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Abstract. Fish aquaculture is frequently confronted with skeletal abnormalities. In gilthead seabream
(Sparus aurata (Linnaeus, 1758)), opercular deformities are one of the most common types of
deformities. Many studies point at potential causal factors, mainly genetic or nutritional. However, no
clear consensus has surfaced yet, and other factors known to affect bone formation remain unexplored,
including mechanical stressors by external forces or muscle contraction. In this study, we investigated
whether an altered mechanical use of the gill cover could be associated with opercular deformities, by
inducing a change in the respiratory rate and thus gill ventilation. Juvenile seabreams were reared under
80, 100 or 200% dissolved oxygen (DO) to trigger altered respiration behaviour, and the effect on body
and opercular shape was analysed. The main hypothesis was that hypoxic conditions would increase
opercular ventilation, which would result in a higher prevalence of opercular deformities. The results
show that the hypoxic condition (80% DO) did not trigger a significantly higher prevalence of opercular
deformations, though the opposite is true for the hyperoxic condition (200% DO). No effect of oxygen
treatment was observed on overall body shape, though deformed opercles showed a pronounced, but
non-significant difference in shape across treatments. Morphometric results and pCT scans reveal that
deformations mainly occur in the dorsocaudal region of the opercular bone. Although no causal link
could be demonstrated, we discuss how these results can indirectly suggest that an altered mechanical
loading on the operculum could explain its deformation.
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Introduction

Morphological abnormalities frequently occur in finfish aquaculture, affecting different aspects of the
fish’s morphology, especially at the skeletal level. This ranges from the overall shape to specific skeletal
parts such as the cranium, the vertebral column, or the fins (DIVANACH et al. 1996; KOUMOUNDOUROS
2010). Deformities in a cultured stock have multiple consequences. Spinal, fin or swimbladder issues
affect swimming performance (CHATAIN 1994) while deviations in the cranial skeleton can influence
feeding performance (KOUMOUNDOUROS et al. 1997). Some abnormalities, such as opercular deformities,
affect the respiratory efficiency, which leaves the fish more susceptible to hypoxic stress but also to
increased exposure to gill parasites (PAPERNA ef al. 1980; BERALDO et al. 2003). A reduced biological
performance, lethal or not, also results in a reduced market value associated with a downgrading of the
image of the product (NOBLE et al. 2012). Frequencies of deformities can be substantial, ranging up to
80% of the stock (DIVANACH et al. 1996; BOGLIONE et al. 2013), though prevalences have dropped in
the last decades, likely due to improved fish husbandry (KOUMOUNDOUROS 2010; PRESTINICOLA ef al.
2014). Still, such abnormalities remain a problem in a time when both food quality and appearance
strongly influence the customer’s confidence in aquaculture products.

Many factors have been identified as possible causes for deformities, ranging from nutritional, genetic
and polluting sources to abiotic parameters, including hydrodynamic conditions and stocking density
(ROO et al. 2010; BOGLIONE et al. 2013; SFAKIANAKIS ef al. 2015; KUROKI et al. 2016). However, little
attention has been given to the mechanical induction of skeletal deformities, although it is known that
the mechanical environment controls bone formation and is even essential for it (WITTEN & HUYSSEUNE
2009). The large number of causative factors makes the investigation of morphological abnormalities a
complex problem.

In 2020, gilthead sea bream represented 9% of the total EU aquaculture production in volume, and 13%
in real value (EUMOFA 2022). Although sea bream husbandry has greatly improved in the last decades,
skeletal anomalies remain a frequently occurring issue, with percentages of affected fish ranging from
2 to 50% (KOUMOUNDOUROS et al. 2010; GEORGAKOPOULO et al. 2010; PRESTINICOLA et al. 2014;
GARCIA-CELDRAN et al. 2016). The most common anomaly is found in the operculum, with a prevalence
of 6 to 32% (VERHAEGEN et al. 2007; ORTIZ-DELGADO ef al. 2014; GARCIA-CELDRAN et al. 2015). Such
deformities involve the opercular and subopercular bone and can be uni- or bilateral (symmetrical and
asymmetrical), where unilateral deformations seem to indicate a fluctuating asymmetry (VERHAEGEN
et al. 2007). During normal ontogeny, the opercle forms through an appositional deposition of acellular
bone, leading to the ossification in the opercular skin fold. This skin fold is detectable at 7 DPH (days
post-hatching), and the onset of ossification occurs as a very thin opercle at 14 DPH (ORTIZ-DELGADO
et al. 2014; THUONG et al. 2017). The first signs of an opercular deformity are detectable around 17—
19 DPH, at 4.5 mm total standard length (defined as the length from the tip of the nose to the caudal tip
of the notochord in early larval stages or to the tip of the caudal peduncle in later stages) (GALEOTTI
et al. 2000; THUONG et al. 2017). Opercular deformities are sometimes associated with deformities in
the branchiostegal rays and to a lesser extent in the preopercular bone (KOUMOUNDOUROS et al. 1997).
When deformed, these structures generally show an inward folding into the gill cavity (GALEOTTI et al.
2000; BERALDO et al. 2003; VERHAEGEN ef al. 2007).

