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Abstract

Two growth trials were conducted to evaluate the effects of solvent-extracted soybean
meal (SBM), low-oligosaccharide soybean meal (LO-SBM), and enzyme-treated soybean
meal (ET-SBM) on the growth performance, feed utilization, and gut microbiome of the
Pacific white shrimp (Litopenaeus vannamei). Nine diets were tested, including a basal diet
using solvent-extracted soybean meal as the main protein source. The solvent-extracted
soybean meal was then replaced with LO-SBM or ET-SBM at 40%, 60%, 80%, and 100%
on an isonitrogenous and isolipidic basis. In the 8-week outdoor green water trial, all
growth metrics, FCR and apparent net protein retention (ANPR) showed no significant
differences among diets (p > 0.05). However, there was a significant effect of LO-SBM on
phosphorus retention. In the clear water trial, intermediate inclusion levels of LO-SBM
(60-80%) slightly improved growth metrics and phosphorus retention (p < 0.05) without
affecting protein utilization, while 100% LO-SBM did not provide additional benefits.
Diets with ET-SBM showed similar performance; however, phosphorus retention was
reduced. Diets did not affect whole-body composition (p > 0.05), except for phosphorus
and moisture. Gut microbiota analysis revealed that shrimp fed 100% ET-SBM had notably
higher alpha diversity (Shannon index = 5.45, observed species = 326.41) compared to those
fed 100% LO-SBM (Shannon index = 4.59, observed species = 242.69), indicating improved
microbial stability with ET-SBM. Nonetheless, there were no significant differences in beta
diversity or taxonomic composition between treatments (p > 0.05). This study demonstrates
that incorporating 60-80% LO-SBM into the diet improves shrimp growth and nutrient
utilization. Additionally, ET-SBM may also support shrimp growth, nutrient efficiency,
and microbial diversity, suggesting that both LO-SBM and ET-SBM can be beneficial for
shrimp nutrition.

Keywords: low-oligosaccharide soybean meal; enzyme-treated soybean meal; growth
performance; feed utilization; gut microbiome

1. Introduction

Fishmeal (FM) remains a key ingredient in shrimp feed due to its high protein con-
tent, balanced essential amino acid profile, low anti-nutritional factor content, and good
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palatability, which is especially important as shrimp culture continues to be one of the
fastest-growing aquaculture industries worldwide [1,2]. Rising costs, resource scarcity,
and environmental impacts have led to growing interest in alternatives to the high use
of fishmeal (FM) as a protein source in shrimp feed production [3,4]. Many plant-based
ingredients have been utilized as substitutes for fish meal, but solvent-extracted soybean
meal (SBM) has received the most focus because it has a reliable composition, is inexpensive,
and is widely available. The incorporation of SBM in practical shrimp diets may be limited
due to the presence of anti-nutritional factors (ANFs) such as trypsin inhibitors, antigens,
lectins, saponins, and oligosaccharides; inadequate levels of specific essential amino acids
(EAA), like methionine and lysine; and diminished palatability. These variables may ad-
versely affect development, digestion, and nutritional accessibility in shrimp [5,6]. Roasting,
eliminating soluble sugars, fermenting, enzymatic treatment, mechanical pressing, and
cultivating new varieties are just a few of the methods that have been shown to lessen the
effects of antinutritive components, boost protein content, and improve digestibility [5-7].

Oligosaccharides are a kind of complex carbohydrate that may be found in soybean
meal. It is the presence of these carbohydrates, raffinose and stachyose, which together
make up around fifteen percent of soybean meal, that is responsible for the overall decrease
in digestibility of soybean meal [6]. Advancements in soybean breeding have yielded culti-
vars that generate a significant amount of protein while concurrently producing a small
quantity of oligosaccharides [8]. Also, various processing methods have been developed
over time to reduce or eliminate harmful substances, lower raffinose (0.58 to 0.08) and
stachyose (3.23 to 0.42) [9] improve the availability of vitamins and minerals, and make the
nutrients in solvent-extracted SBM easier to digest [10]. Enzymatic hydrolysis and fermen-
tation utilizing microorganisms such as Bacillus subtilis, Aspergillus oryzae, and Lactobacillus
plantarum [11-13], along with fractionation processes and various other strategies to break
down long-chain carbohydrates such as NSPs to improve their nutritional value [14,15],
have been employed to achieve these objectives with varying degrees of success, resulting
in numerous SBM products. Furthermore, Sookying and Davis [16] proposed that in order
to achieve the necessary protein content, the higher protein levels of differently processed
SBM necessitate a lower inclusion level, giving more space for feed formulations. This
space could be utilized to supplement deficient nutrients and/or add functional ingredients,
thereby improving the nutritional quality of the diet. Even with these improvements, we
still do not fully understand how various soybean meal types influence shrimp growth and
feed use, which is why more research is needed.

The internal and external body of the white shrimp is colonized by a diverse array
of microorganisms [17]. The microbial populations residing in the digestive tract signifi-
cantly influence the animal’s digestion, nutrition, and immunological response [18]. The
microbiota of the digestive system offers significant enzymatic capacity, influencing various
facets of host physiology. Because of this, the type of diet and feed ingredients given to
shrimp directly affect their gut microbial balance and overall health.

Advances in SBM processing, including oligosaccharide elimination and enzymatic
treatment, present interesting techniques to enhance shrimp feed efficiency while miti-
gating anti-nutritional effects. Nevertheless, few studies have investigated the impact of
these modified soybean meals on the gut microbiota and digestive efficiency of shrimp in
controlled environments. This study seeks to assess the impact of low-oligosaccharide and
enzyme-treated soybean meals as dietary protein sources on the gut microbiota, growth
performance, and feed efficiency of Pacific white shrimp (L. vannamei) cultivated in a green
water and clear water recirculating aquaculture system (RAS).
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2. Materials and Methods
2.1. Post-Larvae Nursing

PLs were supplied by Homegrown Shrimp LLC, located in Indiantown, FL, USA. The
PLs were acclimatized and placed in a nursery tank for rearing until they attained the
appropriate size for stocking. They were offered commercial feed, Zeigler PL Raceway
Plus (Zeigler Bros. Inc., Gardners, PA, USA; protein > 50%, fat > 15%, fiber < 1%), during
the nursery phase. The feed amount was calculated as a percentage of biomass, based
on the pooled average weight of a subsample of 60 PLs per tank, which was measured
every week.

