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Temperature changes have a great impact on fish feeding, intestinal microorganisms,
metabolism, and immune function. Therefore, it is necessary to develop effective
methods to enhance the survival rates and growth of fish under water temperature
changes. Lactic acid bacteria (LAB) are promising immunostimulatory feed additive, as
demonstrated by their beneficial effects in several fish species. This study investigated
the short-term effects of dietary LAB on intestinal microbiota composition and immune
responses of crucian carp (Carassius auratus) when water temperature decreased from
30 £ 1°C to 18 4+ 1°C. Lactococcus (L.) lactis 1,209 and L. lactis 1,242 with potential
probiotics isolated from the intestine of Qinghai naked carp (Gymnocypris przewalskii)
were selected as feed additives for the crucian carp feeding experiment. A total of 225
commercially available healthy crucian carp (250 + 10 g) of similar age were kept in
30°C water for a week and then immediately transferred to 18 + 1°C water, assigned
to three dietary treatments for a 16-day feeding trial randomly: (1) HC, diets without
additives (the control group); (2) HT, diets with 108 CFU/ml L. /actis 1,209; and (3) HL,
with 108 CFU/ml L. lactis 1,242. Each group was set up with 3 replicates and each with
25 fish. The results showed that the mortality rate of crucian carp in HC, HT, and HL
group was 50, 27, and 33%, respectively. High-throughput sequencing results displayed
that the composition of the intestinal microorganism varied dynamically in response to
different treatments and water temperature decrease. Among them, compared with
the HC group, a higher abundance of Firmicutes and Proteobacteria, and a lower of
Actinobacteria appeared in HT and HL. The cytokines heat shock protein 70 (HSP-70) in
crucian carp intestinal tract significantly decreased when water temperature decreased
(o < 0.05).
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INTRODUCTION

In recent years, the rapid development of aquaculture has already
surpassed the production of other terrestrial animals used for
food such as cattle, poultry, and swine (FAO, 2020). Although
the massive growth of aquaculture has improved the livelihood
of farmers in many countries, the industry is seriously hampered
by diseases which are the principal constraint of nurseries
and grow-out mortalities in fish cultures (Loh et al, 2019).
Intensive and inefficient, the outbreaks of bacterial diseases cause
tremendous economic losses to the industry of aquaculture,
especially bacterial infection diseases, including photobacteriosis,
furunculosis, and vibriosis (Yukgehnaish et al., 2020). In order
to prevent or control the infections, antibiotics have been widely
used (Angela et al., 2020). However, antibiotic resistance is a
huge concern in the aquaculture industry, and long-term use of
these antibiotics could cause the survival of antibiotic-resistant
bacteria which endangers the health of humans (Dawood et al.,
2018). Therefore, it is necessary to develop alternative methods to
enhance the survival rates and growth of cultured aquatic species
without antibiotics (Shi et al., 2020b).

During past two decades, numerous studies revealed that
modifications of gastrointestinal microbiota by antibiotics can
alter the likely benefit of the host-microbiota interaction or
relationship (Yukgehnaish et al, 2020). In addition, several
studies have demonstrated that the intake of probiotics can
modify the composition of the intestinal microbiota and
effectively assist in returning the microbiota, which were
disturbed by antibiotics or other risk factors, to its normal
beneficial composition (Gomez and Balcazar, 2008). In order
to address infectious bacterial diseases in the long term, the
addition of probiotics, as a more suitable technique approach,
is accepted by many scientists due to its necessity and how it
provides less harm to the ecosystem (Yukgehnaish et al., 2020).
Probiotics can effectively improve the growth rates and feeding
efficiency of fish and regulate their gut microbiota (Iribarren
et al,, 2012; Bachruddin et al.,, 2018; Volkoff, 2019). Recent
studies show that probiotics and prebiotics not only promote
the growth performance but also fortify the immune system in
cultured aquatic species. In aquaculture, among the available
probiotics, lactic acid bacteria (LAB) have been widely studied
for their probiotic properties (Kim et al, 2013; Ringo et al,
2018). Previous studies show that the proliferation of LAB in
the intestine of fish suppresses the colonization of Gram-negative
pathogenic bacteria (Kishawy et al., 2020). Moreover, aqua-feeds
supplemented with LAB have been reported to stimulate the
growth, enhance the disease resistance, effectively regulate the gut
microbiota (Xia et al., 2020), and stimulate immune responses in
cultured aquatic species (Ringo et al., 2018; Ashouri et al., 2020).
LAB is expected to be growth promoters and immunostimulants
in aquaculture (LeBlanc et al., 2017). It is well known that various
factors, such as direct-fed microorganisms or diet composition,
could alter the composition of intestinal microorganisms (Fan
etal,, 2021). Therefore, it is important for this study to investigate
the effect of feed additives (with or without LAB) on intestinal
microbiota. Consequently, the application of LAB blends in
fish feed has been proposed as an optimal strategy to explore

their potential positive effects on gut microbiota and immune
responses on fish (Busti et al., 2020).

Crucian carp is an omnivore and one of the most important
economic freshwater fish in China. It is abundant in rivers, lakes,
and reservoirs throughout the country (Li et al., 2018; Luo et al,,
2021). Crucian carp is chosen as a model fish for this study due
to its palatability, high nutritional quality, and fast growth rate
(Cui et al., 2020; Wu, 2020; Du et al., 2021). As is well known,
environmental change can suppress fish immunity, leading fish
to be infected by pathogens (Luo et al., 2021). In addition,
environmental fluctuations that induce physiological stress were
demonstrated to affect the survival, growth, physiological, and
immunological functions of aquatic animals (Pai-Po et al., 2017).
Emerging evidence have also shown that exposure to ambient
stressors, such as temperature change, may trigger severe diseases
(Qi et al., 2020). Therefore, temperature change may render fish
to be less resistant against pathogenic infection.

Previous research has shown that acute changes in water
temperature can affect body temperature of fish, induce
changes their reaction rate of biological processes, and reduce
their physiological performance (Yu et al, 2018). Hence,
water temperature is a determinant environmental factor for
species that are highly susceptible to temperature changes.
Water temperature plays a crucial role in nutrient utilization,
metabolism, and regulation of gut microbiota (Sanchez-Nufio
et al,, 2018a; Pelusio et al., 2021). Variations in temperature
shape the composition of fish gut microbiota, particularly
in lineages of Firmicutes and Proteobacteria (Mateus et al.,
2017). Intestinal microbiota exerts a significant part in the
regulation of host health. Increasing evidence has revealed that
composition disturbances in fish gut microbiota are critical risk
factors in disease development (Nie et al., 2019). To date, very
limited studies have investigated the LAB diet effect on the gut
microbiome structure in fish, especially in crucian carp, when the
water temperature drops. Moreover, the precarious conditions
of water temperature change disturb the gut microbiota of fish,
which is not a choice for sustainable development of aquaculture.

There has been great interest to explore the relationship
between the alteration of immune-related cytokine levels
and the intestinal flora of crucian carp with LAB treatment
under temperature change. Among immune parameters,
cytokines have been commonly used as reference indicators
in immunomodulatory studies (Liu et al., 2014; Mosca
et al, 2014). In particular, several studies show that LAB
and other probiotics can electively regulate the expression
of proinflammatory and inflammatory cytokines including
tumor necrosis factor (TNF)-a, interleukin (IL)-6, IL-1B,
and IL-10, interferon (IFN)-y, etc. (Liu et al, 2016; Zhou
et al., 2018; Xia et al., 2019; Jang et al., 2020). On the other
hand, immunomodulatory effects of LAB as feed additives
have received increasing attention (Feng et al, 2016, 2019;
Giri et al,, 2016). In the present study, we aim to explore
the effects of dietary LAB on the survival rate, intestinal
microorganism, immune response and disease resistance
of crucian carp against Aeromonas hydrophila ATCC 7966
(A.  hydrophila ATCC 7966) under water temperature
decrease. This research might contribute to help better
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TABLE 1 | Composition of the basal commercial diet.

Nutrition facts HC (%) HT (%) HL (%)
Protein 30 30 30

Crude fat 20 20 20

Crude fiber 4 4 4

Moisture 5 5 5

Algea 25 25 25

Other ingredients 18 18 18
Lactococcus lactis 1,209 0 108 CFU/mL 0
Lactococcus lactis 1,242 0 0 108 CFU/mL

Ingredients: White fish meal, Fish protein, Flour, Soybean meal, Yeast, Antarctic
shrimp meal, Natural immune protein, Organic minerals, Milk powder, Green
algae, Red algae, etc.

understand the advantages involved in stimulating immune
response and regulating gut microbiome of dietary LAB with
water temperature change for crucian carp, which will be
beneficial for understanding the positive influence of dietary
LAB on aquaculture.

