Ann. Anim. Sci., Vol. 25, No. 4 (2025) 1575-1585

§ sciendo

DOI: 10.2478/aoas-2025-0050

ENHANCED ANALYSIS OF GROWTH, HISTOLOGY, AND METABOLOMICS PROFILES IN PENAEUS
VANNAMEI FED DISTILLERS DRIED GRAINS WITH SOLUBLES SUPPLEMENTED WITH BUTYRIC
ACID

Alatwinusa Yohana Mpwaga'?3, Ray Watson Gyan'?3, Shiyu Kou'??, Beiping Tan'>3, Qihui Yang'>3*

'College of Fisheries, Guangdong Ocean University, Zhanjiang, 524088, PR China
2Aquatic Animals Precision Nutrition and High Efficiency Feed Engineering Research Center of Guangdong Province, Zhanjiang, 524088,
PR China
3Guangdong Provincial Key Laboratory of Aquatic Animal Disease Control and Healthy Culture, Zhanjiang 524088,PR China
*Corresponding author: qihuiyang03@163.com

Abstract
This study thoroughly analyzes the growth, histology, and metabolomics profiles of Penaeus vannamei shrimp when fed a diet high in
distillers dried grains with solubles (DDGS) supplemented with butyric acid (BA). The limited research on BA supplementation with high
levels of DDGS makes this study particularly valuable, as its antimicrobial properties and improved nutrient absorption are crucial for
promoting shrimp health. A total of 720 shrimp were divided into six groups, each receiving varying levels of BA supplementation: 0%,
0.5%, 1%, 1.5%, 2%, and 2.5%. The experiment lasted 56 days, with three replicates for each group. The results showed significant in-
creases in final weight (FW), weight gain rate (WGR), and specific growth rate (SGR) with higher levels of dietary BA (P<0.05). Addition-
ally, dietary BA led to a notable decrease in feed conversion ratio (FCR), with the most significant impact observed in the 1.5% BA group
(P<0.05). Histological analysis of the hepatopancreas revealed that shrimp fed diets containing 1.5% and 2% BA displayed significantly
higher B-cell numbers with a well-defined structure than the other groups. Metabolomics analysis showed distinct quadrants in the PCA
score plots for the control and BA groups, indicating a clear separation in their metabolic profiles. Integration analysis of differential me-
tabolites and genes further revealed the upregulation of functions related to ABC transporters, amino acid biosynthesis, and metabolism
in shrimp supplemented with BA. Our findings suggest that the optimal BA requirement for supplementation in the DDGS diet for P. van-
namei is estimated to be 1.6%. This information will be valuable for farmers during feed formulation and aquaculture growth in general.
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The production levels of the global aquaculture in-
dustry reached a new high in 2020, reaching 122.6 mil-
lion tons with a first sale value of USD 265 billion (Tran
et al., 2023). Findings reveal that aquaculture must per-
sistently expand and vary its offerings to meet the surg-
ing demand for aquatic species. Out of the approximately
2500 shrimp species, only 343 are considered commer-
cially important (Nunes et al., 2022). In recent years, pro-
duction levels for the P. vannamei shrimp species have
skyrocketed, making it one of the most cultivated varie-
ties globally (Ray et al., 2021 b; McLean et al., 2020).
Extensive research supports the cultivation of this spe-
cies because it has rapid growth, disease resistance, high
stocking density tolerance, and low dietary protein re-
quirements (Bae et al., 2020). However, intensive farm-
ing methods can lead to intestinal problems and bacterial
infections in these shrimp. Therefore, providing them
with a balanced diet is crucial to ensure their optimal
growth and well-being.

Protein is a crucial component of aquafeeds and
the most costly feed ingredient. Fishmeal and soybean
meal (SBM) have long been relied upon as the top pro-

tein sources within the aquafeed sector (Nagappan et
al., 2021; Mugwanya, 2023). Excessive fishing of wild
stocks, combined with rising consumer demand for fish
and fish products, has resulted in a shortage of fishmeal
that is driving up market prices (Ahmad et al., 2020).
Research has suggested that plant-based protein diets,
particularly those incorporating distillers dried grains
with solubles (DDGS), are more cost-effective and less
antinutritive (Hu et al., 2020; Gyan et al., 2021; Li et
al., 2022). DDGS offers a highly utilizable source of
phosphorus (Sandor et al., 2021). The quality of animal
products can be enhanced by incorporating beneficial
ingredients such as carotenoids and yeast (Ray et al.,
2021 a). The immune-stimulating properties of yeast and
the components found in DDGS may bolster animals’
ability to combat infections (Allam et al., 2020; Yoha-
na et al., 2024 a). However, it is important to note that
DDGS can contain up to 500 g/kg of total carbohydrates
by dry weight, with 341420 g/kg being non-starch car-
bohydrates like indigestible fiber (Suehs and Gatlin,
2022). Shrimp diets may face challenges in incorporat-
ing DDGS due to its low levels of lysine and methionine



1576

A.Y. Mpwaga et al.

(Zhang et al., 2009). Additionally, DDGS is susceptible
to mycotoxin contamination despite its potential as a feed
ingredient (Khatibi et al., 2014; Oplatowska-Stachowiak
et al., 2015; Abudabos et al., 2017; Mohammadi Shad
et al., 2021). Mycotoxins pose a serious safety risk in
DDGS, as they can harm animals and lead to chronic ill-
nesses. Research has indicated that incorporating a high
amount of DDGS in shrimp diets can have detrimental
effects on shrimp growth and overall health. The elevat-
ed fiber content in DDGS can lead to digestive issues in
shrimp, resulting in decreased feed intake and nutrient
absorption. This can ultimately lead to stunted growth
and higher mortality rates among shrimp populations.
Additionally, the high levels of phytates in DDGS can
bind to essential minerals in the shrimp’s diet, render-
ing them inaccessible for absorption and causing nutri-
ent deficiencies that further impact shrimp health. As
a solution, there is a growing interest in the use of various
feed additives, such as BA, in animal diets to mitigate the
negative effects associated with plant protein diets. These
additives aim to enhance growth performance, improve
nutrient digestibility, and increase metabolizable energy
content in shrimp diets (Jang et al., 2022).

Butyric acid (BA) plays a vital role in providing en-
ergy to the intestinal epithelial cells. It is a promising feed
supplement because it balances gut microbiota, regulates
immunity, and enhances animal growth. These benefits ul-
timately contribute to the overall health of aquatic animals
(Gorka et al., 2018; Sun et al., 2024). Additionally, BA
has been shown to reduce mammalian intestinal inflam-
mation and promote wound healing post intestinal surgery
(Monier et al., 2022; Yohana et al., 2024 b). Its antimicro-
bial properties and improved nutrient absorption are key
factors in its health-promoting effects (Rairat et al., 2023).

Despite the significant research on the effects of BA
on shrimp diets, there is a lack of studies on incorporat-
ing BA into the high inclusion of DDGS diet for Pacific
shrimp to remove the adverse effects caused by plant
diet. The main focus of this study is to investigate the
effects of adding BA to a high-DDGS diet on the growth,
histological characteristics, and metabolomics profiles of
P. vannamei.

Methodology

Ethics statement

The Institutional Animal Care and Use Committee
(IACUC) of Guangdong Ocean University’s esteemed
College of Aquatic Sciences has diligently reviewed and
approved this research project. The study was formally
approved on April 2, 2024, and assigned the code GDOU-
IACUC-2024-A2013. We have implemented various
measures to minimize shrimp stress during our research.
These include reducing the duration and frequency of
handling, and providing a comfortable environment for
the shrimp with adequate space, optimal water quality,
and appropriate temperature. Additionally, we regularly
monitor and assess the welfare of the shrimp throughout
the research process to ensure their well-being.

