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Abstract

This study aimed to investigate the effects of a novel protein source, ethanol
clostridial protein, as a replacement for soybean meal on growth performance,
plasma biochemical indices, and hepatopancreatic and intestinal histopathol-
ogy in grass carp. A total of 540 grass carp with an initial body weight of
(25.70+0.03) g were selected and randomly divided into 3 groups with 6 repli-
cates per group and 30 fish per replicate. The control group (group J0) was fed
a basal diet, while the experimental groups were fed diets in which 5% (group
J5) and 10% (group J10) ethanol clostridial protein replaced 27.5% and 55.0%
of the soybean meal in the basal diet, respectively. The experimental period
lasted 10 weeks. The results showed: 1) The survival rate of grass carp in group
J5 was significantly higher than that in group J10 (P<0.05), with no significant
difference from group JO (P>0.05). The weight gain rate of grass carp in group
J5 was significantly higher than that in group JO (P<0.05), and the feed con-
version ratio was significantly lower than that in group JO (P<0.05). 2) The
plasma total cholesterol (TC) content in groups J5 and J10 was significantly
lower than that in group JO (P<0.05); the plasma glucose content in group
J10 was significantly higher than that in group JO (P<0.05); the plasma aspar-
tate aminotransferase (AST) activity in group J10 was significantly higher than
that in group J5 (P<0.05), and that in group J5 was significantly higher than
that in group JO (P<0.05); the plasma alanine aminotransferase (ALT) activity
in group J10 was significantly lower than that in groups JO and J5 (P<0.05);
the plasma AST/ALT ratio in group J10 was significantly higher than that
in groups JO and J5 (P<0.05); the plasma malondialdehyde (MDA) content in
group J5 was significantly lower than that in groups JO and J10 (P<0.05). There
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were no significant differences in plasma immunoglobulin M (IgM), interleukin-
8 (IL-8), and interleukin-1 (IL-1) contents among all groups (P>0.05). 3)
The whole-body moisture content in group J10 was significantly higher than
that in group J5 (P<0.05). There were no significant differences in whole-body
crude ash, crude protein, and crude fat contents among all groups (P>0.05).
4) Histopathological sections of the hepatopancreas and intestine revealed that
with increasing ethanol clostridial protein supplementation, nuclear aggregation
in the hepatopancreas of grass carp in the experimental groups was exacerbated,
while intestinal lesions were improved compared with the control group. It can
be concluded that dietary supplementation with 5% ethanol clostridial protein
is beneficial for the growth performance of grass carp, but increasing the supple-
mentation level to 10% adversely affects growth performance, reduces survival
rate, and causes liver damage. Therefore, the recommended inclusion level of
ethanol clostridial protein in grass carp diets is 5%.
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Abstract: This experiment was conducted to investigate the effects of replac-
ing soybean meal with a novel protein source— Clostridium autoethanogenum
protein—on growth performance, plasma biochemical indexes, and hepatopan-
creas and intestinal histopathology in grass carp. A total of 540 grass carp
with an initial body weight of (25.704+0.03) g were randomly divided into three
groups, each with six replicates of 30 fish. The control group (JO) was fed a
basal diet, while the experimental groups were fed diets in which 5% (J5) and
10% (J10) Clostridium autoethanogenum protein replaced 27.5% and 55.0% of
the soybean meal in the basal diet, respectively. The trial lasted for 10 weeks.
The results showed: (1) The survival rate of grass carp in the J5 group was
significantly higher than that in the J10 group (P<0.05) but did not differ
significantly from the JO group (P>0.05). The weight gain rate of grass carp
in the J5 group was significantly higher than that in the JO group (P<0.05),
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and the feed conversion ratio was significantly lower (P<0.05). (2) Plasma to-
tal cholesterol (TC) content in the J5 and J10 groups was significantly lower
than in the JO group (P<0.05). Plasma glucose content in the J10 group was
significantly higher than in the JO group (P<0.05). Plasma aspartate amino-
transferase (AST) activity in the J10 group was significantly higher than in the
J5 group (P<0.05), which in turn was significantly higher than in the JO group
(P<0.05). Plasma alanine aminotransferase (ALT) activity in the J10 group
was significantly lower than in the JO and J5 groups (P<0.05). The plasma
AST/ALT ratio in the J10 group was significantly higher than in the JO and J5
groups (P<0.05). Plasma malondialdehyde (MDA) content in the J5 group was
significantly lower than in the JO and J10 groups (P<0.05). No significant dif-
ferences were observed in plasma immunoglobulin M (IgM), interleukin-8 (IL-8),
or interleukin-1 (IL-1) contents among all groups (P>0.05). (3) Whole-body
moisture content in the J10 group was significantly higher than in the J5 group
(P<0.05), though no significant differences were found in whole-body crude ash,
crude protein, or crude lipid contents among groups (P>0.05). (4) Histopatho-
logical examination of the hepatopancreas and intestine revealed that as the
inclusion level of Clostridium autoethanogenum protein increased, nuclear ag-
gregation in the hepatopancreas intensified, while intestinal lesions improved
compared to the control. These findings indicate that dietary supplementation
with 5% Clostridium autoethanogenum protein benefits growth performance in
grass carp, whereas increasing the level to 10% adversely affects growth, reduces
survival, and causes liver damage. Therefore, the recommended inclusion level
of Clostridium autoethanogenum protein in grass carp diets is 5%.

