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The capacity of utilising a single cell protein (SCP) ingredient coming from
Corynebacterium glutamicum was assessed on adult grey mullet (Mugil cephalus)
reared in captive conditions. The experiment was carried out using triplicate groups
of grey mullet of 68 g average initial body weight. Three diets, SCP0O, SCP10 and
SCP20 with increasing inclusion of SCP (0%, 10% and 20%) in substitution of
soybean, poultry and fish meal were formulated to contain 30% protein, 10% fat
and 18.5 Mj/kg feed of digestible energy. After 113 days, fish fed SCP diets presented
significantly lower growth performance and a significant lower activity of the alkaline
proteases and aminopeptidases compared to fish fed diet without SCP inclusion. Gut
microbiota appeared modulated by SCP inclusion being dominated at the phylum
level by Fusobacteria in fish fed SCPO (51.1%), while in fish fed SCP10 (67.3%) and
SCP20 (53.2%) Proteobacteria was dominant. Data evinces a deficiency in the
protein utilisation as a cause of the poor growth performance in fish fed the SCP
diets. A hypothesis has been proposed that an incomplete SCP cell-wall lysis
accounts for this outcome because of the particular organisation of the digestive
system of grey mullet (which lack of an acidic stomach digestion) and the failing in
the development of a functional gizzard (no access to sand in captive conditions).
Even though the outcomes of this research were quite unexpected, they will
improve our knowledge on the digestive system of flathead grey mullet and
provide some theoretical basis for an improved development of low FM and SBM
aquafeed for the species.
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Introduction

Flathead grey mullet (Mugil cephalus) is an omnivorous and
detritivores fish species which has been selected as suitable for the
diversification of Mediterranean aquaculture both in monoculture
and polyculture systems due to its low trophic position (Vallainc
et al., 2021; Solovyev and Gisbert, 2022). Grey mullet presents a
rapid growth, a good adaptability to captivity and high market price
of its salted and dried roe, known as “bottarga” (Whitfield et al.,
2012). In addition, being a consumer of the lower trophic layers, its
protein requirement is considered to be lower when compared to
strict carnivorous farmed Mediterranean species. For instance, the
protein content of standard aquafeed formulations for gilthead sea
bream and European sea bass is normally around 45% (Busti et al.,
2020a; Pelusio et al., 2022), while for flathead grey mullet can be as
low as 30% (De Carvalho et al., 2010; Talukdar et al., 2020). Among
the protein sources commonly used in aquafeeds, fishmeal (FM) is
recognised as the most suitable in terms of nutritional value.
However, the increased demand and the decline of the marine
fishery stocks limit its application in aquafeeds (Glencross et al.,
2016; Pereira et al,, 2022). Alternatives to FM are conventionally
represented by plant-based ingredients such as soybean meal
(SBM), although with the presences of certain drawbacks
(Colombo et al,, 2022; Newton et al., 2023). As an example, SBM
which is largely used into aquafeed formulation as a FM substitute,
has a high carbon footprint if it is derived from crops grown on land
converted from forest or savannah (Wilkinson and Young, 2020).
In addition, its massive use into aquafeeds goes in direct
competition with human consumption, as SBM is a key element
in human diets.

In a circular economy, aquafeed ingredients derived from
industry by-products such as single-cell ingredients are in the
spotlight as a promising option for the sustainability of the
aquaculture industry (Glencross et al., 2020; Colombo et al,
2022). Single-cell ingredients are a relatively broad class of
materials including bacterial, fungal and microalgal-derived
products, which have shown potential as a source of protein,
lipids or specific nutritional components in aquafeed ingredients
(Glencross et al., 2020; Pereira et al., 2022). Among such “circular”
ingredients, bacterial single cell protein (SCP) presents a high
percentage of crude protein with a favourable amino acid profile,
along with vitamins and other functional compounds (Glencross
et al., 20205 Jones et al., 2020). Bacteria may be produced using a
wide range of substrates and nutrients ranging from industrial and
agricultural residues to bioindustry by-products (Jones et al., 2020);
thus, allowing the valorisation of waste streams and reducing the
downstream costs related to industrial waste disposal (Pereira et al.,
2022). Among different SCP sources, Corynebacterium glutamicum
is a Gram-positive bacteria generally regarded as safe (GRAS
organism) (Cheng et al., 2021; Liu et al., 2022), which is
commonly used to produce amino acids (AA). After the AA
production, filtered C. glutamicum cell mass, contains high
protein content (>70%) and a suitable AA profile to be used as a
replacement of conventional protein sources in livestock nutrition
(Zhang et al., 2013). In aquaculture nutrition, its application has
been successfully proven in gilthead seabream even at high
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inclusion level (Marchi et al., 2023). In general, digestibility and
palatability of bacterial SCP is considered good; however, variable
performances may appear between the tested bacteria genus
(Glencross et al., 2020; Bratosin et al.,, 2021), the application of
post-production cell lysis processes (e.g. autolysis or hydrolysis)
(Schoyen et al., 2005; Teuling et al., 2019; Glencross et al., 2023) and
the aquaculture species (Marit Berge et al., 2005; Hamidoghli et al.,
2019; Zamani et al., 2020; Marchi et al., 2023).

To the best of our knowledge there is no literature to date
concerning the application of a bacterial SCP in the diet of flathead
grey mullet in captive conditions. In the present study, with the aim
of providing a theoretical basis for the development of zero FM and
SBM aquafeed for mullet, C. glutamicum was used to replace these
conventional ingredients at three different inclusion levels. The
effects of its inclusion in flathead grey mullet were evaluated on
classical key performance indicators like growth performance, feed
utilisation, and other variables like metabolic blood parameters,
digestive enzyme activities and gut microbiota in order to evaluate
holistically the effects of this new sustainable ingredient in
fish nutrition.

Materials and methods
Experimental diets

C. glutamicum SCP was utilised as a replacement of the
conventional ingredients soybean meal (SBM), poultry meal (PM)
and fishmeal (FM) in the diet of flathead grey mullet. This
ingredient consisted of bulk dried bacterial single cells composed
of 73.5 + 1.5 crude protein, 3.7 + 0.6 crude lipid, 8.8 + 0.4 moisture
and 4.6 £ 0.3 ash (NT70, M.I. Gordini srl, Bologna, Italy). Three
isonitrogenous, isolipidic and isoenergetic experimental diets were
formulated to contain increasing inclusion levels of bacterial SCP:
SCPO (0% SCP), SCP10 (10% SCP) and SCP20 (20% SCP). In the
SCP20 diet, both SBM and FM were completely replaced by the
tested bacterial SCP, whereas PM was significantly reduced.
Extruded diets (pellet size: 1.5 mm) were manufactured by
SPAROS Lda (Olhdo, Portugal). The contents of protein, lipid
and energy in the diet formulations were decided on the basis of
several research works (De et al., 2012; Talukdar et al., 2020). As
observed by Ramos-Jidez and Duncan (2022), grey mullet requires
small size pellet because of its particular feeding behaviour. The
species do not chew and break the pellet into smaller particles but
capture and keep it in the oral cavity or spit it out and recapture
before ingestion. The ingredients and the proximate composition of
the diets were shown in Table 1.

Fish rearing and feeding trial

Flathead grey mullet born in captivity at International Marine
Centre (Oristano, Italy) were delivered to the Laboratory of
Aquaculture at the University of Bologna (Cesenatico, Italy). At
the beginning of the trial, fish (average body weight = 67.90 +
15.46 g) were randomly distributed into 9 x 800 L fiberglass square
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TABLE 1 Ingredients and proximate composition of the experimental
diets.