MATERIALS AND METHODS

Experimental Design and Feeding

Management

The experiment was carried out at the Laboratory of Aquaculture,
Henan Key Laboratory of Ion-Beam Bioengineering, School of
Agricultural Sciences, Zhengzhou University, Zhengzhou, China.
Crucian carp were obtained from the vegetable markets around
Zhengzhou University. The experiment was conducted in a
recirculating system. At the beginning, the tanks were filled with
water for 3 days and aerated continuously. Two hundred and
thirty trial healthy fish were placed in 700 L (120*120*80 cm?)
tanks at 30 & 1°C for 1 week and fed with the basal diet.
Then, 225 healthy crucian carps similar in length (18 £ 2 cm)
and body weight (250 & 10 g) were randomly distributed into
three groups [the basal commercial diet, HC; a basal diet with
1 x 10° CFU/ml of Lactococcus lactis 1,209 (L. lactis 1,209),
HT; a basal diet with 1 x 10® CFU/ml of Lactococcus lactis
1,242 (L. lactis 1,242), HL]. Twenty-five fish were randomly
placed in each tank (70*50*40 cm?®), and each experiment was
conducted in triplicate. In preparing the experimental diets, the
basic feed formula is shown in Table 1. The whole experiment
lasted for 16 days. L. lactis 1,209 and L. lactis 1,242, obtained
from Zhengzhou University, China, were selected by their strong
immunomodulatory activities and adhesion capacities (Cui et al.,
2018). Every tank was equipped with a filter and an oxygen supply
device, and the water temperature was maintained at 18 & 1°C
throughout the experiment. The averages of pH and dissolved
oxygen values were pH 8.0 and 6.3 mg/L, respectively. Fishes of
all three groups were fed with common diets once daily at an
amount that is 2% their body weight. The HT and HL groups
were fed with the prepared feed once every 2 days. All animal
experiments were performed in accordance with the legal and

ethical regulations by Ethics Review Committee of Zhengzhou
University (ZZUIRB2021-111).

Sample Collection

The fish survival conditions were recorded throughout the
feeding experiment. During feed treatment, four fish were
randomly selected from every group on 0, 5, 10, and 15 days.
All the selected fish was anaesthetized with an overdose of ethyl
3-aminobenzoate methanesulfonate (MS-222, 200 mg L-1). The
fishes’ body surfaces were wiped with 75% alcohol cotton. The
total fish gut and the total intestine contents were aseptically
harvested in a clean bench. Intestines were aseptically excised
and intestinal contents were removed by using sterile scissors.
Intestinal contents were obtained by gently squeezing the entire
intestine. The total fish gut was aseptically removed, opened, and
gently agitated three times in sterile phosphate buffered saline
(PBS) to remove the contents and non-adhesive bacteria. These
were then cut into small sections. Both gut tissues and intestinal
contents were immediately frozen in liquid nitrogen and stored
at —80°C for further analysis. The total fish gut tissues were
collected for inflammation related cytokines, and the collected
intestinal contents were used for microbial diversity analysis.

High-Throughput Sequencing Analysis of
Gut Microbiota

Genomic DNA Extraction

Deoxyribonucleic acid was extracted from fish intestinal
contents samples using the bacterial DNA Kit (D3350-02,
Omega Bio-tek, Norcross, GA, United States) according
to the manufacturer’s protocol. Moreover, the quality and
integrity of DNA were monitored using 1% agarose gel
electrophoresis. The concentrations of DNA extracts were
measured by a NanoDrop 2000 UV-Vis spectrophotometer
(Thermo Scientific, Wilmington, DE, United States). The V3-V4
regions of bacterial 16S rDNA were selected for generating
amplicons and subsequent taxonomy analysis with the primer
set 338F (5 -ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’
-GGACTACHVGGGTWTCTAAT-3’) (Yang et al., 2019; Wang
et al., 2020).

PCR Amplification

The PCR amplification procedure are as follow: pre-denaturation
at 95°C for 3 min, followed by 29 cycles of 30 s at 95°C, 30 s
annealing at 53°C, 45 s elongation at 72°C, and a final extension
at 72°C for 10 min.

lllumina High-Throughput Sequencing of Barcoded
16S rRNA Genes

After purifying the PCR products, the samples were sequenced
on the Illumina MiSeq platform (Shanghai Majorbio Bio-Pharm
Technology Co., Ltd., China) to measure the diversity and
bacterial composition in fish intestinal contents. Data of high
throughput sequencing was analyzed on an online platform, the
Majorbio Cloud Platform'.

'http://www.majorbio.com
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Quality filtering and demultiplex on joined sequences was
performed using the QIIME. After removing the low-quality
sequences and reads, operational taxonomic units (OTUs) were
generated by clustering with a 97% similarity threshold using
UPARSE (version 7.0?). The microbial diversity in fish intestinal
contents was estimated for the analysis of Venn diagram and
alpha-diversities, which included the Shannon index, Simpson
index, Chaol index, and Ace index, using Mothur (version
1.30.2°). Beta-diversity was analyzed using PCA and Partial
Least Squares Discriminant Analysis (PLS-DA) based on the
Weighted-Unifrac distance matrix method. Furthermore, bar
plots and heatmaps of species composition and difference
analysis were created using R software (version 3.3.1), and a value
of p < 0.05 was statistically significant.

Immune-Related Cytokine Assays

The selected immune-related cytokines were TNF-a, IFN-vy, IL-
10, IL-6, hsp70, and IL-1B. The gut tissue samples of crucian
carp fed for 0, 5, 10, and 15 days, respectively, were selected. The
levels of cytokines (as described above) in the gut were evaluated
using ELISA kits (Beijing winter song Boyue Biotechnology Co.,
Ltd., China). The measurement was performed with commercial
kits from Beijing winter song Boyue Biotechnology Co., Ltd.
(Beijing, China) according to the manufacturer’s instructions.
Briefly, the gut tissues were rinsed with ice-cold PBS (0.01 M,
pH = 7.4) to thoroughly remove excess blood. Then, the samples
were homogenized in PBS with a glass homogenizer on ice.
The homogenates were centrifugated at 5,000 x g for 5 min
to get the supernatant for further analysis. The immune-related
cytokine assays were measured by using tetramethylbenzidine
(TMB) as the substrate at 450 nm optical density (OD)
with a Microplate Reader (Thermo Scientific). Finally, the
concentration of immune-related cytokines in the samples was
determined by comparing the OD value of the samples to
the standard curve.

Challenge Test With Aeromonas
hydrophila ATCC 7,966

After the sample collection, crucian carp in all groups (HC,
HT, and HL) were fed as before. Fishes in the HC groups were
divided into two groups, HC1 group (the basal commercial diet)
and A. hydrophila group (a basal diet with 1 x 10° CFU/ml
of A. hydrophila ATCC 7966). Every experiment group was
conducted with 8 healthy fish. The survival was monitored in all
groups after being fed with A. hydrophila ATCC 7,966, L. lactis
1,209, and L. lactis 1,242, respectively. Strain A. hydrophila ATCC
7,966 was grown at 37°C for 12 h in nutrient agar (NA), and
the feed diet was prepared with the same method as before. The
concentration of A. hydrophila ATCC 7,966 was 10° CFU/ml of
feed diet. The fish were fed once daily. The fish in all groups were
observed daily, and dead fish were immediately removed from
the tanks. Mortality rates were also recorded daily for each group
for 12 days after challenge test.

*http://www.drive5.com/uparse/
Shttps://www.mothur.org/wiki/Download_mothur

TABLE 2 | Mortality and sequence number based on operational taxonomic unit
(OTU) levels in crucian carp.

Group  Mortality(%) Sequence number OTU number Coverage
HC 50 56,516 1,345 0.99733
HT 27 55,590 1,561 0.99760
HL 33 54,558 1,509 0.99738

HC: The control group, HT: The L. lactis 1,209 treatment group, HL: The L. lactis
1,242 treatment group.

Statistical Analysis

Microbial communities and immune-related cytokines were
analyzed using IBM SPSS Statistics 25.0 and Origin 2017. Two-
way ANOVA procedures were used to compare the means
with a significant difference of p < 0.05. Duncan’s multiple
range method comparisons were used to compare differences
among all groups.

RESULTS
Mortality Rate

The number of the dead carp was recorded, and the mortality
rate was calculated during the process of the experiment. As
shown in Table 2, the mortality rate of HC (50%) was significantly
higher than that of HT (27%) and HL (33%). The results showed
that the mortality of crucian carp in the LAB treatment group
was lower than in the control group under the condition of
temperature change.

Intestinal Microbiota Analyses

A total of 3,313,921 effective sequences were obtained through
16S rRNA high-throughput sequencing of the V3-V4 region in
the present study, with an average sequence length of 416 bp. As
shown in Table 2, the mean valid sequences from HC, HT, and
HL samples were 56,516, 55,590, and 54,558, respectively. These
reads were clustered into a total of 2,478 OTUs based on 97%
sequence identity. The average Good’s coverage for samples was
higher than 99%, indicating that the majority of the microbial
species present were identified and sequencing depth was also
adequate for robust sequence analysis.