2.2. Diet Preparation

Nine test diets were formulated, each of which contained a different processed soy-
bean meal product as its primary protein source. These diets were iso-nitrogenous and
iso-lipidic, with a protein content of 35 g 100 g~! and a lipid content of 8 g 100 g~
The basal diet consisted of 6 g 100 g~ of menhaden fishmeal (Special Select Menhaden
fishmeal, Omega Protein Inc., Houston, TX, USA), ~49.63 g 100 g_1 of solvent-extracted
soybean meal (Bunge, St. Louis, MO, USA), and 7.5 g 100 g~ ! of corn protein concentrate
(Empyreal 75TM, Cargill Corn Milling, Blair, NE, USA). Eight additional diets were created
by substituting the solvent-extracted soybean meal in the basal diet with high protein
low oligosaccharide (LO-SBM, from Benson Hill, St. Louis, MO, USA; company later
purchased by Confluence Genetics ProVIA) and enzyme-treated (ET-SBM, Hamlet Protein
Inc., Findlay, OH, USA) soybean meal on an equal protein basis at 40, 60, 80, and 100%,
respectively. Proximate composition and amino acid (AA) profiles of tested ingredients
(Table 1) and diets (Tables 2 and 3) were analyzed at the University of Missouri Agricul-
ture Experiment Station Chemical Laboratories (Columbia, MO, USA). Table 4 shows the
mineral composition of diets analyzed at Midwest Laboratories.

Table 1. Proximate and amino acid composition (% as is) of each protein source used to assess shrimp
growth in the green water and clear water RAS.

Proximate

Composition (g 100 gfl) " SBM LO-SBM ET-SBM CPC Fishmeal
Crude protein 43.28 53.36 61.56 77 .46 66.00
Moisture 13.32 10.59 6.48 7.11 6.14
Crude fat 0.26 0.00 0.00 3.13 8.58
Crude fiber 3.65 2.93 6.31 0.84 0.80
Ash 5.92 6.24 6.19 1.53 19.95

Amino acids

composition (g 100 g~ 1) *

Alanine 1.88 2.24 2.66 6.92 4.06
Arginine 3.08 3.84 4.38 2.46 3.79
Aspartic acid 4.80 6.17 6.89 4.69 5.51
Cysteine 0.61 0.76 0.86 1.49 0.54
Glutamic acid 7.84 9.90 11.03 17.69 7.94
Glycine 1.84 2.23 2.60 2.16 4.96
Histidine 1.12 1.39 1.62 1.64 1.52
Hydroxylysine 0.04 0.05 0.00 0.06 0.25
Hydroxyproline 0.11 0.05 0.09 - 1.14
Isoleucine 2.05 2.61 2.99 3.36 2.57
Leucine 3.41 412 4.75 13.03 4.30
Lysine 2.81 3.34 3.97 1.31 474
Methionine 0.60 0.73 0.83 2.11 1.67
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Table 1. Cont.
Amino acids
composition (g 100 g~ 1) *
Phenylalanine 227 2.80 3.14 5.03 2.54
Proline 2.11 2.67 3.03 7.21 3.51
Serine 1.79 2.22 2.60 3.99 2.17
Taurine 0.11 0.14 0.15 - 0.69
Threonine 1.63 2.01 2.40 2.63 2.49
Tryptophan 0.55 0.71 0.79 0.48 0.56
Tyrosine 1.67 1.94 2.09 4.05 1.88
Valine 2.13 2.65 3.09 3.61 3.01
Total 42.49 52.67 60.08 83.96 59.93
Note: SBM: soybean meal (Bunge, St. Louis, MO, USA); LO-SBM: low-oligosaccharide SBM (Bright Day, Benson
Hill, St. Louis, MO, USA); ET-SBM: enzyme-treated SBM (Hamlet HP300, Hamlet Protein Inc., Findlay, OH, USA);
Fishmeal: Special Select Menhaden fishmeal, Omega Protein Inc., Houston, TX, USA. * Proximate analysis done
by University of Missouri Laboratory (Columbia, MO, USA) with results expressed as g 100 gfl.
Table 2. Formulation (g 100 g~ as is) of experimental diets based on iso-nitrogenous and iso-lipidic
(35 g 100 g~ ! protein and 8 g 100 g~ ! lipid) basis, for Pacific white shrimp (L. vannamei) cultured in
clear water and green water RAS, fed diets containing SBM, LO-SBM or ET-SBM as main protein
sources at various levels.
Diet N Basal LO-SBM LO-SBM LO-SBM LO-SBM ET-SBM ET-SBM ET-SBM ET-SBM
let Name asa 40% 60% 80% 100% 40% 60% 80% 100%
Fishmeal @ 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
SE-SBM P 49.63 28.03 17.23 6.43 - 27.90 17.04 6.16 -
LO-SBM © - 18.11 27.16 36.21 41.60 - - - -
ET-SBM 4 - - - - - 17.96 26.95 35.95 41.05
CPC—Empyreal 75 © 7.50 7.50 7.50 7.50 7.50 7.50 7.50 7.50 7.50
Menhaden fish oil f 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40
Soy oil 3.70 3.65 3.62 3.60 3.58 3.34 3.16 2.98 2.87
Lecithin (soy) & 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Cholesterol 1 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Corn Starch ® 2.30 5.84 7.62 9.39 10.45 6.43 8.48 10.54 11.71
Whole wheat ! 22.25 22.25 22.25 22.25 22.25 22.25 22.25 22.25 22.25
Mineral premix j 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Vitamin premix k 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80
Choline chloride! 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Rovimix Stay-C 35% ™ 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
CaP-dibasic ™ 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50
Proximate
composition (g 100 g~! as is) *
Crude protein 40.10 39.80 40.30 40.30 41.00 39.30 40.00 37.50 38.80
Moisture 7.64 7.32 7.70 7.73 7.83 7.87 7.63 8.04 8.69
Crude Fat 8.89 8.64 8.46 9.10 8.42 8.18 8.98 12.8 8.75
Crude Fiber 5.60 4.20 3.10 3.00 3.70 5.50 5.00 4.20 3.40
Ash 8.02 8.10 7.36 7.15 7.40 8.16 791 7.62 8.13