SCPO SCP10 SCP20

Ingredient, % of the diet

SCP meal 0.00 10.00 20.00
SBM meal 30.00 9.10 0.00
Fish meal 3.00 3.00 0.00
Poultry meal 9.73 9.73 5.53
Feather meal hydrolysate 5.00 5.00 5.00
Wheat meal 39.90 50.27 54.54
Fish oil 345 3.50 3.75
Soybean oil 345 3.50 3.75
Dicalcium phosphate (DCP) 2.99 2.99 3.99
L-Lysine 0.82 1.20 1.60
L-Threonine 0.00 0.00 0.10
L-Tryptophan 0.10 0.15 0.18
DL-Methionine 0.30 0.30 0.30
Vit & Min Premix 1.00 1.00 1.00
Vitamin E50 0.05 0.05 0.05
Antioxidant 0.20 0.20 0.20
Yttrium oxide 0.01 0.01 0.01
Proximate composition, % on a wet weight basis

Crude protein 31.87 31.37 31.31
Crude fat 9.41 9.89 10.24
Moisture 8.88 9.43 8.61
Ash 7.16 6.31 5.70
Energy (Mj/kg feed) 18.5 18.7 18.8

SCP, C. glutamicum single cell protein, 73.5% Crude Protein (CP), 3.7% Crude Fat (CF),
NT70, M.I. Gordini srl, Italy; SBM, Soybean meal, 44% CP, 3.5% CF, Ribeiro & Sousa Lda,
Portugal; Fishmeal, 61.2% CP, 8.4% CF, Conserveros Reunidos S.A., Spain; Poultry meal,
62.4% CP, 12.5 CF, SAVINOR UTS, Portugal; Feather meal hydrolysate, 88.8% CP, 1.6% CF,
Empro Europe NV, The Netherlands; Wheat meal, 11.7% CP, 1.6% CF, Molisur, Spain; Fish
oil, 98.1% CF, Sopropéche, France; Soybean oil, 98.6% CF, JC Coimbra, Portugal; DCP,
dicalcium phosphate, Premix Lda, Portugal; L-Lysine, L-Threonine and L-Tryptophan,
Ajinomoto EUROLYSINE S.A.S, France; DL-Methionine, RHODIMET NP99, ADISSEO,
France; Vitamin and Mineral Premix, Vitamins (IU or mg kg-1 diet): DL-alpha tocopherol
acetate, 100 mg; sodium menadione bisulphate, 25 mg; retinyl acetate, 20000 IU; DL-
cholecalciferol, 2000 IU; thiamine, 30 mg; riboflavin, 30 mg; pyridoxine, 20 mg;
cyanocobalamin, 0.1 mg; nicotinic acid, 200 mg; folic acid, 15 mg; ascorbic acid, 1000 mg;
inositol, 500 mg; biotin, 3 mg; calcium pantothenate, 100 mg; choline chloride, 1000 mg,
betaine, 500 mg. Minerals (g or mg kg-1 diet): cobalt carbonate, 0.65 mg; copper sulphate, 9
mg; ferric sulphate, 6 mg; potassium iodide, 0.5 mg; manganese oxide, 9.6 mg; sodium selenite,
0.01 mg; zinc sulphate, 7.5 mg; sodium chloride, 400 mg; calcium carbonate, 1.86 g; Premix
Lda, Portugal. Vitamin E50, ROVIMIX E50, DSM nutrition products, Switzerland;
Antioxidant, VERDILOX, Kemin Europe NV, Belgium; Yttrium oxide, Sigma Aldrich, USA.

tanks (45 fish/tank, each diet assigned in triplicate), connected to a
closed recirculation unit. This unit consisted of a mechanical sand
filter (PTK 1200; Astralpool, Barcelona, Spain), ultraviolet lights
(UV PE 45; Sita Srl, Barcelona, Spain) and a biofilter (PTK 1200;
Astralpool, Barcelona, Spain). Water consisted of a mixture of
marine and freshwater (salinity 7 + 2 %o) (Cardona, 2006), the
water exchange rate was kept at 100%/h in each tank and the overall
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water renewal in the system was at 5% daily. Temperature was kept
at 26.8 + 2.5°C, photoperiod was maintained at 12 h light/12 h dark
through artificial light and oxygen saturation at 100% by an
integrated control system. Nitrogen compounds (ammonia, nitrite
and nitrate) and pH were daily monitored and kept at the optimum
range for the fish welfare. Feed was provided to apparent satiation
by oversupplying the feed (10% of the daily ration) by automatic
feeders once a day for six days a week. Each meal lasted 6 hours to
provide fish a continuous feed supply over daily hours. The uneaten
pellets of each tank were collected three times daily at each meal (2,
4 and 6 hours after the beginning of meal), dried overnight at 105°C,
and deducted for overall calculations following the method as
described in (Bonvini et al., 2018).

Samplings

Before each sampling procedure, fish were either anaesthetised
(100 mg L") or euthanised (300 mg L-1) by MS222. At the end of
the experiment (day 113), all fish were anesthetised and individually
weighted. The proximate composition of the carcasses was
determined at the beginning of the experiment on a pooled
sample of 10 fish and on a pooled sample of 3 fish per tank (9
fish per diet) at the end of the experiment, this information was later
used for determining efficiency of nutrient (protein and lipid)
uptake. Biometric indices [total body length, SL (cm); wet weight,
BW (g); viscera and liver weight (g) and gut length (cm)] were
recorded on 3 fish per tank (9 fish per diet). At the end of the
experiment, fish were fed to satiety on a 6-hour meal and sampled
for blood chemistry, gut microbiota and digestive enzyme’s activity.
Blood was collected from the caudal vein from 6 fish per tank (18
fish per diet) and transferred to a clot activator tube (Vacutest Kima
Srl, Padova, Italy). As soon as the blood clotted it was centrifuged at
3,000 x g for 10 min at 4°C, serum aliquots removed and stored at
-80°C for chemical analysis. At the same time, 250 mg of hindgut
content from 3 fish per tank (9 fish per diet) was collected
aseptically by gently stripping the final 5 cm of the gut into a
sterile tube and stored at -80°C for gut microbiota analysis. At the
same time, samples for assessing the activity of digestive enzymes
were also collected. Being that the duration of a meal was 6 hours,
these samples were collected from fish over 0 to 6 hours after the
end of the meal. To do so, the whole gastro-intestinal tract and
stomach were dissected from 2 fish per tank (6 fish per diet) for the
analysis of pancreatic enzymes and placed into resealable bags and
snap frozen at —80 °C, until their analysis. All experimental
procedures were evaluated and approved by the Ethical-Scientific
Committee for Animal Experimentation of the University of
Bologna, in accordance with European directive 2010/63/UE on
the protection of animals used for scientific purposes.

Calculations
The formulae employed for evaluating somatic growth were as

follows: Specific growth rate (SGR) (% day’l) =100 * (In FBW - In
IBW)/days (where FBW and IBW represent the final and the initial

frontiersin.org


https://doi.org/10.3389/fmars.2023.1172505
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Bertini et al.

body weights, respectively). Feed intake (FI) (% ABW-1 dayfl) =
((100 * total ingestion)/(ABW))/days)) (where ABW =
(IBW + FBW)/2). Feed conversion rate (FCR) = feed intake/
weight gain. Viscerosomatic index (VSI) (%) = 100 * (viscera
weight/body weight). Hepatosomatic index (HSI) (%) = 100 *
(liver weight/body weight). Relative gut length (RGL) = 100 * (gut
length/body length). Fulton’s condition factor (K) = 100 * (FBW/
body length?). Protein efficiency rate (PER) = (FBW-IBW)/protein
intake. Lipid efficiency rate (LER) = (FBW-IBW)/lipid intake.
Gross protein efficiency (GPE) (%) = 100 * [(% final body protein
* FBW) - (% initial body protein * IBW)]/total protein intake fish.
Gross lipid efficiency (GLE) (%) = 100 * [(% final body lipid * FBW)
- (% initial body lipid * IBW)]/total lipid intake fish.

