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Abstract: The research assessed the inclusion of MRD-Pro®, a bacterial-derived single-cell protein (SCP), in the diets of
Nile tilapia (Oreochromis niloticus) fry with an initial weight of 0.12 grams. Using a diet composed of 45% crude protein
and 14% crude fat, with an initial fishmeal content of 8.0% (designated as Diet 0.00% SCP, the control), SCP replaced 50%
and 100% of the fishmeal on a protein basis, incorporated at levels of 4.25% and 8.50%, respectively. In addition, two more
diets were prepared with higher levels of SCP, 14.50% and 21.00%. All diets were isoproteic and isolipidic. Weight gains of
fish fed with the control diet (27.26 g) and the 4.25% SCP diet (21.61 g) were statistically comparable among themselves
but were significantly greater than those of fish fed the 8.50% SCP (10.45 g), 14.50% SCP (11.54 g), or 21.00% SCP (7.28
g) diets, a trend observed across all growth and feed utilization indices. Increasing dietary SCP significantly reduced the
crude fat and dry matter content in fish muscle tissue, while minimal changes in the amino acid profile of fish muscle tis-
sue were observed. The bacterial-based SCP MRD-Pro® is a nutritious feed additive that can be effectively incorporated,
within limits, into the diet of tilapia fry.
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INTRODUCTION or higher) compared to juveniles (30-40%) or adults
(20-30%) [4]. As with other finfish species, reducing
reliance on fishmeal in the tilapia diet, especially in the
earlier stages, remains an ongoing challenge. A variety
of unconventional protein feedstuffs have been tested
as fishmeal replacements in order to accomplish this
goal. Among them, meals derived from dead and dry
microbial whole cells or extracts, collectively known as
single-cell protein (SCP), are emerging as attractive alter-
natives [7]. In particular, bacterial-based SCPs stand out

with their high protein (50-80% of the dry weight) and

The cultivation of tilapia (Oreochromis niloticus) is in-
creasing, with production reaching 4.4 million metric
tons in 2020; it is currently in third position among
the top ten farmed finfish species globally [1]. Unlike
carnivorous finfish species, for which fishmeal and
fish oil are used to prepare feeds [2], tilapia is a lower-
trophic level species [3]. This has contributed to the
success of commercial tilapia cultivation, as it exhibits
adaptability to various sources of dietary protein, e.g.,
plant and animal sources, terrestrial animal by-products,

and a range of unconventional protein sources [4-6].
Nevertheless, low levels of fishmeal (3 to 10%) are still
incorporated into tilapia diets to ensure optimal growth
[3]. The need for fishmeal is heightened in commercial
diets for tilapia larvae and fry since the earlier stages
have higher nutritional requirements for protein (35-50%
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low-fat content, good digestibility, and comprehensive
essential amino acid, vitamin, and mineral content. With
short bacterial generation times, this type of SCP can be
produced using a variety of low-cost substrates, such as
agricultural by-products and wastes, and hydrocarbon
substrates, e.g., methane and methanol [7-11).
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Numerous recent studies have investigated the
use of bacterial-derived SCPs as substitutes for fish-
meal in the diets of various food fish species, yielding
predominantly positive outcomes, including salmon
(Salmo salar), rainbow trout (Oncorhynchus mykiss),
turbot (Scophthalmus maximus), halibut (Hippoglossus
hippoglossus), yellow tail (Seriola quinqueradiata), and
barramundi (Lates calcarifer), among others [12-19].
For Nile tilapia (O. niloticus), 50% of dietary fishmeal
was successfully replaced by a bacterial protein meal
(Methylophilus methylotrophus) [20]. However, reduced
growth was reported when dietary SCP derived from
Micrococcus glutamicus exceeded a 10% inclusion
level [21]. Statistically comparable diet digestibility
and growth performance were observed in tilapia
fed with diets containing 0 or 15% SCP (a mixture of
Lactobacillus and brewer’s yeast) in place of fishmeal
[22]. Satisfactory growth and improved immune re-
sponse of tilapia were reported after replacing dietary
fishmeal with bacterial SCP (Methylococcus capsulatus)
at levels ranging from 0 to 8.5% [23]. Finally, incorporat-
ing 0, 5, 10, 15, and 20% of bacterial SCP (Clostridium
autoethanogenum) in the diet of tilapia did not alter
growth. However, it did result in impaired intestinal
histology, particularly noticeable at or above dietary
SCP levels of 10% [24,25]. The studies mentioned above
focused on juveniles with an initial weight of 0.7 to 55
g. Bearing in mind that fishmeal is still being used in
commercial diets for young tilapia fry, which are nu-
tritionally more demanding than older fish in terms of
both the quantity and quality of dietary protein, the use
of bacterial-based SCP, such as MRD-Pro®, to replace
fishmeal during this phase is of interest. MRD-Pro®
is a bacterial-based SCP produced by the proprietary
MTech SCP Process (Meridian Biotech, LLC, The
Woodlands, Texas, USA), a hybrid of fermentation and
advanced wastewater treatment technologies utilizing
proprietary mixtures of bacteria. The technology is
uniquely adaptable to utilizing multiple organic co-
products and waste stream feedstocks. MRD-Pro® is
a promising alternative to enhance the sustainability,
nutrition, and productivity of aquaculture operations.
However, the use of MRD-Pro® in diets for Nile tilapia
fry has not been explored. Therefore, the present inves-
tigation aimed at evaluating the effects of incremental
levels of dietary MRD-Pro® on growth, feed utilization,
and proximate and amino acid composition of muscle
tissue of Nile tilapia (O. niloticus) fry.
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MATERIALS AND METHODS
Ethics statement

The authors attest that procedures for the farm-
ing and handling of organisms complied with the
Official Mexican Norm (NOM-062-ZO0-1999) on
the Technical Specifications for the Production, Care,
and Use of Laboratory Animals [26] and the National
Research Council’s Guide for the Care and Use of
Laboratory Animals [27].

Experimental fish and culture system

Monosex (all-male) Nile tilapia (O. niloticus) fry pur-
chased from the hatchery CRILAP S.P.R. de R.L,, San
Pedro el Saucito, Sonora, Mexico, were transported to
the Wet Laboratory of Aquaculture Nutrition of the
Kino Bay Experiment Station, University of Sonora at
Kino Bay, Sonora, Mexico. Fish were randomly placed
in a recirculating aquaculture system consisting of
twenty-four 250-L circular tanks, each filled with 150
L of filtered freshwater. Water from a 1,100-liter sump
tank was circulated using a 1.5-HP pump (Jacuzzi, Model
150MFT, Little Rock, AR, USA). The circulation process
involved passing through a sand filter (Jacuzzi, Model
L-190-7, Little Rock, AR, USA), a biofilter, a 1500-W
inline heater (Model DE-6115, Aquatic Ecosystems,
Apopka, FL, USA), a 120-W inline ultraviolet light
chamber (Rainbow Lifeguard, Model UV97, El Monte,
CA, USA), before being directed into the culture tanks.
Finally, the water returned to the sump tank. Tanks were
individually provided with continuous aeration using
a 1.0-HP blower (Fuji, Model VFC40, Saddle Brook,
NJ, USA) and submerged air stones. Tilapia fry with an
initial wet body weight of 0.12+0.00 g (meanz+standard
error of the mean, SEM) were randomly stocked into
tanks at a rate of 10 fish/tank. Uneaten feed and feces
were siphoned out of the tanks each morning. Daily
water quality monitoring involved measuring dissolved
oxygen concentration and temperature using a multi-
function oxygen meter (YSI, Model Pro2030, Yellow
Springs, OH, USA). Weekly measurements were made
of the concentrations of total ammonia nitrogen and
nitrite using a Hach spectrophotometer (Model DR3900,
Loveland, CO, USA), and pH, using a benchtop me-
ter (pH/ISE, Thermo Scientific, Model Orion 4-Star
pH/ISE, Beverly, MD, USA). Mean values for these
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measurements were 5.61+0.07 mg O2/L, 29.05+0.09°C,
0.08+0.03 mg NH4-N/L, 0.05+0.02 mg NO2-N/L, and
8.07+0.21, respectively, all within adequate levels for
Nile tilapia culture [28].

