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This study was performed to investigate the fermentation efficiency of Lactobacillus acidophilus and compare the effects of dietary
soybean meal (SM) or L. acidophilus-fermented SM (LASM) on turbot. Two hundred and seventy juvenile turbots (13:50 ± 0:13 g)
were randomly divided into three treatments fed with a fishmeal-based diet (CNT) and two experimental diets with 45% fishmeal
protein replaced by SM or LASM for 8 weeks. The results showed that fermentation significantly improved the essential amino
acid profile, increased the lactic acid content, and reduced the antinutritional factor level in SM. Inferior growth of fish was
observed in the SM group after the feeding trial, while the LASM group exhibited comparable performance to the CNT group.
Activities of intestinal digestive enzymes (trypsin and diastase) and immune-related enzymes (alkaline phosphatase, acid
phosphatase, and lysozyme) decreased significantly in the SM group, while no significant reduction was found in the LASM
group compared to the CNT group. Dietary LASM alleviated SM-induced intestinal pathological disruption with higher villus
and normal lamina propria width. Dietary LASM positively regulated the intestinal microbiota, making the overall profile more
coherent with that in the CNT group. Spearman’s correlation analysis revealed that the altered intestinal microbiota was
closely linked to the digestive enzyme activities. Collectively, this study indicated that L. acidophilus fermentation significantly
improved the nutritional quality of SM and relieved SM-induced adverse effects on turbot, in terms of growth, intestinal
digestive and immune-related enzyme activities, morphology, and microbiota.

1. Introduction

Achieving effective substitution of fishmeal in aquafeed is a
key element in the sustainable development of aquaculture.
The soaring price and limited resources of fishmeal have
prompted researchers to accelerate the exploration of high-
quality alternative protein sources [1]. Among various alter-
native protein sources, soybean meal (SM) has been of spe-
cial concern, owing to its high protein level, low cost,
abundance, and stable supply [2]. Nevertheless, several unfa-
vorable factors including the presence of antinutritional fac-

tors (ANFs), unbalanced essential amino acids, and poor
palatability restricted the inclusion of SM in aquafeed [3,
4]. Substituting fishmeal with SM at an excessive level gener-
ally impairs growth and digestive function and even triggers
SM-induced enteropathy (SBMIE) in fish [5–8]. Therefore,
exploring cost-effective means to reduce or eliminate the
SM-induced adverse effects on fish has long been a focus
of research into aquaculture.

Several techniques including mechanical, thermal, or
zymologic treatment have been applied to SM processing
and quality improvement; however, most of them have

Hindawi
Aquaculture Nutrition
Volume 2022, Article ID 2643235, 13 pages
https://doi.org/10.1155/2022/2643235

https://orcid.org/0000-0003-1064-3379
https://orcid.org/0000-0001-8424-9652
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/2643235


drawbacks such as nutrient loss, high cost, and uncontrolla-
ble processes [9]. Microbial fermentation is considered a
cost-effective and reliable technique with which to improve
the quality of SM because of its superior abilities in the deg-
radation of ANFs and the increase of bioactive factors
including probiotics and beneficial metabolites [10–12].
The microorganism used for fermentation is the main deter-
minant of fermentation product quality, and so far, most
species used for SM fermentation belong to Bacillus spp.,
Aspergillus spp., and Lactobacillus spp. [10, 13, 14]. Lactoba-
cillus acidophilus as a recognized probiotic is widely distrib-
uted in the intestines of humans and animals [15]. L.
acidophilus has exhibited multiple functions in inhibiting
intestinal pathogenic bacteria, activating the immune sys-
tem, relieving digestive disorder, etc. [16, 17]. Previous
research confirmed the beneficial influences of dietary L. aci-
dophilus supplementation in diets for several fish species.
Hoseinifar et al. [18] found that dietary L. acidophilus
improved growth performance and stress resistance and
beneficially modulated the intestinal microbiota of black
swordtail (Xiphophorus helleri). Hosseini et al. [19] indicated
that dietary L. acidophilus affected immune- and appetite-
related genes expression as well as skin mucus protein pro-
file in gold fish (Carassius auratus gibelio). Hassaan et al.
[20] reported that dietary L. acidophilus significantly
improved the gut morphology and antioxidant enzyme
activity in Nile tilapia (Oreochromis niloticus). Nevertheless,
studies regarding the efficiency of L. acidophilus fermenta-
tion in improving SM quality and assessment of L. acidoph-
ilus-fermented SM (LASM) in aquafeed have yet to be
performed.