During early ontogeny, the opercular fold is not yet supported by bone, making it more susceptible
to bending due to mechanical forces from water flow. Mechanical stressors affect the ossification and
mineral content of the bone matrix, thereby altering the mechanical properties of the bone (TOTLAND
et al. 2011). In cellular bone, osteocytes are the mechanosensors that can respond to different stimuli,
including (changes in) mechanical strain (BONEWALD 2011; WITTEN & HALL 2015). However, Sparidae
lack osteocytes embedded in the bone matrix (EKANAYAKE & HALL 1988). With no osteocytes present,
the role of mechanosensing is likely attributed to osteoblasts (SHAHAR & DEAN 2013; ATKINS et al.
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2015), although a recent study suggests that the absence of osteocytes in this bone should be reconsidered
(OFER et al. 2019). In S. aurata, opercular osteoblasts are mainly localized around the posterior edge
of the bone, indicating that matrix deposition is concentrated there (THUONG et al. 2017). Deformed
opercles also contain thinner collagen fibres (FERNANDEZ et al. 2011; THUONG et al. 2017) and show
increased mineralization levels in some parts (MOREL ef al. 2010; THUONG et al. 2018), two factors that
will alter its material properties and thus how it will respond to mechanical stress. Considering that bone
morphogenesis is partially controlled by mechanical stressors (WITTEN & HUYSSEUNE 2009; ORTIZ-
DELGADO et al. 2014), an altered mechanical regime acting upon the opercular bone may provide an
unexplored explanation for the occurrence of opercular deformities.

Contracting muscles also induce mechanical loading on skeletal structures. For example, abnormal bone
deposition on the ossifying pre-haemal vertebrae of sea bass was observed under hyperactivity of the
pre-haemal muscles (KRANENBARG et al. 2005). Excessive lateral movement of the operculum during
gill ventilation could be expected to co-occur with increased mechanical loading, especially at the
attachment sites of the antagonistic muscles acting upon it (i.e., an abducting musculus dilatator operculi,
and an adducting musculus adductor operculi) (WINTERBOTTOM 1973). An increasing oxygen demand
or a decreased DO (dissolved oxygen) level in the water would then trigger an increased opercular
ventilation effort through a higher ventilation frequency and abduction amplitude (CEREZO & GARCIA
GARCIA 2004). Most aquatic respiratory fish species hyperventilate as a response to hypoxia, although
the oxygen level threshold for a hyperventilatory response is very species-specific (PERRY et al. 2009).
MARTOS-SITCHA et al. (2019) and FERRER et al. (2020) observed a close relationship between oxygen
consumption and opercular moving frequency in sea bream and sea bass after exposure to different
physical activities. In both cases, increased opercular muscle activity then results in an increased
mechanical loading at the insertion sites, and an increased load can be expected all over the operculum,
as it pushes against the water. We hypothesize that a sustained and increased opercular ventilation
alters the loading pattern, which could lead to an opercular malformation. MOREL et al. (2010) and
THUONG et al. (2018) observed a denser mineralization in the caudal region of the fold, corroborating
our hypothesis that an increased osteogenic response may result from an increased mechanical loading.

The current study tested this hypothesis by triggering an altered opercular ventilation regime through
different DO conditions. By changing the mechanical loading pattern that comes with this setup, we
wanted to test whether hypoxic or hyperoxic conditions can trigger abnormal opercular phenotypes.
We expected to find more opercular deformities under hypoxic than under normoxic and hyperoxic
conditions. We also assessed to what degree these treatments affect the overall body phenotype, and to
what degree abnormal opercular phenotypes are associated with particular body shapes.

Material and methods

Hatching and rearing conditions

Samples of gilthead sea bream (Sparus aurata (Linnaeus, 1758)) were obtained from the commercial
sea bream hatchery in Maricoltura di Rosignano Solvay, Italy. All eggs originated from the same set of
60 broodfish and were spawned at a temperature of 17.5°C. After two days in a tank with continuous
water renewal, they hatched at a temperature of 18.5°C. At hatching (i.e., 0 DPH), larvae were stocked
in three larval rearing tanks of 6000 litres each, with 650000 larvae per tank. From 7 DPH onwards,
each tank was exposed to a different water oxygenation regime: 80%, 100% or 200% dissolved oxygen
(DO), with a concentration of 5.6, 6.8 and 14 mg O, per litre, respectively. DO levels were measured
with OxyGuard oxygen probes and were increased using liquid oxygen. For the hypoxic condition,
we selected the lowest acceptable DO level that would not compromise fish survival, i.e., 80% DO
(PAVLIDIS & MYLONAS 2011). After 23 DPH, the larvae were transferred to weaning tanks of 10000
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litres each, still under the same oxygen level conditions, at 170000 larvae per tank. From 3 to 30 DPH,
MIC-F (INVE Technologies, Dendermonde, Belgium), a probiotic mixture containing Bacillus strains
that improve fish larvae health by increasing water quality and suppressing pathogenic bacteria, was
added to the rearing water. Temperature and salinity in rearing and weaning tanks were kept close to
17.5°C and 38%o, respectively. The light intensity regime was adjusted from 400 to 800 lux at 4 DPH
and to 8 500 lux when transferred to the weaning tanks. The entire rearing system is semi-closed,
with 30% of new seawater entering the system daily. Water renewal was set at 150% on 0-3 DPH and
increased gradually from 70% at 4 DPH to 300% at 42 DPH. From 3-28 DPH, microalgae (Monzon
Nannochloropsis followed by INVE Sanolife GWS) were added to create a green-water environment. All
fish were raised with the same feeding regime: live feed was provided starting on 3 DPH (rotifers, INVE
Artemia AF strain and INVE Artemia EG strain consecutively), supplemented with artificial diets from
24 DPH onwards (INVE Proton /2, INVE Proton %, INVE Proton % and INVE Proton % consecutively).
Mortality was assessed by siphoning and collecting the dead larvae. The initial mortality was estimated
on 2 DPH. From 15 DPH onwards, coinciding with the onset of ossification of the opercle, mortality was
monitored every 2™ day, and daily from 32 DPH onwards.