Experimental treatments and diet preparation

Using soybean protein isolate and soybean meal (SBM)
as the primary protein sources, a baseline diet (45%
crude protein, 14% crude fat) was formulated to contain
8.0% fishmeal (FM) (Diet 0.00%, control). Then, 50
and 100% FM from the control diet were replaced, on a
protein basis, by incorporating the bacterial-based SCP
MRD-Pro® (Meridian Biotech, LLC, The Woodlands,
Texas, USA) at levels of 4.25% (Diet 4.25%) and 8.50%
(Diet 8.50%), respectively. Two more diets were pre-
pared with higher levels of bacterial-based SCP, 14.50%
(Diet 14.50%) and 21.00% (Diet 21.00%). All diets
were isoproteic and isolipidic. The control diet was
supplemented with methionine and lysine to meet the
quantitative dietary requirements for tilapia [29,30],
while the other diets were supplemented to match the
calculated levels in the control diet (Supplementary
Table S1). The moist dough of each diet was passed
through the meat grinder attachment (3-mm die) of
a Hobart mixer (Hobart Corporation, Model A-200,
Troy, OH, USA) and oven-dried overnight at 40°C.
These were then ground and kept at -20°C until used.
Experimental treatments were randomly assigned to
four replicate tanks. Fish were fed to apparent satiation
(aided by visual cues to monitor consumed feed and
adjust the ration) with pre-weighed daily feed rations,
which were divided into three portions, administered
at 08:30, 13:30, and 19:00 h.

Fish performance

After 42 days of feeding, fish were grouped, weighed,
and counted by tank to determine the final weight
(g). Weight gain (gr) was calculated as the difference
between final weight (gr) and initial weight (gr). Daily
weight gain (gr per day) was determined by dividing
weight gain by the duration of time (in days). Percent
weight gain (%) was computed as the ratio of weight
gain to initial weight multiplied by 100. Specific growth
rate (SGR, % per day) was calculated using the formula:
(In final weight - In initial weight) / time (days) x 100.
Survival rate (%) was determined by multiplying the
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final number of organisms by 100 and then dividing
by the initial number of organisms. Feed utilization
was evaluated through feed intake (FI), calculated
as feed consumed (in grams) per fish per day; feed
conversion ratio (FCR), calculated as feed consumed
(gr) divided by weight gain (gr); and protein efficiency
ratio (PER, gr per gr), calculated as weight gain (gr)
divided by protein consumed (gr).

Proximate and amino acid composition

At the end of the feeding trial, selected fish were eutha-
nized in chilled water (4°C) with an overdose of tricaine
methasulfonate (MS-222, 300 mg/L, Sigma-Aldrich,
St. Louis, MO, USA). Fish were individually weighed
and measured to determine Fulton’s condition factor
K = (weight (g) / total length 3 (cm)) x 100 [31]. Then,
the fillet was excised to determine the proximate and
amino acid composition of composite muscle tissue
samples, each composite sample consisting of muscle
tissue from three fish randomly taken from each of
4 tanks per treatment, which were homogenized and
stored at -20 °C until analysis. For diets, the proximate
and amino acid composition was determined on tripli-
cate samples. For the proximate composition analysis,
crude protein (CP) was determined via combustion
using a Dumas Nitrogen Analyzer (Model NDA 702,
VELP® Scientifica, Usmate, Italy) and Dumas method
(N factor = 6.25; method 968.06) [32]. Crude fat was
determined using a gravimetric method [33]. Moisture
and ash were determined by the standardized methods
930.15 and 942.05, respectively, of the Association of
Ofticial Analytical Chemists [32]. For diets only, the
gross energy content was measured with an adiabatic
bomb calorimeter (Model IKA C5003; IKA-Werke
GmbH, Staufen, Germany) (Supplementary Table S1).

The amino acid (AA) composition was analyzed
by high-performance liquid chromatography (HPLC)
[34]. After the gravimetric lipid extraction [33], dried
ground muscle samples (3.0 mg) were digested in 3
mL 6 N HCI with 3.0 mg of sodium thioglycolate
(Cat. 106691, Merck, Darmstadt, Germany) for 6 h at
150°C in 6-mL vacuum hydrolysis tubes (Cat. 29,751,
Thermo Scientific, Rockford, IL, USA). The hydro-
lyzed samples were evaporated under a vacuum in a
rotary evaporator (IKA HB 10 Digital, IKA Works Inc.,
Wilmington, NC, USA) at 65°C, rinsed twice with 3
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mL HPLC water and reconstituted in 1 mL of sodium
citrate buffer (pH 2.2). A 200-pL aliquot of each sample
was transferred into a 1-mL volumetric flask with 40
uL of internal standard (a-aminobutyric acid) and
brought to 1 mL with sodium citrate buffer. Finally,
subsamples of 250 pL were derivatized with 250 uL of
ortho-phthalaldehyde (OPA) solution, filtered through a
0.22-um nylon syringe filter, and a 10 L aliquot injected
into high-performance liquid chromatography (HPLC
Varian 9012, Walnut Creek, CA, USA) equipped with
a Microsorb 100 C18 column (Agilent Technologies,
Middleburg, Netherlands) coupled to a fluorescence
detector (Varian Pro-Star Fluorescence Detector).
Excitation and emission were set at 340 and 455 nm,
respectively. Identification of AAs was performed by
comparison of retention times to a known AA standard
solution (amino acid Standard H, Cat. 20088, Thermo
Scientific Pierce, Bothell, WA, USA), and quantification
was performed by computation of the areas against the
internal standard. Values were expressed as g/100 g of
dry tissue for muscle samples and as g/100 g dry diet
for feeds (Supplementary Table S2).

Statistical analysis

Fish performance (growth, survival, feed utilization),
proximate and amino acid composition data were
analyzed by one-way analysis of variance (ANOVA),
with a significance level of P<0.05 (prior confirmation
of homocedasticity and normality by Bartlett’s and
Shapiro-WilK’s tests, respectively). Survival data were
transformed by arcsine square root before analysis, but
untransformed data are presented. Tukey’s honestly
significant difference test was employed as the mean
separation procedure when significant differences were
detected. Orthogonal polynomial contrasts analysis
was performed to thoroughly examine the relationship
between the dietary level of bacterial-based SCP and
the various response variables. All statistical analyses
were performed using the Statistical Analysis System
software (SAS Institute Inc., 2013, Software Release
9.4, Cary, NC, USA).