Richness and Diversity

To compare and estimate the bacterial diversity in every group
when the temperature suddenly changed, intestinal microbiota
community diversity and richness indices were calculated from
the proportion of OTUs. As shown in Table 3, on the 5th
day, the species diversity (Shannon index) in HT and HL
groups was higher than that of the HC groups, and all groups
were lower than that of HC group at the 0 day. However,
the Simpson index showed otherwise, which signified that the
diversity for the all groups decreased, and the HT and HL
groups were higher than the HC group. The species richness
Chao and Ace indices in HT and HL groups at 5 days was
higher than that of the HC group, and all groups at 5 days
were lower than that of the HC groups at 0 day, which
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TABLE 3 | Alpha diversity indices of intestinal microbiota based on OTU levels in every group of crucian carp under water temperature decrease.

Richness estimato

Simpson

Ace

Chao

0.05591 =+ 0.035%°
0.4005 =+ 0.1942°
0.10256 =+ 0.0502°
0.21192 4 0.1742°
0.37588 =+ 0.2122°
0.48613 + 0.0872
0.26546 =+ 0.150P
0.24844 + 0.226%°
0.49453 + 0.32720

Coverage Diversity index
Shannon

HC 0 day 0.99772 + 0.001 4.0799 + 0.5672
5 day 0.99867 + 0.0004 1.7332 +0.513%
10 day 0.99675 + 0.003 3.5256 + 0.3872°
15 day 0.99672 + 0.0007 2.9509 + 1.00%°

HT 5 day 0.99815 =+ 0.001 1.9385 + 1.15%0
10 day 0.99804 + 0.0009 1.6681 + 0.50420
15 day 0.99701 + 0.002 2.7821 + 0.823%°

HL 5 day 0.99847 + 0.0006 2.7448 + 1.39%°
10 day 0.99685 + 0.002 1.8005 + 1.132
15 day 0.99681 + 0.001 3.8 + 0.669°

0.12125 4 0.12P

487.28 =+ 28.422°
215.32 + 79.722
521.05 + 256.522°
506.34 + 84.69P
306.01 4 202.03%°
297.85 + 144,282
465.3 + 265.28P
332.98 + 173.9%°
466.83 + 329.06%°
602.77 + 136.25°

485.4 + 23.457%
187.31 + 31.0632
523.66 + 254.592°

497.4 + 92.986°
292.77 + 207.922°
292.81 + 150.692°
468.13 + 263.44°

317.2 + 190.03%
404.98 + 248.342
611.47 4 139.73°

Values were expressed as means + S.E (n = 3), and values within the same row with different letters are significantly different (o < 0.05). HC: The control group, HT: The

L. lactis 1,209 treatment group, HL: The L. lactis 1,242 treatment group.

signified the abundance for the LAB treatment groups was
higher than the HC group under the sudden decrease of
water temperature.

The effects of LAB diet on intestinal microbiota community
diversity and richness in crucian carp was evaluated based on
alpha diversity, as shown in Table 3. In general, the Shannon,
Chao, and Ace indices of the three groups decreased first and
then increased with time, and the HT and HL groups were higher
than that of HC group throughout the period. However, the
Simpson index showed the opposite trend. The Shannon index
of HL group on the 15th day was significantly higher than on
the 10th day (p < 0.05). On the other hand, Simpson index was
significantly higher between the 10th and 15th day in the HT
group (p < 0.05). Chao and Ace index of HC group on the 5th day
were significantly lower than that on the 15th day (p > 0.05), and
the diversity value on 15th day of the HL group was the highest.

Bacterial Composition Analysis of
Intestinal Microbiota

The effects of LAB as feed additive on species composition
were shown in Figures 1A-E. The Venn diagram in Figure 1A
presents the bacterial communities’ unique or common OTUs
between any two treatments. The number of OTUs detected
between the HC, HT, and HL groups was 1,345, 1,561, and 1,509,
respectively, of which 700 were common OTUs to all groups,
accounting for 28.25% of total observed OTUs (2478). Moreover,
124, 228, and 247 OTUs were shared by the HC group and HT
samples, the HC group and HL samples, and HT samples and HL
samples, respectively.

Based on Illumina platform analyses, microbial composition
and relationships at the phylum level were shown (Figures 1B-
D). The top five predominant bacterial phyla in the intestine
of the crucian carp contained Proteobacteria, Firmicutes,
Actinobacteria, Bacteroidetes, and Fusobacteria. Additionally,
compared with the HC group, Firmicutes and Proteobacteria
increased in the HT and HL groups. On the other hand,
Actinobacteria decreased from 20 (HC) to 6.9% (HT) and 13%
(HL), respectively.

Taxon-dependent analysis was used to compare the relative
abundance of bacterial genus in the intestinal contents of crucian
carp fed with different contents of LAB diets with the sudden
decrease of temperature (Figure 1E). At the genus level, the top
8 most dominant genera of the crucian carp intestinal microbiota
communities were the Cetobacteria, Lactobacillus, Aeromonas,
Burkholderia, Aurantimicrobium, Acinetobacter, Ancylobacter,
and Vagococcus. On the one hand, the relative abundance of
Aeromonas and Lactobacillus significantly increased in the HT
and HL groups compared to those in the HC group at 5 days
(p < 0.05). In addition, the abundance of Cetobacteria and
Burkholderia significantly decreased in the HT and HL groups
compared with the HC group (p < 0.05). These results indicate
that the decrease of the temperature disrupted the homeostasis
of intestinal microbial composition, causing a stress response in
crucian carp. On the other hand, with the extension of culture,
the abundance of intestinal microbiota changed greatly, including
the abundances of Cetobacteria, Lactobacillus, Aeromonas, and
Burkholderia. On the 10th day, the abundance of Cetobacteria
was significantly higher than that of the HT and HL groups
compared with the HC group (p < 0.05). On the 15th day,
the abundance of Lactobacillus was decreased in the HL group
and increased in the HT group compared with that of the HC
group. In general, the relative abundance of the samples with
three different treatments significantly changed with the obvious
change of environmental temperature at the genus level.

The Principal Component Analysis (PCA)
and Partial Least Squares Discriminant
Analysis (PLS-DA)

According to beta diversity analyses, the overall structural
changes at the genus level of the gut microbiota were analyzed
using unsupervised multivariate statistical methods of the
Principal Component Analysis (PCA) with QIIME software. As
shown in Figure 2A, the area of the group ellipse of sample
points in the three groups of different treatments was significantly
different, and the area of group ellipse in the HT and HL groups
was significantly larger than that in HC group. PC1 axis and
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FIGURE 1 | Beta diversities of intestinal bacterial community composition of crucian carp (Carassius auratus). (A) A Venn diagram showing bacterial numbers shared
within and between sample groups. A circos plot at the phylum levels shows the linkage among (B) the control group (HC), (C) the L. lactis 1,209 treatment group
(HT), and (D) the L. lactis 1,242 treatment group (HL), with 108 CFU/mL L. lactis 1,242. (E) Bacterial community and relative abundance at the genus levels for all
crucians. Taxa with an abundance < 2% are included in “others.” HC: The control group, HT: The L. lactis 1,209 treatment group, HL: The L. lactis 1,242 treatment
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FIGURE 2 | Principal coordinate analysis (PCoA) plot (A) and the supervised discriminant analysis with Partial Least Squares Discriminant Analysis (PLS-DA) plot (B)
based on QIIME software between intestinal microbiota samples from HC, HT, and HL groups. HC: The control group, HT: The L. lactis 1,209 treatment group, HL:

The L. lactis 1,242 treatment group.
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PC2 axis were 27.02 and 23.96%, respectively. Moreover, in
order to make the differences among three groups more obvious,
the supervised discriminant analysis of PLS-DA was further
used to analyze the intestinal contents samples of crucian carp
(Figure 2B). Samples from fish in the HC, HT, and HL groups
were clearly scattered in different quadrants. The results indicated
that the microbial composition of the samples of crucian carp
intestinal content was significantly different from the HC, HT,
and HL groups when the temperature decreased.

Analysis of Species Differences

The Kruskal-Wallis H test was performed to evaluate the
differences among different groups (Figure 3). According to
different days, species differences were analyzed in 12 genera
in HC, HT, and HL groups. As shown in Figures 3A-C, the
species composition at 5 (Figure 3A) and 10 days (Figure 3B)
showed no significant differences. At the 15th day (Figure 3C),
however, there was extremely significant difference between
Aurantimicrobium and Reyranella (p < 0.01). Blautia also showed
significant differences (p < 0.05). In addition, species differences
were analyzed in 10 phyla among intestinal contents samples in
HC, HT, and HL groups Figures 3D-F. The results were similar
with that of genus level, while Actinobacteriota, Bacteroidota,
Verrucomicrobiota, Cyanobacteria showed significant differences
(p < 0.05) at the 15 day (Figure 4F).