Turbot (Scophthalmus maximus L.) is a valuable marine
carnivorous flatfish species in terms of aquaculture; it pos-
sesses high requirements on protein level (~500 g kg-1 diet)
and exhibits high sensitivity to differences in protein source
[21, 22]. Previous studies have indicated that high SM diet
can easily cause growth impairment and intestine dysfunc-
tion in turbot [23, 24]. In current study, the efficiency of L.
acidophilus fermentation in improving the nutritional profile
of SM was estimated. Also, a feeding trial was performed to
compare the influences of dietary SM or LASM on turbot, in
terms of growth and feed utilization performance, intestinal
digestive and immune-related enzyme activities, morphol-
ogy, and microbiota.

2. Materials and Methods

2.1. Animal Ethics Statement. All animal care and treatment
procedures were performed in accordance with the Guide-
lines for Care and Use of Laboratory Animals of Shandong
University of Technology. The ethical treatment of animals
used in this study was approved by the Animal Welfare
Ethics Committee of Shandong University of Technology
(LGD 18-01-03).

2.2. Microorganism and Solid-State Fermentation. The Lac-
tobacillus acidophilus used for solid-state fermentation was
obtained from BeNa Culture Collection. Defatted SM was
provided by Great-Seven Biotech. Co. Ltd. (Qingdao,

China). L. acidophilus strains were propagated twice in
MRS broth (Haibo, Qingdao) at 37°C for 16 h without agita-
tion to obtain adequate biomass (c. 109CFUmL−1). SM was
soaked with distilled water (solid‐liquid ratio = 1 : 1 gmL−1)
and autoclaved in a steam tank (model HX14G-1, Shanghai,
China) at 105°C for 20min. After cooling down, the SM
were inoculated with L. acidophilus ð~ 1 × 108 CFU g−1 dry
SM), sufficiently mixed, then fermented in an incubator at
37°C for 48 h. After fermentation, the LASM was oven-
dried until the moisture content was below 10%, ground to
a fine particle diameter (80 mesh), and stored at 4°C before
use. Both the SM and LASM samples were collected for
nutritional profile analysis which were performed in
triplicate.

2.3. Experimental Diets. In the present study, three isonitro-
genous and isoenergetic experimental diets were formulated
(Table 1): a fishmeal-based diet as the positive control (CNT
group), a SM-based diet as the negative control (SM group,
with 45% fishmeal protein replaced by SM), and a LASM-
based diet (LASM group, with 45% fishmeal protein replaced
by LASM). FM, SM, and LASM were used as the major pro-
tein sources. Fish oil was used as the major lipid source.
Lysine and methionine were supplemented to meet the
requirements of juvenile turbot. All ingredients were ground
to pass an 80-mesh screen, mixed gradually, and blended
with oil and water. Pellets (3mm × 4mm) were made auto-
matically by pellet-making machine and dried for 12 h in a
ventilated oven at 50°C. All diets were stored at -20°C until
used.

2.4. Experimental Fish and Feeding Trial. Juvenile turbots
were transported from Yongfeng Aquatic Product Co. Ltd.
(Laizhou, China) to a flowing water culturing facility in Yi
Haifeng Aquatic Product Co. Ltd. (Qingdao, China). Fish
were acclimated to the system and fed with commercial feed
for 2 weeks prior to the feeding trial. After 24 h fasting, 270
hardy turbots of similar size (13:5 ± 0:13 g) were distributed
into nine 300L tanks (three replicates per group, 30 fish per
tank). Fish were fed to visual satiation twice a day (8:00 a.m.
and 7:00 p.m.) for 8 weeks. After 40min of feeding, the
residual feed was put out and drying weighed for subsequent
calculation of feed intake. The aquatic environment param-
eters were determined by automatic monitoring system
and maintained as water temperature 18-21°C, salinity 24-
27 g L−1, ammonia-nitrogen <0.2mgL−1, dissolved oxygen
6-8mgL−1, and nitrite <0.1mgL−1 during the feeding trial.

2.5. Sample Collection. At the end of the feeding trial, fish in
each tank were group weighted and counted to determine
the growth parameters. After 24 h fasting and anesthetized
through immersion (eugenol 1 : 10000), blood samples from
six fish per tank were collected from the caudal vein using
sterile 1mL syringes and stored in an ice-cold anticoagulant
tube. Plasma was separated by centrifugation (Eppendorf
Centrifuge 5427 R) at 6000 g for 5min at 4°C. Then, the dis-
tal intestines of three fish were separated, rinsed carefully
with PBS and fixed in paraformaldehyde solution (4%) for
histological evaluation. The entire intestines of the
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remaining three fish were taken for analyses of digestive and
immune-related enzyme activities. For microbiome analysis,
the entire intestinal contents of another six fish per tank
were aseptically taken and combined into one sample; thus,
three samples per treatment were obtained. All the samples
of plasma, intestinal tissues, and intestinal contents for
enzyme activity examination and microbiome analysis were
instantly frozen in liquid nitrogen and stored at −80°C.