Keywords: Clostridium autoethanogenum protein; grass carp; soybean meal;
growth; histopathology

1. Introduction

China is a major aquaculture producer, with grass carp (Ctenopharyngodon idel-
lus) ranking first in production volume, exceeding 5 million tons annually [1].
As a herbivorous species, grass carp utilizes minimal amounts of animal-based
proteins such as fishmeal in formulated feeds, relying primarily on plant protein
sources including soybean meal, cottonseed meal, and rapeseed meal. Com-
pared to cottonseed and rapeseed meals, soybean meal is most widely used due
to its high availability, good palatability, and high digestibility, as the enzy-
matic digestion capacity of grass carp’ s intestinal hepatopancreas for soybean
meal surpasses that for other plant proteins [2-3]. However, numerous stud-
ies have demonstrated that plant proteins present challenges for fish, including
imbalanced essential amino acids [4], presence of antinutritional factors (such
as urease and trypsin inhibitors) [5-6], and inconsistent product quality [7-9].
Soybean meal contains protease inhibitors and soy lectins that inhibit diges-
tive enzyme activity in fish [10-11], and excessive use can be detrimental to
aquatic animal growth and health. Although fermentation, physical processing,
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multi-protein source blending, and exogenous amino acid supplementation can
partially compensate for these deficiencies, reports indicate that for herbivorous
fish, intestinal and hepatopancreatic lesions caused by excessive soybean meal
remain difficult to resolve effectively [12-13]. Therefore, identifying non-animal-
derived feed protein sources with low antinutritional factor content, such as
single-cell proteins, is crucial for maintaining digestive system health in herbiv-
orous fish.

With the gradual application of microbial fermentation technology in feed in-
dustry production, several countries have established microbial biomass protein
(MBP) industries. MBP is characterized by high protein content, relatively
complete amino acid profiles, and abundant vitamins and trace elements [14],
while also imparting umami flavor to improve feed palatability [15]. Additional
advantages include high production efficiency, wide availability of raw materi-
als, and suitability for industrial-scale production, with considerable portions
already being applied in livestock and aquaculture feeds [16]. However, MBP
quality is largely affected by non-protein nitrogen content, and some products
exhibit poor quality. For instance, monosodium glutamate bacterial protein suf-
fers from low true protein content, amino acid imbalance, and low amino acid
digestibility [17].