Assay of Inmune-Related Cytokines

Using ELISA

The levels of pro-inflammatory cytokines TNF-a, IL-6, IL-1f,
anti-inflammatory cytokines IL-10, and IFN-y and synergistic
immune activity of HSP-70 were examined. As shown in Figure 4,
with the temperature suddenly decreasing, the concentration of
HSP-70, TNF-a, and IL-6 in all groups were lower at 5 days than
that of 0 day, especially in the HT and HL groups which were
lower than of the HC group. The concentration of IL-18 and IL-
10 of all groups were higher at 5 day than at 0 day, and IL-10 in the

HC group was significantly higher (p < 0.05) between 5 days and
0 day. The concentration of IFN-y (Figure 4A) decreased with
time, and the HT and HL groups were higher than that of HC
group on the 15th day. From the results of HSP-70 (Figure 4B),
it can be seen that the HT and HL groups were always lower than
that of HC group, and the concentration of HT and HL groups
on the 15th day were significantly lower than that of the HC
group (p < 0.05). In general, IL-1p (Figure 4C) did not change
significantly over time, and concentrations were highest at 5 days
for all three groups. The concentration of TNF-a (Figure 4D)
decreased with time, the HT and HL groups were higher than that
of HC group at 15 day, and the highest concentration was found
in the HT group. Overall, the concentration of IL-10 (Figure 4E)
increased with time, and the highest concentration was found
in the HT group at 15 days, whereas HT group was highest on
10 days. The concentration of IL-6 (Figure 4F) in the HC group
was decreased, and the concentration of IL-6 in the HT and HL
groups were higher than the HC group at 15 days.

The Relationship Between
Immune-Related Cytokines and Gut

Bacterial Communities

Correlation heatmap showed that the relationship between
immune-related cytokines and gut bacterial communities at
the genus level in different intestinal samples varied (Figure 5).
In the HC group (Figure 5A), IFN-Y was significantly and
positively related to Burknerella, but significantly (p < 0.05)
and negatively related to Aurantimicrobium. IL-10 was
significantly and negatively related to Blautia (p < 0.01).
IL-1B was significantly and positively correlated to Aeromonas,
and significantly and negatively correlated to Ancylobacter
(p < 0.05). In the HT group (Figure 5B), IL-6 was significantly
(p < 0.05) and positively correlated to Burkholderia, Rhodococcus
(p < 0.01), and Enhydrobacter, and significantly (p < 0.05)
and negatively correlated with Aeromonas (p < 0.01) and
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Vagococcus. HSP-70 was significantly and negatively correlated
with Pseudorhodobacter (p < 0.05). IL-1p was significantly and
negatively related to Ancylobacter (p < 0.05). In the HL group
(Figure 5C), IL-10 was significantly and negatively correlated
with Bifidobacterium (p < 0.05) and Streptococcus (p < 0.01).
IL-1B was significantly (p < 0.01) and positively related to
Acinetobacter and Bifidobacterium. HSP-70 was significantly
(p < 0.05) and positively correlated to Burkholderia.

Disease Resistance

The survival rate of crucian carp after the 12-day challenge
experiment is shown in Figure 6. The survival rate of fish fed
with L. lactis 1,209 were significantly higher than that of HC1
group. At 12 days, the survival rate of the crucian carp in both
A. hydrophila group and the HC1 group was 0%, which was lower
than that of the HT (30%) and HL group (20%). Additionally, the
crucian carp in the HC1 group and the A. hydrophila group died
relatively earlier than that of the HT and HL groups.

DISCUSSION

The intestinal microflora is a complicated and giant ecosystem
that has a mutualistic relationship with its human or animal host.
The system plays an important role in being a barrier against
harmful microorganisms and various toxins (Xia et al., 2019). The
immune system is critical to maintaining the health of the body
as it is a defense against pathogenic microorganisms (Wolf and
Underhill, 2018; Meng et al., 2019). In this study, the changes of
intestinal microflora, immune-related cytokine expression with
decreased water temperature were investigated to determine the
short-term effects of the additive LAB on the microflora and
immunity of crucian carp flora.

After 16 days of feeding trial, the data presented in this study
indicated that LAB diet had a positive effect on the mortality
rate of crucian carp compared to that of HC group when

the water temperature decreased. In fact, “winter mortalities”
phenomenon has been reported at persistent low temperature
during the winter. The gradual reduction of water temperature
often causes growth arrest and metabolic depression for a large
number of fish species (Sinchez-Nufio et al., 2018a). Similarly,
Sanchez-Nuno et al. also reported the “winter growth arrest,
where gilthead sea bream showed a doubling of feed conversion
ratio (FCR) and a fourfold drop of specific growth rate (SGR)
from 22°C to 14°C (Sanchez-Nufio et al.,, 2018b). Accumulating
evidence additionally indicated that low temperature contributed
to susceptibility to diseases in cultured species (Ibarz et al., 2010).
In particular, previous studies have suggested that variations
in temperature (also includes low temperature) shape the
composition of the gut microbiota across the fish (Sinchez-Nufio
et al.,, 2018a), and the gut microbiota gradually stabilizes as fish
adapt to their environment.

The intestinal microflora composition affects the host health
and is diet-dependent. Therefore, assessing what impact feeding
fish with LAB diets has on fish gut microbiota is essential to
fully evaluate current aquaculture feeding strategies (Claudia
et al., 2021). Furthermore, considerable evidence shows that
probiotics from the same autochthonous source have a great
chance of colonizing the host gut, thereby bringing health
benefits to the host (Sun et al,, 2010; Mohammadian et al,,
2016). In the present study, L. lactis 1,209 and L. lactis 1,242
were selected from the intestinal contents of Qinghai naked
carp whose probiotic properties, including antibiotic sensitivity,
gastrointestinal survival rate, bacteriostatic activity, bile salt
tolerance, temperature range, high salt tolerance and so on,
had been previously studied (Cui et al., 2018). The intestinal
microflora affects physiological processes, immunological stress,
and preventive infections in several hosts (Butt and Volkoff,
2019; Shi et al., 2020a). In aquaculture, an increasing number
of studies have focused on probiotics (Akhter et al., 2015),
among which LAB was most widely used (Kim et al., 2013;
Ringo et al,, 2018). LAB has been proven to be effective in
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modifying the host-associated intestinal microbiota (Xia et al,
2018; Ringo et al,, 2020). The intestinal microflora play an
important role in fish, such as participating in a variety of
physiological functions including feed digestion, reduction of
the invasion of pathogenic bacteria, and synthesis of the trace
elements, amino acids, and vitamins (Mente et al., 2016; Gao
et al.,, 2019; Siddik et al., 2020). It is well known that various
factors could alter the composition of intestinal microorganisms,
such as direct-fed microorganisms or diet composition (Fan
et al, 2021). Therefore, it was important for this study to
investigate the effect of the feed additives (with or without LAB)
on intestinal microbiota. The present study employed high-
throughput sequencing to investigate the intestinal microbiota of
crucian carp fed with LAB. The results showed that decreased
microbial community richness, diversity after feeding LAB diet
under the water temperature decrease, and the abundance for the
LAB treatment groups was higher than that of the control group.
In aquaculture, probiotic supplementation is known to alter the
host’s gut microbial diversity (Wang et al., 2017; Niu et al,
2018). In accordance with our data, Jang et al. (2020) showed
microbial diversity reduced compared to the initial group, and
the probiotics treatment group had higher richness and diversity
estimates than the control group of juvenile olive flounders
(Paralichthys olivaceus).

According to previous reports, regardless of the diet, the gut
microbiota in vertebrates is enriched with the phyla Firmicutes,
Actinobacteria, Proteobacteria, Bacteroidetes, and Fusobacteria
(Sepulveda and Moeller, 2020), consistent with our results.

Furthermore, we observed a higher abundance of Firmicutes
and Proteobacteria, and a lower abundance of Actinobacteria
in the LAB treatment groups when compared with the control
group. These results agreed with a recent study showing relative
abundances of Firmicutes and rearing temperature have negative
associations in rainbow trout (Oncorhynchus mykiss) (Huyben
et al., 2018). Moreover, a previous study has shown that many of
the compositional changes in the fish gut microbiota in response
to temperature change that have been observed are driven by
shifts in the relative abundances of Proteobacteria lineages in
all fish species (Sepulveda and Moeller, 2020). For instance, the
intestinal microflora of yellowtail kingfish (Seriola lalandi) found
that increasing temperatures were associated with shifts in the
relative abundances of Gammaproteobacteria lineages (Soriano
et al., 2018). Similar shifts in Gammaproteobacteria abundances
have been observed in salmon (Salmo salar). In addition, it
was found that increasing temperatures were associated with
decreases in the relative abundances of Acinetobacter, consistent
with our results (Neuman et al., 2016). Additionally, the gram-
positive bacteria phyla Actinobacteria in mice decreases after
probiotic feeding with a high-fat diet (Azad et al., 2018; Liang
etal,, 2019). It is evident that LAB diet plays an important role in
maintaining the intestinal microflora ecosystem in crucian carp
under the water temperature decrease.