Experimental diet

Table 1 thoroughly summarizes the main feed ingredients
used in creating the diet and estimates the trial diet composi-
tion. The study incorporated six varying levels of BA supple-
mentation, denoted as 0%, 0.5%, 1%, 1.5%, 2%, and 2.5%,
respectively. The experimental diets were expertly prepared
following the rigorous guidelines of the AOAC (2000) pro-
tocol. After a detailed procedure, the components were care-
fully dried, ground in a hammer mill (H-28 from South China
University of Technology in Guangzhou, China), and sifted
through an 80 mm mesh sieve. Afterward, the combination
of macro and micro ingredients was meticulously mixed for
ten minutes with a V-mixer (M256, South China University
of Technology, Guangzhou, China). The mixture was infused
with lecithin, soybean oil, fish oil, and a quarter of the volume
in water. To form 2 mm and 4 mm pellets, the mixture under-
went additional processing with the trial micro-feed extruder
(F-26 1) at South China University of Technology in China.
After being vacuum sealed, the pellets were dried in an oven
at 60°C until reaching a moisture content of roughly 10% and
subsequently preserved at —20°C.

Experimental animal

The study was conducted at the advanced Marine Bio-
logical Research Base of Guangdong Ocean University. Post-
larvae of P. vannamei were provided by Hatchery Zhanjiang
Allied Pacific Aquaculture Co. Ltd., a commercial farm.
A total of 2000 shrimp occupied concrete ponds for 3 weeks.
At this time, the shrimp were nourished with a premium com-
mercial diet containing 10% crude fat and 45% crude protein.
The shrimp weighed in at 0.19 g, to begin with. After adapt-
ing to their new environment, the 720 shrimp were evenly
spread out across 18 plastic tanks (0.3 m?), each holding
40 shrimp. For 56 days, the shrimp were meticulously tended
to and given four daily feedings, adjusted according to their
growth rate. The feeding amount was 10% of their body
weight to guarantee adequate nutrition. Half the seawater was
refreshed daily to preserve the tank’s water purity. Dissolved
oxygen levels were monitored and kept between 5.6 and 6.5
mg/l, salinity levels between 32%o and 35%o, pH levels be-
tween 7.9 and 8.1, and water temperature between 28°C and
30°C, which were tested by a multi-parameter water quality
detector (PTF-001B, WBD Biotechnology Co., Ltd., China)
throughout the experiment. Daily observations were made to
document and record any atypical behavior displayed by the
shrimp to ensure precision in the results.

Collection of samples

The shrimp were purposely withheld food for a day
before the completion of the feeding experiment. All
the shrimps were meticulously counted, measured, and
weighed precisely to calculate the WG, SGR, and FCR
for every tank. Following dissection, samples of the in-
testines and hepatopancreas were extracted and stored in
liquid nitrogen in Eppendorf tubes at —80°C for future
analysis. Also, for histological analysis, three shrimp per
tank were picked randomly, and their hepatopancreases
were removed and stored in Bouin’s solution.
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Table 1. The experimental diets formula and proximate composition

(% dry matter)

Ineredients T1 T2 T3 T4 TS T6

& 0%) | (0.5%) | (1%) [(1.5%)] (2%) | (2.5%)
Fish meal® 15 15 15 15 15 15
Soybean 8 8 8 8 8 8
meal®
DDGS* 17.5 17.5 17.5 17.5 17.5 17.5
Beer yeast* 6 6 6 6 6 6

Wheat 15.5 15.5 15.5 15.5 15.5 15.5
gluten®

Gluten 23 23 23 23 23 23
flour*

Shrimp 6 6 6 6 6 6
shell pow-

der*

Fish oil + 1.8 1.8 1.8 1.8 1.8 1.8
soybean oil*

Lecithin® 1.5 1.5 1.5 1.5 1.5 1.5
Calcium 1.5 1.5 1.5 1.5 1.5 1.5
dihydrogen

phosphate®

Vitamin 0.7 0.7 0.7 0.7 0.7 0.7
premix®

Mineral 0.5 0.5 0.5 0.5 0.5 0.5
premix®

Vitamin C*  0.04 0.04 0.04 0.04  0.04 0.04

Choline 0.03 0.03 0.03 0.03  0.03 0.03
chloride®

Lysine! 0.0744  0.0744 0.0744 0.0744 0.0744 0.0744
Arginine! 0.4228 0.4228 0.4228 0.4228 0.4228 0.4228
Methionine? 0.3302  0.3302 0.3302 0.3302 0.3302 0.3302
Threonine®  0.0244  0.0244 0.0244 0.0244 0.0244 0.0244
Butyric acid 0.0 0.5 1.0 1.5 2.0 2.5
Micro- 10.552  10.052  9.552  9.052 8552 8.052
crystalline
cellulose!
Proximal
composition
(%)
moisture  7.01 7.24 7.51 7.66  7.84 7.57
crude 38.62 38.65 38.68 3880 38.77 38.73
protein
crude 8.86 8.69 8.67 852 872 9.14
lipid
ash 5.83 5.80 5.97 620 597 6.03

aThe feed materials were provided by Zhanjiang Haibao Feed Factory
in Zhanjiang, Guangdong, China.

"Mineral Element Premix (g/kg): ferric citrate 13.71 g, zinc sulfate
monohydrate 28.28 g, seven hydrated magnesium sulfate 0.12 g, one hy-
drated manganese sulfate 12.43 g, five hydrated copper sulfate 19.84 g, six
hydrated cobalt chloride 4.07 g, potassium iodide 0.03 g, potassium chloride
15.325 g, sodium selenite 0.02 g, cellulose 906.18 g. Bought from Zhanjiang
Yuehai Feed Co. Ltd., Guangdong, China

“Vitamin Premix (g/kg premix): thiamine 25.50 g; riboflavin 25.0 g;
vitamin B 50.0 g; Vitamin B , 0.1 g; vitamin K 5.0 g; vitamin E 99.0 g; cel-
lulose 10.0 g, vitamin D 50 g; nicotinic acid 101.0 g; d-pantothenate ca. 61.0
g; biotin 25.0 g; folate 6.25 g; inositol 153.06 g.

9The amino acid was supplied by the renowned Shantou ACIXilong
Chemical Factory located in Guangdong, China.

Analysis of growth performance

WG = [(FW - IW)/IW] x 100
SGR = [100 x (Ln FW — Ln IW)/FD]
FCR = FC (DW)/BWG

Abbreviations: WG for weight gain, FIW for final
weight, /W for initial weight, SGR for specific growth
rate, F'D for feeding days, FCR for feed conversion ratio,
FC for feed consumed, DWW for dry weight, and BWG for
body weight gain.

HE stain for histopathological analysis

The 10% buffered formaldehyde solution was used
to preserve the hepatopancreas of each treatment group
for histological examination. After being sliced into
5 mm cassettes, the samples were washed, treated with
alcohol to remove moisture, and encased in paraffin.
The tissue samples underwent staining using hematoxy-
lin and eosin (H&E). The Olympus BX51 microscope
(Tokyo, Japan, serial number 9K18395) was utilized
to analyze the tissue samples. The primary focus was
to ascertain the presence of B, R, E, and F cells with-
in the samples. One of the key criteria for analyzing
hepatopancreatic cells was to examine any changes in
cell morphology in shrimp that were supplemented with
BA

Sample preparation for metabolite analysis

Before any analysis, the small pieces of hepatopan-
creas tissue samples were meticulously dissected and
washed with phosphate-buffered saline. The samples
were frozen in liquid nitrogen to preserve their integ-
rity and kept at —80°C. Following thawing, the tissue
samples were finely pulverized in ultra-pure water and
combined with 300 milliliters of methanol within an
electro-polish (EP) tube. The samples were then treat-
ed with ultrasonic radiation to remove any remain-
ing proteins and incubated at 20°C. After spinning at
13,000 rpm and 4°C for 15 minutes, the resulting liquid
was gathered and moved to a glass vial for studying
with LC/MS. A new liquid chromatography method
was also included in the process. Each sample was
used in 20 pL for quality control. In comparison, 180
pL of the liquid was saved for further analysis using
ultra-high performance liquid chromatography-quad-
rupole time-of-flight mass spectrometry (UHPLC-
QTOF-MS).