Clostridium autoethanogenum protein is a novel bacterial protein produced
through fermentation using Clostridium autoethanogenum as the strain. First
isolated from rabbit feces by Abrini et al. [18], this bacterium utilizes carbon
monoxide (CO) as a raw material in liquid fermentation. The fermentation
broth is centrifuged and dried to obtain a high-protein biological feed ingredient.
Currently, no clear evaluation data exist for Clostridium autoethanogenum
protein in aquaculture feeds. Therefore, this study designed a gradient
replacement trial to investigate its effects on growth performance, plasma
biochemical indexes, and hepatopancreas and intestinal histopathology in grass
carp, providing a reference for its application in aquafeeds.

1.1 Experimental Materials

The Clostridium autoethanogenum protein used in this experiment was a light
yellow powder provided by Beijing Shoulang Bio-Technology Co., Ltd., contain-
ing 84.69% crude protein with a pepsin digestibility of 90.2%.

1.2 Experimental Design and Diets

A total of 540 grass carp with an initial body weight of (25.70+0.03) g were
randomly divided into three groups, each consisting of six replicates of 30 fish.
The control group (J0) received a basal diet, while experimental groups received
diets in which 5% (J5) and 10% (J10) Clostridium autoethanogenum protein
replaced 27.5% and 55.0% of the soybean meal in the basal diet, respectively.

Soybean meal is deficient in methionine but rich in arginine, whereas Clostrid-
ium autoethanogenum protein shows the opposite pattern. Consequently, as
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the inclusion level of Clostridium autoethanogenum protein increased, dietary
DL-methionine (DL-Met) supplementation gradually decreased while L-arginine
(L-Arg) supplementation increased. Feed ingredients were mixed sequentially ac-
cording to inclusion levels from low to high, and processed into 2 mm extruded
floating pellets using a twin-screw extruder (TSE65 type, Beijing Xiandai Yang-
gong Machinery Technology Development Co., Ltd.). All three diets were isoni-
trogenous, isoenergetic, and contained essential amino acids meeting grass carp
requirements [19]. Dietary composition and nutrient levels are presented in
Table 1 , and amino acid composition is shown in Table 2 .

1.3 Feeding Management

Prior to the formal experiment, fish were acclimated in the culture system for
two weeks and fed the control diet during this period. The trial was conducted
at the Beijing Nankou National Aquatic Feed Safety Assessment Center using an
indoor recirculating aquaculture system with aerated well water at a flow rate of
9.64 L/min. After disinfecting the fish and system with 2% salt water, healthy
and uniformly sized grass carp were randomly stocked into conical culture tanks
(0.26 m? volume). The experiment ran from September 26 to December 4, 2016,
lasting 10 weeks.

During the trial, fish were hand-fed to apparent satiation four times daily at
08:00, 11:00, 15:00, and 19:00. Water quality was monitored regularly, main-
taining dissolved oxygen >7.0 mg/L, total ammonia nitrogen <0.3 mg/L, pH
7.5-8.5, water temperature at (22+1)°C, and natural photoperiod.

1.4 Sample Collection and Analysis

1.4.1 Sample Collection At the start of the experiment, 12 fish were sam-
pled as initial whole-body samples, with every four fish pooled as one composite
sample. At the end of the trial, fish in each tank were fasted for 24 hours and
weighed. Three fish per tank were sampled as final whole-body samples, and an
additional 3-4 fish per tank were randomly selected, anesthetized with 80 mg/L
chlorobutanol (Shanghai Guoyao Group Chemical Reagent Co., Ltd.), and mea-
sured for body length (from snout to vertebral column end) and body weight.
Blood was collected from the caudal vein into tubes containing 30 L/mL anti-
coagulant (2% NaF + 4% potassium oxalate), centrifuged at 4,000 r/min for 10
min at 4°C, and plasma was stored at -80°C for subsequent analysis. Hepatopan-
creas (bile duct connection site) and posterior intestine (10 mm from anus) were
sampled from two random fish per tank, fixed in 4% paraformaldehyde for 24-48
hours, dehydrated, embedded, sectioned serially at 6 m, dewaxed, stained with
hematoxylin-eosin (HE), and examined microscopically.