2.6. Analytical Methods

2.6.1. Chemical Composition. Compositions of the ingredient
and diet samples were analyzed using the standard method
of AOAC (Association of Official Analytical Chemists) [25].
Ash was examined by muffle furnace at 550°C for 20 h; crude
protein was determined using the Kjeldahl method by mul-
tiplying the nitrogen content by 6.25; dry matter was ana-
lyzed by drying the samples to constant weight at 105°C;
crude lipid was measured by petroleum ether extraction with
Soxhlet method. The contents of four essential amino acids
(methionine, lysine, leucine, and arginine) in SM and LASM
were determined as described by Li et al. [10]. Briefly, the
samples were hydrolyzed with 6N HCl at 110°C for 22 h

and then diluted to 5mL with ultrapure water. The solvent
solution was evaporated under nitrogen gas and then added
0.02N HCl. The hydrolyzate was filtered through a 0.22μm
nylon syringe filter and then analyzed by the L-8900 amino
acid analyzer (Hitachi, Japan).

2.6.2. Lactic Acid and ANF Content Detection. Lactic acid
content was determined using reverse-phase high-
performance liquid chromatographic (RP-HPLC) method with
the Cosmosil C18-MS-II column after ultrasonic extraction and
filtration [26]. The main ANFs such as trypsin inhibitors (TI),
glycinin, and β-conglycinin in SM and LASM were also mea-
sured. TI activity was determined with benzoyl-DL-arginine-
p-nitroanilide (BAPA) method [27]. Briefly, TI was extracted
in 0.01N NaOH and centrifugated at 10000 g for 10min. Then,
the supernatant was blended with 0.05N Tris-HCl and trypsin
solution plus BAPA solution. Acetic acid (30%, v/v) was added
to finish the reaction after incubated at 37°C for 45min, and the
absorbance was determined at 410nm. The contents of glycinin
and β-conglycinin were quantified by the competitive ELISA
method using kits from Longkefangzhou Bio-Engineering
Technology Co. Ltd. (Beijing, China). The contents of the ANFs
were presented as mg per g sample.

2.6.3. Enzyme Activity Assay. Intestinal tissues were mixed
with ice-cold normal saline (1 : 9, v/v), adequately homoge-
nized, then centrifuged at 2500 rpm for 15min. The activi-
ties of several digestive enzymes (trypsin, lipase, and
diastase) and immune-related enzymes (alkaline phospha-
tase (AKP) and acid phosphatase (ACP)) in the supernatants
were measured with enzymatic colorimetric methods using
kits from the Nanjing Jiancheng Bioengineering Company.
Also, the activity of lysozyme (LZM) in plasma was mea-
sured with kits from the Nanjing Jiancheng Bioengineering
Company. The reference numbers of the kits used for tryp-
sin, lipase, diastase, AKP, ACP, and LZM were A080-2-2,
A054-1-1, C016-1-1, A059-1-1, A060-1-1, and A050-1-1.
The enzyme activity was determined in strict accordance
with the kit instructions.

2.6.4. Gut Micromorphology. The histology analysis was per-
formed following the description by the previous study [10].
The fixed specimens of distal intestine were dehydrated in
gradient alcohol and embedded in paraffin wax, and 5-
micron-thick tissues were cut, installed onto glass slides,
and then stained by hematoxylin and eosin (H&E). A light
microscope (Olympus, DP72) equipped with a camera and
CellSens Standard Software was used for the image acquisi-
tion and the determination of villus height (VH) and lamina
propria width (LPW). Distal intestine samples from six fish
per treatment were selected for the histology analysis, and
three sections per sample were made, and then, 4-5 well-
oriented villus from each section were randomly selected
for the determination of VH and LPW. After two-time aver-
age calculations, 6 data per treatment were finally obtained
for subsequent statistical analysis.

2.6.5. High-Throughput Sequencing and Bioinformatic
Analysis of Intestinal Microbiota. Total genomic DNA from
intestinal content samples (~50mg) was extracted with

Table 1: Formulation and proximate composition of the
experimental diets.