Furthermore, at the genus level, Cetobacteria, Lactobacillus,
and Aeromonas increased in the HT and HL groups. In
particular, the Lactobacillus in HT group increased the
most, and compared with the HC group, Acinetobacter,
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Burkholderia, and Aurantimicrobium decreased in the HT and
HL groups. According to previous reports, the gut microbiota
in freshwater fish species is enriched with members of the
family enterobacteriaceae representatives, including of the
genera Pseudomonas, Flavobacterium, Aeromonas, Acinetobacter,
and obligate anaerobic bacteria of the genera Fusobacterium,
Clostridium, and Bacteroides (Gomez and Balcazar, 2008).
Moreover, various species of LAB have also been proven
to comprise part of this microbiota (Ringo and Gatesoupe,
1998; Balcazar et al, 2007), which is consistent with our
results. Our study agrees with what was described by Shi et al.
(2020b) over the 12-week trial period. Although the microbial
diversity decreased of all treatments, the microbial community
structure converged among treatments. Accordingly, these
data suggested that the crucian carp feed with or without
LAB affected the proportion of bacteria in the intestine,
and the dominant bacteria in the LAB treated group tended
to be evenly distributed and tended toward healthy levels.
In conclusion, LAB for the feed additives can change the
intestinal microbiota of crucian carp by regulating the balance of
intestinal microbial ecosystem structure under the condition of
temperature change.

In the fish immune system, cytokines play an important
role. In particular, several studies showed that LAB and
other probiotics can electively regulate the expression of
proinflammatory and inflammatory cytokines including tumor
necrosis factor (TNF)-a, interleukin IL-6, IL-1f8, IL-10, and
interferon (IFN)-y which are commonly used as reference
genes in immunomodulatory studies (Galindo-Villegas et al.,
2012; Ashraf et al, 2014; Angela et al, 2020). On the
other hand, immunomodulatory effects of LAB as a feed
additive have recently received increasing attention as potential
selection parameters for probiotics (Feng et al., 2016, 2019
Giri et al, 2016). In the present study, dietary LAB showed
anti-inflammatory effects on the intestine of fish via decreasing
the concentration of pro-inflammatory cytokines TNF-a and
IL-1B, especially in the HT group. Our results showed that
dietary LAB could decrease the concentration of TNF-a and
IL-1B, which were consistent with that of Ou et al. (2019). It
was reported that TNF-a and IL-1p enhance the inflammatory
response by promoting the recruitment and activation of
other inflammatory factors, thereby increasing the production
and release of inflammatory mediators (Sanchez-Munoz et al.,
2008). In this study, IL-6 was increased in the HT and
HL groups. These differences of proinflammatory cytokines
can be influenced by intestinal microbiota. It is well known
that anti-inflammatory cytokines play an important role in
maintaining immune homeostasis and preventing damage to
host tissues by limiting pathogen activity (Iyer and Cheng,
2012). Interleukin IL-10 is a representative anti-inflammatory
cytokine and is generally studied as a cytokine to identify
immunoregulatory mechanisms (Jang et al.,, 2020). IL-10 was
increased only in the HL group, which indicated that this
group had a better immune balance. The results were in
agreement with the previous studies on juvenile olive flounder
(Paralichthys olivaceus) (Jang et al., 2020). INF- y is one of
the most important interferons in fish immunity (Zou and

Secombes, 2011; Shukry et al., 2021). Heat shock protein 70
(HSP-70) is a stress marker in aquatic animals (Lindquist
and Craig, 1988; Iwama et al, 1999; Shukry et al., 2021).
In our study, there was no significant difference in INF-y
concentration among the groups, and HSP-70 was decreased in
the HT and HL groups compared with the control group. In
a similar sense, the mRNA expression levels of HSP-70 were
increased of the Nile tilapia when exposed to toxicants and
stressors (Abdel-Latif et al., 2021a,b). Additionally, previous
research revealed that probiotics Clostridium butyricum could
similarly increase the expression of the IL-10 and HSP-70 in
weaning rex rabbits (Liu et al., 2019) and colon cancer HT-
29 cells (Andriamihaja et al, 2009; Meng et al., 2021). In
conclusion, these results suggest that the addition of LAB
to the diet can stimulate the intestinal immune reaction of
crucian carp. However, in aquaculture, the effects of dietary
supplementation of probiotics on cytokines have been extensively
studied, but results and expression levels have been inconsistent
among many reports. For example, dietary L. casei BL23 could
significantly increase the survival rate of zebrafish against
A. hydrophila by enhancing the levels of anti-inflammatory
cytokine IL-10 and pro-inflammatory cytokines IL-18 and
TNF-a at mRNA levels (Qin et al.,, 2018). Qin et al. (2014)
demonstrated that the dietary oligochitosan could significantly
improve the growth performance and enhance in resistance
against A. hydrophila of tilapia (Oreochromis niloticus) by
reducing the levels of mRNAs encoding the stress-response
HSP-70 and the pro-inflammatory protein TNF-o, while the
diets increased the pro-inflammatory protein TNF- (Shi et al.,
2020a). Moreover, Shi et al. (2020b) showed that grass carp
treated with the probiotic B. subtilis H2 revealed a significantly
improved immune response in terms of upregulated mRNA
levels of inflammatory cytokines IL-11, TNF-a, and IL-8. These
inconsistent results could be manipulated by a number of factors,
such as the water environment factors, the health status of
animals, and the usage mode, dosage, and time of applying
the probiotics. Hence, further research needs to be done to
investigate the mechanisms by which probiotics are added to
regulate animal health.

The activity and composition of intestinal microbiota
influences intestinal environments, and therefore cytokines
profiles in intestinal content (Liu et al., 2013) which exert vital
influence on intestinal health. These cytokines may contribute to
the regulation immune response and maintenance of homeostasis
of the immune system, enhancement of host defense mechanism
against bacteria and fungi (Siddik et al, 2020), lysozyme
synthesis, and bactericidal activities (Giri et al., 2015). For
example, Jang et al. (2020) reported that probiotics inspired pro-
inflammatory responses by promoting proinflammatory (TNE-
a, IL-6, and IL-1f) and anti-inflammatory cytokine (IL-10)
production. Additionally, probiotic supplementation changed
the expression levels of proinflammatory (Hasan et al., 2018)
and anti-inflammatory cytokines (Iyer and Cheng, 2012) in fish
in previous studies. In our study, due to changes in cytokine
levels and bacterial abundance at the genus level, correlations
between bacterial abundance and cytokines in different intestinal
conditions varied.
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CONCLUSION

The probiotics, L. lactis 1,209 and L. lactis 1,242, showed
the ability to adjust the composition of intestinal microbiota,
stimulate secretes cytokines, and improve the survival rate and
disease resistance against A. hydrophila in the crucian carp.
In the present study, high-throughput analysis was used to
investigate the dynamic changes of intestinal bacterial diversity
under water temperature change and demonstrate beneficial
effects of dietary LAB in gut compartments of crucian carp.
Due to the limited information of LAB usage in crucian carp,
whether dietary LAB alters the balance of intestinal microbes
under water temperature change and affect host mortality
and the mechanisms of immune response remains unknown.
Therefore, further investigations are needed to reveal the detailed
mechanisms of growth promotion and immune enhancement in
crucian carp under water temperature change.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.nlm.
nih.gov/, PRINA788362.