Note: SE-SBM: Solvent-extracted soybean meal; LO-SBM: low-oligosaccharide soybean meal; ET-SBM: enzyme-
treated soybean meal. ? Special Select Menhaden fishmeal, Omega Protein Inc., Houston, TX, USA. P Bunge,
St. Louis, MO, USA. ¢ Confluence Genetics ProVIA, St. Louis, MO, USA. 4 Hamlet HP300, Hamlet Protein
Inc., Findlay, OH, USA. © Empyreal 75™, Cargill Corn Milling, Cargill Inc., Blair, NE, USA. f Omega Protein
Inc., Houston, TX, USA. & The Solae Company, St. Louis, MO, USA. h MP Biomedicals Inc., Solon, OH, USA.
i Bobs Red Mill, Milwaukie, OR, USA. Trace mineral premix (g100 g~! premix): Cobalt chloride, 0.004; Cupric
sulfate pentahydrate, 0.550; Ferrous sulfate, 2.000; Magnesium sulfate anhydrous, 13.862; Manganese sulfate
monohydrate, 0.650; Potassium iodide, 0.067; Sodium selenite, 0.010; Zinc sulfate heptahydrate, 13.193; Alpha-
cellulose, 69.664. ¥ Vitamin premix (g kg*1 premix): Thiamin HCl, 4.95; Riboflavin, 3.83; Pyridoxine HCl, 4.00;
Ca-Pantothenate, 10.00; Nicotinic acid, 10.00; Biotin, 0.50; folic acid, 4.00; Cyanocobalamin, 0.05; Inositol, 25.00;
Vitamin A acetate (500,000 TU gfl), 0.32; Vitamin D3 (1,000,000 TU gfl), 80.00; Menadione, 0.50; Alpha-cellulose,
856.81. | MO Biomedicals Inc., Solon, OH, USA. ™ Stay C®, (L-ascorbyl-2-polyphosphate 35% Active C), Roche
Vitamins Inc., Parsippany, NJ, USA. ™ Acros Organics B. V. B. A. Thermo Fisher Scientific, Waltham, MA, USA.
* Proximate analysis performed by Midwest Laboratories Inc. (Omaha, NE, USA) with results expressed as
2100 g~ ! of feed as is, unless otherwise indicate.
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Table 3. Amino acid profile (g 100 g~ ! as is) of experimental diets based on iso-nitrogenous and
iso-lipidic (35 g 100 g_1 protein and 8 g 100 g_1 lipid) basis for Pacific white shrimp (L. vannamei)
cultured in clear water and green water RAS, fed diets containing SBM, LO-SBM or ET-SBM as main
protein sources at various levels.

LO-SBM LO-SBM LO-SBM LO-SBM ET-SBM ET-SBM ET-SBM ET-SBM

Amino Acids Basal 40% 60% 80% 100% 40% 60% 80% 100%
Alanine 1.89 1.86 1.88 1.84 1.84 1.97 2.01 1.85 1.78
Arginine 2.18 224 227 2.31 2.33 2.26 222 2.07 2.15
Aspartic Acid 3.39 348 3.55 3.58 3.59 3.54 3.47 3.21 3.32
Cysteine 0.53 0.52 0.53 0.53 0.52 0.52 0.50 0.47 0.47
Glutamic Acid 7.03 7.16 7.28 7.25 7.26 7.33 7.36 6.73 6.75
Glycine 1.60 1.58 1.61 1.58 1.64 1.63 1.62 1.56 1.60
Histidine 0.93 0.94 0.95 0.95 0.94 0.96 0.95 0.88 0.90
Hydroxylysine 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Hydroxyproline 0.11 0.09 0.09 0.07 0.10 0.09 0.10 0.15 0.13
Isoleucine 1.66 1.69 1.69 1.69 1.66 1.71 1.68 1.54 1.54
Leucine 3.22 3.25 3.27 3.24 3.19 3.41 3.48 3.17 3.02
Lysine 1.99 2.00 2.03 2.05 2.04 2.00 1.90 1.76 1.84
Methionine 0.67 0.64 0.64 0.63 0.60 0.64 0.62 0.57 0.58
Proline 2.19 222 223 222 2.23 2.29 2.34 2.18 2.13
Serine 1.52 1.56 1.60 1.60 1.60 1.66 1.68 1.57 1.60
Taurine 0.23 0.23 0.23 0.23 0.24 0.24 0.23 0.21 0.23
Threonine 1.30 1.31 1.33 1.33 1.33 1.38 1.37 1.27 1.30
Tryptophan 0.46 0.41 0.49 0.45 0.46 0.46 0.45 0.42 0.45
Tyrosine 1.23 1.24 1.25 1.27 1.27 1.32 1.36 1.24 1.20
Valine 1.77 1.79 1.80 1.80 1.77 1.81 1.79 1.64 1.64
Total 35.82 36.17 36.70 36.60 36.56 37.25 37.18 34.40 3451

Note: LO-SBM: low-oligosaccharide SBM (Bright Day, Benson Hill, St. Louis, MO, USA); ET-SBM: enzyme-
treated SBM (Hamlet HP300, Hamlet Protein Inc., Findlay, OH, USA). Amino acid analysis performed by
University of Missouri Laboratory (Columbia, MO, USA) with results expressed as g 100 g*l of feed as is, unless
otherwise indicated.
Table 4. Mineral profile (g 100 g~ as is) of experimental diet based on an iso-nitrogenous and
iso-lipidic (35 g 100 g1 protein and 8 g 100 g~ lipid) basis for Pacific white shrimp (L. vannamei)
cultured in clear water and green water RAS, fed diets containing SBM, LO-SBM or ET-SBM as main
protein sources at various levels.
Minerals Basal LO-SBM LO-SBM LO-SBM LO-SBM ET-SBM ET-SBM ET-SBM ET-SBM
40% 60% 80% 100% 40% 60% 80% 100%
Sulfur (%) 0.41 0.39 0.41 0.38 0.41 0.39 0.42 0.38 0.39
Phosphorus (%) 1.50 1.42 1.48 1.36 1.49 1.50 1.58 1.50 1.64
Potassium (%) 1.35 1.21 1.32 1.17 1.26 1.28 1.40 1.30 1.39
Magnesium (%) 0.23 0.2 0.23 0.21 0.22 0.23 0.24 0.22 0.24
Calcium (%) 1.16 1.09 1.09 1.28 1.17 1.27 1.30 1.21 1.37
Sodium (%) 0.10 0.09 0.09 0.09 0.09 0.10 0.10 0.09 0.10
Iron (ppm) 159 155 144 132 132 143 149 144 156
Manganese (ppm) 54.90 48.40 50.30 49.00 50.30 51.60 50.90 44.40 47.30
Copper (ppm) 31.70 29.90 31.80 23.50 23.90 29.70 29.70 29.60 24.60
Zinc (ppm) 193 195 211 195 189 218 213 186 207

Note: LO-SBM: low-oligosaccharide SBM (Bright Day, Benson Hill, St. Louis, MO, USA); ET-SBM: enzyme-
treated SBM (Hamlet HP300, Hamlet Protein Inc., Findlay, OH, USA). Mineral analysis performed by Midwest
Laboratories Inc. (Omaha, NE, USA) with results expressed as g 100 g*l of feed as is, unless otherwise indicated.

The experimental diets were prepared at Auburn University’s Aquatic Animal Nu-
trition Laboratory (Auburn, AL, USA) using standard laboratory protocols. The dry
ingredients (pre-ground) and oil were weighed and mixed for 15 min in a Globe® 20 Quart
Planetary Mixer model SP20 (Globe® Food Equipment Co., Dayton, OH, USA). For pellet-
ready consistency, hot water (30-45% by weight) was added. With a meat grinder and
3 mm die, diets were pressure-pelleted. The diet strands were then dried overnight on wire
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trays in a forced air oven (<45 °C) to achieve a moisture level of less than 10%. Crumbled
and packaged dry pellets were stored at 4 °C for the green water experiment and clear
water until needed.