Analytical methods

Diets and whole carcasses were analysed for moisture, nitrogen
(N), lipid and ash contents. Moisture was calculated by gravimetric
analysis following oven drying at 105°C overnight. Protein level was
determined as total nitrogen (N x 6.25) after performing the
Kjeldahl method. Lipid level was determined according to Bligh
and Dyer’s extraction method (Bligh and Dyer, 1959). Ash content
was determined by gravimetric analysis following incineration of
the sample in a muffle furnace at 450°C overnight. Diets” buffering
capacity was defined as the slope of the titration curve from the
initial pH of the diet to a value below 3. The procedure consisted in
suspending 1 g of the diet in 5 mL of distilled water, keeping it
magnetically stirred, then adding successive aliquots of HCI and
recording the pH 30 s after each addition of HCI as described in
Marquez et al. (2012) and Parma et al. (2019). All pH measurements
were performed by using a Hanna HI 991002 pH-meter (Hanna
instruments, Woonsocket, USA). Metabolic blood parameters were
determined in a 500 pL serum sample by using an automated
analyser (AU 480; Beckman Coulter Inc., Brea, USA) with dedicated
methods (Olympus system reagent, OSR). The type of reaction used
in the assay and the OSR identification number were reported in
brackets following the reported parameters. Metabolic blood
parameters include glucose (hexokinase reaction, OSR6121), urea
(urease reaction, OSR6134), uric acid (uricase reaction, OSR6198),
bilirubin (colorimetric reaction, OSR6112), cholesterol (enzymatic
method, OSR6116), high-density lipoprotein (HDL, enzymatic
method, OSR6187), triglycerides (TG, enzymatic method,
OSR61118), lactic acid (enzymatic method, OSR6193), total
protein (biuret method, OSR6132), albumin (ALB, bromocresol
green method, OSR6102), aspartate aminotransferase (AST),
alanine transaminase (ALT), alkaline phosphatase (ALP), creatine
kinase (CK) and lactate dehydrogenase (LDH) (enzymatic reaction,
OSR6009, OSR6170, OSR6004, OSR6179 and OSR6128,
respectively), total calcium (Ca total, oCPC colorimetric reaction,
OSR6113), calcium ion (Ca2+, arsenazo colorimetric reaction),
phosphorus (P, molybdate reaction, OSR6122), magnesium (Mg,
xylidin blue reaction, OSR6189), iron (Fe), sodium (Na*),
potassium (K*) and chloride (Cl) (ion selective electrode indirect
method). The following ratios were also calculated: albumin (ALB)/
globulin (GLOB) and Na/K, as well as the Ca x P.
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Digestive enzymes activity

The quantification of the activity of several digestive enzymes (total
alkaline protease, trypsin, chymotrypsin, leucine aminopeptidase, oi-
amylase and bile salt-activated lipase) were conducted on independent
samples coming from 2 fish per tank (6 fish per diet). Digestive
enzymes activity was quantified according to the methods described
in Gisbert et al. (2018) and samples handled according to Solovyev and
Gisbert (2016) in order to prevent their degradation during storage and
handling. Briefly, samples were homogenised by using an Ultra-Turrax
T25 basic (IKA©-Werke, Germany). After, 0.50 g of sample were
adjusted in 30 volumes (v/w) of ice-cold mannitol (50 mM mannitol, 2
mM Tris-HCl buffer; pH 7.0), following the addition of 0.1 M of CaCl,.
Samples were re-homogenised for 30 seconds and sonicated for 90
seconds. The resultant crude tissue extract was centrifuged at 9,000 x g
(10 min at 4°C) and then, 1 ml of supernatant was stored at —80°C in
Eppendorf tube until enzyme quantification. Total alkaline proteases
were quantified using 0.5% (w/v) azo-casein as substrate in 50 mM
Tris-HCI buffer (pH 8.0). One unit of total alkaline proteases per mL
(U) was defined as 1 umol azocasein hydrolysed per min and mL of
extract at A = 366 nm (Garcia-Carrefio and Haard, 1993). Trypsin
activity was assayed using BAPNA (N-o-benzoyl-DL-arginine p-
nitroanilide) as substrate (Holm et al., 1988). Chymotrypsin activity
was quantified using suc-AAPF-pNA (N-Succinyl-Ala-Ala-Pro-Phe p-
nitroanilide) as substrate (Decker, 1977). The quantification of trypsin
and chymotrypsin is achieved from the cytosolic extraction and
following their kinetic curve in the spectrophotometer (A = 405 nm,
5 min). The activity of o-amylase was determined using 0.3% starch
dissolved in Na,HPO, buffer (pH 7.4) as substrate and its activity (U)
was defined as the mg of starch hydrolysed per min and mL of extract
(A =580 nm) (Metais and Bieth, 1968). Bile salt-activated lipase activity
was measured using p-nitrophenyl myristate as substrate in 0.25 mM
Tris-HCI (pH 7.9), 0.25 mM 2-methoxyethanol and 5 mM sodium
cholate buffer (Iijima et al., 1998). The activity of bile salt-activated
lipase (U) was defined as the pimol of substrate hydrolysed per min and
mL of extract (A = 405 nm). Leucine aminopeptidase activity was
determined using leucine-alanine as substrate in 50 mM Tris-HCl
bufter (pH 8.0); one unit of enzyme activity (U) was defined as 1 nmol
of the hydrolysed substrate per min per ml of tissue homogenate (A =
530 nm) (Nicholson and Kim, 1975). All enzyme activities were
expressed as total specific activity (U mg protein™) and soluble
protein in enzyme extracts was quantified by means of the
Bradford’s method, using bovine serum albumin as standard
(Bradford and Ward, 1976). The activity of all enzymes was
determined at 25°C in triplicate per sample (methodological replicates).