REFERENCES

Abdel-Latif, H. M. R.,, Dawood, M. A. O., Mahmoud, S. F., Shukry, M,
Noreldin, A. E., Ghetas, H. A,, et al. (2021a). Copper oxide nanoparticles alter
serum biochemical indices, induce histopathological alterations, and modulate
transcription of cytokines, HSP70, and oxidative stress genes in Oreochromis
niloticus. Animals 11:652. doi: 10.3390/ani11030652

Abdel-Latif, H. M. R, Shukry, M., El Euony, O. L, Soliman, M. M., Noreldin,
A. E, Ghetas, H. A,, et al. (2021b). Hazardous effects of SiO2 nanoparticles on
liver and kidney functions, histopathology characteristics, and transcriptomic
responses in Nile tilapia (Oreochromis niloticus) Juveniles. Biology 10:183. doi:
10.3390/biology10030183

Akhter, N., Wu, B., Memon, A. M., and Mohsin, M. (2015). Probiotics and
prebiotics associated with aquaculture: a review. Fish Shellfish Immunol. 45,
733-741. doi: 10.1016/j.£si.2015.05.038

Andriamihaja, M., Chaumontet, C., Tome, D., and Blachier, F. (2009). Butyrate
metabolism in human colon carcinoma cells: implications concerning its
growth-inhibitory effect. J. Cell. Physiol. 218, 58-65. doi: 10.1002/jcp.
21556

Angela, C., Wang, W., Lyu, H.,, Zhou, Y., and Huang, X. (2020). The effect of dietary
supplementation of Astragalus membranaceus and Bupleurum chinense on the
growth performance, immune-related enzyme activities and genes expression
in white shrimp, Litopenaeus vannamei. Fish Shellfish Immunol. 107, 379-384.
doi: 10.1016/j.£51.2020.10.014

Ashouri, G., Soofiani, N. M., Hoseinifar, S. H., Jalali, S. A. H., Morshedi,
V., Valinassab, T., et al. (2020). Influence of dietary sodium alginate and
Pediococcus acidilactici on liver antioxidant status, intestinal lysozyme gene
expression, histomorphology, microbiota, and digestive enzymes activity, in
Asian sea bass (Lates calcarifer) juveniles. Aquaculture 518:734638. doi: 10.
1016/j.aquaculture.2019.734638

Ashraf, R., Vasiljevic, T., Day, S. L., Smith, S. C., and Donkor, O. N. (2014). Lactic
acid bacteria and probiotic organisms induce different cytokine profile and
regulatory T cells mechanisms. J. Funct. Foods 6, 395-409. doi: 10.1016/jjfF.
2013.11.006

Azad, M. A,, Sarker, M., Li, T. J,, and Yin, J. (2018). Probiotic species in the
modulation of gut microbiota: an overview. Biomed. Res. Int. 2018:9478630.
doi: 10.1155/2018/9478630

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee at Zhengzhou University,
Zhengzhou, China.

AUTHOR CONTRIBUTIONS

ZT designed the experiments. LX performed the investigation. YL
carried out the experiments. YL, KZ, YM, MW, and YG analyzed
the experimental results. YW, HP, and ZT interpreted the data.
YL and HL wrote and edited the manuscript. All authors have
read and agreed to the published version of the manuscript.

FUNDING

This research was supported by Xining Key R&D and
Transformation Project (2020-M-15), the third batch of “555
Talent Introduction and Gathering Project” flexible introduction
of class II talents in Xining, Science Foundation of Henan
University of Technology (2019BS012), and the Postdoctoral
Fund of Henan University of Technology and Lotus Health
Industry Group Co., Ltd., (51001251).

Bachruddin, M., Sholichah, M., Istiqomah, S., and Supriyanto, A. (2018). Effect
of probiotic culture water on growth, mortality, and feed conversion ratio of
Vaname shrimp (Litopenaeus vannamei Boone). IOP Conf. Ser. 137:012036.
doi: 10.1088/1755-1315/137/1/012036

Balcazar, J. L., de Blas, 1., Ruiz-Zarzuela, 1., Vendrell, D., Girones, O., and
Muzquiz, J. L. (2007). Sequencing of variable regions of the 16S rRNA gene
for identification of lactic acid bacteria isolated from the intestinal microbiota
of healthy salmonids. Comp. Immunol. Microbiol. Infect. Dis. 30, 111-118.
doi: 10.1016/j.cimid.2006.12.001

Busti, S., Rossi, B., Volpe, E., Ciulli, S., Piva, A., D’Amico, F., et al. (2020). Effects
of dietary organic acids and nature identical compounds on growth, immune
parameters and gut microbiota of European sea bass. Sci. Rep. 10:21321. doi:
10.1038/541598-020-78441-9

Butt, R. L., and Volkoff, H. (2019). Gut microbiota and energy homeostasis in fish.
Front. Endocrinol. 10:9. doi: 10.3389/fendo.2019.00009

Claudia, R., Serra, A., Enes, O. Paula, and Tavares, F. (2021). Gut microbiota
dynamics in carnivorous European seabass (Dicentrarchus labrax) fed
plantbased diets. Sci. Rep. 11:447. doi: 10.1038/s41598-020-80138-y

Cui, D., Zhang, P, Li, H. P., Zhang, Z. X,, Luo, W. B,, and Yang, Z. G.
(2020). Biotransformation of dietary inorganic arsenic in a freshwater fish
Carassius auratus and the unique association between arsenic dimethylation
and oxidative damage. J. Hazard Mater. 391:122153. doi: 10.1016/j.jhazmat.
2020.122153

Cui, M., Zhang, B., Xu, Z., Zhang, M., Zhang, Z., Chen, J., et al. (2018). Screening
of Probiotic LAB from G. przewalskii Intestinal. J. Chin. Inst. Food Sci. Technol.
18, 141-147. doi: 10.16429/j.1009-7848.2018.02.018

Dawood, M. A. O., Koshio, S., and Esteban, M. A (2018). Beneficial roles of
feed additives as immunostimulants in aquaculture: a review. Rev. Aquac. 10,
950-974. doi: 10.1111/raq.12209

Du, H., Xiong, S., Lv, H., Zhao, S., and Manyande, A. (2021). Comprehensive
analysis of transcriptomics and metabolomics to understand the flesh quality
regulation of crucian carp (Carassius auratus) treated with short term micro-
flowing water system. Food Res. Int. 147:110519.

Fan, Y., Wang, X. L., Wang, Y. H,, Liu, H. J, Yu, X. Q,, Li, L., et al. (2021).
Potential effects of dietary probiotics with Chinese herb polysaccharides on the
growth performance, immunity, disease resistance, and intestinal microbiota of
rainbow trout (Oncorhynchus mykiss). J. World Aquac. Soc. 52, 1194-1208.

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 847167


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.3390/ani11030652
https://doi.org/10.3390/biology10030183
https://doi.org/10.3390/biology10030183
https://doi.org/10.1016/j.fsi.2015.05.038
https://doi.org/10.1002/jcp.21556
https://doi.org/10.1002/jcp.21556
https://doi.org/10.1016/j.fsi.2020.10.014
https://doi.org/10.1016/j.aquaculture.2019.734638
https://doi.org/10.1016/j.aquaculture.2019.734638
https://doi.org/10.1016/j.jff.2013.11.006
https://doi.org/10.1016/j.jff.2013.11.006
https://doi.org/10.1155/2018/9478630
https://doi.org/10.1088/1755-1315/137/1/012036
https://doi.org/10.1016/j.cimid.2006.12.001
https://doi.org/10.1038/s41598-020-78441-9
https://doi.org/10.1038/s41598-020-78441-9
https://doi.org/10.3389/fendo.2019.00009
https://doi.org/10.1038/s41598-020-80138-y
https://doi.org/10.1016/j.jhazmat.2020.122153
https://doi.org/10.1016/j.jhazmat.2020.122153
https://doi.org/10.16429/j.1009-7848.2018.02.018
https://doi.org/10.1111/raq.12209
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Liu et al.

L. lactis Modulates Gut Microbiota

FAO (2020). The State of World Fisheries and Aquaculture 2020. Rome: Food and
Agriculture Organization of the United Nation. doi: 10.4046/ca9229en

Feng, J., Chang, X., Zhang, Y., Yan, X,, Zhang, J., and Nie, G. (2019). Effects of
Lactococcus lactis from Cyprinus carpio L. as probiotics on growth performance,
innate immune response and disease resistance against Aeromonas hydrophila.
Fish Shellfish Immunol. 93, 73-81. doi: 10.1016/j.£51.2019.07.028

Feng, J., Wang, L., Zhou, L., Yang, X., and Zhao, X. (2016). Using In Vitro
immunomodulatory properties of lactic acid bacteria for selection of probiotics
against Salmonella infection in broiler chicks. PLoS One 11:¢0147630. doi: 10.
1371/journal.pone.0147630

Galindo-Villegas, J., Garcia-Moreno, D., de Oliveira, S., Meseguer, J., and Mulero,
V. (2012). Regulation of immunity and disease resistance by commensal
microbes and chromatin modifications during zebrafish development. Proc.
Natl. Acad. Sci. U. S. A. 109, E2605-E2614. doi: 10.1073/pnas.1209920109

Gao, S., Pan, L. Q., Huang, F., Song, M. S., Tian, C. C., and Zhang, M. Y. (2019).
Metagenomic insights into the structure and function of intestinal microbiota
of the farmed Pacific white shrimp (Litopenaeus vannamei). Aquaculture 499,
109-118. doi: 10.1016/j.aquaculture.2018.09.026

Giri, S. S., Sen, S. S., Chi, C.,, Kim, H. J., Yun, S., Park, S. C,, et al. (2015). Effect
of cellular products of potential probiotic bacteria on the immune response of
Labeo rohita and susceptibility to Aeromonas hydrophila infection. Fish Shellfish
Immunol. 46, 716-722. doi: 10.1016/j.£51.2015.08.012