2.3. System and Water Quality

The outdoor green water trial was conducted at the Claude Peteet Mariculture Center
in Gulf Shores, AL, in compliance with animal care policy. The system used aeration
through two air stones per tank connected to a regenerative compressor, as well as two
vertical fluidized bed biological filters with Kaldness media for recirculation. Utilizing a
centrifugal sump pump, water was obtained from an outdoor shrimp pond, with a daily
water exchange rate of 5% to preserve natural productivity. Twice daily, a YSI Professional
Plus meter (Yellow Springs Instrument Co., Yellow Springs, OH, USA) was employed to
record salinity, pH, temperature, and dissolved oxygen. Total ammonia nitrogen (TAN)
was measured weekly using an ion-selective electrode (Orion 4-Star Plus pH/ISE) and a
WaterLink Spin Touch spectrophotometer (LaMotte, Chestertown, MD, USA), which also
measured nitrite, nitrate, alkalinity, calcium, phosphate, and magnesium. The average of
the readings from both meters was used to calculate TAN values.

The clear water trial was conducted in an indoor recirculation system at the E.W. Shell
Fisheries Center, Auburn University, Alabama, in compliance with the university’s animal
care policy. The system was composed of forty-four 80 L glass aquaria that were connected
to a shared 800 L reservoir. An Aquadyne bead filter (Aquadyne Filtration Systems,
Hartwell, GA, USA) (0.2 m? media, 0.6 x 1.1 m) and a biological filter with Kaldness media
were used to maintain water quality. Air stones connected to a regenerative blower were
employed to maintain dissolved oxygen levels at or near saturation in all containers and
the sump. Temperature, salinity, and dissolved oxygen were monitored twice daily using
a YSI-2030 pro digital oxygen/temperature meter (YSI Corporation, Yellow Springs, OH,
USA). Nitrite-N, TAN, and pH were measured biweekly using a YSI 9300 photometer
(YSI, Yellow Springs, OH, USA)and a pHep meter (Hanna Instrument, Smithfield, RI,
USA).respectively. All parameters in both trials were found to be within an acceptable
range for the cultured species, as summarized in Tables 5 and 6.

Table 5. Water quality of a green water RAS during eight weeks containing Pacific white shrimp
(L. vannamei) fed diets with SBM, LO-SBM or ET-SBM at various levels, based on iso-nitrogenous
and iso-lipidic (35 g 100 g~! protein and 8 g 100 g~! lipid) basis, stocked at 30 shrimp tank~!
(~35 shrimp m~2) with an initial weight at 0.216 + 0.007 g (mean + standard deviation). Val-
ues are shown as mean =+ standard deviation, with minimum and maximum of each parameter
in parentheses.

Parameters

Dissolved oxygen (mg L™1) ?58(?8%804?)4)1
Temperature (°C) (2251%; ,:*; 313951)
salinity g 1) (5.76,15.15)
Total ammonia nitrogen (mg L1 03((9)’i3228)9 *
Nitrite nitrogen (mg L™1) 0?()2, (ﬂ):.z%;)Z
Nitrate nitrogen (mg L~') 021(;.’ ;t.o%)60
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Table 5. Cont.

Parameters
H 7.97 £ 0.30
F (7.30,10.29)
Alkalinity (mg L™1) 82.(7655 ji 0124).54
i - 153.38 + 30.50
Coleum (mg ) (132,202)
i - 356.50 £+ 99.16
Magnesium (mg L~1) o35, 516
Phosphate (mg L) 3.2};:4()).64

* Average ammonia nitrogen readings from ion electrode and WaterLink Spin Touch.

Table 6. Water quality of a clear water RAS over five weeks containing Pacific white shrimp
(L. vannamei) fed diets with SBM, LO-SBM or ET-SBM as main protein sources at various levels
based on iso-nitrogenous and iso-lipidic (35 g 100 g~! protein and 8 g 100 g ! lipid) basis, stocked at
15 shrimp tank ! (~83 shrimp m~2) with an initial weight at 0.78 4- 0.03 g (mean = standard deviation).

Parameters

Dissolved oxygen (mg L~1) 6.86 &= 0.53
Temperature (°C) 28.22 £+ 0.96
Salinity (g/L) 9.45 +1.03
pH 8.07 £0.20
Total ammonia nitrogen (mg L~1) 0.17 +0.12
Nitrite nitrogen (mg L) 0.14 +0.11

2.4. Growth Trials

Thirty Pacific white shrimp (0.29 £ 0.01 g, mean + SD) were stocked in thirty-six
800 L tanks connected to two 800 L reservoir tanks in the green water trial at a density
of approximately 35 shrimp m~2. Feed was offered four times daily, and nine diets were
randomly assigned, each with four replicates. The feed rations were adjusted based on an
estimated weekly weight gain (0.29 g to 2.8 g) and an assumed feed conversion ratio (FCR)
of 1.2, and growth was monitored biweekly by bulk-weighing 10 shrimp from one tank
per treatment.

For the clear water trial, fifteen Pacific white shrimp (0.78 =+ 0.03 g) were stocked at
a density of approximately 83 shrimp m~2 into forty-four 80 L aquaria. Nine diets were
randomly assigned to the shrimp, with five replicates for eight diets and four for one diet.
Survival was monitored weekly to adjust feed rations, which were determined using an
assumed FCR of 1.6. Shrimp from both systems were enumerated, bulk-weighed, and
assessed for mean final biomass, weight gain, weight gain percentage, survival, and FCR fol-
lowing the eight- and five-week trials. For proximate whole-body and mineral composition
analysis, four shrimp from each tank in both experiments were frozen at —20 °C.

Later, samples of frozen shrimp were thawed, chopped, weighed, and dried in a
Cole-Parmer® OVF-400 Series Mechanical Convection Drying Oven (Vernon Hills, IL, USA)
for 24 h at 95 °C. The samples were then crushed for proximate analysis. Pulverized and
packaged shrimp samples were sent to Midwest Laboratories Inc. (Omaha, NE, USA) for
proximate and mineral analysis. Additionally, feed apparent net protein retention and
phosphorus retention were calculated.