Samples

Samples from each oxygen treatment were collected at six points in time, with approximately one week
between every sampling point (i.e., at 20, 27, 34, 40, 48, 55 DPH) and sample size varying from 24
to 35 specimens, totalling 540 specimens. Samples were collected from 20 DPH onwards, when the
opercular bone is sufficiently developed and actively used for ventilation. At earlier stages, larvae obtain
oxygen partially through passive diffusion through the skin. All sampled specimens were anaesthetized
and killed by means of an overdose of MS-222, fixed and stored in 4% buffered formalin, and gradually
transferred into 30%, 50% and finally 70% ethanol solution. All specimens were stained whole-mounted
with a 0.1% Alizarin red solution for 1.5 to 2 hours, depending on the size of the animals. This staining
allows a more detailed visualization of the mineralized structures, required for identifying the landmarks
and opercular outlines for the shape analyses.

Image acquirement

All specimens were photographed using an Olympus SC30 digital camera mounted on an Olympus
SZX9 stereoscopic microscope, with images acquired by analySIS getIT software (ver. 5.1; Olympus
Soft Imaging Solutions GmbH; www.olympus-sis.com). Before photographing, the specimens were
positioned as horizontal as possible in a petri dish and carefully covered with a microscopic slide
(large specimens) or cover slip (smaller specimens) to minimize lateral flexion of the body, without
compressing the specimen. Specimens were positioned to ensure that bilateral anatomical structures
overlapped as perfectly as possible, to minimize any possible shape variation due to suboptimal
positioning. Both the whole body and a close-up of the head region were photographed from both
lateral sides (see further), with a scale included in each picture (piece of millimetre sheet). Specimens
that could not be photographed due to an extreme flexion of the body (either due to natural causes or
through fixation) were omitted from further analysis (12 in total). As opercular deformations can occur
unilaterally, all right-side pictures were mirrored so that they could be combined with the left-side data
in the morphometric analyses.

Body measurements

On whole body-images, distances between specific morphological points were measured using the FIJI
Imagel software (FIJI, 1.51w; www.imagej.net; SCHINDELIN ef al. 2012; SCHNEIDER et al. 2012). The
picture was positioned to make sure that the body was set horizontally. Vertical reference lines were then
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set at the tip of the snout (i.e., the most rostral point of the head), the frontal edge of the eye, the frontal
edge of the cleithrum, the caudal edge of the opercular bone and the caudal edge of the caudal peduncle.
On individuals that displayed a mild dorsoventral flexion, we performed a correction by applying the
‘segmented line option’. This option allows to draw lines under an angle, at the point of flexion, and
measure them as one distance.

The following distances were measured (Fig. 1a): standard length (SL): from the tip of the snout to the
caudal edge of the peduncle; snout length (SnL): from the tip of the snout to the frontal edge of the eye;
head length (HL): from the tip of the snout to the caudal edge of the cleithrum (unlike many sources
in literature, head length was not chosen as the distance up to the caudal opercular edge, because the
opercular morphotype would then bias any relationship with the head length); head depth (HD): the
height of the head in the postorbital region, just in front of the supraoccipital bone. Finally, the distance
between the tip of the snout and the caudal edge of the operculum was measured, and by subtracting this
distance from HL, we obtained a quantitative measure for the degree of opercular shortening, further
referred to as the gap width (GW). A negative GW refers to an operculum overlapping the cleithrum
(normal phenotype), while a positive value refers to an operculum not reaching the cleithrum (deformed
phenotype). This last measurement can only be used when individuals display a fully formed gill cover
(whether deformed or not). As such, the GW could only be measured for individuals of 48 and 55 DPH.
Additionally, SL was assumed not to differ between lateral sides in case of an opercular deformation and
the average over both sides was used as a size proxy for the entire specimen.

Figure 1 — a. 55 DPH old, deformed specimen; standard length (SL), snout length (SnL), head length
(HL), head depth (HD) and gap with (GW). b. 55 DPH old, normal specimen, with an overview of the
landmark locations. ¢. traced outline of an operculum. d. Silhouette of the operculum, as used for the
outline analysis.

Landmark acquisition and body shape analysis

Homologous landmarks were chosen to capture a reliable representation of the shape variation in the
skull and the overall external morphology and were clearly distinguishable on every specimen. Only
specimens from 48 and 55 DPH were used for the shape analysis, as these developmental stages allow
to identify a sufficient number of homologous landmarks in a reliable manner. The selected landmarks
are either type 1 (positions where more than 2 structures meet), 2 (maxima of curvatures and extrusions,
such as the tip of a bone or teeth) or 3 (‘extremes’ or special and rare landmarks, such as the centroid of
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TABLE 1

List of landmarks with their description and type. For a definition of each type, see ROHLF & BOOKSTEIN
(1990).

Landmark Description Type
1 Anteroventral tip of the premaxillary bone II
2 Caudal tip of the premaxillary bone I
3 Anterior tip of the dentary bone I
4 Dorsal tip of the mediodorsal suture between the nasal and frontal bone I
5 Anterodorsal tip of the sphenotic bone I
6 Posterior tip of the post-temporal bone II
7 Posterodorsal tip of the pre-opercular bone I
3 Overl.apping point of the subopercular-interopercular bone suture with the posterior I

margin of the pre-opercular bone

9 Anterior tip of the interopercular bone I
10 Anterior tip of the pre-opercular bone 11
11 Posterior tip of the parietal bone I
12 Posteroventral tip of the retro-articulare of the mandibular bone I
13 Centre of the eye I
14 Caudal tip of the cleithrum 11
15 Base of the first spine of the dorsal fin I
16 Base of the first soft ray of the dorsal fin (12" fin ray) I
17 Base of the last soft ray of the dorsal fin II
18 Dorsal onset of the caudal fin I

19 Caudoventral tip of the third hypural bone II
20 Ventral onset of the caudal fin I

21 Base of the last fin ray of the anal fin II
22 Base of the first fin ray of the anal fin 11
23 Bony base of the pelvic fin II
24 Base of the last (upper) fin ray of the pectoral fin 11
25 Base of the first (lower) fin ray of the pectoral fin 11

a structure). For a more detailed description of each landmark type, see ROHLF & BOOKSTEIN (1990).
The landmark dataset was constructed using tpsUtil, while tpsDig was used to digitize the landmark
positions on the whole-body images of both lateral sides (ROHLF 2015). Landmarks are based on those
from VERHAEGEN et al. (2007) and set at the positions as described in Table 1 and shown in Fig. 1b.
No landmarks were set on the operculum, as this would bias the comparison of the shape co-variation
between overall body and gill cover.