Giri, S. S., Sen, S. S., Jun, J. W., Park, S. C., and Sukumaran, V. (2016). Heat-killed
whole-cell products of the probiotic Pseudomonas aeruginosa VSG2 strain affect
in vitro cytokine expression in head kidney macrophages of Labeo rohita. Fish
Shellfish Immunol. 50, 310-316. doi: 10.1016/j.£51.2016.02.007

Gomez, G. D., and Balcazar, J. L. (2008). A review on the interactions between gut
microbiota and innate immunity of fish. Fems Immunol. Med. Mic. 52, 145-154.
doi: 10.1111/§.1574-695X.2007.00343.x

Hasan, M. T., Jang, W. J., Kim, H., Lee, B. J., Kim, K. W., Hur, S. W., et al. (2018).
Synergistic effects of dietary Bacillus sp. SJ-10 plus beta-glucooligosaccharides
as a synbiotic on growth performance, innate immunity and streptococcosis
resistance in olive flounder (Paralichthys olivaceus). Fish Shellfish Immunol. 82,
544-553. doi: 10.1016/;.£s1.2018.09.002

Huyben, D., Sun, L., Moccia, R., Kiessling, A., Dicksved, J., and Lundh, T. (2018).
Dietary live yeast and increased water temperature influence the gut microbiota
of rainbow trout. J. Appl. Microbiol. 124, 1377-1392. doi: 10.1111/jam.13738

Ibarz, A., Padros, F., Gallardo, M. A., Fernandez-Borras, J., Blasco, J., and Tort,
L. (2010). Low-temperature challenges to gilthead sea bream culture: review
of cold-induced alterations and *Winter Syndrome’. Rev. Fish Biol. Fish. 20,
539-556. doi: 10.1007/s11160-010-9159-5

Iribarren, D., Daga, P., Moreira, M. T., and Feijoo, G. (2012). Potential
environmental effects of probiotics used in aquaculture. Aquac. Int. 20, 779-
789. doi: 10.1007/510499-012-9502-z

Iwama, G. K., Vijayan, M. M., Forsyth, R. B., and Ackerman, P. A. (1999). Heat
shock proteins and physiological stress in fish. Am. Zool. 39, 901-909. doi:
10.1093/icb/39.6.901

Iyer, S. S., and Cheng, G. H. (2012). Role of interleukin 10 transcriptional
regulation in inflammation and autoimmune disease. Crit. Rev. Immunol. 32,
23-63. doi: 10.1615/CritReviImmunol.v32.i1.30

Jang, W. ., Hasan, M. T, Lee, B.-]., Hur, S. W., Lee, S., Kim, K. W,, et al. (2020).
Effect of dietary differences on changes of intestinal microbiota and immune-
related gene expression in juvenile olive flounder (Paralichthys olivaceus).
Aquaculture 527:735442. doi: 10.1016/j.aquaculture.2020.735442

Kim, D., Beck, B. R,, Heo, S. B., Kim, J., Kim, H. D., Lee, S. M., et al. (2013).
Lactococcus lactis BEE920 activates the innate immune system of olive flounder
(Paralichthys olivaceus), resulting in protection against Streptococcus iniae
infection and enhancing feed efficiency and weight gain in large-scale field
studies. Fish Shellfish Immunol. 35, 1585-1590. doi: 10.1016/j.£51.2013.09.008

Kishawy, A. T. Y., Sewid, A. H., Nada, H. S., Kamel, M. A, El-Mandrawy, S. A. M.,
Abdelhakim, T. M. N,, et al. (2020). Mannanoligosaccharides as a carbon source
in biofloc boost dietary plant protein and water quality, growth, immunity
and Aeromonas hydrophila resistance in Nile tilapia (Oreochromis niloticus).
Animals 10:1724. doi: 10.3390/ani10101724

LeBlang, J. G., Chain, F., Martin, R., Bermudez-Humaran, L. G., Courau, S., and
Langella, P. (2017). Beneficial effects on host energy metabolism of short-
chain fatty acids and vitamins produced by commensal and probiotic bacteria.
Microb. Cell Fact. 16:79. doi: 10.1186/512934-017-0691-z

Li, Z., Wang, Z. W., Wang, Y., and Gui, F. (2018). Crucian Carp and Gibel Carp
Culture-Aquaculture in China: Success Stories and Modern Trends. New York,
NY: John Wiley & Sons Ltd.

Liang, Y. J., Liang, S., Zhang, Y. P., Deng, Y. ], He, Y. F, Chen, Y. N,,
et al. (2019). Oral administration of compound probiotics ameliorates HFD-
induced gut microbe dysbiosis and chronic metabolic inflammation via the G
protein-coupled receptor 43 in non-alcoholic fatty liver disease rats. Probiotics
Antimicrob. Proteins 11, 175-185. doi: 10.1007/s12602-017-9378-3

Lindquist, S., and Craig, E. A. (1988). The heat-shock proteins. Annu. Rev. Genet.
22, 631-677. doi: 10.1146/annurev.ge.22.120188.003215

Liu, H., Guo, X. W., Gooneratne, R,, Lai, R. F., Zeng, C., Zhan, F. B, et al. (2016).
The gut microbiome and degradation enzyme activity of wild freshwater fishes
influenced by their trophic levels. Sci. Rep. 6:24340. doi: 10.1038/srep24340

Liu, L., Zeng, D., Yang, M. Y., Wen, B,, Lai, J., Zhou, Y., et al. (2019). Probiotic
Clostridium butyricum improves the growth performance, immune function,
and gut microbiota of weaning rex rabbits. Probiotics Antimicrob. Proteins 11,
1278-1292. doi: 10.1007/s12602-018-9476-x

Liu, W. S, Ren, P. F,, He, S. X,, Xu, L., Yang, Y. L., Gu, Z. M,, et al. (2013).
Comparison of adhesive gut bacteria composition, immunity, and disease
resistance in juvenile hybrid tilapia fed two different Lactobacillus strains. Fish
Shellfish Immunol. 35, 54-62. doi: 10.1016/j.£51.2013.04.010

Liu, W.S,, Yang, Y. O., Zhang, J. L., Gatlin, D. M., Ringo, E., and Zhou, Z. G. (2014).
Effects of dietary microencapsulated sodium butyrate on growth, intestinal
mucosal morphology, immune response and adhesive bacteria in juvenile
common carp (Cyprinus carpio) pre-fed with or without oxidised oil. Br. J. Nutr.
112, 15-29. doi: 10.1017/S0007114514000610

Loh, J. Y., Chan, H. K,, Yam, H. C, In, L. L. A, and Lim, C. S. Y. (2019). An
overview of the immunomodulatory effects exerted by probiotics and prebiotics
in grouper fish. Aquac. Int. 28, 729-750. doi: 10.1007/s10499-019-00491-2

Luo, S. W., Xiong, N. X,, Luo, Z. Y., Fan, L. F., Luo, K. K., Mao, Z. W, et al. (2021). A
novel NK-lysin in hybrid crucian carp can exhibit cytotoxic activity in fish cells
and confer protection against Aeromonas hydrophila infection in comparison
with Carassius cuvieri and Carassius auratus red var. Fish Shellfish Immunol.
116, 1-11. doi: 10.1016/j.£51.2021.06.015

Mateus, A. P., Costa, R., Gisbert, E., Pinto, P. I. S., Andree, K. B., Estevez, A., et al.
(2017). Thermal imprinting modifies bone homeostasis in cold-challenged sea
bream (Sparus aurata). J. Exp. Biol. 220, 3442-3454. doi: 10.1242/jeb.156174

Meng, X., Wu, S., Hu, W,, Zhu, Z,, Yang, G., Zhang, Y., et al. (2021). Clostridium
butyricum improves immune responses and remodels the intestinal microbiota
of common carp (Cyprinus carpio L.). Aquaculture 530:735753. doi: 10.1016/j.
aquaculture.2020.735753

Meng, X. L., Hu, W. P,, Wu, S. K,, Zhu, Z. X,, Lu, R. H,, Yang, G. K,, et al. (2019).
Chinese yam peel enhances the immunity of the common carp (Cyprinus
carpio L.) by improving the gut defence barrier and modulating the intestinal
microflora. Fish Shellfish Immunol. 95, 528-537. doi: 10.1016/j.£51.2019.10.066

Mente, E., Gannon, A. T., Nikouli, E., Hammer, H., and Kormas, K. A. (2016).
Gut microbial communities associated with the molting stages of the giant
freshwater prawn Macrobrachium rosenbergii. Aquaculture 463, 181-188.