Additionally, in the clear water trial, two whole shrimp guts per tank from the basal
treatments, LO-SBM 100% and ET-SBM 100%, were deposited in a cryovial for gut microbial
community investigation. The digesta were frozen in liquid nitrogen and stored at —80 °C
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until the gut microbiome communities were determined. DNA extraction and sequencing
were carried out by ZymoBIOMICS Targeted Sequencing Service (Zymo Research, Irvine,
CA, USA) [19]. Zymo Research extracted DNA using the ZymoBIOMICS® DNA Miniprep
Kit (Zymo Research, Irvine, CA, USA) and an elution volume of 50 pL, as per product
guidelines. The 165 rRNA gene’s V3-V4 hypervariable region was amplified from extracted
DNA using the Quick-165TM Plus NGS Library Prep Kit (Zymo Research, Irvine, CA,
USA). The ZymoBIOMICS® Microbial Community DNA Standard (Zymo Research, Irvine,
CA, USA) was utilized as a positive control, while blank extraction and library preparation
controls served as negative controls. Sequencing was done on an Illumina® NextSeq
2000TM (Illumina, San Diego, CA, USA) utilizing a P1 reagent kit (600 cycles) and a
25% PhiX spike-in.

2.5. Statistical Analysis

The data analysis was conducted using SAS software (Version 9.4, SAS Institute, Cary,
NC, USA). One-way ANOVA and Tukey’s multiple comparison tests were used to assess
significant variations among treatment means (p < 0.05) for growth performance and proxi-
mate whole-body composition of the shrimp. All parametric parameters’ residuals were
tested for normality using the Shapiro-Wilk test and equivalent variances using Bartlett’s
test [20,21]. The bacterial data were analyzed using R version 4.2.1 (R Foundation for
Statistical Computing, Vienna, Austria). The graphics were created using GraphPad Prism
9 for Windows (GraphPad Prism Software, San Diego, CA, USA). The Shannon diversity
index and observed richness for microbial composition of gut samples between different
treatments were analyzed using one-way ANOVA. Microbiota beta-diversity of gut sam-
ples was assessed at the ASV level using Bray UniFrac, BrayGenus UniFrac, unweighted
UniFrac, and weighted UniFrac beta-diversity distances across treatments. Bray—Curtis
dissimilarity analysis was also incorporated to quantify compositional differences, based
on microbe counts, between groups [22]. The vegan package [23] was used to evaluate the
homogeneity of dispersion (betadisper). Permutational multivariate analysis of variance
(PERMANOVA,; BiodiversityR) was conducted on all distance metrics to test for shifts in
beta-diversity centroids between experimental dietary groups [24]. PERMANOVA on all
matrices was computed considering the extraction technique as a fixed effect and using
type III sum of squares and unrestricted permutation of data with 999 permutations [25].

3. Results
3.1. Growth Performance and Feed Utilization Efficiency

In the eight-week green water trial, no significant differences were observed in the
growth performance of L. vannamei fed different protein sources (p > 0.05; Table 7), with
final weights ranging from 19.46 g to 20.87 g and weight gain exceeding 6400%. Protein
utilization was not adversely affected by either ingredient, but phosphorus retention
was higher in LO-SBM diets, peaking at 29.30% in the 80% LO-SBM group, whereas
ET-SBM diets reduced phosphorus retention, with the lowest value (22.79%) at 100% ET-
SBM inclusion. Whole-body proximate composition showed no significant differences
except for crude fat and phosphorus (p < 0.05; Table 8). ET-SBM 80% diets yielded the
lowest protein content (73.88%), while crude fat levels were approximately 4% higher in
shrimp fed 80% ET-SBM than in other groups. Ingredient type and inclusion level did not
significantly affect most proximate parameters, although inclusion level influenced crude
fat content (p = 0.043).
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Table 7. Growth response and feed efficiency of Pacific white shrimp (L. vannamei) reared in a
green water RAS over eight weeks and fed diets containing SBM, LO-SBM or ET-SBM as main
protein sources at various levels based on iso-nitrogenous and iso-lipidic (35 g 100 g~! protein and
8 g 100 g_1 lipid) basis, stocked at 30 shrimp tank~1 (~35 shrimp m~2) with an initial weight at
0.29 £ 0.01 g (mean =+ standard deviation).

Diet Survival (%) Final Weight Weekly Feed Apl;,::;et::nNet Phosphorus
” Weight (g)  Gain (%) Gain (g) Conversion Ratio PN Retention (%)
Retention (%)
Basal 96.67 20.38 6948 2.51 1.05 51.03 25.35P
LO-SBM 40% 100.00 20.38 6807 2.51 1.01 52.67 28.00 2P
LO-SBM 60% 100.00 20.70 6866 2.55 1.00 52.48 26.07°
LO-SBM 80% 100.83 * 19.92 6735 2.45 1.04 51.18 29.302
LO-SBM b
100% 98.33 20.87 7065 2.57 1.01 50.37 26.06
PSE 1.34 0.27 179 0.03 0.02 0.98 0.72
p-value 0.242 0.169 0.731 0.147 0.249 0.430 0.008
Basal 96.67 20.38 6948 2.51 1.05 51.03 25.35
ET-SBM 40% 99.17 19.49 6576 2.40 1.06 50.52 24.23
ET-SBM 60% 100.83 * 19.91 6608 2.45 1.02 50.84 24.32
ET-SBM 80% 97.50 19.46 6451 2.40 1.10 50.95 23.64
ET-SBM
o 97.50 19.75 6433 2.43 1.06 51.16 22.79
100%
PSE 1.55 0.50 163 0.06 0.02 0.70 1.64
p-value 0.370 0.691 0.220 0.692 0.350 0.177 0.999
Note: Values represent the mean of four replicates of each diet. * The survival was >100%, maybe because during
the growth trial, it is possible that some shrimp moved from neighboring tanks. Means not sharing any letter
are significantly different by Tukey’s HSD test (Parametric ANOVA) at the 5% level of significance. LO-SBM:
low-oligosaccharide SBM (Bright Day, Benson Hill, St. Louis, MO, USA); ET-SBM: enzyme-treated SBM (Hamlet
HP300, Hamlet Protein Inc., Findlay, OH, USA); PSE: pooled standard error.
Table 8. Whole-body (g 100 g~ dry weight) proximate composition of Pacific white shrimp
(L. vannamei) reared in a green water RAS over eight weeks and fed diets containing SBM, LO-
SBM or ET-SBM as main protein sources at various levels based on iso-nitrogenous and iso-lipidic
(35 g 100 g~ ! protein and 8 g 100 g~ lipid) basis, stocked at 30 shrimp tank ! (~35 shrimp m~2)
with an initial weight at 0.29 + 0.01 g (mean =+ standard deviation).
g?ai(ll;s?ste Moisture (%) *  Dry Matter (%) Crude Protein (%) Crude Fat (%) Ash (%) Phosphorus (%)
Basal 74.53 25.47 77.23 7.86 12.35 1.44
LO-SBM 40% 74.58 25.42 76.75 8.42 12.45 1.46
LO-5BM 60% 74.87 25.13 77.20 7.99 12.28 1.41
LO-SBM 80% 74.43 25.57 76.43 9.18 11.93 1.48
LO-5BM 100% 75.14 24.86 76.43 8.55 11.65 1.44
PSE 0.27 0.267 0.45 0.41 0.23 0.02
p-value 0.349 0.346 0.561 0.217 0.14 0.176
Basal 74.53 25.47 77.23 7.86° 12.35 1.44
ET-SBM 40% 75.02 24.98 77.58 7.81b 12.18 1.42
ET-SBM 60% 74.90 25.10 76.15 8.60 P 115 1.44
ET-SBM 80% 74.30 25.70 73.88 12.352 11.28 1.37
ET-SBM 100% 74.90 25.10 76.08 9.15b 11.7 143
PSE 0.31 0.31 0.87 0.38 0.40 0.02
p-value 0.456 0.459 0.066 <0.001 0.329 0.051