RESULTS

Fish fed with the control diet (devoid of SCP, 0.00%)
and the diet containing 4.25% SCP (replacing 50% FM)
had statistically comparable growth performances. In

Arch Biol Sci. 2024;76(2):191-203

contrast, the growth performances of both of these
treatments were significantly better, based on one-way
ANOVA, than those of fish fed higher levels of SCP
(8.50%, 14.50%, and 21.00%). For instance, fish fed
the 0.00% and 4.25% SCP diets exhibited significantly
higher (P<0.0001) weight gains of 27.26 g and 21.61 g,
respectively, compared to those fed the 8.50% (10.45 g),
14.50% (11.54 g), and 21.00% SCP (7.28 g) diets. Also,
fish fed both the 0.00% and 4.25% SCP diets (1.84 and
1.76 g/g, respectively) exhibited a significantly greater
(P<0.0001) protein efficiency ratio than fish receiving
the diets 8.50%, 14.50%, and 21.00% SCP (1.13, 1.14,
and 0.93 g/g, respectively) (Table 1). A similar trend of
better performance of fish fed the control diet 0.00%
and 4.25% SCP vs. 8.50%, 14.50%, or 21.00% SCP,
was also observed across feed utilization indices. For
the condition factor, K, fish fed the control diet had a
significantly greater value (2.15) than the rest of the
treatments, but 4.25% SCP (1.93) was also statistically
greater than 8.50%, 14.50, and 21.00% SCP (1.71, 1.72,
and 1.68, respectively). Based on orthogonal polyno-
mial contrasts analysis, there was a linear decrease in
all the growth indices, as well as feed intake, protein
efficiency ratio, K, and survival, with the increment in
the dietary level of SCP, while FCR exhibited a linear
increase (Table 1). Quadratic and/or quartic trends
were also detected for some of the growth performance
variables; however, the P values for the linear trends
were statistically more significant (Table 1).

The crude fat content in the muscle tissue of fish
decreased linearly (P<0.0001) with the increasing level
of incorporation of the bacterial SCP, as detected by
orthogonal polynomial contrasts analysis (Table 2).
Such decrement, as shown by one-way ANOVA, was
due to crude fat contents of 4.59% and 4.48% for fish
fed the 0.00% and 4.25% SCP diets, respectively, which
did not significantly differ from each other. However,
they were both significantly higher (P=0.0001) than
those of fish fed the 8.50% (3.46%), 14.50% (3.41%),
and 21.00% SCP (3.12%) diets. In addition, a signifi-
cant (P=0.0003) linear decrement in the dry matter
content of muscle was observed as the level of dietary
SCP increased. Fish fed the control 0.00% and 4.25%
SCP diets had the highest dry matter contents (24.64
and 23.38%, respectively) and were both significantly
higher (P = 0.0011) than those of fish fed the 8.50%
(22.33%), 14.50% (22.71%), or 21.00% SCP (22.51%)
diets (Table 2). The contents of crude protein and
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ash in muscle tissue were not affected by the level of
incorporation of bacterial SCP (Table 2).

A significant (P=0.0018) linearly reduced content
of glutamic acid was observed as dietary SCP increased.
As shown by one-way ANOVA, fish fed the control
0.00% and 4.25% SCP diets had significantly higher
(P=0.0199) contents (9.62 and 9.34 g/100 g dry tissue,
respectively) than fish fed the 21.00% SCP diet (6.71
g/100 g dry tissue), but did not display significantly
higher levels than fish fed the 8.50% or the 14.50% SCP
diets (8.81 and 7.89 g/100 g dry tissue, respectively).
The contents of all other A As, essential or non-essential,
were not statistically affected by the diet (Table 3).

DISCUSSION

The present study demonstrated that 50% of the protein
provided by fishmeal in a control diet, with a baseline
fishmeal content of 8.0%, could be substituted with the
bacterial-based SCP MRD-Pro® without significantly
altering growth, feed utilization, or survival of tilapia
fry. Because fishmeal was replaced on a protein basis,
this represents an actual level of incorporation of SCP
of 4.25%. Conversely, fish performance was significantly
depressed as dietary SCP was progressively increased
to levels of 8.50%, 14.50%, or 21.00%. These results
concur with the notion, supported by previous stud-
ies of tilapia and other fish species, that bacterial SCP
represents a nutritious feed ingredient that can be
effectively incorporated, within limits, into the diet.
Surprisingly, despite its economic significance, the
body of research conducted on this topic with tilapia
is unexpectedly limited. In earlier research, up to 50%
of fishmeal could be successfully replaced by SCP de-
rived from M. methylotrophus [20], while the growth
of tilapia (1.4 g) was adversely impacted when levels
of SCP (M. glutamicus) exceeded 10% of the diet [21].
Using a mixture of Lactobacillus sp. and brewer’s yeast,
added at levels of 0% (control) and 15% of the diet,
adequate growth of tilapia (ca. 55 g) was observed [22].
Recently, it was reported that tilapia (3 g) exhibited
good growth and enhanced immune response when
bacterial SCP (M. capsulatus) replaced fishmeal at
levels ranging from 0 to 8.5% of the diet. [23]. In turn,
incorporating up to 20% SCP (C. autoethanogenum)
did not affect the growth of tilapia (0.7 g); however,
intestinal histology damage was observed with SCP
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substitution at or above 10% [24,25]. In the only other
study identified in which tilapia fry was used (0.078 g),
improved growth was observed after feeding bacterial
SCP (Rfhodovulum sulfidophilum) [35]. However, the
diet design was somewhat unorthodox, consisting of
(i) a commercial feed (control diet) and (ii) a combi-
nation of SCP:commercial feed, pelleted together at a
1:2 ratio (w/w). Consequently, the diets were neither
isoproteic nor isolipidic and had different contents
of crude fiber. For this reason, the results may not be
conclusively attributed solely to the effects of dietary
SCP, and comparison with the results of the present
study would be inaccurate. Overall, the level of SCP
incorporation that provided sufficient growth of tila-
pia in this study, 4.25% of the diet, appears relatively
modest compared to findings from previous research.
This result is likely associated with the size of the fish
employed, 0.12 g in this study vs. 0.7-55.0 g for fish in
the previous studies (excluding the study using tilapia
fry [35]). However, considering the protein require-
ments for tilapia larvae and fry (35-50% or higher) are
higher than those for juveniles (30-40%) and adults
(20-30%) [4], it is unsurprising that tilapia fry in this
study, requiring higher quantities and quality of the
dietary protein, exhibited relatively lower tolerance
to bacterial SCP in the diet compared to larger fish
in previous studies. Despite the relatively modest
substitution level, the results are significant from an
environmental perspective, considering the possibility
of halving the expensive and ecologically unsustainable
inclusion of fishmeal [36] by using bacterial SCP, an
ingredient with a substantially reduced environmental
footprint [37].