Treatments
CNT SM LASM

Ingredients (g kg-1 diet)

Fishmeala 600.0 330.0 330.0

Soybean meal 0.0 378.7 0.0

Fermented soybean meal 0.0 0.0 360.9

Wheat meal 242.8 59.1 83.7

Wheat gluten meal 21.2 63.4 56.6

Fish oil 46.0 72.0 72.0

Lysine 0.0 3.9 3.9

Methionine 0.0 2.9 2.9

Vitamin premixb 20.0 20.0 20.0

Mineral premixc 10.0 10.0 10.0

Others d 60.0 60.0 60.0

Proximate composition

Energy (kJ g-1 diet) 19.76 20.13 20.28

Crude protein (g kg-1 diet) 501.2 498.9 501.8

Crude lipid (g kg-1 diet) 129.8 131.3 132.2

Note: CNT: the control diet containing 60% fishmeal; SM: 45% fishmeal
protein replaced by the soybean meal; LASM: 45% fishmeal protein
replaced by the L. acidophilus-fermented soybean meal. aSupplied by
Great Seven Bio-Tech (Qingdao, China), crude protein, 716.2 mg g-1;
crude lipid, 97.8mg g-1. bVitamin premix (g kg−1 diet): VA, 0.032; VE,
0.24; VK, 0.01; VD3, 0.005; VB1, 0.025; VB2, 0.045; VB6, 0.02; VB12,
0.01; D-calcium pantothenate, 0.06; amine nicotinic acid, 0.20; folic acid,
0.02; VH, 0.06; mesoinositol, 0.80; VC (35%), 2.00; microcrystalline
cellulose, 16.473. cMineral premix (g kg−1 diet): MgSO4 · 7H2O, 1.20;
FeSO4 · H2O, 0.08; CoCl2 · 6H2O, 0.05; ZnSO4 · H2O, 0.05; MnSO4 ·
H2O, 0.045; Na2SeO3, 0.02; CuSO4 · 5H2O, 0.01; Ca (IO3)2·6H2O, 0.06;
zeolite, 8.485. dOthers (g kg-1 diet): Ca(H2PO4)2, 10.00; soy lecithin, 20.00;
attractant, 10.00; choline chloride, 3.00; sodium alginate, 5.00; Yttrium
oxide, 1.00; calcium propionic acid, 0.50; taurine, 10.00; ethoxyquin, 0.50.
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CTAB method. The 16S V4 hypervariable regions of high-
quality DNA were amplified using specific primer pair
515F (5′-GTGCCAGCMGCCGCGG-3′)/806R (5′-GGAC
TACHVGGGTWTCTAAT-3′) with the barcode. The
amplification program was conducted by Phusion® High-
Fidelity PCR Master Mix (New England Biolabs). Thermal
cycling consisted of initial denaturation at 98°C for 1min,
followed by 30 cycles of denaturation at 98°C for 10 s,
annealing at 50°C for 30 s, and elongation at 72°C for 30 s.
Pooled PCR products were purified using Qiagen Gel
Extraction Kit (Qiagen, Germany), and sequencing libraries
were constructed using TruSeq® DNA PCR-Free Sample
Preparation Kit (Illumina, USA) with the addition of index
codes. Lastly, the library was sequenced on an Illumina
NovaSeq platform, and 250 bp paired-end reads were
generated.

The barcode and primer sequence of paired-end reads
were removed, then merged using FLASH (v1.2.7) [28].
High-quality clean tags were acquired by quality filtering
based on the QIIME (v1.9.1) [29]. The chimera sequences
were determined in reference to the Silva database [30] using
UCHIME algorithm [31] and then removed from the tags
(Haas et al., 2011). Uparse software (v7.0.1001) [32] was
used to measure the tags, and sequences with ≥97% similar-
ity were distributed to the same OTUs. Representative
sequence of each OTU was screened for further annotation
of taxonomic information according to the Silva Database
(Version 132) [30] with Mothur algorithm. The MUSCLE
software (v3.8.31) [33] was applied to study the phylogenetic
relationship construction, and the abundance information of
OTUs was normalized with a standard of sequence number
corresponding to the sample with the least sequences. Beta-
diversity analyses, including principal coordinate analysis
(PCoA), nonmetric multidimensional scaling (NMDS) anal-
ysis, and unweighted pair-group method with arithmetic
mean (UPGMA) analysis based on weighted unifrac dis-
tances, were included to compare the microbiome structure
in different samples. NMDS was displayed by vegan package
and PCoA by WGCNA package, stats packages, and ggplot2
package in R software (v2.15.3). For the environmental fac-
tor correlation analysis, the corr. test function of psych pack-
age in R software (v2.15.3) was used to calculate Spearman
correlation values of species and environmental factors and
test the significance. Then, pheatmap function in pheatmap
package was used for visualization.