Landmark coordinates were corrected for variation in size, position and orientation with a General
Procrustes Analysis (GPA) (ROHLF & SLICE 1990). The variation in the obtained shape coordinates was
described by a principal component analysis (PCA). To assess potential erroneous projection from the
Kendal (non-Euclidean) shape space onto the Euclidean shape space, the Pearson’s product-moment
correlation between the shape distances from both shape spaces was calculated, using tpsSmall (ROHLF
2015). The correlation coefficient was maximal (r=1.000, p < 0.001), making the dataset suitable for
further statistical analyses. SL was used as a size parameter, because it was more easily obtained and
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interpretable in a practical context than the normally used centroid size. SL also correlated strongly
with centroid size (r=0.996). All analyses on landmark configurations were done using the R package
Geomorph ver. 3.1.2 (ADAMS et al. 2013, 2018).

To minimise measuring errors in the landmark digitisation (digitisation error and variation in the
orientation of the specimen for imaging), an error analysis was performed. Digitisation error refers
to the ratio of relative deviation in the digitized landmarks over the deviation between the specimens.
This offered an estimate on the magnitude of personal (digitization and orientation) error, compared
to the variation between specimens. Digitization error was estimated by digitizing the same picture of
a single specimen ten times, assessing the variation of landmark allocation by the researcher. For the
orientation error, one specimen was photographed ten times, but every time the specimen was taken out
of and repositioned in the petri dish. For both error datasets, the average Procrustes distance over all
clusters of replicas was divided by the average Procrustes distance of all the clusters as one dataset. This
expressed the amount of digitization and total personal error with respect to the entire shape variation.
Orientation error was then obtained by subtracting digitization error from the total personal error. The
lower the ratio, the more power can be expected from any analysis conducted with the same method of
digitisation and orientation.

Opercular outline acquisition and analysis

Shape variation of the opercular bone was analysed by an outline analysis. Only 55 DPH specimens
were used, because they have sufficiently developed opercles that reduce ontogenetic shape variation.
The outline of the opercular bone was traced manually on pictures from both lateral sides of the head
region, using Inkscape ver. 0.92.3 (www.inkscape.org). The outline was then transformed to a black
shape on a white background (Fig. 1c—d), allowing an accurate and automated tracing of the contour.
Jpeg-files of these images were processed in the R package Momocs ver. 1.2.9, in which all outline
analyses were performed (BONHOMME et al. 2014). Shape descriptors were generated with an Elliptic
Fourier analysis (EFA) (KUHL & GIARDINA 1982), where shapes were aligned and superimposed. The
obtained Fourier coefficients were used for further multivariate analysis (see below).

CT scans

Once stained and photographed, specimens with normal and deformed opercula were selected from
the 48 and 55 DPH samples, displaying a range of opercular phenotypic varieties. These specimens
were pCT-scanned to obtain a 3D visualization of the opercular morphotypes and the associated bones.
Histological studies on opercular deformities indicate that deformed opercular bones often display an
inward folding. A 3D view allows to observe and describe more accurately the severity and the region
of the deformation and provides insight in the relationship with the opercular ventilation muscles. Scans
were performed with the HECTOR pCT-scanner at the Centre for X-ray Tomography (UGCT) at Ghent
University. The following settings were used: 70kV tube voltage and 801 projections over 360°. The
pixel pitch of the detector was 400 um, with a reconstructed voxel size of 14.06 pm. Projections were
processed and reconstructed using the CT software Octopus (VLASSENBROECK ef al. 2007). CT data was
3D rendered with Amira 5.5.0 (Visage Imaging, San Diego, CA, USA), using the voxel rendering tool,
wherein the bones of interest were segmented, and their surfaces rendered for a complete 3D overview.

Statistical analyses

Statistical analyses were conducted in the statistical package R ver. 3.5.0 (R Core Team 2018).
Differences in prevalence between treatments were analysed with Fisher Exact Tests. Data on body
measurements were subjected to PCAs and a MANOVA test for each age group, with the measured
variables as dependent factors, and treatment and opercular morphotype (based on the GW value) as
categorical, independent variables. A log linear model was fitted to compare the growth curves between
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the different treatments. All PCAs were assessed with a broken-stick model that identifies the relevant
principal components (MACARTHUR 1957). Test results are considered significant when p < 0.05.

For the landmark data, the relationship between the factors ‘treatment’ and ‘opercular morphotype’ was
tested with a general linear model. With a Procrustes linear model, we assessed the relative amount of
overall body shape variation by the independent variables ‘treatment’ and ‘opercular morphotype’, while
taking standard length into account. Pairwise tests were then performed between treatment groups, using
the procD.Im function. PCA plots were made with the plotTangentSpace function.

Outline data were analysed using the Momocs package. The number of relevant harmonics (with each
harmonic described by four Fourier coefficients) was selected based on the percentage of shape variation
they explain. The first harmonics that cumulatively cover 99% of the shape variation were retained for
subsequent analyses. Outline shape data (Elliptic Fourier coefficients) were then submitted to a PCA.
The scores of the relevant PCs (selected via a broken-stick model) were subjected to a MANOVA test,
with categorical variables opercular morphotype and treatment as independent factors. Mean shapes
between treatments and opercular morphotypes were then compared.