The interest in the use of bacterial-based SCP as
fishmeal replacement has spread to food fish species;
thus, for salmon (S. salar), dietary levels of SCP from 4.0
to 36.0% have been used with good results [12,13,38,39];
for rainbow trout (O. mykiss), bacterial SCPs have been
used successfully at levels ranging from 4.0 to 28.0% of
the diet [14,18,40,41]. The flatfish, halibut (H. hippoglos-
sus) and turbot (S. maximus), have shown good growth
at maximum levels of SCP of 9.0% [15] and 18.37%
[19,42] of the diet, respectively. Other species for which
some level of bacterial-based SCP has successfully been
incorporated into the diet include Jian carp (Cyprinus
carpio), largemouth bass (Micropterus salmoides), yel-
lowtail (S. quinqueradiata), barramundi (Lates calca-
rifer), and black sea bream (Acanthopagrus schlegelii)
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[16,17,43,44,45,46,47]. Overall, these
reports suggest that tolerance to di-
etary bacterial SCPs is species-specific.
However, the species of bacteria and
the culture substrate used to produce

SCPs also affect their nutritional value

for fish and help explain the variable

results. While some bacteria can thrive
on agricultural by-products and wastes,

e.g., Bacillus pumilis, Cellulomonas sp.,
and Prevotella sp. [48,49,50], others
can only grow on hydrocarbon sub-
strates, such as methane and carbon
monoxide, e.g., M. capsulatus and C.
autoethanogenum, respectively [17,42].
This leads to varying nutritional at-

tributes, including protein content,
amino acid composition, crude fat,

and vitamin contents. [11,51,52]. As an
example of differing growth results for
the same fish species, based solely on

the bacterial species yielding the SCPs,
in the case of rainbow trout (O. mykiss),

replacing fishmeal by SCPs from ei-

ther Brevibacterium factofermentum or
Bacterium glutamaticum, each added

at 0, 4, 8, or 16% of the diet, resulted
in favorable growth in fish across all

dietary levels of B. factofermentum SCP,
but limited tolerance to more than 4%

SCP from B. glutamaticum [41].

Nucleic acids have attracted the
interest of researchers for their possible

nutraceutical effects when added to fish
diets at low levels, such as 500 mg/kg
[53]. However, they are typically present

in high quantities in bacterial SCP, rais-

ing concerns they may lead to increased
plasma uric acid and precipitation, caus-
ing gout, kidney stones, and allergic

reactions, especially in humans [54-57].
Indeed, bacterial-based SCP has the
highest contents of nucleic acids (15

to 16%) compared to SCP from yeasts
(7.1 to 12%) or microalgae (3 to 8%)
[50,55]. Fortunately, the nucleic acid
content can be reduced by hydrolysis
or heat treatment, rendering bacterial
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SCP fit for human consumption [58] but not without
added production costs [7]. Another drawback, at least
for some bacterial-based SCPs, is poor palatability
[57,59]. Sightly reduced weight gain was observed
in rainbow trout when 10% SCP (Methylobacterium
extorquens) was added to the diet. This decrease was
linked to reduced feed intake, with low palatability
suspected as the cause [60]. This may have played a role
in the present study since feed intake decreased signifi-
cantly as dietary SCP increased. The problem could be
overcome, as suggested earlier [60], by incorporating
palatability enhancers. In addition to the high nucleic
acid content and palatability issues of bacterial SCP,
bacteria can produce endo- and exotoxins as secondary
metabolites, which may cause mild to fatal reactions,
depending on the bacterial species and the consumer
[61,62.63]. Some exotoxins are thermolabile or can be
denatured by organic solvents and acids [64], whereas
endotoxins, as constituents of the bacterial cell, are
more difficult to remove [54]. However, it should be
emphasized that not all bacterial species are harmful
[55]. Toxicological tests are recommended to verify the
safety of any potentially new species for SCP production
[57]. Overall, the potential presence of antinutritional
factors in bacterial-based SCP mentioned helps explain
why there are constraints on their inclusion in fish diets.

In the present study, increasing the level of dietary
SCP caused a significant reduction in the crude fat con-
tent of fish muscle tissue. The same significant effects
on muscle tissue or whole body have been observed for
tilapia and other fish in response to increasing bacterial-
based SCP levels in the diet, including rainbow trout
(O. mykiss), yellowtail (S. quinqueradiata), largemouth
bass (M. salmoides), turbot (S. maximus), and large yel-
low croaker (Larimichthys crocea) [17,18,19,21,65,66].
Although not statistically significant, the same trend
has also been observed for Atlantic salmon (S. salar)
[12] and halibut (Hippoglossus hippoglossus) [15].
Reduced fat content in muscle tissue or the whole
fish body is a consistent response to dietary bacterial
SCP. Recent experimental evidence helped elucidate
this phenomenon. As fishmeal was gradually replaced
from 0 up to 30% by bacterial SCP (M. capsulatus) in
diets for Pacific white shrimp (Litopenaeus vanname:i),
a significant reduction of the expression of the gene
fatty acid synthase (fas), and a significant increase of
carnitine palmitoyltransferase (cpt-1) were observed
in shrimp hepatopancreas. These enzymes participate

Arch Biol Sci. 2024;76(2):191-203

in regulating fatty acid synthesis (for fas) and fatty acid
catabolism (for cpt-1). In other words, bacterial-based
SCP has lipolytic effects and concomitantly reduces
lipogenic activity [67]. In the present study, along with
the reduced crude fat content, reduced dry matter
content (or increased moisture) was observed, a trend
that also has been reported in numerous studies of fish
fed with bacterial SCP [12,15,17-19,65,66]. Elevating
the water content seems to be a recurrent response
of the fish body to compensate for the reduced body
lipid. Regarding ash and crude protein contents, no
differences among treatments were detected in the
present study or in studies with H. hippoglossus and L.
crocea fed bacterial SCP [15,66]. However, there is no
consistent trend of these parameters in other studies
of fish fed with bacterial-based SCP. For example, the
content of crude protein increased in M. salmoides, and
decreased in S. quinqueradiata, O. mykiss, and S. maxi-
mus, while ash content increased in S. quinqueradiata
and O. mykiss in response to dietary SCP [17-19,65].
The response may depend on both the species of fish
and bacteria under study.

The progressive incorporation of dietary SCP elic-
ited minimal changes in the AA profile of fish muscle.
The content of glutamic acid, a non-essential AA,
decreased with the dietary levels of SCP, while none of
the other AAs were statistically affected. Unfortunately,
the amino acid composition of muscle or whole body
of tilapia fed bacterial-based SCP in other studies was
not reported. In some indirect evidence, employing
juvenile tilapia (1.4 g of initial weight), significantly
reduced growth was recorded when levels of 15% and
20% of bacterial SCP from M. glutamicus were included
in the diet [21]. For those diets, the low levels of lysine
(0.89-0.95 g/100 diet) and methionine (0.34-0.36 g/100
g) may have caused the depressed growth since they
were below the recommended dietary inclusion for
juvenile tilapia, i.e., 1.43-2.62 g/100 diet for lysine and
0.75-1.29 g/100 diet for methionine [29,30]. In the
present study, the minimum requirements of tilapia for
all essential amino acids were met, and all diets were
supplemented with methionine and lysine. Therefore,
the depressed growth observed at elevated inclusion
levels of bacterial SCP was more likely associated with
the anti-nutritional characteristics of SCP previously
mentioned, e.g., a high nucleic acid content and poor
palatability, which may also explain the significantly
reduced feed intake. In addition, the digestibility of
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bacterial SCP must be considered. At elevated inclu-
sion levels, reduced digestibility for turbot, salmon,
rainbow trout, or yellowtail has been evidenced using
diets containing SCP from the bacterial species M.
capsulatus or a bacterial consortium composed of M.
capsulatus, Alcaligenes acidovorans, Bacillus brevis,
and Bacillus firmus [12,14,17,19,39]. However, some
authors argue that the digestibility of bacterial-based
SCP is high [8], especially when compared to fungal
and microalgal SCP [11,52]. Diet digestibility was not
determined in the present study; therefore, its poten-
tial role in the observed growth reduction should be
investigated in future research.