Note: Values represent the mean of four replicates of each diet. * Based on an as-is basis. Means not sharing any
letter are significantly different by Tukey’s HSD test (Parametric ANOVA) at the 5% level of significance. LO-SBM:
low-oligosaccharide SBM (Bright Day, Benson Hill, St. Louis, MO, USA); ET-SBM: enzyme-treated SBM (Hamlet
HP300, Hamlet Protein Inc., Findlay, OH, USA); PSE: pooled standard error.
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In the clear water trial, dietary treatments significantly affected most growth per-
formance parameters, except for survival rates, which were unaffected by LO-SBM and
ET-SBM inclusion levels (p > 0.05; Table 9). LO-SBM 60% and 80% diets achieved slightly
higher final weights (8.44-8.45 g), weekly gains (0.95 g), and weight gain percentages
(p < 0.05), while LO-SBM 40% had the best FCR (1.29; p = 0.067). ET-SBM diets significantly
influenced final weight, weight gain, and weekly gain (p < 0.05), with the 100% ET-SBM
group achieving the greatest values, though FCR, protein retention, and phosphorus reten-
tion were unaffected. Proximate composition was largely unaffected except for moisture,
dry matter, and phosphorus content (Table 10), whereas crude protein, fat, and ash con-
tents showed no significant differences among diets. LO-SBM 40% had significantly lower
moisture and higher dry matter (p = 0.044), while phosphorus content was significantly
higher in LO-SBM 40% and 80% diets (p < 0.05). Phosphorus retention was significantly
higher in LO-SBM 80% (p = 0.042). For ET-SBM, only phosphorus content was significantly
affected (p < 0.05), with the highest level (0.95%) recorded in the 100% ET-SBM group.

Table 9. Growth response and feed efficiency of Pacific white shrimp (L. vannamei) reared in a clear
water RAS for five weeks, fed diets containing SBM, LO-SBM or ET-SBM as main protein sources at
various levels, stocked at 15 shrimp tank 1 (~83 shrimp m~2) with an initial weight of 0.78 £ 0.03 g
(mean = standard deviation).

. . o Final Weight Weekl Feed Apparent Net Protein Phosphorus
Diet Survival (%) & Y PP
Weight (g) Gain (%) Gain (g) Conversion Ratio Retention (%) Retention (%)
Basal 78.33 7.49° 873.2" 0.84° 1.50 30.69 10.51 3
LO-SBM 40% * 88.33 7.99 3 892.23b 0.89 2 129° 37.06 10.39 3
LO-SBM 60% 74.66 8.44 7 985.14 0.95° 1.482b 34.39 11.49 @b
LO-SBM 80% 74.66 8457 987.7 2 0959 1.46 b 34.64 14.022
LO-SBM 100% 80.00 8.01 2 940.5 2 0.90 @ 1442 34.64 10.09°
PSE 3.70 0.20 23.25 0.02 0.06 1.95 0.92
p-value 0.134 0.027 0.010 0.023 0.067 0.263 0.042
Basal 78.33 7.49° 873.2 0.84° 1.50 30.69 10.51 2
ET-SBM 40% 80.00 7.722b 905.5 0.86 % 1.48 34.29 10.59
ET-SBM 60% 82.66 7.14° 806.3 0.79° 1.50 319 841°b
ET-SBM 80% 89.33 7.24° 834.0 0.80° 1.47 37.76 9.11°
ET-SBM 100% 73.33 7922 891.2 0.894 1.60 34.30 10.96 @b
PSE 3.73 0.15 23.45 0.02 0.08 2.08 0.76
p-value 0.075 0.007 0.039 0.006 0.595 0.155 0.115
Note: Values represent the mean of five and four (*) replicates of each diet. Means that do not share any letter
are significantly different by Tukey’s HSD test (Parametric ANOVA) at the 5% level of significance. LO-SBM:
low-oligosaccharide SBM (Bright Day, Benson Hill, St. Louis, MO, USA); ET-SBM: enzyme-treated SBM (Hamlet
HP300, Hamlet Protein Inc., Findlay, OH, USA); PSE: pooled standard error.
Table 10. Whole-body composition of Pacific white shrimp (L. vannamei) reared in a clear water
RAS for five weeks fed diets containing SBM, LO-SBM or ET-SBM as main protein sources at
various levels stocked at 15 shrimp tank~! (~83 shrimp m~2) with an initial weight of 0.78 + 0.03 g
(mean =+ standard deviation). Means that do not share any letter are significantly different according
to Tukey’s HSD test (Parametric ANOVA) at the 5% level of significance.
Proximate Moisture (%) **  Dry Matter (%) Crude Protein (%) CrudeFat(%)  Ash(%)  Phosphorus (%)
Analysis 4 P
Basal 24782 75.32b 74.58 9.70 10.78 0.79 ¢
LO-SBM 40% * 2326 76.742 73.35 10.73 10.99 0944
LO-SBM 60% 23.49 2 76.51 2 75.12 9.88 10.68 0.85b¢
LO-SBM 80% 24.24 % 75.76 2 74.12 10.32 10.72 0.922b
LO-SBM 100% 24.122b 75.88 2 74.12 9.22 10.44 0.82°¢
PSE 0.32 0.32 0.73 0.42 0.21 0.02
p-value 0.044 0.044 0.486 0.162 0.551 <0.001
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Table 10. Cont.

gl:;;l;;ste Moisture (%) **  Dry Matter (%) Crude Protein (%) Crude Fat (%) Ash (%) Phosphorus (%)
Basal 24.78 75.32 74.58 9.7 10.78 0.79 €
ET-SBM 40% 23.61 76.39 74.30 10.34 10.92 0942
ET-SBM 60% 23.56 76.44 74.78 10.24 10.86 0.87°
ET-SBM 80% 23.84 76.16 74.92 10.94 10.67 0.92 2b
ET-SBM 100% 23.98 76.02 75.66 10.34 10.92 0952

PSE 0.36 0.36 0.91 0.60 0.23 0.01
p-value 0.219 0.219 0.862 0.704 0.923 <0.001

Percent

*n =4.** As-is basis. LO-SBM: low-oligosaccharide SBM (Bright Day, Benson Hill, St. Louis, MO, USA); ET-SBM:
enzyme-treated SBM (Hamlet HP300, Hamlet Protein Inc., Findlay, OH, USA); PSE: pooled standard error.