Gut bacterial community DNA extraction,
sequencing and bioinformatic analysis

For gut microbiota studies, the DNA was extracted from each
sample as previously described in De Cesare et al. (2019). Briefly, 250
mg of hindgut contents were suspended in 1 mL lysis buffer (500 mM
NaCl, 50 mM Tris-Cl, pH 8.0, 50 mM EDTA, 4% SDS) with steel beads
and vigorously shaken using a MM400 mixer mill (Retsch GmbH,
Haan, Germany) for 2 minutes at a frequency of 30 Hz. Samples were
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then heated at 70°C for 15 min and further centrifuged to separate the
DNA from the bacterial cellular debris. This process was repeated on
the remaining cellular debris with a second 0.3 mL aliquot of lysis
buffer. Then, samples were subjected to 10 M v/v ammonium acetate
precipitation, followed by isopropanol precipitation and a 70% ethanol
wash and resuspended in 0.1 mL 1X Tris-EDTA (Sigma, Milan, Italy).
Samples were treated with DNase-free RNase (Roche, Milan, Italy) and
incubated overnight at 4°C, before being processed following the
instructions of the QIAmp DNA Stool Mini Kit (Qiagen, Milan,
Italy). DNA libraries were prepared following the Illumina 16S
Library preparation protocol, amplifying the variable V3 and V4
regions of the 16S rRNA in order to obtain a single amplicon of
approximately 460 bp. Sequencing was performed in 251 x 2 paired-
end in the Illumina MiSeq with the MiSeq Reagent kit v2 500 cycles.
Sequencing produced an average of 14.0 MB per sample. All the
samples were analysed using a bioinformatics pipeline based on
QIIME2 (http://qiime.org/) except two SCPO samples (i.e. 6_SCPO
and 7_SCPO0) with a low sequence output that were discarded. First, the
sequences were imported as paired-end reads and processed with the
dada2 algorithm in order to perform the denoising and to merge
forward and reverse sequences per each pair. By this, we retained about
70% of input sequences per sample homogeneously along the sample
groups (diets). The taxonomic classification of cleaned data was
performed by applying the VSEARCH-based classifier implemented
in QIIME and adopting the Greengenes 13_8 97% OUT dataset as
reference. High variability among samples within treatment groups
required that the data set be adjusted for this. To do so alpha diversity
of all samples was calculated. Samples with an alpha diversity not
respecting 25-percentile were not considered and are not present in the
figure (i.e. 2_SCPO, 1_SCP10, 7_SCP10, 8_SCP10, 9_SCP10
and 4_SCP20).

Statistical analysis

Significant differences in growth performance, nutritional
indices, metabolic serum parameters and digestive enzyme
activities between dietary groups were determined using one way
ANOVA (p < 0.05). The assumptions related to data normal
distribution and homogeneity of variances were explored through
Anderson Darling’s test and Levene’s test, respectively. Analyses
were performed using Minitab software (Minitab 19.0.1;
Pennsylvania State University, USA). For the microbiota analysis,
mean values for the relative frequency of abundance of each
taxonomic level in each sample were compared using the two-
sided t-test on R software (package stats, function t.test). The R
environment was also adopted to perform the alpha and beta
diversity analysis using the package vegan and respectively the
functions diversity and vegdist. For alpha diversity the indices
Shannon, Simpson and Fisher were calculated. Beta diversity was
explored by using a non-metric multi-dimensional scaling (NMDS).
Significant separation between groups was observed with
PERMANOVA using the package Adonis2 in R; data comply
with the assumption related to data homogeneity of multivariate
dispersion. On each statistical analysis the p-values < 0.05 were
considered statistically significant while 0.5 < p-value < 0.1 were
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considered borderline (tendency). Results are presented as
mean =* standard deviation (SD), unless mentioned otherwise.

Results
Growth performance and feed utilisation

Growth performances of flathead grey mullet fed diets differing in
their content in bacterial SCP are shown in Table 2. At the end of the
experiment, grey mullet fed the experimental diets, presented
significant differences in terms of growth performance and feed
utilisation indicators (p < 0.05). Fish fed SCPO showed significantly
higher FBW and SGR compared to fish fed SCP10 and SCP20 diets.
Fish fed the SCP20 diet showed significantly lower values for these two
parameters in comparison to the other groups. Values of FI and FCR
of fish fed the SCPO diet were significantly lower in comparison to fish
fed SCP10 and SCP20, whereas fish from the SCP20 feeding regimen
showed significantly higher values for the two parameters (p < 0.05).

Biometric and nutritional indices, and body
composition

Data on biometric indices, body composition and nutritional
indices are shown in Table 3. At the end of the experiment, no
significant differences among dietary groups were observed in terms
of VSI, HSI and RGL values (p > 0.05). In contrast, K values from
fish fed the SCP20 diet were significantly lower to those found in
fish from the SCPO group (p < 0.05), whereas fish fed the SCP10 diet
showed intermediate values which are found to be non-statistically
different from the groups SCP0 and SCP20. The content of protein,
lipid and moisture was not significantly affected by the diet (p >
0.05). On the contrary, the ash carcass content was significantly
different only between the groups SCP0O and SCP20 (p > 0.05).
Nutritional indices like PER, LER, GPE and GLE from fish fed the
SCPO diet were significantly higher in comparison to fish fed SCP10
and SCP20 diets (p < 0.05), whereas fish fed the SCP20 diet showed
significantly lower values for all nutritional indices.

Feed buffer capacity

Feed buffer capacity is shown in Figure 1. The three experimental
diets SCP0O, SCP10 and SCP20 presented a significant difference in
pH of 6.00 £ 0.01, 5.62 + 0.00 and 5.22 + 0.00, respectively (p < 0.05).
Similarly, the diet buffer capacity (as mmol of HCL to lower 1 g of the
diet to pH 3) significantly decreased by the inclusion of the SCP
ingredient being 0.64 + 0.01, 0.59 + 0.00 and 0.52 + 0.01 mmol of HCI
for SCPO, SCP10 and SCP20 diets, respectively.

Serum metabolic parameters
The results of serum metabolic parameters are shown in

Table 4. The levels of glucose, total calcium, Ca®*, Fe, K" and the
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TABLE 2 Growth performance and feed utilisation of flathead grey mullet fed the experimental diets.

SCPO SCP10 SCP20 p value
IBW (g) 67.65 + 0.47 68.15 + 0.34 68.18 + 0.22 0.2071
FBW (g) 182.13 + 8.27° 137.54 + 10.32° 108.70 + 2.57° 0.0001
SGR (% day™) 0.88 + 0.04* 0.62 + 0.07° 0.41 + 0.02° 0.0001
FI (g feed/fish Day™) 1.45 + 0.04* 1.59 + 0.07° 1.92 + 0.04° 0.0001
FCR 1.80 + 0.10* 2.69 + 0.36" 4.80 + 0.12° 0.0000
Survival (%) 98.5 + 2.6 993 + 1.3 97.0 + 3.4 0.5868

Data are given as the mean (n = 3) + SD. Different superscript letters in the same line, indicate significant differences among treatments (P < 0.05).

IBW = Initial body weight.
FBW = Final body weight.
SGR = Specific growth rate (% day’l) =100 * (In FBW — In IBW)/days.

FI = Feed Intake = (feed intake/ ABW/days); ABW = Average body weight (g) = (FBW + IBW)/2.

FCR = Feed conversion rate = feed intake/weight gain.

result of Ca x P were significantly higher in fish fed the SCP0 diet
compared to those fed with SCP10 and SCP20 diets (p < 0.05). By
contrast, the ratio Na*/K" was significantly lower in fish fed the
SCPO diet compared to those from SCP10 and SCP20 groups (p <
0.05). Urea tended to be higher (p = 0.0533) in fish fed SCP10 and
SCP20 diet compared to the SCPO group. On the contrary, the
serum enzyme alkaline phosphatase (ALP) tended to be higher (p =
0.0652) in fish fed the SCPO diet with respect to their congeners fed
SCP10 and SCP20 diets. No significant differences between the
treatments were observed for uric acid, total bilirubin, cholesterol,
HDL, TG, lactic acid, TP, ALB, AST, ALT, CK, LDH, P, Mg, Na*, Cl
and the ratio ALB/GLOB (p > 0.05).

Activity of digestive enzymes

The specific activity of total alkaline proteases, trypsin,
chymotrypsin, leucine aminopeptidase, o-amylase and bile salt-
activated lipase are shown in Figure 2. The activity of pancreatic and
intestinal proteases decreased in fish fed SCP diets. Specifically, total
alkaline proteases, trypsin, chymotrypsin and leucine
aminopeptidase activities were significantly higher in fish fed the
SCPO diet compared to fish fed SCP10 and SCP20 diets (p = 0.0011,
p = 0.009, p = 0.0034 and p = 0.0021 respectively). No differences
were detected in the activity of both o-amylase and bile salt-
activated lipase between the dietary treatments.