1.4.2 Analytical Methods Moisture, crude protein, crude lipid, crude ash,
and pepsin digestibility in ingredients, diets, and fish were determined using
105°C atmospheric drying (GB/T 6435—2006), Kjeldahl method (GB/T 6432—
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1994), acid hydrolysis crude fat determination (GB/T 6433—2006), 550°C incin-
eration (GB/T 6438—2007), and filtration method (GB/T 17811—-2008), respec-
tively. Gross energy was measured using an oxygen bomb calorimeter according
to ISO-9831:1998 [21]. Amino acid content in diets was analyzed following na-
tional standard methods (GB/T 18246—2000). All samples were analyzed in at
least duplicate.

Plasma biochemical indexes included total cholesterol (TC), triglycerides (TG),
glucose (Glu), immunoglobulin M (IgM), interleukin-8 (IL-8), interleukin-1 (IL-
1), malondialdehyde (MDA), and activities of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and total superoxide dismutase (T-SOD).
TC and TG assay kits were purchased from Zhejiang Dongou Diagnostic Prod-
ucts Co., Ltd., while other kits were from Nanjing Jiancheng Bioengineering
Institute. Analyses were performed using an enzyme-linked immunosorbent as-
say reader (Bio-Tek, Burlington, USA).

Growth performance and morphological indexes were calculated as follows:

o Survival rate (SR, %) = 100 x Nt/NO

o Weight gain rate (WGR, %) = 100 x (Wt - W0 + Wd)/WO0

o Specific growth rate (SGR, %/d) = 100 x [In(FBW) - In(IBW)]/t

o Feed conversion ratio (FCR) = C/(Wt + Wd - W0)

o Feeding rate (FR, %) = 100 x C/[(W0 + Wt + Wd)/2]/t

 Protein productive value (PPV, %) = 100 x (Wt x Bpt - W0 x Bp0)/(C
x Dp)

o Condition factor (CF, %) = 100 x average body weight (g)/[average body
length (cm))?

o Viscera-somatic index (VSI, %) = 100 x viscera weight (g)/whole body

weight (g)

o Hepato-somatic index (HSI, %) = 100 x liver weight (g)/whole body
weight (g)

o Spleen-somatic index (SSI, %) = 100 x spleen weight (g)/whole body
weight (g)

Where: Nt = final fish number; NO = initial fish number; IBW = initial mean
body weight (g); FBW = final mean body weight (g); WO = initial total body
weight (g); Wt = final total body weight (g); Wd = total weight of dead fish
(g); C = feed intake (g); Bpt = final body protein content (%); Bp0 = initial
body protein content (%); Dp = dietary protein content (%); t = feeding days.

1.5 Statistical Analysis

Data are expressed as mean + standard error (SE). All data were subjected to
one-way ANOVA using SPSS 20.0 software, with Duncan’ s multiple range test
used to examine significant differences. The significance level was set at P<0.05.
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2. Results

2.1 Effects of Soybean Meal Replacement by C. autoethanogenum
Protein on Growth Performance and Physical Indices

The effects of soybean meal replacement by C. autoethanogenum protein on
growth performance and physical indices are presented in Table 3 . Final mean
weight, weight gain rate, and specific growth rate in the J5 group were signifi-
cantly higher than those in the control group (P<0.05). The J10 group showed
lower values than J5 but higher than JO for these parameters, though differ-
ences were not significant (P>0.05). Both J5 and J10 groups had significantly
lower feed conversion ratios than the control (P<0.05), with J5 showing the
lowest value. Although feeding rate did not differ significantly among groups
(P>0.05), it tended to increase with higher C. autoethanogenum protein inclu-
sion. No significant differences were observed in protein productive value among
groups (P>0.05). Survival rate in the J10 group was significantly lower than in
the control group (P<0.05). The HSI in J5 was significantly lower than in J10
(P<0.05), though neither differed from the control (P>0.05). No significant dif-
ferences were found in viscerosomatic index, condition factor, or splenosomatic
index among groups (P>0.05).