CONCLUSIONS

At least 50% of the protein provided by fishmeal in a
control diet (with a baseline fishmeal content of 8.0%
of diet) can be replaced by the bacterial-based SCP
MRD-Pro*® without significant effects on growth, feed
utilization, or survival of tilapia (O. niloticus) fry. As
fishmeal was substituted on a protein basis, this repre-
sents an effective incorporation level of bacterial SCP
of 4.25% in the diet. Conversely, fish biological perfor-
mance declined as dietary SCP levels were increased
to 8.50%, 14.50%, or 21.00% of the diet. Increasing the
level of dietary SCP caused a significant reduction in
crude fat and dry matter content of fish muscle tissue,
while the contents of ash and crude protein were unaf-
fected. Minimal changes in the amino acid profile of
fish muscle tissue were observed, with glutamic acid
content being the only one affected by dietary SCP.
Overall, the results of the present study indicate that
the bacterial-based SCP MRD-Pro* is a nutritious feed
additive that can be effectively incorporated, albeit
with certain constraints, into the diet for tilapia fry.

Funding: The authors received no specific funding for this work.

Acknowledgments: The authors would like to thank Jesus Vazquez-
Cota at the Kino Bay Experiment Station for his technical as-
sistance during this study. Funding for Ms. Félix-Berumen was
partly provided by Consejo Nacional de Humanidades, Ciencias
y Tecnologia (CONAHCY'T, Mexico). The mention of trademarks
or proprietary products does not constitute an endorsement of the
product by the University of Sonora and does not imply its ap-
proval to the exclusion of other products that may also be suitable.

Author contributions: Martin Perez-Velazquez, conceptualiza-
tion, writing - original draft preparation, supervision; Mayra L.

199

Gonzalez-Félix, conceptualization, writing — review and editing;
Reyna D. Félix-Berumen, methodology, data curation, writing
- review and editing. All authors have read and agreed to the
published version of the manuscript.

Conflict of interest disclosure: The authors declare that they
have no conflict of interest.

Data availability: The data underlying the reported findings
have been provided with the submitted article and are avail-
able here: https://www.serbiosoc.org.rs/NewUploads/Uploads/
Gonz%C3%Allez-F%C3%A91ix%20et%20al_9719-Raw%20
Dataset.xlsx

REFERENCES

1.  Food and Agriculture Organization (FAO). The State of
World Fisheries and Aquaculture (SOFIA), Towards Blue
Transformation. Rome, Italy; 2022. 236 p.
https://doi.org/10.4060/cc0461en

2. Oliva-Teles A, Enes P, Peres H. Replacing fishmeal and fish
oil in industrial aquafeeds for carnivorous fish. In: Davis DA,
editor. Feed and Feeding Practices in Aquaculture. Cambridge,
UK: Woodhead Publishing Series in Food Science, Technol-
ogy and Nutrition; 2015. p. 203-33.

3. Sarker PK, Kapuscinski AR, McKuin B, Fitzgerald DD, Nash
HM, Greenwood C. Microalgae-blend tilapia feed eliminates
fishmeal and fish oil, improves growth, and is cost viable. Sci
Rep. 2020;10:19328.
https://doi.org/10.1038/s41598-020-75289-x

4.  El-Sayed AFM. Protein nutrition of farmed tilapia: Searching
for unconventional sources. In: Sixth International Symposium
on Tilapia Aquaculture; 2004 Sep 12-16; Manila, Philippines.
2004. p. 374-8. Available from:
https://citeseerx.ist.psu.edu/document?repid=rep1&type=
pdf&doi=a3dfb6b1fc808eb13d0a980233d5fab73d47ba07

5. Munguti JM, Nairuti R, Iteba JO, Obiero KO, Kyule D, Opiyo
MA, Abwao J, Kirimi JG, Outa N, Muthoka M, Githukia
CM, Ogello EO. Nile tilapia (Oreochromis niloticus Linnaeus,
1758) culture in Kenya: Emerging production technologies
and socio-economic impacts on local livelihoods. Aqua Fish
& Fisheries. 2022;2:265-76. https://doi.org/10.1002/aff2.58.

6. Zhang L, Wu HX, Li WJ, Qiao F, Zhang WB, Du ZY, Zhang
ML. Partial replacement of soybean meal by yellow mealworm
(Tenebrio molitor) meal influences the flesh quality of Nile
tilapia (Oreochromis niloticus). Anim Nutr. 2023;12:108-15.
https://doi.org/10.1016/j.aninu.2022.09.007

7.  Bratosin BC, Darjan S, Vodnar DC. Single cell protein: A
potential substitute in human and animal nutrition. Sustain-
ability. 2021;13:9284. https://doi.org/10.3390/ sul3169284

8.  Overland M, Tauson AH, Shearer K, Skrede A. Evaluation
of methane-utilising bacteria products as feed ingredients
for monogastric animals. Arch Anim Nutr. 2010;64:171-89.
https://doi.org/10.1080/17450391003691534

9.  Suman G, Nupur M, Anuradha S, Pradeep B. Single cell
protein production: A review. Int J Curr Microbiol Appl
Sci. 2015;4:251-62.


https://www.serbiosoc.org.rs/NewUploads/Uploads/Gonz%C3%A1lez-F%C3%A9lix%20et%20al_9719-Raw%20Dataset.xlsx

200

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Garimella S, Karunakar KR, Aruna K, Ramchander M. Cur-
rent status on single cell protein (SCP) production from
photosynthetic purple non sulphur bacteria. ] Chem Pharm
Sci. 2017;10:915-22.