2.6.6. Calculations and Statistical Analysis. The following
variables were calculated:

Survival rate SR,%ð Þ = 100 × final fish number
initial fish number ,

ð1Þ

Weight gain rate WGR,%ð Þ = final body weight − initial body weightð Þ
initial body weight × 100%,

ð2Þ

Specific growth rate SGR,%/dð Þ = Ln final body weight − Ln initial body weightð Þ × 100
days ,

ð3Þ

Daily feed intake DFI,%/dð Þ = 100 × dry feed intake gð Þ/ final body weight + initial body weightð Þ/2½ �
days ,

ð4Þ

Feed efficiency ratio FERð Þ = wet total weight gain gð Þ
dry total feed intake gð Þ , ð5Þ

Protein efficiency ratio PERð Þ = wet weight gain gð Þ
protein ingested gð Þ :

ð6Þ

SPSS 22.0 software (SPSS Inc., Chicago, IL, USA) was
applied to perform statistical analysis. Comparison of data
of nutritional profile in SM and LASM was performed by
independent samples t tests. All the other data were sub-
jected to one-way analysis of variance (ANOVA) followed
by Tukey’s test. All the data were examined for homogeneity
of variances prior to the statistical analysis. Differences were
regarded as significant at p < 0:05. The final data were
expressed as means ± standard error.

Table 2: The nutritional profile of SM and LASM.

Nutritional parameters (mg g-1) SM LASM

Crude protein 510:65 ± 0:60 535:80 ± 5:67∗

Crude lipid 30:57 ± 0:45 33:67 ± 0:90∗

Methionine 4:50 ± 0:12 4:43 ± 0:20
Lysine 27:70 ± 0:42 29:53 ± 0:30∗

Leucine 33:13 ± 0:55 36:87 ± 0:61∗

Arginine 30:17 ± 0:54 33:27 ± 0:73∗

Lactic acid 0:00 ± 0:00 44:61 ± 1:19∗∗∗

Trypsin inhibitors 2:82 ± 0:07 0:39 ± 0:04∗∗∗

Glycinin 171:91 ± 5:93 43:52 ± 0:72∗∗∗

β-Conglycinin 127:70 ± 6:12 61:10 ± 1:20∗∗∗

Note: Values are displayed as mean ± standard error (n = 3). ∗p < 0:05;
∗∗p < 0:01; ∗∗∗p < 0:001. SM: soybean meal; LASM: L. acidophilus-
fermented soybean meal.

Table 3: Growth performance and feed utilization of turbot fed
experimental diets.

Parameters CNT group SM group LASM group

SR (%) 98:89 ± 1:11 97:78 ± 1:11 97:78 ± 1:11
WGR (%) 257:28 ± 7:51a 190:45 ± 7:24b 236:54 ± 4:95a

SGR (% d-1) 2:40 ± 0:04a 2:01 ± 0:05b 2:29 ± 0:03a

FI (% d-1) 1:47 ± 0:01a 1:48 ± 0:01a 1:55 ± 0:01b

FER (g g-1) 1:45 ± 0:02a 1:24 ± 0:02b 1:32 ± 0:02b

PER (g g-1) 2:41 ± 0:03a 2:07 ± 0:03b 2:19 ± 0:03b

Note: Values show mean ± standard error, n = 3; values in the same column
with different superscripted small letters (a, b) represent statistical
differences based on Tukey’s test (p < 0:05, one-way ANOVA). SR:
survival rate; WGR: weight gain rate; SGR: specific growth rate; FI: feed
intake; FER: feed efficiency ratio; PER: protein efficiency ratio.
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3. Results

3.1. Nutritional Profile of SM and LASM. The nutritional
profile of SM and LASM were displayed in Table 2. L. aci-
dophilus fermentation significantly increased the levels of
crude protein (+4.93%) and crude lipid (+10.13%). An
increase was also observed in lysine (+6.23%), leucine
(+11.36%), and arginine (+10.22%), while no significant dif-
ference was found in methionine. Tiny amount of lactic acid
(0.0014mg g-1) in SM was detected, while significantly
increased lactic acid content (44.61mg g-1) was observed in
LASM. Furthermore, L. acidophilus fermentation signifi-
cantly decreased the level of ANFs in SM, such as trypsin
inhibitors (-86.04%), glycinin (-74.68%), and β-conglycinin
(-52.16%).