Results

Survival and prevalence of deformities

At 2 DPH, prior to exposure to the different DO treatments, the initial mortality was estimated at 19.7,
21.5 and 17.8 % for the three rearing tanks. Up to 32 DPH all treatments displayed a similar trend in
mortality. During the subsequent five days, mortality slightly increased more in the 200% DO treatment.
By 55DPH, mortality had increased with 0.4, 0.6 and 0.8% for the 80% DO, 100% DO and 200% DO
treatment, respectively.

Fully developed opercula could already be recognized at 40 DPH, but in less than 50% of the specimens.
Of those with a completely developed operculum, only a minor fraction (< 5%) showed deformed
opercula. Only specimens of 48 and 55 DPH were further considered, yielding a sample size of 191
specimens with completely developed opercula. 27.2% of these had a positive GW value, and thus
displayed an opercular malformation. In 15, the deformation was bilateral (Table 2).

TABLE 2

Prevalence of normal vs deformed opercular morphotypes, for each age and treatment group. Values
between brackets represent the percentage of specimens with a deformation for the treatment at that age.
The relative GW is presented as the GW/HL ratio, includes deformed opercles only, and is reported as
average + standard deviation.

Age 48 DPH 55 DPH
Treatment 80% DO 100% DO 200% DO 80% DO 100% DO 200% DO  Total
Normal 24 22 14 30 27 22 139
Deformed 9 (27.3) 7(24.1) 14 (50) 5(14.3) 7(20.6) 10(30.3) 52(27.2)
Unilateral left 3 2 5 4 1 4 19
Unilateral right 3 4 3 1 3 4 18
Bilateral 3 1 6 0 3 2 15

0.024 0.036 0.031 0.055 0.056 0.049

Averagerelative GW __n\jie L0031 £0012  +0030  +0.033  +0.022
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A Two-sided Fisher Exact Test revealed a significant difference in the prevalence of deformed opercula
between the oxygen treatments (p=0.03281). Similar results were obtained when testing both ages (48
and 55 DPH) separately (Cochran-Mantel-Haenszel chi*-test, p=0.02503). Deformations showed an
increased prevalence at 200% DO (Table 2). No significant difference was found in left versus right
prevalence (p=1), indicating no association between the presence of a deformation and the side it
appeared on.

Body measurements

Body measurements of all 528 specimens were analysed. The variables SL, SnL, HL and HD correlated
strongly (Pearson correlation coefficients between 0.967 and 0.994). For none of these variables a
difference was found between the treatments in the 48 and 55 DPH samples (Table 3). At younger ages,
only very minor differences were observed. A log linear model fitted to the growth curve (SL vs DPH)
showed no treatment effect (p=0.7645) on growth (Fig. 2). SL changed according to SL=3.42 x %04
(R?,,=0.89, with d the age in DPH).

A PCA with broken-stick analyses of all body measurements, except GW, showed that only the first
principal component was relevant, explaining 98.6% of the variation. Factor loadings on PC1 confirmed
it being an overall size factor (Fig. 3). PC2 represented 1.1% of the variation and was mainly negatively
correlated with SnL. In the plot of PC1 vs PC2, specimens in the upper left quadrant were smaller and
had relatively short snouts, while those in the lower right quadrant were larger, and had relatively large
snouts. No clustering associated with treatment was observed, indicating that different DO treatments
did not consistently affect the body parameters measured here.

121
£
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Q e 100%DO
— —— 200%DO
o —— 80%DO
3
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20 30 40 50
Age (DPH)

Figure 2 — Growth curves for each treatment. Error flags represent standard deviation.
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TABLE 3

Overview of the body measurements per treatment (left columns) and opercular morphotype (right
columns), for 48 and 55 DPH. Reported as average + standard deviation, in mm unit size. Significance
codes: *** =<0.001; **=<0.01; *=<0.05;.=<0.1.

48 DPH 80% DO 100% DO 200% DO Sign. Normal Deformed Sign.
SL 11.00+1.15 10.86 £ 1.01 10.71 = 1.13 11.10+0.95 10.03 £ 1.20 Ak
SnL 0.82+0.11 0.79+£0.11 0.78+0.10 0.82+0.10 0.71+0.10 oAk
HL 2.79+£0.30 2.74 +0.27 2.73 +0.28 2.81+0.25 2.57+£0.31 o
HD 2.32+0.29 2.31+0.24 2.26+0.26 2.35+0.23 2.11+0.29 oAk
55 DPH 80% DO 100% DO 200% DO Normal Deformed
SL 11.92+1.25 11.84+1.09 11.68+1.11 1190+ 1.14 11.29+1.15 *
SnL 0.92+0.14 0.89+0.12 0.90+0.13 0.91+0.12 0.86+0.16
HL 3.16 £0.39 3.13+0.31 3.10+0.34 3.15+0.35 3.04+0.35
HD 2.64 +0.35 2.62+0.28 2.59+0.31 2.63+0.31 2.54+0.34

When including GW, the normal versus deformed opercular morphotypes could be compared (for 48
DPH and 55 DPH). Normal specimens had a significantly larger SL at both ages (Table 3). SnL, HD and
HL were only significantly different at 48 DPH. The frequency distribution of GW over all treatments
revealed a bimodal distribution, reflecting both opercular morphotypes (Fig. 4a). Subtle differences were
found between treatments, displaying bi- or trimodality, with slightly more variation in the deformed
group (Fig. 4b). No pronounced differences were observed between lateral sides. A PCA and broken-
stick on the data from 48 and 55 DPH, now including GW, showed the first PC to be relevant, explaining
79.2% of the variation. PC1 was a size factor (Fig. 5), with an increase in overall size associated with
a small decrease in GW (reflecting the larger size in normal specimens). There could be a bias from the
more numerous normal opercular morphotypes in the dataset, leading to, on average, larger individuals

Treatment

* 100%DO
+ 200%DO
= 80%DO

PC1

Figure 3 — PCA biplot of all body measurements (gap width not included) on specimens of 48 and 55
DPH. Colour coding is according to treatment.
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Figure 4 — Density distribution of gap width values. a. bimodal distribution of specimens with normal
(left peak) and deformed (right peak) opercula. b. density distributions of gap width, coloured according

to treatment.
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displaying negative gap values. PC2 explained 16% of the variation, separating specimens based on
their opercular morphotype (Fig. 5). Factor loadings for this PC indicated that a change in GW is nearly
independent from the overall size of the fish, as can be seen in Fig. 7, where the factor GW is projected
almost perpendicularly onto the other factors. PC3 contained 3.7% of the variation, mainly explained by
relative snout length. Again, no clustering according to treatment was detected.