2.2 Effects of Soybean Meal Replacement by C. autoethanogenum
Protein on Plasma Biochemical Indexes

Plasma biochemical responses to soybean meal replacement are shown in Table
4 . Plasma TC content in J5 and J10 groups was significantly lower than in
JO0 (P<0.05). Plasma glucose content in J10 was significantly higher than in
JO (P<0.05). Plasma AST activity in J10 was significantly higher than in J5
(P<0.05), which was significantly higher than in JO (P<0.05). Plasma ALT
activity in J10 was significantly lower than in JO and J5 (P<0.05). Although
plasma AST and ALT activities in all groups were below normal reference ranges
reported in literature, the AST/ALT ratio increased dramatically in J10, being
significantly higher than in JO and J5 (P<0.05).

No significant differences were observed in plasma-specific immune indexes IgM,
IL-8, and IL-1 among groups (P>0.05). Plasma MDA content in J5 was sig-
nificantly lower than in JO and J10 (P<0.05), while plasma T-SOD activity did
not differ significantly among groups (P>0.05).

2.3 Effects of Soybean Meal Replacement by C. autoethanogenum
Protein on Body Composition

Whole-body composition data are presented in Table 5 . Moisture content in J10
was significantly higher than in J5 (P<0.05), though no significant differences
were detected in whole-body crude ash, crude protein, or crude lipid contents
among groups (P>0.05).
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2.4 Effects of Soybean Meal Replacement by C. autoethanogenum
Protein on Hepatopancreas and Intestinal Histopathology

Hepatopancreas histology results are shown in Figure 1 [Figure 1: see original
paper], with pathological diagnosis analysis summarized in Table 6 . All groups
exhibited mild pathological changes in the hepatopancreas. In J0, among 11 sam-
ples, 9 appeared normal (Figure 1-a), one showed cellular vacuolation suggestive
of fatty liver (Figure 1-b), and one displayed increased nuclear aggregation and
hepatocellular nodulation (Figure 1-¢). In J5, among 11 samples, 8 were nor-
mal, one showed vacuolation, and two exhibited increased nuclear aggregation
and nodulation. In J10, among 11 samples, 7 were normal, one showed mild
fatty liver, and three displayed hepatocellular nodulation. These results indicate
that increasing C. autoethanogenum protein inclusion progressively aggravated
nuclear aggregation and cellular densification in hepatocytes. Combined with
the sharply elevated plasma AST/ALT ratio in J10, this suggests more severe
hepatic tissue damage in this group compared to JO and J5.

Posterior intestine histology is presented in Figure 2 [Figure 2: see original
paper], with pathological analysis in Table 7 . All groups showed varying degrees
of posterior intestinal damage. In JO, among 11 samples, 6 appeared normal
(Figure 2-A), while 4 exhibited microvillus shedding, lamina propria loosening,
and reduced or absent goblet cells (Figure 2-B). Intestinal structure improved
slightly in J5 and J10, with 8 normal samples in each group. In J5, two samples
showed microvillus shedding, lamina propria loosening, and reduced goblet cells,
while one displayed shortened villus height and thinned muscularis (Figure 2-
C). In J10, three samples showed microvillus shedding, lamina propria loosening,
and reduced goblet cells.