3.2. Growth Performance and Feed Utilization. After the
feeding trial, no significant difference was found in SR
among groups (p > 0:05). Fish WGR and SGR decreased sig-
nificantly in the SM group (p < 0:05), while fish in the LASM
group showed comparable growth performance to those in
the CNT group (p > 0:05). Fish fed with the LASM diet dis-

played the highest DFI among the dietary groups (p < 0:05);
however, FER and PER were remarkably decreased in SM
and LASM groups compared with the CNT group
(p < 0:05) (Table 3).

3.3. Digestive and Immune-Related Enzyme Activities. The
activities of trypsin and diastase in the SM group were
remarkably lower than those in the control group
(p < 0:05); however, no significant reduction was observed
in the LASM group (p > 0:05, Figures 1(a) and 1(c)). The
activity of intestinal lipase showed no significant differ-
ences among groups (Figure 1(b)). For the immune-
related enzyme activities, the CNT group had the highest
activities of LZM, AKP, and ACP, followed by the LASM
group, and the lowest in the SM group (p < 0:05,
Figures 1(d)–1(f)).

3.4. Intestinal Morphology. Intestinal micromorphological
analysis was performed to visually evaluate the influences
of different diets on the intestinal health of turbot. As shown
in Figures 2(a)–2(c), the widened lamina propria and
inflammatory cell infiltration were observed in fish fed the
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Figure 1: Digestive and immune enzymes activities in turbot. (a) Intestinal trypsin; (b) intestinal lipase; (c) intestinal diastase; (d) plasma
lysozyme (LZM); (e) intestinal alkaline phosphatase (AKP); (f) intestinal acid phosphatase (ACP). Values are displayed as means ± standard
error (n = 3). Different letters (a, b) above the bars represent statistical differences based on Tukey’s test (p < 0:05, one-way ANOVA).
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SM diet. Further statistical analysis showed that VH and
LPW were significantly reduced or increased, respectively,
in the SM group compared to the CNT group (p < 0:05).
However, significant improvements of intestinal microstruc-
ture were found in the LASM group, showing similar levels
of VH and LPW to the CNT group (p > 0:05, Figures 2(d)
and 2(e)).

3.5. Intestinal Microbiota. The influences of dietary SM or
LASM on the intestinal microbiota of turbot were investi-
gated on an Illumina NovaSeq platform using high through-
put sequencing technology. Rarefaction analysis was
displayed in Figure 3(a), and adequate sequencing depth
was achieved for all samples. Furthermore, 5260 OTUs were
obtained via annotation: 1242 OTUs were shared by the
three groups, and 1054, 393, and 708 OTUs were only

detected in the CNT, SM, and LASM groups, respectively
(Figure 3(b)). The β-diversity analysis of PCoA
(Figure 4(a)), NMDS (Figure 4(b)), and UPGMA
(Figure 4(c)) based on weighted UniFrac distances suggested
that the LASM cluster was more similar to the CNT cluster
and obviously separated from the SM cluster. The findings
revealed that the overall microbiota profile in LASM-fed
group, rather than SM-fed group, was more consistent with
the CNT group.

As shown in Figures 5(a) and 5(b), Proteobacteria, Fir-
micutes, and Bacteroidetes were identified as the top three
predominant bacterial phyla in fish intestine from all groups.
Proteobacteria and Bacteroidetes were much lower in the
CNT group than in the SM group, while Firmicutes showed
an opposite tendency (p < 0:05) (Figure 5(b)). The relative
abundances of the top three bacterial phyla in the LASM
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Figure 2: Intestinal morphology analysis in turbot. (a) Typical image of the CNT group; (b) typical image of the SM group; (c) typical image
of the LASM group; (d) villus height (VH) of turbot intestine; (e) lamina propria width (LPW) of turbot intestine. Values are displayed as
means ± standard error (n = 6). Different letters (a, b) above the bars represent statistical differences based on Tukey’s test (p < 0:05, one-way
ANOVA).
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group remained similar to those in the CNT group
(Figure 5(b)). At genus level, Cobetia, Pseudomonas, Lacto-
bacillus, Leuconostoc, Streptococcus, Lactococcus, Psychrobac-
ter, Prevotella, Blautia, and Ruminococcus composed the top
ten dominant genera in turbot intestine (Figure 5(c)). As
shown in Figure 5(d), Spearman’s correlation analysis dis-
played that Proteobacteria was negatively associated with
the diastase activity (p < 0:05), while Firmicutes, unidenti-
fied_Bacteria, Actinobacteria, and Cyanobacteria were posi-
tively associated with the diastase activity (p < 0:05).
Furthermore, Cyanobacteria, and Crenarchaeota were posi-
tively associated with the lipase activity (p < 0:05), and
unidentified_Bacteria was positively associated with the
LZM activity (p < 0:05). Interestingly, the abundances of Fir-
micutes, Actinobacteria, and Cyanobacteria were highest in
the CNT group, followed by the LASM group, and was low-
est in the SM group; however, Proteobacteria showed an
opposite tendency (p < 0:05). These results revealed that die-
tary LASM could exhibit beneficial influence on the intesti-
nal microbiota, which further contributed to the
improvement of the digestive function in turbot.