Glencross BD, Huyben D, Schrama JW. The application of
single-cell ingredients in aquaculture feeds- a review. Fishes.
2020;5:2-39. https://doi.org/10.3390/fishes5030022

Berge GM, Baeverfjord G, Skrede A, Storebakken T. Bacte-
rial protein grown on natural gas as protein source in diets
for Atlantic salmon, Salmo salar, in saltwater. Aquaculture.
2005;244:233-40.
https://doi.org/10.1016/j.aquaculture.2004.11.017

Aas TS, Grisdale-Helland B, Terjesen BE, Helland ST. Improved
growth and nutrient utilisation in Atlantic salmon (Salmo
salar) fed diets containing a bacterial protein meal. Aqua-
culture. 2006;259:365-76.
https://doi.org/10.1016/j.aquaculture.2006.05.032

Aas TS, Hatlen B, Grisdale-Helland B, Terjesen BE, Bakke-
McKellep AM, Helland SJ. Effects of diets containing a bacte-
rial protein meal on growth and feed utilisation in rainbow
trout (Oncorhynchus mykiss). Aquaculture. 2006;261:357-68.
https://doi.org/10.1016/j.aquaculture.2006.07.033

Aas TS, Hatlen B, Grisdale-Helland B, Terjese BE, Penn M,
Bakke-McKellep AM, Helland SJ. Feed intake, growth and
nutrient utilization in Atlantic halibut (Hippoglossus hippo-
glossus) fed diets containing a bacterial protein meal. Aquac
Res. 2007;38:351-60.
https://doi.org/10.1111/j.1365-2109.2007.01672.x
Delamare-Deboutteville ], Batstone DJ, Kawasaki M, Steg-
man S, Salini M, Tabrett S, Hiilsen T. Mixed culture purple
phototrophic bacteria is an effective fishmeal replacement
in aquaculture. Water Res. 2019;4:100031.
https://doi.org/10.1016/j.wroa.2019.100031

Biswas A, Takakuwa F, Yamada S, Matsuda A, Saville RM,
LeBlanc A, Tanaka H. Methanotroph (Methylococcus capsu-
latus, Bath) bacteria meal as an alternative protein source
for Japanese yellowtail, Seriola quinqueradiata. Aquaculture.
2020;529:735700.
https://doi.org/10.1016/j.aquaculture.2020.735700

Zamani A, Khajavi M, Nazarpak M, Gisbert E. Evaluation of
a bacterial single-cell protein in compound diets for rainbow
trout (Oncorhynchus mykiss) fry as an alternative protein
source. Animals. 2020;10:1676.
https://doi.org/10.3390/ani10091676

Zheng J, Zhang W, Zhijie D, Cao X, Cui K, Zhu S, Zhuang Y,
Mai K, Ai Q. Effects of fish meal replaced by methanotroph
bacteria meal (Methylococcus capsulatus) on growth, body
composition, antioxidant capacity, amino acids transporters
and protein metabolism of turbot juveniles (Scophthalmus
maximus L.). Aquaculture. 2023;562:738782.
https://doi.org/10.1016/j.aquaculture.2022.738782

Viola S, Zohar G. Nutrition studies with market size hybrids
of tilapia (Oreochromis) in intensive culture. Isr ] Aquac -
Bamidgeh. 1984;36:3-15.

Davies SJ, Wareham H. A preliminary evaluation of an indus-
trial single cell protein in practical diets for tilapia (Oreochromis
mossambicus Peters). Aquaculture. 1988;73:189-99.
Schneider O, Amirkolaie AK, Vera-Cartas J, Eding EH,
Schrama JW, Verreth JAJ. Digestibility, faeces recovery, and

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

Arch Biol Sci. 2024;76(2):191-203

related carbon, nitrogen and phosphorus balances of five
feed ingredients evaluated as fishmeal alternatives in Nile
tilapia, Oreochromis niloticus L. Aquac Res. 2004;35:1370-79.
https://doi.org/10.1111/j.1365-2109.2004.01179.x

Chama MKH, Liang D, Huang X, Ge X, Ren M, Zhang L, Wu
L, Ke J. Methanotroph (Methylococcus capsulatus, Bath) as an
alternative protein source for genetically improved farmed
tilapia (GIFT: Oreochromis niloticus) and its effect on anti-
oxidants and immune response. Aquac Rep. 2021;21:100872.
https://doi.org/10.1016/j.aqrep.2021.100872

Maulu S, Hualiang L, Ke ], Ren M, Ge X, Huang D, Yu H.
Dietary Clostridium autoethanogenum protein modulates
intestinal absorption, antioxidant status, and immune
response in GIFT (Oreochromis niloticus) juveniles. Aquac
Res. 2021;52:5787-99. https://doi.org/10.1111/are.15454
Maulu S, Liang H, Ge X, Yu H, Huang D, Ke J, Mi H. Effect
of dietary Clostridium autoethanogenum protein on growth,
body composition, plasma parameters and hepatic genes
expression related to growth and AMPK/TOR/PI3K signaling
pathway of the genetically improved farmed tilapia (GIFT:
Oreochromis niloticus) juveniles. Anim. Feed Sci. Technol.
2021;276:114914. https://doi.org/10.1016/j.anifeedsci.2021.114
Official Mexican Norm. [Official Mexican Norm (NOM-062-
Z00-1999) on the Technical Specifications for the Produc-
tion, Care and Use of Laboratory Animals. Mexico].2001;
Available from:
https://www.gob.mx/cms/uploads/attachment/file/203498/
NOM-062-Z00-1999_220801.pdf. Spanish.

National Research Council. Guide for the Care and Use of
Laboratory Animals, 8th ed. Washington, D.C., USA: The
National Academic Press; 2011. 246 p.

Begum A, Mondal S, Ferdous Z, Zafar MA, Ali MM. Impact
of water quality parameters on monosex tilapia (Oreochromis
niloticus) production under pond condition. Int ] Anim Fish
Sci. 2014;2:14-21.

Santiago BC, Lovell RT. Amino acid requirements for growth
of Nile tilapia. ] Nutr. 1988;118:1539-46.
https://doi.org/10.1093/jn/118.12.1540

Furuya WM, Cruz TPd, Gatlin DM, III. Amino acid require-
ments for Nile Tilapia: An update. Animals. 2023;13:900.
https://doi.org/10.3390/ani13050900

Ricker WE. Computation and interpretation of biological statis-
tics of fish populations. J Fish Res Board Can. 1975;191:1-382.
Association of Official Analytical Chemists (AOAC). Offi-
cial Methods of Analysis, 18th ed. Gaithersburg, MD, USA:
Association of Official Analytical Chemists; 2005.

Folch ], Lees M, Sloane-Stanley CH. A simple method for the
isolation and purification of total lipids from animal tissues.
J Biol Chem. 1957;226:497-5009.

Vazquez-Ortiz FA, Caire G, Higuera-Ciapara I, Hernandez G.
High performance liquid chromatographic determination of
free amino acids in shrimp. J Liq Chromatogr. 1995;18:2059-68.
Banerjee S, Azad A, Vikineswary A, Selvaraj OS, Mukherjee
TK. phototrophic bacteria as fish feed supplement. Asian-
australas ] Anim Sci. 2000;13:991-4.
https://doi.org/10.5713/ajas.2000.991

Tacon AGJ, Metian M. Global overview on the use of fish
meal and fish oil in industrially compounded aquafeeds:
Trends and future prospects. Aquaculture. 2008;285:146-58.
https://doi.org/10.1016/j.aquaculture.2008.08.015



Arch Biol Sci. 2024;76(2):191-203

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Matassa S, Boon N, Pikaar I, Verstraete W. Microbial protein:
future sustainable food supply route with low environmental
footprint. Microb Biotechnol. 2016;9:568-75.
https://doi.org/10.1111/1751-7915.12369