3. Discussion

Clostridium autoethanogenum protein is derived from biological fermentation
of C. autoethanogenum. This bacterium is rod-shaped, Gram-positive, strictly
anaerobic, and facultatively chemoautotrophic. Isolated from the environment
with stable characteristics, it is sensitive to chloramphenicol, penicillin, ampi-
cillin, and tetracycline [18]. Its relatively complete genome sequence has been
obtained with no reports of toxic genes [26-27]. C. autoethanogenum utilizes
CO and carbon dioxide (CO ) as carbon sources, fermenting CO or CO and
hydrogen (H ) to produce ethanol or acetate. The industrial production process
uses CO from steel industry gases (converter gas, blast furnace gas) as car-
bon source and ammonia as nitrogen source, with a culture medium consisting
of phosphoric acid (H PO ), potassium hydroxide (KOH), magnesium sulfate
(MgSO ), ferrous sulfate (FeSO ), and trace vitamins (vitamins B1, B2, B5,
B6, B12, niacin, folic acid, and biotin). Through gas pretreatment, fermenta-
tion, distillation and dehydration, cell separation, spray drying, and wastewater
treatment, the process yields clean energy (ethanol) and bacterial protein, with
approximately 1,500 tons of bacterial protein obtained per 10,000 tons of ethanol
produced, demonstrating enormous development potential. As a byproduct of
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steel industry gas fermentation for fuel ethanol production, C. autoethanogenum
protein promotes industrial waste conversion and reuse while reducing harmful
gas emissions. Compared to traditional plant-derived proteins, it contains no
antinutritional factors, and compared to animal-derived proteins, it has lower
Salmonella and biogenic amine levels. Its production is characterized as green,
energy-saving, and environmentally friendly. However, as a microbial fermen-
tation product and with C. autoethanogenum not yet included in China’ s feed
additive directory, comprehensive biological safety assessment of this bacterial
strain requires further in-depth research.

Clostridium autoethanogenum protein contains over 80% crude protein that is
readily digestible by animals, is rich in various trace elements, free of antinutri-
tional factors, and contains 18 amino acids with total amino acids accounting
for 85% of protein content. Lysine and sulfur-containing amino acids are rela-
tively high, while arginine is relatively deficient. Protein is the primary nutrient
and energy source for fish, and protein requirements essentially reflect essential
amino acid requirements. Protein nutritional balance is actually amino acid bal-
ance, and deficiencies in essential amino acids often lead to nutritional diseases
and symptoms in fish [28].

Methionine plays a crucial role in metabolism and is the first limiting essen-
tial amino acid that is deficient in plant proteins, particularly in legume in-
gredients. Studies have shown that dietary methionine deficiency significantly
reduces plasma insulin-like growth factor 1 (IGF-1) content [29], and animal
feeding is regulated by IGF-1 [30]. Therefore, the growth-promoting effect of
methionine may be related to increased plasma IGF-1 content in mid-term grass
carp, though the specific mechanism requires further investigation. Wang [31]
and Tang et al. [32] reported that increasing dietary methionine levels improved
weight gain, feed intake, feed efficiency, specific growth rate, and protein effi-
ciency in juvenile and mid-term grass carp. Liao [33] obtained similar results
in studies on methionine requirements for juvenile blunt snout bream. Wang
[31] also found that weight gain rate, specific growth rate, feed efficiency, and
protein efficiency were affected by dietary arginine levels. As soybean meal
was the main protein source in this experiment, it is deficient in methionine
relative to the ideal protein pattern for fish (methionine/crude protein 2%,
arginine/crude protein 5%) [20], while C. autoethanogenum protein is deficient
in arginine. Therefore, corresponding limiting amino acids were supplemented
in this trial. However, as stomachless fish, grass carp may have insufficient uti-
lization capacity for crystalline amino acids, potentially unable to synchronously
absorb exogenous crystalline amino acids. Zheng et al. [34] and Tan [35] have
reported relatively low utilization efficiency of crystalline amino acids in grass
carp. In this experiment, as C. autoethanogenum protein inclusion increased and
soybean meal decreased, the endogenous bound methionine in the J5 diet was
higher than in JO, which may explain the superior weight gain rate, final mean
weight, specific growth rate, and feed efficiency in J5 compared to JO. However,
the lack of significant difference in growth performance between J10 and JO may
be due to endogenous arginine deficiency causing amino acid imbalance.
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Amino acids are also essential nutrients for maintaining intestinal tight junc-
tions and structural integrity [36], particularly methionine and arginine for in-
testinal health. Arginine is converted to ornithine via arginase, and ornithine is
decarboxylated to produce polyamines (spermine, spermidine, putrescine) via
ornithine decarboxylase. Polyamines play crucial roles in intestinal epithelial
cell growth, differentiation, and maturation, and are irreplaceable for intestinal
mucosal development and repair [37]. Cheng et al. [38-39] confirmed the impor-
tance of arginine for intestinal health in hybrid striped bass (Morone chrysops x
Morone sazatilis), red drum (Sciaenops ocellatus), and Chi et al. [40] in grouper
(Epinephelus coioides). Similarly, in intestinal tissue, methionine generates S-
adenosylmethionine (SAM) through transmethylation, which decarboxylates to
produce 5’-adenosylmethylthiopropylamine that transfers an aminopropyl group
to putrescine or spermidine to generate polyamines [41]. Methionine also gener-
ates cysteine, a substrate for glutathione, through transsulfuration, thereby reg-
ulating intracellular reduced glutathione (GSH) content and cell survival. GSH
also plays important protective roles for intestinal epithelial cells [42]. Peng
et al. [43] confirmed that methionine promotes intestinal development and in-
creases fold height in juvenile Jian carp. In this experiment, both control and
experimental groups showed intestinal damage, possibly due to high soybean
meal content in the control diet leading to higher levels of soy antigens [44] and
relative endogenous methionine deficiency. Intestinal damage in J10 may be
caused by endogenous arginine deficiency, while replacement of soybean meal
with C. autoethanogenum protein reduced dietary antinutritional factor levels,
thereby alleviating posterior intestinal damage in J5 and J10.