4. Discussion

Unbalanced essential amino acid (EAA) composition, poor
palatability, and the presence of ANFs greatly restrict the
application of SM in aquafeed [2, 34]. To evaluate the effects
of fermentation, the conventional nutritional composition
(crude protein and crude lipid) and the content of four

EAAs, flavor substance, and major ANFs in SM and LASM
were specifically determined. A moderate increase was
observed in the crude protein level (+4.93%) after fermenta-
tion, which was superior to previous report showed that the
crude protein level in SM could be elevated by 1.75% after L.
acidophilus fermentation [13]. Furthermore, the levels of
lysine, arginine, and leucine, which are crucial to growth in
fish, were increased by fermentation. Similar results were
obtained in our previous study of Aspergillus awamori fer-
mentation, which improved the amino acid profile of SM
[10]. Lactic acid is an important flavor substance that can
enhance feed palatability and digestibility [35]. Meanwhile,
lactic acid is also an important antibacterial compound,
which can reduce pH and redox potential in the intestine,
forming an acidic environment, inhibiting acid-intolerant
pathogenic bacteria, and thereby, regulating the balance of
gut microbiota [36]. This study showed that almost no lactic
acid was detected in raw SM, but LASM had a significantly
higher lactic acid content (44.61mg g-1), which suggested
that the probiotic properties of LASM were significantly
enhanced. Moreover, L. acidophilus fermentation reduced
the contents of ANFs including trypsin inhibitors
(-86.04%), glycinin (-74.68%), and β-conglycinin
(-52.16%). The ability of L. acidophilus to degrade the
selected ANFs in SM is comparable to that of L. plantarum
P8, which could reduce the contents of trypsin inhibitors
(-87%), glycinin (-78%), and β-conglycinin (-55%) through
fermentation [14]. The production of various extracellular
enzymes during fermentation generally accounts for the
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degradation of ANFs [37]. Taken together, the nutrition
profile of SM was improved via L. acidophilus fermentation,
which prompted us to perform further feeding trials.

Our previous studies provided abundant evidence that
substituting 45% of fishmeal protein with SM induced
growth impairment and intestine dysfunction in turbot
[10, 21]. Therefore, LASM was used to replace the same level
(45%) of fishmeal protein, expecting that L. acidophilus fer-

mentation could remove or alleviate the SM-induced adverse
effects in turbot. As assumed, turbot fed the LASM diet
exhibited better growth performance than those fed the SM
diet. Beneficial effects of Lactobacillus spp.-fermented SM
on the growth performance of carnivorous fish could be also
observed in Atlantic salmon [38], turbot [14], and grouper
[39]. As for the feed utilization performance, the highest
DFI was found in the LASM group among the three dietary
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groups, and FER and PER in the LASM group were slightly
higher than those in the SM group. This may be due to the
increase of lactic acid and the decrease of ANFs in LASM
through fermentation.

The activities of intestinal digestive enzymes (protease,
lipase, and amylase) were measured the better to understand
the influences of dietary SM or LASM on the digestive func-
tion of turbot. The activities of trypsin and diastase dis-
played a depression in the SM group, while the LASM
group remained similar to those in the CNT group. There
is definite evidence that trypsin inhibitor in SM (SBTI) can
suppress pancreatic protease activity, thus affecting the
digestive process [40]. However, an earlier study by Olli
et al. [41] reported that the Atlantic salmon could exhibit
compensatory effect for SBTI in vivo, maintaining protein
digestibility if SBTI is included in the diet below a given
threshold. In the present study, the reduction of intestinal
trypsin activity in the SM group indicated that the SBTI con-
tent in the SM-based diet might exceed the threshold for tur-
bot tolerance. The secretion of intestinal digestive enzymes
could be regulated by dietary components [42]. The intesti-
nal microbiota could also contribute various enzymes for
the host [43]. The shifted microbiota and decrease of trypsin
inhibitor through fermentation could partially contribute to
the higher digestive enzyme activity in LASM-fed group.
Furthermore, results demonstrated that the CNT group
had the highest activities of LZM, AKP, and ACP, followed
by the LASM group, and the lowest in the SM group.
According to the previous study, L. acidophilus can stimulate
the immune system and actively regulate the immune func-
tion of the host [16]. In this study, low-temperature drying
was used for the preparation of LASM, and the remaining
active or even heat-killed L. acidophilus may stimulate the
immune system and increase the immune-related enzyme
activities in turbot fed with the LASM-based diet.