LC-MS analysis

The cutting-edge method utilized in this study,
LC-MS analysis, was ultra-high-performance liquid
chromatography (UHPLC). The mobile phase formula-
tion consisted of acetonitrile, a pH 9.75 water solution
containing 25 mM NH,OAC and 25 mM NH,OH, and
an ultraperformance liquid chromatography ecthylene
bridged, hybrid (UPLC BEH) amide column coupled to
a TripleTOFTM 5600 mm. The method utilized a gradi-



1578

A.Y. Mpwaga et al.

ent elution process at a 0.5 mL/min flow rate. The gra-
dient began at 15% B and increased to 35% B over the
first five minutes. It then remained at 37% B for the
following six minutes, 79% B for the subsequent three
minutes, 95% B for the next four minutes, and finally
returned to 5% B for the final thirty minutes. The in-
jection volume was 3 pL. Using a triple time of flight
(TOF) mass spectrometer, the LC/MS analysis was con-
ducted alongside information-dependent (IDA) MS/
MS spectrometry. Images were produced using mass
spectrometry (MS/MS) spectrum following completion
of scan surveying procedures with specific pre-selected
parameters. However, the methodology or evaluation
did not detail the results of mass spectrometry (MS).
At a collision energy of 30 V, twelve product ions
were formed through the fragmentation of each precur-
sor ion.

Analysis of metabolomics

Principal component analysis (PCA) and orthogo-
nal projection to latent structure discriminant analysis
(OPLS-DA) were conducted using the R platform’s
OPLS package (Version 1.6.2) for multivariate statistical
analysis. Three key analytical indices were employed:
RX, R%Y, and Q2. R*X and R?Y represent the variance
explained by the X and Y matrices, respectively, while
Q? assesses the model’s predictive capacity. A Q? value
above 0.5 indicated a valid model, while a value exceed-
ing 0.9 signified a robust model. Alignment authentica-
tion was crucial to ensure the reliability of the OPLS-DA
models. The R? and Q? values of the new models were
graphically represented as straight lines with blue and
red dots indicating the model’s values adjacent to the Y
replacement. The variables important to prediction (VIP)
analysis were utilized to identify differential metabolites
in biological replicates based on their alignment with the
R? and Q?values of the specific model. The selection cri-
teria included folding factor (FC) > 3, P<0.01, and VIP
> 1, along with the integration of variance multiples,

VIP value, and t-test P-value from the OPLS-DA mod-
el. Furthermore, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database was utilized to explore the
enrichment of metabolic pathways associated with differ-
ent metabolites. Data normalization using the R heatmap
package and the Z-score method allowed for visualizing
metabolite intensity areas in a heatmap clustering. Ad-
ditionally, the R package GO plot 1.0.2 facilitated further
research and the creation of visually appealing chord dia-
grams.

Statistical analysis

We used SPSS Statistics (version 22, SPSS Inc.,
Chicago, IL, USA) to analyze the data. The initial step
involved a joint hypothesis test to determine all stand-
ard deviations (SEM). Then, the data standardness and
equality of variance were examined using IBM SPSS
version 22 (USA). Statistical analysis using Duncan
multiple-comparison tests revealed notable discrepancies
(P<0.05) between the treatment groups. The post hoc
tests were conducted for pairwise comparisons among
BA levels. Orthogonal polynomial contrasts were em-
ployed to distinguish between the linear and quadratic
effects. Mean values and standard deviation (SD) were
displayed, and any statistically significant differences
were indicated by P<0.05.

Results

Growth performance

Table 2 displays the growth performance of P. van-
namei shrimp after eight weeks of consuming differ-
ent experimental diets. The results indicate that incor-
porating BA into DDGS significantly enhanced the
shrimps’ FBW, AWG, and SGR. 1.5% had the highest
weight gain of all treatment groups. Additionally, the
FCR notably decreased (P<0.05) with adding BA to
the diet.

Table 2. Effects of supplementing BA with high inclusion of DDGS on growth of juvenile L. vannamei

Items BA BA BA BA BA BA Linear Adj Quadratic
(0%) (0.1%) (1%) (1.5%) (2%) (2.5%) R? Adj R?
W 0.19+0.00 0.19+0.00 0.1940.00 0.1940.00 0.1940.00 0.19+0.00
FW 11.93+0.42 a 12.2+0.67 a 12.96+0.09 a 14.3740.34b  13.06£0.05a  11.91+0.55a  —0.062 0.25
WG 455.5+35.85a 466.+8.73 ab  505.3£13.67 cd 523.4+14.15d 489.+8.16 bc 457.83£5.05ab  —0.033 0.586
SGR 2.46+0.3 a 2.48+0.06 a 2.5540.01 ab 2.65£0.04b  2.55+0.00ab  2.46+0.05 a -0.029 0.394
FCR 1.32+0.02 d 1.29+0.02 cd 1.19+0.03 ab 1.15+0.03 a 1.2240.02 cd 1.31+0.01d —0.03 0.617

Means + SD represent the values (n=3). Values with the same letter in a row are not significantly different from each other (P>0.05). Abbreviations used
are weight gain = WG, initial weight = IW, survival rate = SR, final weight = FW, feed conversion ratio = FCR, and specific growth rate = SGR.
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Figure 1. The hepatopancreas morphology of P. vannamei fed a diet with high inclusion of DDGS and supplemented with BA. Each letter in the
figure corresponds to a specific type of cell: E for embryonalzellen cells, R for restzellen cells, F for fibrillenzellen cells, and B for blasenzellen
cells
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Figure 2. The multivariate analysis compared the control group with shrimp fed a diet high in DDGS and supplemented with BA. The PCA score
diagram shows samples in positive and negative ion modes 3A, while the OPLS-DA score diagram focuses on positive and negative ion modes 3B

The impact of dietary DDGS diet on juvenile Pa-
cific shrimp hepatopancreas histopathology

The data presented in Figure 1 indicates that shrimp
fed with BA experienced a significant increase in their B
and R cell counts. This suggests an enhancement in their
secretory and absorptive capabilities. Furthermore, the
hepatopancreas tubule arrangement in diet 5 exhibited a
noticeable improvement compared to the control group.
The tubules were closer together and more organized, in-
dicating a potential adaptation to the dietary composition.

Multivariate analysis of shrimp fed DDGS supple-
mented with BA

Using PCA, distinct clusters representing the two
groups were identified, as shown in Figure 2 A. Separating
the control and BA groups in separate quadrants illustrates

the discernible difference in their metabolic profiles. Fur-
thermore, the OPLS-DA score plot shown in Figure 2 B ef-
fectively distinguished the treatment groups, emphasizing
significant differences in the diets of shrimp-fed animals
supplemented with BA compared to the control group. The
evaluation parameters of the OPLS-DA models confirmed
the distinct separation of the groups, with samples falling
within the Hotelling’s T2 ellipse. The model displayed
R*X = 0.869, R*Y = 0.994, and Q*> = 0.894 in the positive
ion mode, and R*X = 0.879, R*Y = 0.993, and Q* = 0.851
in the negative ion mode.