Standard Length
Treatment

* 100%DO
* 200%DO
* 80%DO

Opercular morphotype

¢ Deformed
» Normal

Figure 5 — PCA biplot (PC1 vs PC2) of all body measurements (gap width included) on specimens of 48
and 55 DPH. Colour coding is according to treatment.
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Figure 6 — Biplot of PC2 vs PC3 of the landmark data, with colour coding according to treatment. Shapes
represent the landmark configurations that correspond with the minimum and the maximum PC scores.
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Body shape

The digitisation error was 19.70%, and confirms that the individual specimens can be distinguished
from each other with this approach. The orientation error was marginally negative (-1.52%), inferring
that this error was negligibly small. A PCA with broken-stick on the 48 and 55 DPH samples (n=191)
recovered the first three PCs as relevant, explaining 74.03% of the shape variation (Fig. 6). PC1 (45.39%)
characterized a dorsoventral curving of the body, probably a fixation artefact. This PC is thus omitted
in further graphical representations. PC2 (18.68%), represented variation in the height of the abdomen,
accompanied by a slight downward bending of the tail region (Fig. 6). The few 80% DO specimens with
a higher PC2 score differed from the others in having signs of scoliotic deformity. PC3 (9.96%) revealed
variation in the height of the head and abdominal region, and overall size of the tail region (Fig. 6). No
clustering according to treatment or opercular morphotype was found.

The Procrustes linear model explained 25.7% of the body shape variation, indicating a low fit with
SL and treatment. Most of the explained variation was due to SL (R?=23.4%, p=0.001) suggesting a
weak size allometry, while treatment explained very little shape variation (R*=2.3%, p=0.001). This
allometry mainly involved an elongation of the skull, a ventral expansion of the branchiostegal region,
a heightening of the abdominal region, and a reduction of the tail region as overall size increased.
As opercular morphotype showed no significant effect, it was left out of the final model. A pairwise
comparison between mean treatment group shapes showed that only the 200% DO shapes differed
significantly from that of the other two treatments (p=0.001 for both).

PC2

Figure 7 — Biplot of PC1 vs PC2 on opercular outline data, colour coded according to opercular
morphotype (95% confidence ellipses added). Black=normal shape; grey =deformed shape. The shapes
on the axes represent the average shape (centre), and the shapes on the extremes of both PCs.
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Opercular shape

A total of 202 opercula across the three treatments were analysed, where 11 harmonics covered 99% of
the shape variation. The broken-stick analysis recovered the first four PCs as relevant, explaining 82.83%
of the opercular shape variation. PC1 (46.38%) reflected variation in an antero-posterior position of the
caudal edge of the operculum, associated with the level of deformation as defined by GW. PC2 (17.75%)
also represented variation in the opercular width (to a lesser degree than PC1), but also included variation
in the curvature of the dorsocaudal region (Fig. 7). PC3 and PC4 (10.62% and 8.08%, respectively)
covered variation in the overall shape, magnitude and acuteness of the dorsal protrusions. Interestingly,
not all specimens labelled as deformed (positive GW values) had an opercular shape deviating from the
normal one (Fig. 7). No clustering according to treatment was detected (not shown). Variation among
normal opercular morphotypes was similar for all treatments, with 95% confidence ellipses overlapping
strongly, while the variation of deformed morphotypes was larger in 200% DO, but limited in 80% DO.

MANOVA test results revealed that normal opercula significantly differed from deformed ones
(p <0.001). The mean shapes of both morphotypes are represented in Fig. 8a. However, care should be
taken when interpreting this figure. Shapes were superimposed so that their centroid points overlapped,
giving the impression that a deformed opercle changed in shape on both the rostral and the caudal side,
while it was in fact only at the latter. Thus, for a correct interpretation, the frontal edges of both opercular
morphotypes should be aligned, revealing an even stronger shape change at the caudal side (Fig. 8b).

Treatment affected opercular shape (p < 0.001), but also its interaction with morphotype, indicating
that opercular bones of the same morphotype did differ between treatments. A pairwise comparison per
morphotype revealed that the shapes of the normal opercular morphotypes differed statistically from
each other across treatments, while the deformed ones did not. The level of these shape differences
across the normal morphotypes was very subtle, with the shape of the dorsal protrusion under 100%
DO being slightly different from the other treatments (Fig. 9a). The deformed morphotypes on the other
hand, expressed a more pronounced, but non-significant difference across treatments (Fig. 9b). This
was likely due to the low number of specimens. Most severe malformations appeared in the 80% DO

treatment.
b ’\¥>

Figure 8 — Comparison of mean shapes for both opercular morphotypes. Black=normal shape,
grey =deformed shape. a. Shape superimposition based on overlapping centroid points. b. Manually
adjusted shape superimposition resulting in a leftward tilt of the deformed opercle, revealing a shape
shift almost exclusively at the distal region.

a
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— 100%DO
= 200%DO
— 80%DO

Figure 9 — Comparison between mean normal (a) and mean deformed (b) shapes for each treatment.

