) and variations in shooting angles in 2D
photographic data (de Menezes et al., 2009; Ghoddousi et al.,
2007; Liao etal.,, 2021; Marquina etal., 2021). Our study
illustrates how uCT effectively addresses these limitations,
providing a clear example of its contribution to the accurate
quantification of this fish morphology.

Insights into bilateral asymmetry innovations in P.
mircolepis

For decades, both morphological and behavioral asymmetries
have intrigued researchers. Our study presents a notable
example featuring stable bimodal morphs with balanced
frequencies within a population. This is particularly significant
given that many previous studies on symmetry breaking have
primarily focused on directional asymmetry (or fixed
asymmetry), which involves a collective deviation from
symmetry, as seen in visceral asymmetry in humans (Levin,
2005), and in over 90% of snail taxa being dextral
(Schilthuizen & Davison, 2005). In our research, we reveal for
the first time that the head bones of this species exhibit
consistent volume asymmetry and a bimodal distribution.
Further GM analysis confirms the existence of these two
morphs, revealing that this morphological asymmetry results
from consistent volume changes in key craniofacial bones and
the mutual adjustment between them, leading to an overall
deflection of the head. An important area to explore further is
whether the morphology of other posterior bones and organs
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P<0.001; ™": P<0.0001.

conforms to this bimodal distribution, as well as their
relationship with jaw bones studied here, including structures
like otoliths and the brain. Previous studies have identified a
weak negative correlation between the size of the two
hemispheres of the brain with the direction of head deflection
(Lee et al., 2017). Utilizing both magnetic resonance imaging
(MRI) and pCT in the same group of individuals will enable us
to establish the potential links.

The adaptations we find in Perissodus microlepis align with
Liem's (Liem, 1973) theory of cranial evolution in cichlids,
where only minor modifications of existing structures are
required for successful and rapid adaptation to significant
shifts in adaptive zones. For example, species with
hypertrophied lips, which have evolved repeatedly across
maijor cichlid radiations, are better suited to exploit food from
narrow crevices (Baumgarten et al., 2015). Beyond cichlids,
similar structural adaptations—such as premaxilla protrusion
and lower jaw depression —enable the largescale foureyes
(Anableps anableps) to feed on land (Michel etal., 2015).
Moreover, our study also hints at bone density differences as

adaptations for asymmetric usage in P. microlepis that may
enable high-speed attacks without bone damage and higher
feeding efficiency. Comparing jaw and tooth density across
species, particularly with non-scale-eating relatives, could
provide deeper insights into the evolutionary and functional
significance of these adaptations and the developmental and
evolutionary paths that led to the apparent adaptive
differences of this trait.

Potential implications of this high-quality morphological
data

The 3D uCT analysis reveals that head asymmetry in P.
microlepis is a continuous trait with a bimodal distribution. A
next focus could be to explore its potential genetic basis. We
proposed three hypotheses. First, like other dimorphic traits,
such as the coexistence of gold and dark morphs in Midas
cichlids (Amphilophus spp.) (Kautt etal., 2020; Kratochwil
etal.,, 2022) and dorsal spine polymorphism in stickleback
(Apeltes quadracus) (Wucherpfennig et al., 2022), the bilateral
head asymmetry of this fish might be determined by a single
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Figure 4 Major 3D shape variations in the heads of 40 Perissodus microlepis individuals

A: Virtual heads with PC values deviating from the mean by +100. Red dotted lines indicate variations in shape. B: Scatter plots illustrating PC2 and
PC3. The classification of L- and R- morphs for the samples was determined based on independent volume disparities between the left and right
sides (refer to Figure 3A). Yellow denotes L-morph, while blue represents R-morph.

Figure 5 Mouth and internal skeleton deformation

A, B: Kinematic high-speed video images of feeding events. Each frame illustrates a representative stage within the feeding events. A: Capture
feeding on mysis. The food source is outlined. B: The scraping behavior of scale-eating. The changes in the outline of the mouth are indicated by
red dotted lines. The black dotted line is used as a contrast. C: The lateral and dorsal views of fish that are preserved in ethanol with different levels
of opening and closing of the mouth. Key skeletal parts including premaxilla, maxilla, and mandible are marked in intense green, red, and yellow,

respectively.

(or very few) major effect loci, with phenotypic plasticity
explaining the variation around the bimodal peaks. Secondly,
behavioral laterality, which in itself presumably has a genetic
basis, shapes head asymmetry through developmental
plasticity (Neufeld & Palmer, 2011; Palmer, 2004, 2010; Van
Dooren et al., 2010). Lastly, it seems most likely that both the
lateralized feeding preference, which manifests itself quite
early in ontogeny (Meyer lab, unpublished data), and
morphological asymmetry (genetic basis) reinforce each other
and become more pronounced as the fish grows
(developmental plasticity). Overall, there are likely to exist a
set of influential genetic loci that contribute measurably to the
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asymmetry observed in head morphology. But, this needs
further exploration.

In conclusion, our study contibutes to clarifying the
distribution of head asymmetry in this fish species. The fish
develops bilateral morphological asymmetry through volume
changes in key craniofacial bones, resulting in a bimodal
distribution in the population. Furthermore, using P. microlepis
as a case study, it illustrates how fish explore new ecological
niches through coordinated innovations in morphology and
behavior. By providing high-quality phenotypic data, this
research establishes a solid foundation for future genetic
research.
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