Pathway analysis of differential metabolites in
P. vannamei

Based on the top 20 KEGG enrichment analyses in
Figure 3 A, we identified differentially expressed genes
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(DEGs) involved in important biological processes. These
processes include nicotinate and nicotinamide metabo-
lism; mineral absorption; phenylalanine, tyrosine, and
tryptophan biosynthesis; lysine biosynthesis; secondary
bile acid biosynthesis; bile secretion; caffeine metabo-
lism; primary bile acid biosynthesis; glycerophospholipid
metabolism; biosynthesis of alkaloids derived from orni-
thine, lysine, and nicotinic acid; tryptophan metabolism;
arginine, and proline metabolism; choline metabolism
in cancer; African trypanosomiasis; cholesterol metabo-
lism; cholinergic synapse; glycine, serine, and threonine
metabolism; Pertussis; ABC transporters; and D-amino
acid metabolism. Based on the positive In(P) and im-
pact values, we further characterized the involvement of
glycine, serine, and threonine metabolism; arginine and
proline metabolism; phenylalanine, tyrosine, and trypto-
phan biosynthesis; phenylalanine metabolism; nicotinate,
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and nicotinamide metabolism; glycerophospholipid me-
tabolism; tryptophan metabolism; and aminoacyl-tRNA
biosynthesis as shown in Figure 3 B. Conversely, the
negative ion mode significantly enriched primary bile acid
biosynthesis and purine metabolism. Figure 4 displays
a heatmap visualization of differentially expressed metab-
olites. The colors range from blue (indicating low expres-
sion) to red (indicating high expression), representing the
varying gene expression levels in the samples. This heat-
map clearly shows the different gene expression patterns
in the control group compared to those treated with BA.
The data indicates that genes with similar expression pat-
terns may have a shared function or be part of a common
metabolic pathway that helps clams adapt to their diet.
Interestingly, metabolites like prostaglandin D2, acetyl-
L-carnitine, stearoyl ethanolamide, and choline showed
a significant increase in expression in shrimp fed BA.
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Figure 3. The analysis of metabolites in response to dietary BA supplementation is a key focus in the DDGS diet. The top 20 KEGG terms showed
significant enrichment in the analysis of genes expressed differently in 4A. In 4B, the metabolic pathways of the different metabolites are dis-
played. Larger sizes in the figure indicate significant pathway enrichment and high pathway impact values
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Discussion

Proper feed intake is essential for promoting aquatic
animals’ rapid and robust growth. Research has indicat-
ed that incorporating a high level of plant protein into
shrimp diets can increase mortality rates (Yohana et al.,
2024 b). To address this issue, one potential solution is
introducing feed additives to aquafeeds’ plant protein
components. While traditional methods of assessing new
feed formulations typically involve analyzing digestibil-
ity and composition, these approaches may not compre-
hensively understand how feeds affect shrimp metabo-
lites. Metabolomic research, originally developed for
human nutrition, has recently been adapted for livestock
and aquaculture species (Yohana et al., 2023 a). In our
study, we explored the impact of supplementing BA in
DDGS to mitigate the negative effects of a plant-based
diet. Instead of using BA directly, BA salts are commonly
integrated into aquafeeds due to their stability and palat-
ability. These additives can be easily blended into animal
feed without coating (Zhao et al., 2023). Research has
shown that commercial diets containing 2% sodium bu-
tyrate and sodium propionate can enhance the feed intake
and attractiveness of P. vannamei (da Silva et al., 2013).
Furthermore, supplements containing fumarate, butyrate,
and succinate have been proven to enhance the survival,
feed intake, growth, and nutrient retention efficiency of
juvenile P. monodon (Emerenciano etal., 2022). Research
has shown that providing P. vannamei with polyhydroxy-
butyrate (PHB) can improve WG and SGR (Kiran et al.,
2020). Similarly, diets supplemented with 5 g/kg of BA
have improved growth and overall health in L. calcari-
fer juveniles (Aalamifar et al., 2020). In another study,
a juvenile yellow drum fed a diet high in soybean oil
supplemented with 0.20% tributyrin exhibited improved
growth performance and changes in muscle fatty acid
composition (Zhu et al., 2020). Volatiana et al. (2020)
found that incorporating TB into diets at levels between
0.05% to 0.2% led to improved growth performance.
Similarly, Liu et al. (2019) discovered that adding SB at
a concentration of 0.2% to diets high in SBM enhanced
the growth performance of turbot fish by reducing leuko-
cyte infiltration and increasing absorptive surface area,
thereby mitigating enteropathy. In another study, Monier
et al. (2022) demonstrated that incorporating nutritional
nanosized sodium butyrate (NSB) at concentrations of
1.0 to 2.5 mg/kg of diet improved the performance of
Nile tilapia without affecting their body composition.
During the current research, adding BA to DDGS led to
a notable improvement in shrimp growth and feed effi-
ciency. Notably, the treatment group T4 (1.5%) exhibited
the highest weight gain among all groups, and the feed
conversion ratio improved significantly with the addition
of BA to the diet. Regression analysis indicated that the
optimal amount of BA supplementation in the DDGS diet
for P. vannamei shrimp was 1.6%. These findings high-
light the significance of dietary interventions in improv-
ing the growth performance of aquatic species.

The hepatopancreas plays a vital role in crustaceans,
serving as an organ for digestion, food storage, secre-
tion, and detoxification (Ray et al., 2020: Chen et al.,
2023). Understanding the histological changes in shrimp
resulting from dietary sources requires a deep dive into
the histology of the hepatopancreas. The hepatopancreas
comprises hepatopancreatic tubules that house various
cell types, including E-, B-, R-, and F-cells, each with
specialized functions in the breakdown and absorption
of nutrients (Ray et al., 2020). B-cells break down and
absorb nutrients filtered through the body’s system to
the shrimp’s hepatopancreas (Abd El-Naby et al., 2024).
They have a complex web of microvilli that expand the
surface area in contact with the epithelial layer, facilitat-
ing effective nutrient absorption (Yohana et al., 2023 b).
Research has shown that disruptions in the detoxification
processes of the hepatopancreas can occur with a de-
crease in R-cells and an increase in vacuolated cells. For
instance, studies have demonstrated that feeding juvenile
yellow drums a diet high in soybean oil and supplement-
ing them with 0.20% tributyrin can enhance their intesti-
nal histology and structure (Zhu et al., 2020). When the
organic acid blend (OAB) was incorporated into shrimp
diets, there was a noticeable improvement in the his-
topathology of the hepatopancreas, with an increase in
R-cells and B-cells and a decrease in damage. Previous
research by Robles et al. (2013) has shown that adding
pure sodium butyrate at a concentration of 0.21% to fish
diets can enhance villi development and increase the ab-
sorptive surface area in sea bream (Sparus aurata). Our
current study revealed a significant increase in B- and R-
cell counts in shrimp fed with BA, enhancing their secre-
tion and absorption capabilities. Furthermore, there was a
clear improvement in the arrangement of the hepatopan-
creas tubules in diet 5 compared to the control group. The
more organized and closely spaced tubules suggest that
they may have adapted to the composition of the diet.