Gut bacterial community profiles

Gut bacterial community profiles at phylum and at genus level
are shown in Figure 3. Because the variability of the samples was high
even within the same group, data were adjusted based on the
distribution of the alpha diversity. As shown in Table 5, after
parametric t-test between the groups, some significant differences
appeared in the composition of gut microbiota. At the phylum level,
gut microbiota was dominated by Fusobacteria in fish fed the SCP0
diet (51.1 + 24.1%) while the most abundant phylum was
Proteobacteria in fish fed SCP10 (67.3 + 16.6%) and SCP20 (53.2 +
20.3%) diets. Firmicutes was present at a much lower relative
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abundance in all groups, and it was significantly higher in fish
from the SCP10 group compared to their congeners fed the SCP0O
diet (p = 0.0134), and almost significantly higher in fish fed SCP20
compared to SCPO (p = 0.0852), but not between the groups fed both
SCP diets (p = 0.2465). Samples 2_SCP10, 3_SCP10 and 6_SCP10,
and 2_SCP20, 3_SCP20, 8_SCP20, and 9_SCP20 included to a
greater or lesser amount Actinobacteria, which is the
corresponding phylum for C. glutamicum (data not shown). For
some samples this phylum was even a dominant as can be expected.
The differences observed at the phylum level were maintained at the
genus level, mainly due to the differences in the relative abundance of
Cetobacterium spp. This genus appears to be more abundant in fish
fed the diet without inclusion of bacterial SCP. In particular, as shown
in Table 5, its abundance is significantly higher in fish fed SCP0O
compared to SCP10 (p = 0.0055) and in fish fed SCP10 compared to
SCP20 (p = 0.0382) and almost significantly higher in fish fed SCP0
compared to SCP20 (p = 0.0743). Other statistically significant
differences observed at the genus level included Corynebacterium
spp., which is higher in fish fed the SCP20 diet compared to those
from the SCPO group (p = 0.0222) and almost significantly higher in
fish fed the SCP10 diet compared to the SCPO group (p = 0.0991).
Furthermore, Streptococcus spp. was statistically higher in fish fed the
SCP10 diet compared to the control group (SCPO diet) (p = 0.0502)
and in fish fed the SCP20 diet compared to the SCPO group (p =
0.0432). No significant differences were observed in the alpha
diversity between fish fed different diets for the three diversity
indices considered (i.e. Shannon, Simpson and Fisher diversity)
(Figure 4). The gut microbiota variations between samples (beta-
diversity) were plotted on a two-dimensional non-metric
multidimensional scaling (NMDS) plot based on Bray-Curtis
values. According to the findings, groups showed a significant
variation in terms of overall gut microbiota composition
(PERMANOVA, p = 0.012) (Figure 5).

Discussion

The present study sought to define the capacity of flathead grey
mullet, reared in captive conditions, in utilising a SCP ingredient
derived from C. glutamicum in substitution of SBM, FM and PM.
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TABLE 3 Biometric indices, body composition and nutritional indices of flathead grey mullet fed the experimental diets.

SCPO SCP10 SCP20 p value
Biometric indices
VSI 5.20 + 0.60 579 + 0.63 500 + 1.19 0.1480
HSI 1.07 + 0.24 0.97 + 0.15 1.10 +0.29 0.5059
RGL 2.02 +0.26 1.94 +0.18 1.77 + 0.32 0.1344
K 1.14 + 0.06" 1.08 + 0.07° 1.06 + 0.04° 0.0336
Whole body composition %
Protein 18.09 + 0.08 17.65 + 0.11 17.70 £ 0.76 0.4506
Lipid 13.60 + 0.84 13.83 + 0.94 11.61 + 1.50 0.0984
Ash 330 + 1.00* 4.52 + 1.00* 4.75 + 0.08" 0.0443
Moisture 64.65 + 1.05 63.35 + 0.73 65.50 + 2.21 0.2734
Nutritional indices
PER 1.7 +0.1° 12+02° 0.6 + 0.0° 0.0001
LER 5.8 +0.3° 38+ 06" 1.9 +0.1° 0.0001
GPE 323+ 1.7° 217 +3.5° 11.9 + 0.9° 0.0001
GLE 754 + 9.6" 492 +14.7° 114 +7.9° 0.0012

Data are given as the mean (n = 3; n = 9 for VSI, HSI, RGL and K value) + SD. Different superscript letters in the same line, indicate significant differences among treatments (p < 0.05).
VSI, Viscerosomatic index (%) = 100 * (viscera weight/FBW).

HSI, Hepatosomatic index (%) = 100 * (liver weight/FBW).

RGL, Relative gut length = 100 * (gut length/body length).

K, Fulton’s condition Factor = 100 * (FBW/body length3).

PER, Protein efficiency rate = (FBW - IBW)/protein intake.

LER, Lipid efficiency rate = (FBW - IBW)/lipid intake.

GPE, Gross protein efficiency = 100 * ((% final body protein * FBW) - (% initial body protein * IBW))/total protein intake fish.

GLE, Gross lipid efficiency = 100 * ((% final body lipid * FBW) - (% initial body lipid * IBW))/total lipid intake fish.

6.5
6.0

—e— SCPO
5.5 —O— SCP10
’ —w— SCP20

2.5 T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

mmol HCI per 1 g of feed

FIGURE 1
Plot showing changes in pH with the addition of HCL for the three diets considered (SCPO, SCP10 and SCP20). Data are shown as mean + SD
(N = 3).
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TABLE 4 Serum metabolites, enzymes and electrolytes values for flathead grey mullet fed the experimental diets.

10.3389/fmars.2023.1172505

SCPO SCP10 SCP20 p value

Serum metabolites

Glucose (mg dL™) 200.72 + 39.43% 141.17 + 51.08° 137.67 + 39.43° 0.0001
Urea (mg dL™) 2.48 + 0.60 2.67 +0.70 3.05+0.72 0.0533
Uric acid (mg dL™) 0.45 + 0.23 0.35 + 0.27 0.48 + 0.45 0.4729
Bilirubin (mg dL™) 0.04 + 0.02 0.04 + 0.02 0.04 + 0.02 0.6419
Cholesterol (mg dL™) 285.56 + 32.58 291.94 + 36.56 265.61 + 41.45 0.0942
HDL (mg dL™) 108.22 + 11.62 112.83 + 13.83 103.50 + 13.96 0.1028
TG (mg dL-") 999.55 + 289.76 778.82 + 383.44 767.50 + 233.61 0.1179
Lactic acid (mg dL™) 7345 + 11.11 71.09 + 16.75 69.84 + 12.67 0.7271
Total protein (g dL™) 3.77 +0.33 3.85 + 0.38 3.70 + 0.35 0.4358
ALB (g dL™") 117 + 0.11 120 +0.11 113 +0.11 0.1760
ALB/GLOB 0.45 + 0.01 0.45 + 0.02 0.44 + 0.02 0.1916
Serum enzymes

AST (UL 64.28 + 68.24 45.00 + 53.21 55.61 + 44.85 0.5884
ALT (U L) 8.28 +7.91 6.33 + 3.09 6.67 +2.91 0.4894
ALP (U L) 137.28 + 47.69 105.56 + 46.02 107.11 + 40.02 0.0652
CK (UL 5076.28 + 5687.75 3606.50 + 6691.27 5471.22 + 5167.40 0.6082
LDH (UL™) 1064.22 + 1225.05 717.22 + 1102.87 992.78 + 707.11 0.5727
Serum electrolytes