Morphological description of deformed opercula

Deformed opercles with a gap between the distal opercular border and the cleithrum exposed a large
part of the gill cavity. This gap was the result of an inward folding or curling of the caudal region of
the operculum (Fig. 10). In one individual, the opercle was folded to the outside, but with its caudal
tip folded inwards. Severe deformations involved a more acute and spiralling dorsal process. The
surrounding suboperculum and the caudal tips of the branchiostegal rays also showed deformations and
followed the same pattern and direction of folding as of the opercular bone.

Discussion

Oxygen treatment & mechanical loading

By altering gill ventilation through the exposure to varying DO levels, we expected that this would lead
to an altered mechanical loading by the opercular muscles onto the medial crest of the opercular bone
(where the adductor muscle inserts). We observed deformations mainly in the dorsocaudal and caudal
region of the opercular bone (Fig. 7). Since this bone ossifies in a rostro-caudal direction (FAUSTINO &
POWER 2001; KIMMEL et al. 2010), the caudal region remains unossified for a relative long time, making
it more susceptible to bending as it pushes against the surrounding water. The observed deformations
thus match opercular regions, where altered mechanical loading due to changes in gill ventilation would
be expected. No deformity was detected at the processus dorsalis (where the abductor muscle inserts),
lying at the proximal side of the opercle (Fig. 10). Alternately, the results of the GW measurements and
the opercular shape analysis indicate a non-significant difference between the treatments. In this study,
neither of the two approaches allows confirmation that opercular deformations are a direct cause of a
mechanical stressor or that the observed deformations are the result of a difference in mechanical stress
(ventilation rate). Nonetheless, an increased opercular abduction could still be indirectly involved in
the deformation of the dorsocaudal part of the operculum, due to the negative hydrodynamic pressure
generated by the so-called suction pump system (HUGHES 1960). The actual response of the opercular
ventilation rate to the three DO concentrations (and altered mechanical loading) was not quantified
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Figure 10 — 2D and 3D images of a 48 DPH mildly (a-c) and heavily deformed (d-f) specimen of Sparus
aurata. Figures b, ¢, e and fare 3D reconstructions based on pCT-scans. Figures b and ¢ are lateral views,
c and f are ventral views. Colour code for the structures: yellow =pectoral girdle; purple=left opercular
bone; green=Ileft subopercular bone; red =right opercular bone; blue=right subopercular bone.
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in this study. Monitoring this effect directly and including more extreme DO concentrations could
further validate our hypothesis. Smaller individuals such as fish larvae could also be monitored through
macroscopic close-up observations. Small electronic sensors such as miniaturized accelerometers
attached to the opercula, have been used before to monitor the respiratory frequency in larger fish
(MARTOS-SITCHA et al. 2019).

Oxygen treatment & incidence of deformation

In this study, 27.2% of the fish displayed opercular deformations (Table 2), where in literature the
frequency ranges from 6.3% to 27% and even up to 80% (ANDRADES et al. 1996; DIVANACH et al. 1996;
ORTIZ-DELGADO et al. 2014). Differences in prevalence could be attributed to changes in fish husbandry
over the last decades (KOUMOUNDOUROS et al. 2010; PRESTINICOLA ef al. 2014). We observed deformed
opercula in all treatments, with those under 80% DO conditions being the most severe in terms of
opercular shape (Fig. 9). No difference was found in the number of left- or right-deformed opercula
(Table 2), which contrasts with the directional asymmetry observed by VERHAEGEN ef al. (2007) but is
in line with the observations by KOUMOUNDOUROS et al. (1997), GALEOTTI ef al. (2000) and BERALDO
et al. (2003).

In terms of GW, the prevalence of deformities in each treatment drops between 48 and 55 DPH (Table 2).
It is unlikely that this decline is due to the mortality of deformed fish, as the relative mortality in this
period is not sufficiently high (0.2—0.35%) to justify the drop in total fish with deformed opercular
bones. Alternately, some deformed animals might have recovered from their anomaly, a phenomenon
that has been observed before in older individuals (BERALDO & CANAVESE 2011). Within such a short
time span, recovery of a deformed gill cover would only be achievable for individuals with a very
mild deformation (low positive GW value). This would be in line with our observations as the average
relative GW value of a deformed morphotype is larger at 55 DPH than at 48 DPH (Table 2). Regardless,
the 200% DO treatment results in the highest prevalence of opercular deformities in both age groups.

We hypothesized that hypoxia would lead to an increased prevalence of opercular deformities, yet this
treatment yielded similar results as normoxic conditions (Table 2). The 80% DO treatment, the suggested
minimum O, level for appropriate rearing of gilthead sea bream, may not have been sufficiently low to
trigger a change in ventilation (PAVLIDIS & MYLONAS 2011). As we could not quantify actual changes
in ventilation rates, we cannot corroborate this at this point. For both the closely related common dentex
(VALVERDE et al. 2006) and sharpsnout sea bream (CEREZO & GARCiA GARCiA 2004), DO levels below
70% are sub-optimal and increase ventilation frequency. Compared to the hypoxia threshold level for
gilthead sea bream, this indicates interspecific differences in the minimum rearing DO level, even for
closely related species. For gilthead sea bream, the % O, saturation where the fish can no longer maintain
their metabolism, is observed to be around 35% O, at 20°C (REMEN et al. 2015). All these arguments
are in support of the conclusion that in our experiment, 80% DO was not sufficiently low to trigger
substantial changes in gill ventilation.

Under hyperoxia, we expected less fish with deformed opercula than under normoxia but observed the
opposite (Table 2). Negative consequences of hyperoxia can impact respiratory structures, including
damage to the branchial lamellae due to oedema formation (WU ef al. 2016). A resulting impaired
functional performance of the gills related to oxygen uptake could then trigger a compensatory
increased ventilation frequency, which in turn would increase the mechanical loading on the gill cover.
Unexpectedly, and under those assumptions (as we could not verify actual changes in ventilation),
the results from the hyperoxic treatment in this study may provide support for our hypothesis of
mechanically induced opercular deformities. An integrated approach monitoring DO levels in the blood
and quantifying ventilation frequency could provide conclusive evidence for this. More practically, our
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results also indicate not to use oversaturated oxygen levels for the rearing of larval and juvenile sea
bream.