3.2. Microbial Composition of Shrimp Gut Samples

The overall bacterial abundance in gut samples was categorized into 10 bacterial phyla
for each treatment, as illustrated in Figure 1. Sequences that could not be categorized
into any recognized groups were designated as ‘others’. In the baseline, LO-SBM 100%,
and ET-5BM 100% treatments, the predominant phyla were Proteobacteria, comprising
69.49%, 76.58%, and 67.26%, respectively. Additionally, phyla such as Actinobacteria, Bac-
teroidetes, Planctomycetes, Tenerricutes, Verrucomicrobia, Chloroflexi, Firmicutes, Chlamydiae,
and Saccharibacteria were observed in all treatments.

Proteobacteria
Bacteroidetes
Actinobacteria

Planctomycetes
Tenericutes
Verrucomicrobia
Chloroflexi
Firmicutes
Chlamydiae
Saccharibacteria

others

Basal LO-SBM 100 ET-SBM 100
Diet

Figure 1. Relative abundance of bacterial phyla present in the guts of Pacific white shrimp
(L. vannamei) cultured in a clear water RAS for five weeks, fed diets containing SBM, LO-SBM
or ET-SBM as main protein sources at various levels, stocked at 15 shrimp tank ! (~83 shrimp m~2)
with an initial weight of 0.78 & 0.03 g (mean =+ standard deviation).

Alpha diversity indices were used to assess the richness and diversity of the intestinal
microbiota in shrimp subjected to various diets. Both metrics showed significant differences
between treatments: observed number of species (p = 0.019) and Shannon index (p = 0.027)
(Table 11). Shrimp consuming the enzyme-treated soybean meal (ET-SBM 100%) diet
demonstrated the highest alpha diversity, evidenced by a considerably elevated Shannon
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index (5.45) and observed species count (326.41) relative to the other treatments. Conversely,
shrimp consuming the low-oligosaccharide soybean meal (LO-SBM 100%) diet exhibited the
lowest alpha diversity, evidenced by a considerably diminished Shannon index (4.59) and a
lower observed species count (242.69). All indices showed intermediate values in the basal
diet group, which, depending on the metric, were statistically similar to both the ET-SBM
and LO-SBM groups. These data indicate that ET-SBM improves gut microbial variety and
richness, potentially fostering a more stable and resilient intestinal environment, whereas a
high inclusion of LO-SBM may adversely impact the microbial community structure.

A Principal Coordinate Analysis (PCoA) was employed to assess the similarities in
microbial community makeup (Figure 2). The PERMANOVA analysis, categorized by
treatment, performed on Bray—Curtis dissimilarity matrices derived from ASV-level data,
revealed no statistically significant changes (p > 0.05) in gut samples. No substantial changes
in dispersion were observed according to the betadisper test (p > 0.05) for all metrics.
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Figure 2. A Principal Coordinate Analysis (PCoA) plot based on (A). Bray UniFrac (PERMANOVA
p =0.178, betadisper p = 0.239), (B). BrayGenus UniFrac (PERMANOVA p = 0.065, betadisper
p = 0.533), (C). Unweighted UniFrac (PERMANOVA p = 0.265, betadisper p = 0.111) and (D). Weighted
UniFrac (PERMANOVA p = 0.118, betadisper p = 0.935) beta-diversity distances of Pacific white
shrimp (L. vannamei) gut microbiota cultured in a clear water RAS for five weeks, fed diets containing
SBM, LO-SBM or ET-SBM as main protein sources at various levels, stocked at 15 shrimp tank 1
(~83 shrimp m~2) with an initial weight of 0.78 = 0.03 g (mean = standard deviation).
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Table 11. Average Shannon diversity index and observed richness of bacterial communities in gut
samples of Pacific white shrimp (L. vannamei) cultured in a clear water RAS for five weeks, fed diets
containing SBM, LO-SBM or ET-SBM as main protein sources at various levels, stocked at 15 shrimp
tank~! (~83 shrimp m~2) with an initial weight of 0.78 + 0.03 g (mean =+ standard deviation). Means
that do not share any letter are significantly different by Tukey’s HSD test (Parametric ANOVA) at
the 5% level of significance.

Treatment Shannon Diversity Index Observed Richness
Basal 5.34 @b 296.71P
LO-SBM 100% 4.59 ¢ 242.69 ©
ET-SBM 100% 5451 326412
p-value 0.027 0.019

4. Discussion

Pacific white shrimp were fed with several soy protein sources in these experiments,
including solvent-extracted soybean meal, low-oligosaccharide soybean meal, and enzyme-
treated soybean meal. The diets were formulated to be iso-nitrogenous and iso-lipidic,
featuring a balanced profile of essential amino acids, especially lysine and methionine,
which are generally deficient in plant-based diets. This indicates that using specific pro-
cessed soybean meal products or cultivars to enhance quality and reduce anti-nutritional
factors (ANFs), along with appropriate diet formulation, can effectively substitute solvent-
extracted soybean meal in shrimp diets. The growth data from the prior trial’s results [10]
validated that low-oligosaccharide and enzyme-treated soybean meals can be utilized in
varying quantities without impeding L. vannamei growth. Although shrimp fed the 80%
ET-SBM diet exhibited whole-body crude fat levels that were approximately 4% higher
than those of the other groups, this difference may be attributable to slight variations in
dietary crude fat content and did not appear to affect growth performance. This pattern
was uniform across multiple growth indices, with the only exceptions being those related
to the whole-body composition of the cultured shrimp.