However, as C. autoethanogenum protein inclusion increased, the proportion of
hepatopancreatic lesions in grass carp showed an upward trend, with plasma
AST/ALT ratio increasing abnormally in J10. Peng et al. [43] found that me-
thionine promotes hepatopancreatic growth and development in juvenile Jian
carp, while Li et al. [45] reported that arginine may protect the liver by re-
ducing pro-inflammatory cytokines and free radical release. In this experiment,
due to potentially insufficient absorption and utilization of exogenous amino
acids by grass carp [46], actual absorbed methionine in all groups and arginine
in J10 were inadequate, leading to hepatic damage in all groups [47-48]. Ad-
ditionally, as a newly developed protein source, C. autoethanogenum protein
may contain potential unknown factors during development that contributed
to the increased hepatopancreatic lesion proportion with higher inclusion levels.
Kiessling et al. [49] reported similar findings when partially replacing fishmeal
with bacterial protein in rainbow trout. Currently, relevant reports are lim-
ited, and further research combined with continuous process improvement is
needed to clarify specific causes. Tang [50] reported that methionine reduces
serum ALT activity while increasing hepatopancreatic AST and ALT activities.
Wei [51] demonstrated that AST is massively released from mitochondria into
blood when liver is damaged. In this experiment, endogenous bound methionine
increased progressively from JO to J5 to J10, which may explain the gradual de-
crease in plasma ALT activity and the abnormal increase in plasma AST/ALT
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ratio in J10, suggesting potential hepatopancreatic functional impairment that
may be the primary cause of reduced survival in J10. Additionally, hepatic
metabolic disorders may also be related to increased starch content in J10 fol-
lowing replacement of soybean meal with high-protein C. autoethanogenum pro-
tein.

Furthermore, Liao et al. [52] reported that increasing arginine within an appro-
priate range enhanced respiratory burst activity of blood cells and reduced cu-
mulative mortality after Aeromonas hydrophila infection in juvenile blunt snout
bream. Zhao et al. [53] also demonstrated that survival rate of juvenile cobia
increased with dietary arginine content within a certain range. This suggests
that endogenous arginine deficiency in J10 may be another direct cause of its
low survival rate.

4. Conclusion

Dietary supplementation with 5% C. autoethanogenum protein to replace 27.5%
soybean meal effectively improved feed efficiency, weight gain rate, and specific
growth rate, reduced plasma TC and MDA contents, improved lipid metabolism
and antioxidant capacity, and benefited intestinal health, thereby enhancing
growth performance with proven safety and efficacy within this range. However,
further increasing the inclusion level to 10% caused hepatocellular damage, im-
paired liver function, and reduced survival rate. Based on these results, the
recommended inclusion level of C. autoethanogenum protein in grass carp diets

is 5%.
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