Studying metabolite profiles in fish and crustaceans
has used metabolomics, a powerful method for analyz-
ing metabolite changes and metabolic pathways in re-
sponse to different diets (Petrick and Shomron, 2022).
The field of nutrition research has experienced a signifi-
cant transformation due to LC-MS-based metabolomics,
known for its exceptional sensitivity, speed, and effi-
ciency in nutrient characterization (Song et al., 2023).
A deeper understanding of nutrition, feed quality, and
health tracking can be obtained through metabolomics
tissue analysis and feeding experiments. In this study, the
KGG pathway demonstrates that the addition of BA to
DDGS diets can effectively maintain cellular balance by
regulating multiple pathways, including crucial functions
such as D-amino acid metabolism, the ABC transporter,
glycerophospholipid metabolism, aminoacyl-tRNA bio-
synthesis, and bile acids secretion. Amino acids are vi-
tal for body proteins and play a key role in supporting
processes related to protein turnover (Yue et al., 2022).
Notably, the incorporation of BA also significantly in-
fluenced several amino acid biosynthesis pathways, in-
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cluding arginine and proline metabolism, phenylalanine,
tyrosine, lysine, and tryptophan biosynthesis, as well
as metabolic pathways like glycine, serine, and threo-
nine metabolism, and glycine metabolism. Proline sig-
nificantly impacts various cellular processes, including
protein synthesis, anti-oxidative reactions, and immune
responses (Xie et al., 2015; Shao et al., 2023). The role
of threonine in fish nutrition is vital, as it acts as the pri-
mary limiting amino acid in low-protein diets. It involves
various physiological and biochemical processes, such
as immune system function and growth (Alhasaniah,
2023). Research by Dong et al. (2017) has shown that
a deficiency in threonine can decrease a fish’s resistance
to intestinal lysozyme, acid phosphatase, enteritis, and
certain anti-inflammatory factors, ultimately impacting
the growth and development of juvenile C. idella. Fur-
thermore, studies by Yu et al. (2024) have demonstrated
that a threonine deficiency can lead to reduced immune
system function, antioxidant capacity, and growth inhibi-
tion in juvenile blunt-snout bream. Proline, an important
amino acid, is crucial for collagen formation, which is
essential for maintaining healthy connective tissues, as
well as participating in protein synthesis and boosting
antioxidative defenses (Ren et al., 2020 a; Wang et al.,
2022; Xie et al., 2015; Shao et al., 2023). Studies have
demonstrated that arginine, a functional amino acid type,
can boost aquatic animals’ immune system (Duan et al.,
2023). Arginine is a phosphagen in crustaceans and is
crucial in promoting optimal shrimp growth (Zhou et
al., 2012). Previous research by Li et al. (2023 b) has
indicated that arginine can improve muscle firmness and
shear force, thereby enhancing the flesh quality of grass
carp (Ctenopharyngodon idella). Similarly, studies on
sea bream fish suggest that butyrate can stimulate growth
by increasing the availability of amino acids (Robles et
al., 2013). Derived from phenylalanine, tyrosine is an
aromatic amino acid commonly utilized as a precursor
for essential hormones and neurotransmitters, including
triiodothyronine, epinephrine, nor-epinephrine, dopa-
mine, and melanin (Yang et al., 2018). Phenylalanine,
the sole precursor of tyrosine, is also an aromatic amino
acid crucial for normal growth and metabolic functions
(Zehra and Khan, 2014). Once phenylalanine enters the
body, it can undergo one of three processes: conversion
to tyrosine, incorporation into cellular proteins, or trans-
formation into phenylpyruvic acid (Vockley et al., 2014).
Research by Huang et al. (2020) has shown that phenyla-
lanine can enhance lysozyme expression in Danio rerio,
aiding in removing resistant Vibrio alginolyticus. There-
fore, maintaining adequate levels of phenylalanine and
tyrosine is vital for the survival, feed intake, growth per-
formance, immunity, and overall physiological processes
of aquatic animals (Li et al., 2023 b).

Furthermore, ABC transporter proteins not only assist
in maintaining lipid homeostasis within cells by facilitat-
ing the export and storage of lipids from adipocytes but
also play a role in regulating inflammation (Ma et al.,
2024). These proteins are responsible for transporting

lipophilic compounds such as steroid hormones and cap-
turing the energy produced by ATP (Zhao and Xu, 2022).
According to Xu et al. (2024), glycerophospholipids are
a type of phospholipid compound known for their ability
to lower serum cholesterol, promote lipid metabolism,
prevent fatty liver, and improve circulation. These com-
pounds are crucial components of cellular membranes,
playing a key role in maintaining membrane structure
and function (Shija et al., 2024). The BA group exhib-
ited significantly higher glycerophospholipid metabo-
lism, consistent with previous research findings (Wang
et al., 2022). Research has shown that wounding can sig-
nificantly impact the metabolic pathway of aminoacyl-
tRNA biosynthesis. Albaladejo-Riad et al. (2023) explain
that enzymes involved in this process play a vital role
in binding amino acids to tRNAs, contributing to vari-
ous processes essential for healing, such as transcription,
inflammation, translation, splicing, cell proliferation,
and apoptosis. Additionally, the study found that dictary
factors also influence aminoacyl-tRNA biosynthesis.
Bile acids are essential for the communication between
the liver and the gut, serving as endogenous molecules
synthesized from cholesterol. They are believed to act
as versatile mediators, regulating various physiological
processes and facilitating the absorption of nutrients (Su
et al., 2021). The amphipathic structure of bile acids al-
lows them to form micelles that aid in the digestion of
fats, cholesterol, and lipid-soluble vitamins, enhancing
overall nutrient absorption (Bao et al., 2024). Addition-
ally, bile acids can function as hormones or signaling
molecules by activating nuclear hormone receptors, lead-
ing to a range of effects. Recent research suggests bile
acids may influence immune response and antioxidant
defense regulation (Li et al., 2023 a). The heatmap analy-
sis uncovered a significant discovery regarding the me-
tabolite levels in shrimp fed BA compared to the control
group. Specifically, metabolites such as prostaglandins,
choline, and acetyl L-carnitine were significantly upregu-
lated. Arachidonic acid serves as the precursor for pros-
taglandins (Ren et al., 2020 b; Kong and Yu, 2022) and is
a key component of polyunsaturated fatty acids (Kudetka
et al.,, 2021; Yang et al., 2022). Prostaglandins play
a crucial role as arachidonic acid metabolites in animals’
immune systems and antioxidant defense mechanisms
(Xie et al., 2020; Yohana et al., 2024 b). These bioactive
lipids can modulate T cell phenotype and function, lead-
ing to a spectrum of pro- and anti-inflammatory effects.
This highlights the intricate ways prostaglandins operate,
influencing immune cell activation and response regula-
tion. The immune system is vital for maintaining internal
equilibrium and safeguarding against external infections.
Upregulated prostaglandins also play a key role in con-
trolling the production of inflammatory cytokines, which
serve as signaling molecules in the immune response
(Luo et al., 2024). However, dysregulation of prostaglan-
din production can result in chronic inflammation and
autoimmune diseases. Choline-based lipids are vital in
cell structure upkeep and lipid transportation processes
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(Lu et al., 2023). L-carnitine acts as a transporter of acyl
and acetyl groups in the mitochondria. L-carnitine is a
vital nutrient with multifunctional roles in aquatic organ-
isms, essential for fatty acid metabolism (Mirrafiei et al.,
2024). A crucial aspect of its purpose is the breakdown
of fatty acids in the mitochondrial B-oxidation pathway,
resulting in the production of energy and supporting lipid
metabolism (Raghuvaran et al., 2023).

Conclusion

This study compared the growth performance, his-
topathology, and metabolomics profiles of shrimp that
consumed a control diet to those that were given high
levels of DDGS as the main protein source with BA sup-
plementation. Shrimp supplemented with BA exhibited
significantly higher absolute growth rates and a more sig-
nificant number of B and R cells. Additionally, their tu-
bules were more closely packed and organized, suggest-
ing an adaptation to the dietary composition compared to
the control group. Further analysis of key metabolic path-
ways revealed that shrimp supplemented with BA had a
greater capacity for ABC transporter, phenylalanine and
tyrosine metabolism, arginine and proline metabolism,
and prostaglandins D2 compared to the control group.
The optimal level of BA inclusion in high DDGS diets
was 1.6%, while in a previous study with high corn glu-
ten meal inclusion, the optimal level was 1.25%. This in-
dicates that the BA needed in a plant protein diet depends
on the specific plant protein used. Exploring the poten-
tial benefits of adding BA to feed formulas in continuous
shrimp farming, it is advised that one comprehends its
mechanisms and advantages better, mainly when plant-
based proteins are used.

Authors’ contribution

Qihui Yang oversaw funding, project supervision,
and concept development. Beiping Tan provided supervi-
sion. Alatwinusa Yohana Mpwaga and Ray Watson Gyan
were in charge of conceptualizing, designing, conducting
experiments, and writing the manuscript. Shiyu Kou also
edited the manuscript.

Declaration of conflict of interest
According to the authors, there were no conflicting
interests in this study.

Availability of data
Data will be given when asked for.