Ca total (mg dL'™") 16.85 + 0.93" 16.01 + 0.86" 15.54 + 0.88" 0.0002
Ca*" (mg dL™) 14.51 + 0.99* 13.63 + 0.96" 13.17 + 0.95 0.0005
P (mg dL™) 11.71 + 1.03 11.66 + 1.35 1125+ 1.13 0.4474
Mg (mg dL™") 3.39 + 0.30 3.46 + 0.63 3.26 + 0.32 0.3820
Fe (ug dL™") 209.44 + 77.79° 167.61 + 29.32° 138.22 + 23.98" 0.0004
Na* (mEq L) 157.83 + 2.04 158.61 + 3.60 158.83 + 4.37 0.6649
K* (mEq L) 2.58 + 0.71* 1.92 +0.43° 1.79 + 0.26° 0.0001
Cl (mEq L) 128.73 + 2.9 129.04 + 4.66 130.23 + 3.59 0.4655
CaxP 170.28 + 22.17° 159.17 + 24.04™ 148.72 + 22.93° 0.0258
Na/K 65.33 + 17.27° 85.94 + 15.49" 90.50 + 12.50" 0.0001

Data are given as the mean (n = 18) + SD. Different letters indicate significant difference (P < 0.05) between treatments. HDL, High-Density Lipoprotein; TG, triglycerides; ALB, albumin; GLOB,
globulin; AST, aspartate aminotransferase; ALT, alanine transaminase; ALP, alkaline phosphatase; CK, creatine kinase; LDH, lactate dehydrogenase; Ca total, total calcium; Ca?*, calcium ion; P,

inorganic phosphorus; Mg, magnesium; Fe, iron; Na”, sodium; K", potassium; Cl, chloride.

By using diets with equivalent levels of protein, lipid and digestible
energy but different levels of bacterial SCP inclusion, a clear effect
was seen at the end of the experiment. In particular, fish fed the SCP
diets presented significantly lower growth performances, and feed
and protein utilisation in comparison with fish fed control diet. To
the best of our knowledge, there is no literature to date investigating
the effects of such an ingredient in the diet of flathead grey mullet.
Despite of this, the findings of this trial were quite unexpected, since
representatives from the family mugilidae are able to utilise a variety
of ingredients in captive conditions such as plant meals (Luzzana
et al., 2005; Gisbert et al., 2016; Liu et al., 2021), algae (Rosas et al.,
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2019) and yeast (Wassef et al., 2001; Luzzana et al, 2005). In
addition, considering the assumption that wild fish represent a
reference for the development of formulated diets, and it has been
reported previously that bacteria account for 15-30% of the organic
carbon in the stomach content of this species (Moriarty, 1976;
Crosetti and Blaber, 2015), the results from the current nutritional
study were puzzling.

In our experiment, feed intake was higher in fish fed diets
containing bacterial SCP inclusion. Published studies have revealed
contradictory effects of SCP sources on feed intake in fish (Aas et al.,
20065 Glencross et al., 2020). Those that found a positive correlation
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Digestive enzymes activity of flathead grey mullet fed experimental diets after 113 days. Enzymes activity was quantified on the whole stomach and
intestine on 2 independent samples per tank (6 samples per diet). Different letters indicate significant difference (p < 0.05) between treatments.

of SCP inclusion on feed intake, suggested that the high content of
nucleotides (e.g. inosinic acid and inosine) presented in bacterial
SCP may act as an attractant enhancing the palatability of the diet
(Gamboa-Delgado and Marquez-Reyes, 2018; Hossain et al., 2020).
However, our results were in agreement with previous studies
conducted on rainbow trout (Perera et al., 1995; Zamani et al.,
2020), Atlantic salmon (Marit Berge et al., 2005) and Pacific white
shrimp (Hamidoghli et al., 2019), in which inclusion of dietary

Frontiers in Marine Science

bacterial SCP did not affect or enhance feed intake, but lead to a
poorer growth performance. This suggests that in our case the issue
with SCP from C. glutamicum was not due to its palatability, but
rather to the utilisation potential of the ingredient.

Across a range of SCP sources, bacteria are generally recognised
as relatively digestible and their inclusion has been successfully
demonstrated in several major finfish species of commercial interest
without affecting growth or fish health (Glencross et al., 2020; Jones
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et al., 2020). In particular, the same SCP ingredient was tested by
Marchi et al. (2023) on gilthead seabream, reporting no negative
effects on the growth performance and an interesting probiotic
effect on the gut microbiota, even at a high substitution rate.
However, still some inconsistency appeared in the data being
perceived as a limiting factor for their broader application
(Glencross et al., 2023). Some works suggest that the thickness of
the cell-wall may be a constraint for the digestibility of a number of
SCP sources (Ugalde and Castrillo, 2002; Yamada and Sgarbieri,
2005; Ritala et al., 2017; Tibbetts et al., 2017; Teuling et al., 2019). C.
glutamicum is gram-positive bacteria with a thick cell wall made out
of a complex structure of peptidoglycan and arabinogalactan
(Eggeling and Sahm, 2001; Cheng et al., 2021). In general, finfish
can cope well with cell-wall lysis by producing acidic secretion of
HCI and thus decreasing the stomach pH to values below 3 (Lobel,
1981). By observing the digestive system of grey mullet, the species
presented a stomach with an alkaline pH (approx. 8.5), the same as
the intestine (Payne, 1978). In the absence of a specific acid
secretion of HCI in the stomach, the species has evolved relying
on a mechanical trituration of feed particles carried out in the
pyloric stomach, called the gizzard (Payne, 1978; Lobel, 1981;
Crosetti and Blaber, 2015). A gizzard-like pyloric stomach is
frequent in those species that eat detritus and flocculant benthic
biofilm (e.g. algae, bacteria and non-living organic matter) such as
P. lineatus (Bowen, 2022), H. niloticus (Agbugui et al., 2021), S.
stomachicus (Wilson and Castro, 2010) and D. cepedianum
(Watson et al., 2003). The wall of the gizzard is made of rings of
smooth, non-striated muscle fibres and often contains sand or small
debris to assist in grinding plant and fibrous material (Crosetti and
Blaber, 2015). A work conducted by Sanchez et al. (1993)
hypothesised that the poor growth that occurred in grey mullet
fed a microalgae-based diet may have been due to the lack of access
to sand in captive conditions, therefore preventing the development
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of a functional gizzard. To the best of our knowledge, no other
scientific publications dealt with the possible effects of a non-
functional gizzard on diet digestion in finfish species. On the
other hand, this phenomena is well described in poultry nutrition
in which it is known that the access to structural components such
as whole cereals or coarse fibres, improve growth and nutrient
absorption in chickens by enhancing gizzard functionality (Svihus,
2014; Idan et al.,, 2023). Flathead grey mullet used in this experiment
were raised in a captive condition in fiberglass tanks, therefore
having no access to sand or coarse material and possibly impairing
the proper development of a functional gizzard. Thus, the lower
growth performance observed in fish fed SCP may be related to
poor nutrient digestion caused by an incomplete lysis of the C.
glutamicum cell-wall, as described previously (Sanchez et al., 1993).
The hypothesis of a deficiency in nutrient digestion appears to be
reasonably acceptable after a look to the digestive enzyme activity.
SCP inclusions lead to a reduction in the specific activity of the
pancreatic and intestinal proteases (e.g. trypsin, chymotrypsin and
leucine aminopeptidase), which is well correlated with an impaired
protein absorption and low growth performance (Silva et al., 2010;
Gisbert et al., 2016). A similar reduction in the activity of digestive
proteases has been observed in carnivorous fish when fed too high
inclusion of plant ingredients, and associated with poor growth and
histopathological changes (e.g. enteritis) (Silva et al., 2010; Rodiles
et al.,, 2012; Chikwati et al., 2013; Willora et al., 2022). How was
suggested in a work conducted by Pujante et al. (2016) on thick-
lipped grey mullet (Chelon labrosus) the enzymatic digestion of
proteins mainly takes place in the anterior intestine by the action of
alkaline proteases. A functional evidence for this is evinced from the
lack of acid proteases activity (e.g. pepsin) in flathead grey mullet
(Gisbert et al., 2016). Alkaline proteases are most active at a pH
range from 8 to 10 (Nasri et al., 2011; Liew et al., 2013; Sanatan
et al,, 2013). Among them, trypsin activates other enzymes initially
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TABLE 5 Table showing the relative abundance of bacteria taxa at phylum and genus level found in the gut of flathead grey mullet fed experimental
diets.