Pathological changes with widened lamina propria and
inflammatory cell infiltration were observed in fish fed SM
diet. Statistical analysis showed that VH and LPW were sig-
nificantly reduced or increased, respectively, in the SM
group which was in line with the findings by Zhang et al.
[44] and Li et al. [4]; however, a significant improvement
was found in the LASM group. The improvement of intesti-
nal histology through dietary fermented SM has been exten-
sively reported in various fish species such as large yellow
croaker (Larimichthys crocea) [45], largemouth bass (Micro-
pterus salmoides) [4], and Florida pompano (Trachinotus
carolinus) [46]. ANFs including antigen protein, saponin,
and lectin in SM can destroy the intestinal structure of fish
[47–49]. In this study, the glycinin and β-conglycinin were
dramatically eliminated via fermentation, which may
account for the improvement of intestinal health in turbot
fed the LASM diet.

Recently, research on the response mechanism of fish
intestinal microbiota to dietary components has attracted
much attention [50]. Different from our previous study
[10] which only focused on the effects of dietary raw or fer-
mented SM on intestinal histology and inflammation status
of fish, the better to explore the underlying mechanism
behind the different performances of intestinal function,

the intestinal microbiota of turbot fed with different experi-
mental diets were investigated. Both PCoA and NMDS anal-
ysis showed clearly separated clusters, revealing that the
intestinal microbiota exhibited different response patterns
to different diets. Interestingly, beta-diversity analysis of
PCoA, NMDS, and UPGMA suggested that the clusters
and microbiota profile in CNT and LASM groups were rela-
tively coherent, while those in the SM group were separated.
Similar findings have also been observed in previous studies
[21, 24]. For the specific microbiota composition, dietary SM
remarkably decreased Firmicutes and increased Proteobac-
teria and Bacteroidetes compared to the CNT group. Never-
theless, the relative abundances of the top three bacterial
phyla in the LASM group remained similar to those in the
CNT group, which matched the results of the aforemen-
tioned beta-diversity analysis. Bacteroides are typified by
their strong ability to degrade carbohydrates [51]. The rela-
tively higher amount of carbohydrates in SM may be respon-
sible for the enrichment of Bacteroides, while L. acidophilus
fermentation might reduce the carbohydrate content in
LASM. The excessive enrichment of Proteobacteria is gener-
ally considered a sign of dysbacteriosis [52, 53].

Complex host-microbiota interactions occur throughout
the digestive process [54, 55]; the study of which can also be
helpful for better understanding the mechanism behind the
changes of intestinal function. Previous studies regarding
the evaluation of fermented SM in aquafeed generally
ignored the correlation between the intestinal microbiota
changes and the intestinal function in fish. In the present
study, environmental factors were subjected to Spearman
correlation analysis showing that Proteobacteria was nega-
tively associated with the diastase activity, while Firmicutes,
Actinobacteria, and Cyanobacteria were positively associ-
ated with the diastase activity. Moreover, Cyanobacteria
and Crenarchaeota were positively associated with the lipase
activity. This finding combined with the results of aforemen-
tioned microbiota composition revealed that the shifted
microbiota induced by different diets could contribute to
the regulation of digestive function in turbot.

5. Conclusion

L. acidophilus fermentation can improve the quality of SM
through improving the EAA profile, increasing the lactic
acid content, and decreasing the level of ANFs. The assess-
ment by a feeding trial showed that turbot fed the LASM diet
exhibited better performance in growth, feed utilization,
intestinal digestive and immune-related enzyme activities,
and morphology than those fed the SM diet. In particular,
dietary LASM can positively regulate the intestinal microbi-
ota, which further contributed to the improvement of the
intestinal digestive function in turbot. This study indicates
that L. acidophilus fermentation can improve the nutritional
quality of SM and relieve SM-induced adverse effects on tur-
bot. In the future, we intend to perform further study to
evaluate the interplays between the L. acidophilus strain
and the intestinal function (especially the intestinal immune
function) of turbot.
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