Although GW is an easily recognizable and measurable feature, it proves no unambiguous approach, as
the opercular shape analysis indicates that not all specimens labelled as ‘deformed’ based on GW value
show a deformed opercular phenotype (Fig. 7). Both approaches represent a different aspect of opercular
deformation: GW is a proxy for the level of gill exposure, while the geometric morphometric approach
only reveals the 2D variation in opercular shape from a lateral point of view. Further studies on opercular
deformations could benefit from a combination of both approaches. Nonetheless, a visual observation of
the degree of gill exposure through staining proves a rapid and easily applicable approach in a practical
environment. Additionally, the level of gill exposure (as seen macroscopically) greatly affects the market
value and product image and is therefore a critical feature to monitor. The association of opercular
deformations with transformation of nearby structures, such as the subopercular bone and branchiostegal
rays observed in this study, confirms the findings of other studies (KOUMOUNDOUROS et al. 1997;
BERALDO et al. 2003; VERHAEGEN et al. 2007; THUONG et al. 2017). The actual phenotypic alteration
is not restricted to a shortening of the subopercular bone (as would be observed when only considering
a lateral view) but also involves a similar inward folding as in the opercular bone. Considering the
close connection between those bones, both structurally and functionally (all are involved in respiratory
ventilation), there could still be a mechanically related deformation in all of them.

The current study focused solely on a possible mechanical effect of oxygen treatment on opercular
ventilation, though different DO levels can lead to other consequences as well. When experiencing
reduced oxygen levels, such as hypoxic water or after exercise, fish may rely on alternative respiratory
ventilation modes. During very active ventilation, the pectoral girdle (via the hypaxial muscles) and the
ventral branchial muscles are recruited to assist in active jaw abduction (TAYLOR et al. 2006). Many
fish species also switch to surface-breathing (DOMENICI et al. 2013). Under hypoxic conditions, fish
may switch to anaerobic metabolism and allocate more energy into respiration. This often causes a
reduction in locomotory activity and feed ingestion, in turn reducing growth (MAGNONI et al. 2018).
Also direct effects of oxygen levels on bone development cannot be excluded as a causal factor for the
observed deformities. Under hypoxic conditions, mesenchymal stem cells preferentially differentiate
into chondrocytes rather than osteoblasts (SIMON & KEITH 2008), whereas even a brief exposure to
extreme hypoxia inhibits osteoblast differentiation (UTTING ef al. 2006). This cell differentiation is
influenced by the hypoxia-inducible factor 1a (HIF-1a, a transcription factor that mediates the adaptive
response of cells to hypoxia). Elevated levels of HIF-1a transcripts were observed in a marine teleost
exposed to 55% DO and lower (RAHMAN & THOMAS 2007). However, these concentrations are far
below the ones applied in the current study, and it could thus not be verified to what degree HIF-1a could
also explain aspects of the observed deformations.

Oxygen treatment and size

The body size of the ‘normal’ opercular morphotype was slightly, but significantly larger than of the
‘deformed’ ones at 48 and 55 DPH (Table 3). VERHAEGEN et al. (2007) distinguished a similar pattern
at 65 DPH, suggesting that the size effect arises and is retained during some time, and is likely the
result of an impaired ventilation. In contrast, the DO treatments in our study did not result in overall
size effects after 34 DPH (Table 3). Hypoxic conditions are known to stagnate growth in fish, which
is primarily the result of a reduced food intake and an impaired food conversion efficiency. However,
the specific level of hypoxia-related growth reduction varies among species and depends on the oxygen
affinity and the cardiorespiratory robustness of the fish (WANG et al. 2009). The fact that growth was not
sufficiently reduced at 80% DO (Fig. 2 and Table 3) corroborates the conclusion that this oxygen level
is not sufficiently low to cause a negative effect on sea bream growth. No growth effect was detected in
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the hyperoxic conditions (200% DO) either (Fig. 2 and Table 3). Hyperoxia is known to have little to
no effect on fish growth, as feed conversion and metabolism seem unaffected (MCARLEY ef al. 2021).
Any negative impacts are more likely caused by an increased oxygen gas pressure (e.g., gas bubble
disease) than a rise in DO levels. A significant difference in body shape was found between 200% DO
and the other treatments , although mean shape did not differ markedly (Fig. 6). The range of DO levels
used in this study thus has no severe impact on the overall shape of gilthead sea bream juveniles. This
observation does not exclude these oxygen levels from having alternate negative effects that are relevant
for both fish welfare and for aquaculture production.

Conclusion

This study examined the possible association between mechanical loading and opercular deformities.
Results revealed that neither of our expectations on the prevalence of deformed opercula under hypoxic
and hyperoxic conditions could be confirmed. Using GW as a single measure of opercular deformation
proved useful, but it is no unambiguous proxy. A combination with opercular shape analysis would benefit
future studies. Indirect evidence suggests that increased ventilatory frequency and volume, whether
under hypoxic or even hyperoxic conditions, could trigger an increased opercular muscle contraction
activity and associated mechanical loading on the opercular and associated bones, leading to observed
deformations mainly on the dorsocaudal region of the opercular bone. The direct effects of the different
DO levels on the ventilation rate of larval and early juvenile seabream should be investigated to further
corroborate our hypothesis. More insights into the spatial distribution of mechanical loading patterns
and the direct effect on bone morphogenesis at muscle insertion sites are required to allow a more
reliable testing of the impact of mechanical loading as a direct causal factor of abnormal skeletogenesis
of opercula.
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