Acknowledgment

Our deep gratitude goes out to our lab partners for
their invaluable assistance. The Special Fund Project is
supported by prestigious organizations like the National
Key R&D Program (2019YFD0900200), the Guang-
dong Science and Technology Specialist Project (GD-
KTP2021048400), and the National Natural Science
Foundation of China (31802316). We thank the Ministry
of Agriculture for their essential technical support at the

South China Key Laboratory of Aquatic, Livestock, and
Poultry Feed Science and Technology.

References

Aalamifar H., Soltanian S., Vazirzadeh A., Morshedi V. (2020). Di-
etary butyric acid improved growth, digestive enzyme activities
and humoral immune parameters in barramundi (Lates calcari-
fer). Aquacult. Nutr., 156-164.

Abd El-Naby A.S., Eid A.E., Gaafar A.Y., Sharawy Z., Khattaby A.A.,
El-sharawy M.S., El Asely A.M. (2024). Overall evaluation of the
replacement of fermented soybean to fish meal in juvenile white
shrimp, Litopenaeus vannamei diet: growth, health status, and he-
patopancreas histomorphology. Aquac. Int., 32: 1665-1683.

Abudabos A.M., Al-Atiyat R.M., Khan R.U. (2017). A survey of my-
cotoxin contamination and chemical composition of distiller’s
dried grains with solubles (DDGS) imported from the USA into
Saudi Arabia. Environ. Sci. Pollut. Res., 24: 15401-15405.

Ahmad N., Siddiqui J.P.A., Nabi G., Khan K.M., Ali A., Zamir Y., Sid-
dique M.AM., Amir S.A., Khokhar FN., Amin M. (2020). Par-
tial substitution of fishmeal with plant protein source the soybean
meal in the diets of Arabian yellowfin seabream Acanthopagrus
arabicus juveniles. Thalassas, 36: 589-596.

Albaladejo-Riad N., Espinosa-Ruiz C., Esteban M.A., Lazado C.C.
(2023). Skin mucus metabolomics provides insights into the in-
terplay between diet and wound in gilthead seabream (Sparus au-
rata). Fish Shellfish Immunol., 134: 108590.

Alhasaniah A.H. (2023). L-carnitine: Nutrition, pathology, and health
benefits. Saudi J. Biol. Sci., 30: 103555.

Allam B.W., Khalil H.S., Mansour A.T., Srour T.M., Omar E.A., Nour
A.AM. (2020). Impact of substitution of fish meal by high protein
distillers dried grains on growth performance, plasma protein and
economic benefit of striped catfish (Pangasianodon hypophthal-
mus). Aquaculture, 517: 734792.

AOAC (2000). Official Methods of Analysis of AOAC International.
Assoc. Off. Anal. Chem. Int.

Bae J., Hamidoghli A., Djaballah M.S., Maamri S., Hamdi A., Souffi
L., Farris N.W., Bai S.C. (2020). Effects of three different dietary
plant protein sources as fishmeal replacers in juvenile whiteleg
shrimp, Litopenaeus vannamei. Fisher. Aquat. Sci., 23: el-6.

Bao S., Wang W., Deng Z., Zhou R., Zeng S., Hou D., He J., Huang
Z. (2024). Changes of bacterial communities and bile acid me-
tabolism reveal the potential “intestine-hepatopancreas axis” in
shrimp. Sci. Total Environ., 938: 173384.

ChenJ., Yang F., Cheng T., Yi, J., Yang Z., Li Z., Tan B., Chi S. (2023).
Glutathione-rich yeast hydrolysate makes the contributions to
growth performance, healthy of Pacific white shrimp (Litopenae-
us vannamei), and helps shrimp resist nitrite stress. Aquac. Rep.,
33: 101825

da Silva B.C., Vieira F. do N., Mourifio J.L.P., Ferreira G.S., Seiffert
W.Q. (2013). Salts of organic acids selection by multiple char-
acteristics for marine shrimp nutrition. Aquaculture, 384-387:
104-110.

Dong Y.W., Jiang W.D., Liu Y., Wu P, Jiang J., Kuang S.Y., Tang L.,
Tang W.N., Zhang Y.A., Zhou X.Q., Feng L. (2017). Threonine
deficiency decreased intestinal immunity and aggravated inflam-
mation associated with NF-kB and target of rapamycin signal-
ling pathways in juvenile grass carp (Ctenopharyngodon idella)
after infection with Aeromonas hydrophila. Br. J. Nutr., 118:
92-108.

Duan Y., Xing Y., Zhu X., Li H., Wang Y., Nan Y. (2023). Integration
of transcriptomic and metabolomic reveals carbonate alkalinity
stress responses in the hepatopancreas of Litopenaeus vannamei.
Aquat. Toxicol., 260: 106569.

Emerenciano M.G.C., Rombenso A.N., Vieira F.D.N., Martins M.A.,
Coman G.J., Truong H.H., Noble T.H., Simon C.J. (2022). In-
tensification of penaeid shrimp culture: An applied review of ad-
vances in production systems, nutrition and breeding. Animals,
12:2030236.



1584

A.Y. Mpwaga et al.

Gorka P., Kowalski Z.M., Zabielski R., Guilloteau P. (2018). Invited
review: Use of butyrate to promote gastrointestinal tract develop-
ment in calves. J. Dairy Sci., 101: 4785-4800.

Gyan W.R., Yang Q. hui Tan B., Xiaohui D., Chi, S., Liu H., Zhang S.
(2021). Effects of replacing fishmeal with dietary dried distillers
grains with solubles on growth, serum biochemical indices, anti-
oxidative functions, and disease resistance for Litopenaeus van-
namei juveniles. Aquac. Rep., 21: 100821.

Hu R., Dunmire K.M., Truelock C.N., Paulk C.B., Aldrich G., Li Y.
(2020). Antioxidant performances of corn gluten meal and DDGS
protein hydrolysates in food, pet food, and feed systems. J. Agric.
Food Res., 2: 100030.

Huang Z., Aweya J.J., Zhu C., Tran N.T., Hong Y., Li S., Yao D., Zhang
Y. (2020). Modulation of crustacean innate immune response by
amino acids and their metabolites: Inferences from other species.
Front. Immunol., 11: 1-15.

Jang J.C., Zeng Z., Urriola P.E., Shurson G.C. (2022). A systematic
review and meta-analysis of the growth performance effects of
feeding diets containing corn distillers dried grains with solubles
(cDDGS) and feed enzymes to broiler chickens. Anim. Feed Sci.
Technol., 293: 115464.

Khatibi P.A., McMaster N.J., Musser R., Schmale D.G. (2014). Survey
of mycotoxins in corn distillers’ dried grains with solubles from
seventy-eight ethanol plants in twelve states in the U.S. in 2011.
Toxins (Basel), 6: 1155-1168.

Kiran G.D., Priyadharshini S., Sajayan A., Ravindran A., Priyad-
harshini G.B., Ramesh U., Suarez L.E.C., Selvin J. (2020).
Dietary administration of gelatinised polyhydroxybutyrate to
Penaeus vannamei improved growth performance and enhanced
immune response against Vibrio parahaemolyticus. Aquaculture,
517:734773.

Kong D., YuY. (2022). Prostaglandin D2 signaling and cardiovascular
homeostasis. J. Mol. Cell. Cardiol., 167: 97-105.

Kudetka W., Kowalska M., Popis M. (2021). Quality of soybean prod-
ucts in terms of essential amino acids composition. Molecules,
26: 1-9.

Li H., Duan Y., Yin F.,, Zhu Q., Hu C., Wu L., Xie P,, Li F.,, Cheng R.,
Kong X. (2022). Dietary addition of fermented sorghum distiller’s
dried grains with soluble improves carcass traits and meat quality
in growing-finishing pigs. Trop. Anim. Health Prod., 54: 1-9.