Storebakken T, Kvien IS, Shearer KD, Grisdale-Helland B,
Helland SJ, Berge GM. The apparent digestibility of diets
containing fish meal, soybean meal or bacterial meal fed to
Atlantic salmon (Salmo salar): evaluation of different faecal
collection methods. Aquaculture. 1998;169:195-210.
Storebakken T, Baeverfjord G, Ollia JJ, Berge GM. Bacterial
protein grown on natural gas in diets for Atlantic salmon,
Salmo salar, in freshwater. Aquaculture. 2004;241:413-25.
Kaushik SJ, Luquet P. Influence of bacterial protein incorpora-
tion and of sulphur amino acid supplementation to such diets
on growth of rainbow trout, Salmo gairdnerii Richardson.
Aquaculture. 1980;19:163-75.
https://doi.org/10.1016/0044-8486(80)90017-4

Kiessling A, Askbrandt S. Nutritive value of two bacterial
strains of single-cell protein for rainbow trout (Oncorhynchus
mykiss). Aquaculture. 1993;109:119-30.
https://doi.org/10.1016/0044-8486(93)90209-H

Zheng J, Zhang W, Dan Z, Zhuang Y, Liu Y, Mai K, Ai Q.
Replacement of dietary fish meal with Clostridium auto-
ethanogenum meal on growth performance, intestinal amino
acids transporters, protein metabolism and hepatic lipid
metabolism of juvenile turbot (Scophthalmus maximus L.).
Front Physiol. 2022;13:981750.
https://doi.org/10.3389/fphys.2022.981750

Li M, Liang H, Xie J, Chao W, Zou E Ge ], Ren M. Diet supple-
mented with a novel Clostridium autoethanogenum protein
have a positive effect on the growth performance, antioxidant
status and immunity in juvenile Jian carp (Cyprinus carpio
var. Jian). Aquac Rep. 2021;19:100572.
https://doi.org/10.1016/j.aqrep.2020.100572

Xu B, Liu Y, Chen K, Wang L, Sagada G, Tegomo AF, Yang Y,
Sun'Y, Zheng L, Ullah S, Shao Q. Evaluation of methanotroph
(Methylococcus capsulatus, Bath) bacteria meal (FeedKind R)
as an alternative protein source for juvenile black sea bream,
Acanthopagrus schlegelii. Front Mar. Sci. 2021;8:778301.
https://doi.org/10.3389/fmars.2021.778301

Yu H, Liang H, Longshaw M, Wang ], Ge X, Ren M, Zhang
L. Methanotroph (Methylococcus capsulatus, Bath) bacteria
meal (FeedKind®) could effectively improve the growth, appar-
ent digestibility coefficient, blood biochemical parameters,
antioxidant indices of juvenile Jian carp (Cyprinus carpio var.
Jian). Anim Feed Sci Technol. 2022;288:115293.
https://doi.org/10.1016/j.anifeedsci.2022.115293

Zhang Q, Liang H, Longshaw M, Wang J, Ge X, Zhu J, Li
S, Ren M. Effects of replacing fishmeal with methanotroph
(Methylococcus capsulatus, Bath) bacteria meal (FeedKind®)
on growth and intestinal health status of juvenile large-
mouth bass (Micropterus salmoides). Fish Shellfish Immunol.
2022;122:298-305. https://doi.org/10.1016/j.£51.2022.02.008
Zhu S, Gao W, Wen Z, Chi S, Shi Y, Hu W, Tan B. Partial
substitution of fish meal by Clostridium autoethanogenum
protein in the diets of juvenile largemouth bass (Micropterus
salmoides). Aquac Rep. 2022;22:100938.
https://doi.org/10.1016/j.aqrep.2021.100938

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

201

Liu B, SongJ, Li Y, Niu ], Wang Z, Yang Q. Towards industri-
ally feasible treatment of potato starch processing waste by
mixed cultures. Appl Biochem Biotech. 2013;171:1001-1010.
https://doi.org/10.1007/s12010-013-0401-1

Lee JZ, Logan A, Terry S, Spear JR. Microbial response to
single-cell protein production and brewery wastewater treat-
ment. Microb. Biotechnol. 2015;8:65-76.
https://doi.org/10.1111/1751-7915.12128

Jannathulla R, Sravanthi O, Moomeen S, Gopikrishna G,
Dayal JS. Microbial products in terms of isolates, whole-cell
biomass, and live organisms as aquafeed ingredients: Pro-
duction, nutritional values, and market potential- A review.
Aquac Int. 2021;29:623-50.
https://doi.org/10.1007/s10499-021-00644-2

Sharif M, Zafar MH, Aqib Al, Saeed M, Farag MR, Alagawany
M. Single cell protein: Sources, mechanism of production,
nutritional value and its uses in aquaculture nutrition. Aqua-
culture 2021;531:735885.
https://doi.org/10.1016/j.aquaculture.2020.735885

Wada OZ, Vincent AS, Mackey HR. Single-cell protein pro-
duction from purple non-sulphur bacteria-based wastewater
treatment. Rev Environ Sci Biotechnol. 2022;21:931-56.
https://doi.org/10.1007/s11157-022-09635-y

Pelusio NFE, Parma L, Volpe E, Ciulli S, Errani E, Natale S, De
Cesare A, Indio V, Carcano P, Mordenti O, Gatta PP, Bonaldo
A. Yeast-extracted nucleotides and nucleic acids as promising
feed additives for European sea bass (Dicentrarchus labrax)
juveniles. Front Mar Sci. 2023;10:1145660.
https://doi.org/10.3389/fmars.2023.1145660

Anupama, Ravindra P. Value-added food: Single cell protein.
Biotechnol Adv. 2000;18:459-79.

Nasseri AT, Rasoul-Amini S, Morowvat MH, Ghasemi Y.
Single cell protein: production and process. Am J Food
Technol. 2011;6:103-16.
https://doi.org/10.3923/ajft.2011.103.116

Ritala A, Hakkinen S, Toivari M, Wiebe M. single cell protein-
state-of-the-art, industrial landscape and patents 2001-2016.
Front Microbiol. 2017;8:2009.
https://doi.org/10.3389/fmicb.2017.02009

Pereira AG, Fraga-Corral M, Garcia-Oliveira P, Otero P, Soria-
Lopez A, Cassani L, Cao H, Xiao J, Prieto MA, Simal-Gandara
J. Single-cell proteins obtained by circular economy intended
as a feed ingredient in aquaculture. Foods. 2022;11:2831.
https://doi.org/10.3390/foods11182831

Yazdian F, Hajizadeh S, Shojaosadati S, Khalilzadeh R, Jah-
anshahi M, Nosrati M. Production of single cell protein from
natural gas: Parameter optimization and RNA evaluation.
Iran ] Biotechnol. 2005;3:235-42.

Jones SW, Karpol A, Friedman S, Maru BT, Tracy BP. Recent
advances in single cell protein use as a feed ingredient in
aquaculture. Curr Opin Biotechnol. 2020;61:189-97.
https://doi.org/10.1016/j.copbio.2019.12.026

Hardy RW, Patro B, Pujol-Baxley C, Marx CJ, Feinberg L.
Partial replacement of soybean meal with Methylobacterium
extorquens single-cell protein in feeds for rainbow trout
(Oncorhynchus mykiss Walbaum). Aquac Res. 2018;49:2218-24.
https://doi.org/10.1111/are.13678



202

61.

62.

63.

64.

65.