Taxonomy Relative abundance (% * SD) p value
SCPO SCP10 SCP20 SCPO - SCP10 SCPO - SCP20 SCP10 - SCP20

Phylum level
Fusobacteria 51.1 £ 24.1 4.0 £43 255 +23.1 0.0055 0.0743 0.0382
Proteobacteria 34.1 £ 24.1 67.3 £ 16.6 53.2 £20.3 0.0100 0.0740 0.2064
Firmicutes 1.2 £2.0 6.7 £ 3.0 43+03 0.0134 0.0852 0.2465
Genus level
Cetobacterium 51.1 +24.1 4.0+ 43 25.5 +23.1 0.0055 0.0743 0.0382
Vibrionaceae_

K 55+7.0 0.0 £ 0.1 14.0 + 19.8 0.1152 0.2902 0.0851
unclassified
Aeromonadaceae_

R 12.7 + 14.2 0.5+03 33+47 0.0901 0.1833 0.1311
unclassified
Corynebacterium 0.2+0.5 94 +9.6 48 +44 0.0991 0.0222 0.3682
Rhodobacter 0.3 +0.5 09 £ 1.0 2.1+36 0.2621 0.0672 0.3281
Chlamydiaceae_

R 0.2+03 14+ 1.6 0.9 £+ 0.9 0.2182 0.0961 0.5552
unclassified
Streptococcus 0.1 £0.2 14 +0.7 09 +04 0.0502 0.0432 0.2453
Lactobacillus 0.1 £0.2 0.6 £ 0.4 02+03 0.0734 0.4322 0.1433
Faecalibacterium 0.0 £ 0.0 0.5+ 0.4 04 +04 0.0901 0.0573 0.6929
Propionibacterium 0.1 £0.2 04 +02 04 £05 0.0951 0.2365 0.9761

Only taxa presenting a p value < 0.1 (after parametric t-test) in at least one group examined were included. Differences were explored through parametric t-test among three groups, SCP0 —
SCP10, SCPO — SCP20 and SCP10 — SCP20. Data are presented as % of relative abundance + SD.
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0 I 1 I
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FIGURE 4
Boxplot showing alpha diversity in the grey mullet gut microbiota calculated with different indexes (i.e. Shannon diversity, Simpson diversity and
Fisher diversity). No significant differences (p < 0.05) were obtained after parametric t-test.

generated as inactive zymogens, such as chymotrypsin and  the enterocytes (Willora et al., 2022). In marine finfish with a
therefore is considered a key enzyme in protein digestion  functional gastric stomach, the acidity of the chyme entering from
(Asgeirsson et al., 1989). Trypsin and chymotrypsin catalyse the  the stomach into anterior intestine is buffered by the secretion of
hydrolysis of the bonds of peptides into smaller dipeptides and ~ HCO; from the pancreas, which create the optimal pH condition
oligopeptides which are split by the action of leucine for the activation of the alkaline proteases (Wilson et al., 2002;
aminopeptidase into free amino acids that can be absorbed into ~ Marquez et al., 2012; Parma et al., 2019). It is interesting to note that
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NMDS1

Two-dimension non-metric multidimensional scaling (NMDS) plot based on Bray-Curtis distance of grey mullet gut microbiota fed experimental
diets after 113 days. Red dots are for gut microbiota communities found in fish fed SCPO, green dots for communities in fish fed SCP10 and blue
dots for communities in fish fed SCP20. A significant separation among groups was observed [(p value = 0.012; Permutational Multivariate Analysis of
Variance (PERMANOVA) (Adonis2)]. Data comply with the assumption related to homogeneity of multivariate dispersion (p value = 0.3544).

in our trial, we have observed a decreased pH and buffer capacity in
the diets containing the SCP from C. glutamicum. These findings
are in line with a previous study conducted by Prodanovic and
Sredanovic (2005) reporting that the buffer capacity of yeast SCP is
significantly lower than that of SBM (9.15 and 21.15, respectively),
as well as the pH (5.84 and 6.58, respectively) probably due to the
higher content of nucleic acids, as suggested in a work conducted by
Ritala et al. (2017). We do not know if this could have contributed
to an inhibitory effect on the activity of alkaline proteases; however,
it is likely that in our experiment the intestinal pH of grey mullet
decreased as a function of bacterial SCP inclusion. The activity of
the alkaline proteases is mediated by a complex cascade process
involving pH, temperature and the concentration of ions. In fish fed
SCP diets, we have also found significantly lower concentrations of
ions of calcium (Ca®*) and potassium (K') in the blood. Ca*" is
recognised as a trypsin activator, since its presence strengthens the
interactions inside protein molecules and enhances thermal
stabilisation of this pancreatic enzyme (Bezerra et al.,, 2005), while
K" has an effect on the activation of leucine aminopeptidase (Liew
et al,, 2013). No differences were observed in both o-amylase and
bile salt-activated lipase activity between fish fed the different diets.
If compared to carnivorous species, the higher a-amylase activity
found in flathead grey mullet, broadly hints that carbohydrates may
be preferred as a protein sparing substrate as it has been previously
postulated by several authors (Pujante et al., 2016; Calixto da Silva
et al., 2020; Solovyev and Gisbert, 2022).
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If we consider the other performance indicators, we observed
that fish fed the diet with the highest inclusion of SCP also showed a
significantly lower Fulton’s condition factor (K). This length-weight
relationship can be correlated with the wellness conditions of the
fish, and its fluctuations with the interaction between feeding
condition and energy reserves (Robinson et al., 2008; Datta et al.,
2013; Yulianto et al,, 2020). Because of the issue with nutrient
digestion in fish fed SCP diets, flathead grey mullet belonging to
these groups appeared underfed with lower energy reserves and
therefore with a lower flesh/skeleton ratio, which also explain the
increased content of ash in the body of this group offish. In terms of
nutritional indices, which are used for comparing the nutritional
values of different ingredient sources, they appeared to be
significantly decreased by SCP inclusion, which is reflected by the
feed conversion rate and the growth. On the other hand, gross
protein and lipid efficiency (32.3 + 1.7 and 75.4 + 9.6%, respectively)
of fish fed the SBM diet were encouraging in order to further design
compound feeds for this low trophic species. With a focus on the
protein utilisation, grey mullet fed a diet with only 3% fishmeal,
were able to convert almost 1/3 of the dietary protein into edible
fillet. This ratio appears similar to that found for gilthead seabream
(Busti et al., 2020a) and rainbow trout (Pelusio et al., 2020) and it is
somewhat higher to previous findings with European seabass
(Bonvini et al.,, 2018; Parma et al., 2020; Pelusio et al., 2022).
These results may indicate that is possible to further decrease the
level of fishmeal in aquafeeds for this species.
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As mentioned previously, the SCP additive contains a high level
of nucleic acids, mainly RNAs (Ritala et al.,, 2017). In our trial, we
have seen an increasing concentration of urea in the blood of the
fish fed SCP diets. This phenomena has been described in previous
works and is ascribed to the catabolism of pyrimidines, which are
presents in nucleic acid molecules (Agboola et al., 2021; Lin et al.,
2022; Marchi et al., 2023). High concentrations of ammonia
metabolites in the blood may also interfere with protein, fat and
carbohydrate metabolism (Rumsey et al., 1992), which may also
explain the lower performance of flathead grey mullet fed bacterial
SCP diets in comparison to the control group. In our trial, the blood
glucose concentration found in the fish appears higher than values
found in literature for the same species (Wanshu, 1992; Calixto da
Silva et al., 2020). Despite this, the significantly lower concentration
of blood glucose in fish fed SCP diets is likely to support the
hypothesis of there being a problem with the digestion of this
ingredient rather than a pathological condition. Starvation or
underfeeding conditions are generally associated with a decreased
blood glucose level in many fish species (Polakof et al., 2012). The
enzyme activity of the marker enzymes in the blood associated to
liver damage (aspartate transaminase and alanine transaminase)
and tissue damage (creatine kinase and lactate dehydrogenase) did
not show any difference among the fish groups in our trial.
Interestingly, the activity of the enzyme alkaline phosphatase
showed a trend and appeared to be higher in fish fed the diet
with no inclusion of SCP. This difference may be related to the
higher nutrient absorption in this group of fish, since the enzyme is
involved in the absorption and transport of lipid and carbohydrates
from the intestine, and its activity is positively correlated with food
ingestion and growth rates (Lemieux et al., 1999; Lalles, 2020).