Li X, Li H., QuK., Liu Y., Chi S., Yang Q., Tan B., Zhang S., Xie S.
(2023 a). Dietary bile acids promote sterol metabolism, bile acids
enterohepatic circulation, and apoptosis in juvenile Pacific white
shrimp (Litopenaeus vannamei). Anim. Feed Sci. Technol., 303:
115710.

Li X., Wang S., Zhang M., Jiang H., Qian Y., Wang R., Li M.
(2023 b). Comprehensive analysis of metabolomics on flesh qual-
ity of yellow catfish (Pelteobagrus fulvidraco) fed plant-based
protein diet. Front. Nutr., 10: 1-17.

Liu Y., Chen Z., Dai J., Yang P., Xu W,, Ai Q., Zhang W., Zhang
Y., Zhang Y., Mai K. (2019). Sodium butyrate supplementation in
high-soybean meal diets for turbot (Scophthalmus maximus L.):
Effects on inflammatory status, mucosal barriers and microbiota
in the intestine. Fish Shellfish Immunol., 88: 65-75.

Lu J., Tao X., Luo J., Zhu T., Jiao L., Sun P., Zhou Q., Tocher D.R.,
Jin M. (2023). Dietary choline activates the Ampk/Srebp signaling
pathway and decreases lipid levels in Pacific white shrimp (Lito-
penaeus vannamei). Anim. Nutr., 15: 58-70.

Luo M., He N., Xu Q., Wen Z., Wang Z., Zhao J., Liu Y. (2024). Roles
of prostaglandins in immunosuppression. Clin. Immunol., 265:
110298.

MaJ., Xu R., Wang B., Qi Q., Zhang C. (2024). Metabolomics analy-
sis reveals the protective effect of fructooligosaccharide on abnor-
mal metabolism of liver in Megalobrama amblycephala induced
by Aeromonas hydrophila. Aquac. Int., 32: 2185-2202.

McLean E., Barrows F.T., Craig S.R., Alfrey K., Tran L. (2020). Com-
plete replacement of fishmeal by soybean and poultry meals in
Pacific whiteleg shrimp feeds: Growth and tolerance to EMS/
AHPND and WSSV challenge. Aquaculture, 527: 735383

Mirrafiei A., Jayedi A., Shab-Bidar S. (2024). The effects of L-carni-
tine supplementation on weight loss, glycemic control, and car-
diovascular risk factors in patients with type 2 diabetes: A sys-

tematic review and dose-response meta-analysis of randomized
controlled trials. Clin. Ther., 46: 404-410.

Mohammadi Shad Z., Venkitasamy C., Wen Z. (2021). Corn distillers
dried grains with solubles: Production, properties, and potential
uses. Cereal Chem., 98: 999-1019.

Monier M.N., Abd El-Naby A.S., Samir F., Abdel-Tawwab M. (2022).
Positive effects of dietary nanosized sodium butyrate on growth
performance, immune, antioxidant indices, and resistance of Nile
tilapia to waterborne copper toxicity. Aquac. Rep., 26: 101323.

Mugwanya M., Dawood M.A.O., Kimera F. (2023). Replacement of
fish meal with fermented plant proteins in the aquafeed industry:
A systematic review and meta-analysis. Rev. Aquacult., 62-88.

Nagappan S., Das P., AbdulQuadir M., Thaher M., Khan S., Mahata
C., Al-Jabri, H., Vatland, A.K., Kumar, G. (2021). Potential of mi-
croalgae as a sustainable feed ingredient for aquaculture. J. Bio-
technol., 341: 1-20.

Nunes A.J.P.,, Lotte L., Leonardi G., Burri L. (2022). Developing sus-
tainable, cost-effective and high-performance shrimp feed formu-
lations containing low fish meal levels. Aquac. Rep., 27: 101422.

Oplatowska-Stachowiak M., Haughey S.A., Chevallier O.P., Galvin-
King P., Campbell K., Magowan E., Adam G., Berthiller F., Krska
R., Elliott C.T. (2015). Determination of the mycotoxin content in
distiller’s dried grain with solubles using a multianalyte UHPLC-
MS/MS method. J. Agric. Food Chem., 63: 9441-9451.

Petrick L.M., Shomron N. (2022). AI/ML-driven advances in untar-
geted metabolomics and exposomics for biomedical applications.
Cell Reports Phys. Sci., 3: 100978.

Raghuvaran N., Sardar P., Sahu N.P., Shamna N., Jana P., Paul M.,
Bhusare S., Bhavatharaniya U. (2023). Effect of L-carnitine sup-
plemented diets with varying protein and lipid levels on growth,
body composition, antioxidant status and physio-metabolic
changes of white shrimp, Penaeus vannamei juveniles reared in
inland saline water. Anim. Feed Sci. Technol., 296: 115548.

Rairat T., Phansawat P., Kumphaphat S., Kitsanayanyong L. (2023).
Effects of tributyrin on the growth performance, survival, toler-
ance to hypoxic stress, and nutrient digestibility of Pacific white
shrimp, Litopenaeus vannamei, fed different levels of soybean
meal. J. World Aquacult. Soc., 54: 1468-1481.

Ray G.W., Liang D., Yang Q., Tan B., Dong X., Chi S., Liu H., Zhang
S., Rimei L. (2020). Effects of replacing fishmeal with dietary
soybean protein concentrate (SPC) on growth, serum biochemical
indices, and antioxidative functions for juvenile shrimp Litope-
naeus vannamei. Aquaculture, 516: 734630.

Ray G.W,, Li X., He S., Lin H., Yang Q., Tan B., Dong X., Chi S.,
Liu H., Zhang S. (2021 a). Accepted author version of the manu-
script: A review on the use of dried distiller’s grains with solubles
(DDGS). Anim. Sci., 1-36.

Ray G.W., Yang Q., Tan B., Dong X., Chi S., Liu H., Zhang S.
(2021 b). Effects of replacing fishmeal with dietary wheat gluten
meal (WGM) on growth, serum biochemical indices, and antioxi-
dative functions, gut microbiota, histology and disease resistance
for juvenile shrimp Litopenaeus vannamei. Anim. Feed Sci. Tech-
nol., 115090.

RenX.,YuZ.,XuY., Zhang Y., MuC., Liu P, LiJ. (2020 a). Integrated
transcriptomic and metabolomic responses in the hepatopancreas
of kuruma shrimp (Marsupenaeus japonicus) under cold stress.
Ecotoxicol. Environ. Saf., 206: 111360.

Ren X., Yu Z., Xu Y., Zhang Y., Mu C,, Liu P, Li J. (2020 b). Inte-
grated transcriptomic and metabolomic responses in the hepato-
pancreas of kuruma shrimp (Marsupenaeus japonicus) under cold
stress. Ecotoxicol. Environ. Saf., 206: 111360.

Robles R., Lozano A.B., Sevilla A., Marquez L., Nuez-Ortin W., Moy-
ano F.J. (2013). Effect of partially protected butyrate used as feed
additive on growth and intestinal metabolism in sea bream (Spa-
rus aurata). Fish Physiol. Biochem., 39: 1567-1580.

Sandor Z.J., Révész N., Varga D., Toth F., Ardo L., Gyalog G. (2021).
Nutritional and economic benefits of using DDGS (distiller’ dried
grains soluble) as feed ingredient in common carp semi-intensive
pond culture. Aquac. Rep., 21: 100819.

Shao C., Su, Y., Meng D., Li Y., Dong Y., Hao H., Ye H. (2023). Com-
prehensive metabolomic profiling of nutrients in fish and shrimp.
Food Chem., 407: 135037.



Effects of a high-DDGS diet with butyric acid on Penaeus vannamei

1585

Shija V.M., Zakaria G.E., Amoah K., Yi L., Huang J., Masanja F., Yong
Z., Cai J. (2024). Dietary effects of probiotic bacteria, Bacillus
amyloliquefaciens AV5 on growth, serum and mucus immune re-
sponse, metabolomics, and lipid metabolism in Nile tilapia (Oreo-
chromis niloticus). Aquacult. Nutr., 2024: 4253969.