Ekenvall L, Dolling B, Gothe CJ, Ebbinghaus L, von Stedingk
LV, Wasserman J. Single cell protein as an occupational hazard.
Br J Ind Med. 1983;40:212-15.
https://doi.org/10.1136/0em.40.2.212

Powar CB, Daginawala HE. General microbiology. Bombay:
Himalaya Publishing House; 1995. 670 p.

Rudravaram R, Chandel A, Rao L, Hui Y, Ravindra P. Bio
(single cell) protein: Issues of production, toxins and com-
mercialization status. In: Ashworth GS, Azevedo P, editors.
Agricultural wastes. New York, USA: Nova Science Publishers,
Inc; 2009. p. 123-53.

Blancou J. Calvet H, Riviere R. Single cell protein production
from peanut shell. Rev Elev Med Vet Pays Trop. 1978;31:363-68.
Yang P, Li X, Yao W, Li M, Wang Y, Leng X. Dietary effect of
Clostridium autoethanogenum protein on growth, intestinal

SUPPLEMENTARY MATERIAL

66.

67.

Arch Biol Sci. 2024;76(2):191-203

histology and flesh lipid metabolism of largemouth bass
(Micropterus salmoides) based on metabolomics. Metabolites.
2022;12:1088. https://doi.org/10.3390/metabo12111088
Zhang ], Dong Y, Song K, Wang L, Li X, Lu K, Tan B, Zhang
C. substituting fish meal with a bacteria protein (Clostridium
autoethanogenum protein) derived from industrial-scale gas
fermentation: Effects on growth and gut health of juvenile
large yellow croakers (Larimichthys crocea). Fishes. 2022;7:228.
https://doi.org/10.3390/fishes7050228

ChenY, Chi S, Zhang S, Dong X, Yang Q, Liu H, Tan B, Xie S.
Evaluation of methanotroph (Methylococcus capsulatus, Bath)
bacteria meal on body composition, lipid metabolism, protein
synthesis and muscle metabolites of Pacific white shrimp
(Litopenaeus vannamei). Aquaculture. 2022;547:737517.
https://doi.org/10.1016/j.aquaculture.2021.737517

Supplementary Table S1. Ingredients (g/100 g of diet) and determined proximate composition (%) of experimental diets for Nile tilapia
fry using increasing levels of bacterial-based single-cell protein meal MRD-Pro'.

Dietary levels of SCP
0,
Ingredients 0% (Control) | 5200 SCP | 8.50% SCP | 14.50% SCP 21.00% SCP
(control)
Soy protein isolate’ 23.96 23.96 23.96 23.96 23.96
Soybean meal extracted! 21.35 21.30 21.30 11.06 -
Fishmeal (sardine)? 8.00 4.00 - - -
MRD-Pro Meridian® - 4.25 8.50 14.50 21.00
Pea Protein* 7.60 7.60 7.60 7.60 7.60
Whole wheat flour® 12.30 11.715 11.115 15.28 19.735
Wheat starch® 4.00 4.00 4.00 4.00 4.00
Soybean oil’ 9.00 9.06 9.12 9.025 8.875
Fish oil? 3.50 3.56 3.62 3.525 3.475
Soy lecithin dry® 1.00 1.00 1.00 1.00 1.00
Vitamin/mineral mix’ 2.00 2.00 2.00 2.00 2.00
CaP dibasic!’ 2.73 3.65 4.54 4.67 4.80
Salt (NaCl)*° 0.35 0.35 0.35 0.35 0.35
Methionine!! 0.625 0.665 0.70 0.70 0.695
Lysine'! 0.015 0.14 0.255 0.35 0.46
Vitamin C" 0.10 0.10 0.10 0.10 0.10
Cellulose™ 0.785 0.795 0.79 1.34 1.95
Diatomaceous earth!® 2.685 1.855 1.05 0.54 -
Total 100 100 100 100 100
Proximate composition (%)"*
Crude protein 45.37 45.17 45.31 44.14 43.82
Crude fat 14.26 14.27 14.24 14.58 14.61
Moisture 542 5.41 6.28 7.43 5.57
Ash 12.25 12.08 11.92 11.65 11.66
Crude fiber 2.02 2.52 2.86 2.34 2.68
NFE 20.68 20.55 19.39 19.86 21.66
Gross energy (k] g7) 19.82 19.80 19.58 19.37 19.50

'Procesadora de ingredientes, S.A. de C.V., Guadalajara, Jalisco, Mexico.
*Productos Pesqueros de Guaymas S.A. de C.V., Guaymas, Sonora, Mexico.
*MRD-Pro’, 63.5% crude protein, 3.12% crude fat, Meridian Biotech, LLC, Texas, USA.

*HABACUQ Comercializadora Quimica S.A. de C.V., Guadalajara, Jalisco, Mexico.
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*Los Gallos, Molino La Fama S.A. de C.V., Hermosillo, Sonora, Mexico.
*Gluten y Almidones Industriales, S.A. de C.V., Mexico City, Mexico.
’Ragasa Industrias S.A. de C.V., Monterrey, Nuevo Le6n, Mexico.

8Golden Harvest, Impulsora Golden, S.A. de C.V., Mexico City, Mexico.
’Rovimix, Insumos Nubiot, Obregén City, Sonora, Mexico.

!"Fagalab, Mocorito, Sinaloa, Mexico.

""Alfa Aesar, Ward Hill, Massachusetts, USA.

"2Stay C* (L-ascorbyl-2-polyphosphate 35% active C), Roche Vitamins Inc.,
Parsippany, New Jersey, USA.

Sigachi Industries Pvt. Ltd., Madinaguda, Hyderabad, India.

!“Values are means of triplicate samples, except for gross energy and crude fiber, with
two replicate samples.

NFE=Nitrogen Free Extract; SCP=Single-Cell Protein.

Supplementary Table S2. Amino acid composition (g/100 g of dry diet) of
experimental diets for Nile tilapia fry using increasing levels of bacterial-based
single-cell protein meal MRD-Pro°.

Dietary levels of SCP
0% 4.25% 8.50% 14.50% 21.00%
(Control)

Essential amino acids

Arginine 8.87 8.64 7.38 7.84 7.28
Histidine 1.97 2.09 2.69 2.54 2.05
Isoleucine 1.88 2.10 2.25 1.85 2.16
Leucine 3.28 3.19 3.05 3.49 3.77
Lysine 2.02 1.79 1.65 1.59 1.43
Methionine 1.27 1.51 1.68 1.46 1.58
Phenylalanine 1.54 1.70 2.02 1.71 1.92
Threonine 2.56 3.54 3.69 3.64 3.97
Valine 2.42 291 3.32 3.27 3.37
Non-essential amino acids

Alanine 3.09 2.88 2.75 2.95 3.27
Aspartic acid 2.53 2.30 2.05 2.68 2.58
Glutamic acid 5.11 4.94 4.54 4.83 4.60
Glycine 2.69 1.76 1.59 1.17 1.04
Serine 3.13 2.63 2.33 1.86 2.03
Taurine 2.17 1.90 1.75 1.39 1.43
Tyrosine 2.13 2.05 2.00 2.36 2.52

Values are means of triplicate samples. SCP - single-cell protein.
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