The gut microbiota of fish plays an important role in regulating
nutrient digestion, immune responses, disease resistance, and the
colonisation of potential pathogens (Parma et al., 2016; Gu et al,,
2017; Busti et al., 2020b; Pelusio et al., 2020; Xie et al., 2021). The
composition of bacterial communities is strongly determined by the
environment conditions both internal and external such as salinity
(Kivistik et al.,, 2020) and temperature (Thompson et al., 2017;
Sepulveda and Moeller, 2020), the immune/health status
(Kashinskaya et al., 2019; Parshukov et al., 2019), the host species
considered and their dietary components (Kashinskaya et al., 2018).
In particular, the composition of flathead grey mullet microbiota in
response to different dietary ingredients is a relatively unknown
topic. While there is a published study conducted by Le and Wang
(2020) aimed at the characterisation of the microbiota from wild
flathead grey mullet, information is lacking for fish reared in captive
conditions fed formulated diets. Our finding displayed Fusobacteria
and Proteobacteria as the most abundant phyla, accounting for
more than 70% of the total variability in all groups. Inclusion of C.
glutamicum in the diet of flathead grey mullet promoted a shifting
between the two phyla, increasing the amount of Proteobacteria
over the Fusobacteria (with presence of Actinobacteria expected,
particularly in the SCP10 and SCP20 groups). Using as a reference
the gut microbiota observed in wild fish, with Proteobacteria and
Firmicutes as the most abundant phyla (Le and Wang, 2020), it is
interesting to note that this appears more similar to fish fed the SCP
diets even though these groups displayed severely reduced growth
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performances. Proteobacteria are found to be dominant in the gut
microbiota of several fish species fed marine-derived ingredients
(Guetal, 2017; Kim et al., 2021). The phylum Firmicutes accounts
for only a minor part of the variability of the gut microbiota in all
groups, even though it was more abundant in fish fed SCP
supplemented diets. This phylum, and also especially the lactic
acid bacteria, often dominate the composition of the microbiome of
fish fed plant-based diets (Busti et al., 2020b; Pelusio et al., 2020),
and it is normally associated with improved nutrient digestion
(Parma et al., 2016; Parma et al., 2020; Marchi et al., 2023). In our
trial, fish fed the diet without inclusion of SCP displayed an
increased dominance of the phylum Fusobacteria, which is totally
represented by the genus Cetobacterium. This genus has been found
to be dominant in the gut of many freshwater species and its
presence is associated with a positive impact on the digestion and
metabolic efficiency of the host (Xie et al., 2021). At the genus level,
we have seen an increased abundance of Streptococcus in fish fed
SCP diets. Some species of streptococci, as potential spore forming
species, may represent carry-over of bacteria from the SCP feed
additive (Karlsen et al., 2022), as some feed components are now
shown to bias the interpretation of microbiome analyses by acting
as the vectors for introduction of species to the intestinal
microbiome of the host. Moreover, several bacterial species within
the genus Streptococcus spp. have been reported as important
pathogens of fish species (Ringo et al., 2018; Halimi et al., 2020).
Although without a significant difference, in fish fed SCP diets we
have also seen an increasing trend for the family Vibrionaceae, a
family associated with important pathogens of fish (Zhang et al,
20205 Septlveda et al., 2022). On the other hand, fish fed diets with
inclusion of SCP showed in their gut microbiota a decreasing trend
in the family Aeromonadaceae, while there was a trend toward
increasing in the relative abundances of Rhodobacter,
Corynebacterium and Lactobacillus. Different species of
Aeromonas are described as important fish pathogens
(Zmystowska et al., 2009; Soto-Davila et al., 2022). Rhodobacter
and Lactobacillus are considered among the most promising
probiotics used in aquaculture (Ringe et al, 2018; El-Saadony
et al,, 2021; Cao et al, 2022). Corynebacterium, as expected, was
found significantly higher in fish fed SCP diets and the presence of
some species has been associated with a probiotic effect (Horn et al.,
2022; Marchi et al., 2023). Along these same lines of investigation of
probiotics are studies that evince the quorum sensing interactions
that bacterial food components can have (Davares et al.,, 2022).
Quorum sensing utilises small molecules like acyl-homoserine
lactones and oligopeptides for intercellular signalling. An
unrefined product like SCP may include bioactive molecules with
potential for interspecies bacterial communication. When using
quorum sensing bacteria not only communicate with members of
the same species but may also “eavesdrop” on the “conversation” of
other species and modulate their behaviour in response to signal
molecules they do not synthesise (Federle and Bassler, 2003). This
can have unexpected consequences on diverse assemblages of
bacteria from unique hosts, perhaps even some degree of
dysbiosis and poor fitness of the microbiota, which could lead to
some of the poor performance indicators found in this study.
Overall the resulting microbiota data will contribute to improved
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characterisation of the taxonomic diversity of the gut bacterial
community from grey mullet, which is essential for
understanding the dynamics of the diet-host-gut-microbiota axis.

Conclusion

These results indicated that flathead grey mullet reared under
captive conditions demonstrate incomplete utilisation of a protein
source derived from C. glutamicum SCP. Probably due to the
particular organisation of the digestive system of flathead grey
mullet there was an incomplete protein digestion of SCP due to
poor lysis of cell-wall components (this being due to lack of an
acidic stomach digestion) and also associated with the captive
conditions (failure in the development of a functional gizzard).
Based on our assessment, the diet had significant negative effects on
individual variables in analysis of both digestive enzymes and
gut microbiota.
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