Previous studies have shown a negative correlation between oligosaccharide levels
and shrimp digestibility [8]. The current findings support the use of soybean cultivars
with low oligosaccharide content in shrimp feed formulations. Shrimp given reduced-
oligosaccharide soybean meal performed similarly to those in the other treatment groups,
demonstrating that decreasing oligosaccharide levels had no negative impact on growth
performance. This finding is consistent with Fang et al. [26] and Nguyen et al. [10], who
found that numerous low-oligosaccharide soybean cultivars increased final weight, growth
rate, and feed conversion ratio in Pacific white shrimp, which may be attributed due to
increased crude protein, sucrose and amino acid concentrations [27], reductions in trypsin
inhibitors levels [9,28], or/and reduction in concentration of stachyose and raffinose in
LO-SBM as they were produced from a genetically selected variety that has low concentra-
tions of oligosaccharides [29]. Similarly, an examination of three non-genetically modified
soybean cultivars revealed that Navita 1, a low-oligosaccharide cultivar, had no significant
negative effects at low or high inclusion levels, whereas the other two soybean cultivars per-
formed poorly [30], which may be because Navita 1 originates from a different cultivar than
the other two soybean cultivars. However, the current findings differ from those reported
by Zhou et al. [8], who discovered that shrimp fed a high-protein, low-oligosaccharide
soybean variety had a much lower final weight and a greater feed conversion ratio, which
may be because a higher protein content does not necessarily result in better growth, as al-
though increased protein digestibility can contribute to greater weight gain, shrimp growth
also depends on factors such as feed intake and the overall balance of essential nutrients
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rather than protein digestibility alone. These findings indicate that new soybean cultivars,
when paired with appropriate processing procedures, may enhance growth performance.

In the current study, ET-SBM showed growth performance outcomes similar to those
of shrimp fed basal and LO-SBM at various levels. In line with the results of this study,
Galkanda-Arachchige and Davis [31] found that in a clear water system with no natural
productivity, enzyme-treated soybean meal produced results similar to those of solvent-
extracted soy, indicating no barrier to the growth of Pacific white shrimp at an inclusion rate
of up to 100%, which maybe because enzymatic treatment of soybean meal reduces anti-
nutritional factors [32], reduction in allergenic proteins, i.e., glycinin and (3-conglycinin [33],
or/and contains a lot of small peptides easier for absorption [34] thus improving ingredient
quality and enabling greater inclusion in feeds. The findings indicate that the incorporation
of enzyme-treated soybean meals does not provide adverse consequences, exhibiting just a
minor difference in overall body composition, potentially influenced by factors such as fat
content, digestibility, and the complexity of the enzyme treatment processes.

Gut microbiota analysis revealed that shrimp fed 100% ET-SBM had notably higher
alpha diversity (Shannon index = 5.45, observed richness = 326.41) compared to those
fed 100% LO-SBM (Shannon index = 4.59, observed species = 242.69). This study shows
that dietary treatments did affect Shannon and observed species indices of L. vannamei,
suggesting that supplementation of L. vannamei diets with LO-SBM and ET-SBM signif-
icantly affected the alpha diversity of bacterial microbiota in the intestine of shrimp, in
contrast to the results reported by Fan et al. [35], where use of enzyme-treated soybean
meal in L. vannamei diets did not alter the alpha diversity as measured with the Shannon
and Simpson indices. Cheng et al. [36] also reported non-significant microbiota diversity
analysis results in L. vannamei with the inclusion of Bacillus subtilis E20-fermented soybean
meal compared to conventional soybean meal diets. The improvement of nutrition by
enzyme treatment of soybean meal may influence the richness and diversity of intestinal
microbiota in shrimp, possibly due to more bioactive compounds in ET-5BM, or maybe
because the ingredients act as probiotics/prebiotics, or because the enzymatic treatment
process is beneficial. In largemouth bass, substituting 30% fermented SBM (FSBM) for FM
significantly increased the intestinal abundance of Mycoplasma and Cetobacterium, which
may be linked to the decreased ANF levels [37]. Shao et al. [38] demonstrated that par-
tial replacement of fishmeal with enzyme-treated SBM maintained intestinal health and
microbial balance in L. vannamei.

Beta diversity reveals differences in the bacterial community structure and is com-
monly assessed using the weighted UniFrac distances [39] and visualized as principal
component analysis plots [40]. In this study, dietary treatments had no significant influence
on the beta diversity of the intestinal bacterial microbiota of L. vannamei. This is in contrast
with Shao et al. [38], who found that the inclusion of enzyme-treated soybean meal in
L. vannamei diets did alter the beta diversity of intestinal bacterial communities.

Proteobacteria dominate the intestines of a substantial number of aquatic species,
such as freshwater prawns [41] and shrimp, including black tiger shrimp [42] and white
shrimp [43], and remain dominant despite dietary modifications and physiological stress in
shrimp [44]. The most abundant bacteria found were Proteobacteria in all SBM-fed shrimps.
This observation aligns with the findings of Cheng et al. [36], where Proteobacteria were
abundant in L. vannamei fed a Bacillus subtilis E20-fermented soybean meal diet. The
second most prevalent phylum in our study was Bacteroidetes, which is comparable to
that of Fan et al. [35] and Cheng et al. [36], in contrast to previous research on L. vannamei
by Zeng et al. [44]. Bacteroidetes significantly contribute to the degradation of dietary
fiber in humans [45]. The unexpected prevalence of Bacteroidetes in the study may be
associated with the fiber content of SBM. Ammonium and nitrite can be converted to
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water and dinitrogen gas by the bacterial phylum Planctomycetes, so these bacteria can
therefore simultaneously eradicate the accumulation of the two nitrogen compounds that
are most detrimental to aquatic life, as per van Niftrik and Jetten [46]. In our investigation,
Actinobacteria were also one of the dominant phyla. Prior research has indicated that the
phylum Actinobacteria exhibits a probiotic effect by generating phenol oxidase, potentially
benefiting the intestinal health of the host [46,47]. In shrimp, the metabolic processes of the
intestinal microbiota may be substantially affected by drastic changes in circumstances, such
as varying culture stages and health status [48]. Therefore, the 10 most abundant bacterial
phyla initially identified in the intestine of L. vannamei in this study serve as a reference for
the subsequent evaluation of the intestinal health of shrimp fed diets supplemented with
soybean meal.

5. Conclusions

Under the conditions of this study, there were no adverse effects from the substitution
of low-oligosaccharide and enzyme-treated soybean meals for solvent-extracted soybean
meal in shrimp feeds. Under green water conditions, phosphorus retention was lowest in
the shrimp fed basal diets, indicating better phosphorus availability in the other meals. In
the clear water system, diets containing 60-80% LO-SBM resulted in significantly higher
growth and higher phosphorus retention compared with the basal diet. These results
indicate that LO-SBM is superior to solvent-extracted SBM. The use of ET-SBM under
green water conditions did not improve shrimp performance. However, under clear water
conditions, shrimp offered the ET-SBM 100% diet were significantly larger than those
offered the basal diet, indicating some advantages. Gut microbiota investigation showed
that adding ET-SBM increased alpha diversity, which could be good for the stability and
resilience of the gut. On the other hand, high diversity remained the same, which means
that the diet did not greatly impact the general structure of the microbial community.
Regardless of the source of protein, there were only minor alterations in the shrimps’ body
composition. The significance of further investigation and development of alternative
protein sources for aquaculture feed is highlighted by these results.
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