Song C., Zhang T., Xu D., Zhu M., Mei S., Zhou B., Wang K., Chen C.,
Zhu E., Cheng Z. (2023). Impact of feeding dried distillers’ grains
with solubles diet on microbiome and metabolome of ruminal and
cecal contents in Guanling yellow cattle. Front. Microbiol., 14:
1-12.

SuC., LiuX., Lil., Zhang M., Pan L., Lu Y., Wang Y., Ding Y. (2021).
Effects of bile acids on the growth performance, lipid metabolism,
non-specific immunity and intestinal microbiota of Pacific white
shrimp (Litopenaeus vannamei). Aquac. Nutr., 27: 2029-2041.

Suehs B.A., Gatlin D.M. (2022). Evaluation of a commercial high-
protein distiller’s dried grain with solubles (HP-DDGS) product
in the diet of juvenile Nile tilapia (Oreochromis niloticus). Aquac.
Nutr., 2022: 1-11.

Sun L.Y., Shu H.M., Kou Y.L., Dang H., Ai C.X. (2024). Beneficial
effects of the butanoic acid derivative tributyrin on the growth,
immunity and intestinal health of large mouth bass (Micropterus
salmoides). Aquaculture, 590: 741007.

Tran N.T., Liang H., Li J., Deng T., Zhang M., Li S. (2023). Health
benefits of butyrate and its producing bacterium, Clostridium
butyricum, on aquatic animals. Fish Shellfish Immunol. Rep., 4:
100088.

Vockley J., Andersson H.C., Antshel K.M., Braverman N.E., Burton
B.K., Frazier D.M., Mitchell J., Smith W.E., Thompson B.H., Ber-
ry S.A. (2014). Phenylalanine hydroxylase deficiency: Diagnosis
and management guideline. Genet. Med., 16: 188-200.

Volatiana J.A., Wang L., Gray N., Tong S., Zhang G., Shao Q. (2020).
Tributyrin-supplemented high-soya bean meal diets of juvenile
black sea bream, Acanthopagrus schlegelii: Study on growth per-
formance and intestinal morphology and structure. Aquac. Res.,
51: 135-146.

Wang J., Jiang H., Alhamoud Y., Chen Y., Zhuang J., Liu T., Cai L.,
Shen W., Wu X., Zheng W., Feng F. (2022). Integrated metabolo-
mic and gene expression analyses to study the effects of glycerol
monolaurate on flesh quality in large yellow croaker (Larimich-
thys crocea). Food Chem., 367: 130749.

Xie S.W., Tian L.X., Li Y.M., Zhou W., Zeng S.L., Yang H.J., Liu Y.J.
(2015). Effect of proline supplementation on anti-oxidative capac-
ity, immune response and stress tolerance of juvenile Pacific white
shrimp, Litopenaeus vannamei. Aquaculture, 448: 105-111.

Xie S., Wei D., Chen S., Zhuang Z., Yin P., Liu Y., Tian L., Niu J.
(2020). Dietary fishmeal levels affect anti-oxidative ability and
metabolomics profile of juvenile Pacific white shrimp, Litope-
naeus vannamei. Aquac. Nutr., 26: 978-989.

XuX., Li X, Xu Z., Yang H., Lin X., Leng X. (2024). Replacing fish-
meal with cottonseed protein concentrate in practical diet of large-
mouth bass (Micropterus salmoides): Growth, flesh quality and
metabolomics. Aquaculture, 579: 740164.

Yang C., Hao R., Du X., Wang Q., Deng Y., Sun R., Zheng Z. (2018).
GC-TOF/MS-based metabolomics studies on the effect of protein
sources in formulated diet for pearl oyster Pinctada fucata mar-
tensii. Aquaculture, 486: 139-147.

Yang P., Yao W., Wang Y., Li M., Li X., Leng X. (2022). Dietary ef-
fects of fish meal substitution with Clostridium autoethanogenum

on flesh quality and metabolomics of largemouth bass (Microp-
terus salmoides). Aquac. Rep., 23: 101012.

Yohana M.A., Ray G.W., Yang Q., Beiping T., Shuyan C., Junming D.
(2023 a). Effect of corn gluten meal on the replacement of soy-
bean meal on the survival, biochemical and metabolic responses,
and disease resistance of Pacific white shrimp (Litopenaeus van-
namei). Ann. Anim. Sci., 2023: 0085.

Yohana M.A., Ray G.W,, Yang Q., Ta, B., Chi S., Lin H., Mao M., Yi Y.
(2023 b). Implications of dietary soybean meal replacement with
corn gluten meal on growth performance, antioxidant activities,
hepatopancreatic histopathology, and intestinal flora of juvenile
Pacific shrimp (Litopenaeus vannamei). Aquac. Rep., 33: 101821.

Yohana M.A., Ray G.W., Qihui Y. (2024 a). Response of gut microbi-
ota, antioxidation, and disease resistance to Pacific shrimp fed dis-
tiller’s dried grains with solubles replaced soybean meal. Aquac.
Int., 10499: 024-01529.

Yohana M.A., Ray G.W., Yang Q., Shiyu K., Tan B., Wu J., Mao
M., Ge Z., Feng L. (2024 b). Comprehensive analysis of butyric
acid impact on immunology, histopathology, gene expression,
and metabolomic responses in Pacific shrimp experiencing cold
stress. Comp. Biochem. Physiol. — Part D Genom. Proteom., 52:
101293.

Yu H., Ren M., Huang D., Zhang L., Chen X., Wang Y., Liang H.
(2024). Dietary threonine influences antioxidant capacity and im-
mune status in juvenile largemouth bass (Micropterus salmoides).
Aquac. Rep., 37: 102197.

Yue H., WuJ.,, Fu P., Ruan R., Ye H., Hu B., Chen X., Li C. (2022). Ef-
fect of glutamine supplementation against soybean meal-induced
growth retardation, hepatic metabolomics and transcriptome al-
terations in hybrid sturgeon Acipenser baeriiQx A. schrenckii 3.
Aquac. Rep., 24: 101158.

Zehra S., Khan M.A. (2014). Dietary phenylalanine requirement and
tyrosine replacement value for phenylalanine for fingerling Catla
catla (Hamilton). Aquaculture, 433: 256-265.

Zhang Q., Ames J.M., Smith R.D., Baynes J.W., Metz T.O. (2009).
A perspective on the Maillard reaction and the analysis of pro-
tein glycation by mass spectrometry: Probing the pathogenesis of
chronic disease. J. Proteome Res., 8: 754-769.

Zhao J., Xu Q. (2022). Influence of soybean meal on intestinal mucosa
metabolome and effects of adenosine monophosphate-activated
protein kinase signaling pathway in mirror carp (Cyprinus carpio
Songpu). Front. Mar. Sci., 9: 1-13.

Zhao J., Yang X., Qiu Z. (2023). Effects of tributyrin and alanyl-glu-
tamine dipeptide on intestinal health of largemouth bass (Microp-
terus salmoides) fed with high soybean meal diet. Front. Immu-
nol., 1-15.

Zhou Q.C., Zeng W.P., Wang H.L., Wang T., Wang Y.L., Xie F.J.
(2012). Dietary arginine requirement of juvenile Pacific white
shrimp, Litopenaeus vannamei. Aquaculture, 364-365, 252-258.

Zhu W., Tan P, Lou B., Chen R., Wang L., Xu D. (2020). Supple-
mentation of a soybean oil-based diet with tributyrin influences
growth, muscle composition, intestinal morphology, and expres-
sion of immune-related genes of juvenile yellow drum (Nibea al-
biflora Richardson, 1846). Aquac. Int., 28: 2027-2043.

Received: 26 X1 2024
Accepted: 25 IV 2025