Mohammadian, T., Alishahi, M., Tabandeh, M. R., Ghorbanpoor, M., Gharibi,
D., Tollabi, M., et al. (2016). Probiotic effects of Lactobacillus plantarum and
L-delbrueckii ssp bulguricus on some immune-related parameters in Barbus
grypus. Aquac. Int. 24, 225-242. doi: 10.1007/s10499-015-9921-8

Mosca, F., Ciulli, S., Volpatti, D., Romano, N., Volpe, E., Bulfon, C., et al.
(2014). Defensive response of European sea bass (Dicentrarchus labrax)
against Listonella anguillarum or Photobacterium damselae subsp piscicida
experimental infection. Vet. Immunol. Immunopathol. 162, 83-95.

Neuman, C., Hatje, E., Zarkasi, K. Z., Smullen, R., Bowman, J. P., and Katouli,
M. (2016). The effect of diet and environmental temperature on the faecal
microbiota of farmed Tasmanian Atlantic Salmon (Salmo salar L.). Aquac. Res.
47, 660-672. doi: 10.1111/are.12522

Nie, P. Q,, Li, Z. Q.,, Wang, Y. M., Zhang, Y. B., Zhao, M. N,, Luo, J., et al. (2019).
Gut microbiome interventions in human health and diseases. Med. Res. Rev. 39,
2286-2313. doi: 10.1002/med.21584

Niu, J., Xie, S. W., Fang, H. H, Xie, J. J., Guo, T. Y., Zhang, Y. M., et al.
(2018). Dietary values of macroalgae Porphyra haitanensis in Litopenaeus
vannamei under normal rearing and WSSV challenge conditions: effect on
growth, immune response and intestinal microbiota. Fish Shellfish Immunol.
81, 135-149. doi: 10.1016/;.£51.2018.06.010

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 847167


https://doi.org/10.4046/ca9229en
https://doi.org/10.1016/j.fsi.2019.07.028
https://doi.org/10.1371/journal.pone.0147630
https://doi.org/10.1371/journal.pone.0147630
https://doi.org/10.1073/pnas.1209920109
https://doi.org/10.1016/j.aquaculture.2018.09.026
https://doi.org/10.1016/j.fsi.2015.08.012
https://doi.org/10.1016/j.fsi.2016.02.007
https://doi.org/10.1111/j.1574-695X.2007.00343.x
https://doi.org/10.1016/j.fsi.2018.09.002
https://doi.org/10.1111/jam.13738
https://doi.org/10.1007/s11160-010-9159-5
https://doi.org/10.1007/s10499-012-9502-z
https://doi.org/10.1093/icb/39.6.901
https://doi.org/10.1093/icb/39.6.901
https://doi.org/10.1615/CritRevImmunol.v32.i1.30
https://doi.org/10.1016/j.aquaculture.2020.735442
https://doi.org/10.1016/j.fsi.2013.09.008
https://doi.org/10.3390/ani10101724
https://doi.org/10.1186/s12934-017-0691-z
https://doi.org/10.1007/s12602-017-9378-3
https://doi.org/10.1146/annurev.ge.22.120188.003215
https://doi.org/10.1038/srep24340
https://doi.org/10.1007/s12602-018-9476-x
https://doi.org/10.1016/j.fsi.2013.04.010
https://doi.org/10.1017/S0007114514000610
https://doi.org/10.1007/s10499-019-00491-2
https://doi.org/10.1016/j.fsi.2021.06.015
https://doi.org/10.1242/jeb.156174
https://doi.org/10.1016/j.aquaculture.2020.735753
https://doi.org/10.1016/j.aquaculture.2020.735753
https://doi.org/10.1016/j.fsi.2019.10.066
https://doi.org/10.1007/s10499-015-9921-8
https://doi.org/10.1111/are.12522
https://doi.org/10.1002/med.21584
https://doi.org/10.1016/j.fsi.2018.06.010
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Liu et al.

L. lactis Modulates Gut Microbiota

Ou, W. H,, Hu, H. B, Yang, P, Dai, J. H,, Ai, Q. H., Zhang, W. B, et al.
(2019). Dietary daidzein improved intestinal health of juvenile turbot in terms
of intestinal mucosal barrier function and intestinal microbiota. Fish Shellfish
Immunol. 94, 132-141. doi: 10.1016/.£51.2019.08.059

Pai-Po, L., Lin, Y. H., Chen, M. C,, and Cheng, W. T. (2017). Dietary administration
of sodium alginate ameliorated stress and promoted immune resistance of
grouper Epinephelus coioides under cold stress. Fish Shellfish Immun. 65, 127-
135. doi: 10.1016/j.51.2017.04.007

Pelusio, N. F., Scicchitano, D., Parma, L., Dondi, F., Brini, E., D’Amico, F,,
et al. (2021). Interaction between dietary lipid level and seasonal temperature
changes in gilthead sea bream Sparus aurata: effects on growth, fat deposition,
plasma biochemistry, digestive enzyme activity, and gut bacterial community.
Front. Mar. Sci. 8:664701. doi: 10.3389/fmars.2021.664701

Qi, Z. H,, Zhang, Y. H., Chen, Z. F., Yang, C., Song, Y. Y., Liao, X. L., et al.
(2020). Chemical identity and cardiovascular toxicity of hydrophobic organic
components in PM2.5. Ecotoxicol. Environ. Saf. 201:110827.

Qin, C,, Zhang, Y., Liu, W., Xu, L,, Yang, Y., and Zhou, Z. (2014). Effects of chito-
oligosaccharides supplementation on growth performance, intestinal cytokine
expression, autochthonous gut bacteria and disease resistance in hybrid tilapia
Oreochromis niloticus female symbol x Oreochromis aureus male symbol. Fish
Shellfish Immunol. 40, 267-274. doi: 10.1016/j.£51.2014.07.010

Qin, C. B, Xie, Y. D., Wang, Y. B, Li, S. N,, Ran, C,, He, S. X,, et al. (2018). Impact
of Lactobacillus casei BL23 on the host transcriptome, growth and disease
resistance in larval zebrafish. Front. Physiol. 9:1245.

Ringo, E., and Gatesoupe, F. J. (1998). Lactic acid bacteria in fish: a review.
Aquaculture 160, 177-203. doi: 10.1016/s0044-8486(97)00299- 8

Ringo, E., Hoseinifar, S. H., Ghosh, K., Van Doan, H., Becks, B. R., and Song, S. K.
(2018). Lactic Acid Bacteria in finfish-an update. Front. Microbiol. 9:1818.

Ringo, E., Van Doan, H., Lee, S. H., Soltani, M., Hoseinifar, S. H., Harikrishnan,
R, et al. (2020). Probiotics, lactic acid bacteria and bacilli: interesting
supplementation for aquaculture. . Appl. Microbiol. 129, 116-136. doi: 10.1111/
jam.14628

Sanchez-Munoz, F., Dominguez-Lopez, A., and Yamamoto-Furusho, J. K. (2008).
Role of cytokines in inflammatory bowel disease. World J. Gastroenterol. 14,
4280-4288. doi: 10.3748/wjg.14.4280

Sénchez-Nuino, S., Eroldogan, O. T., Sanahuja, I., Ozsahinoglu, I, Blasco, J.,
Fernandez-Borras, J., et al. (2018a). Cold-induced growth arrest in gilthead sea
bream Sparus aurata: metabolic reorganisation and recovery. Aquac. Environ.
Interact. 10, 511-528. doi: 10.3354/aei00286

Sédnchez-Nuno, S., Sanahuja, I, Fernandez-Alacid, L., Ordonez-Grande, B.,
Fontanillas, R., Fernandez-Borras, J., et al. (2018b). Redox challenge in a
cultured temperate marine species during low temperature and temperature
recovery. Front. Physiol. 9:923. doi: 10.3389/fphys.2018.00923

Sepulveda, J., and Moeller, A. H. (2020). The effects of temperature on animal gut
microbiomes. Front. Microbiol. 11:384. doi: 10.3389/fmicb.2020.00384

Shi, F., Qiu, X, Nie, L., Hu, L., Babu, V. S, Lin, Q., et al. (2020a). Effects of
oligochitosan on the growth, immune responses and gut microbes of tilapia
(Oreochromis niloticus). Fish Shellfish Immunol. 106, 563-573. doi: 10.1016/j.
£51.2020.07.049

Shi, F., Zi, Y., Lu, Z,, Li, F,, Yang, M., Zhan, F., et al. (2020b). Bacillus subtilis
H2 modulates immune response, fat metabolism and bacterial flora in the gut
of grass carp (Ctenopharyngodon idellus). Fish Shellfish Immunol. 106, 8-20.
doi: 10.1016/j.£51.2020.06.06 1

Shukry, M., Abd El-Kader, M. F., Hendam, B. M., Dawood, M. A. O., Farrag, F. A,
Aboelenin, S. M., et al. (2021). Dietary Aspergillus oryzae modulates serum
biochemical indices, immune responses, oxidative stress, and transcription of
HSP70 and cytokine genes in nile tilapia exposed to salinity stress. Animals
11:1621. doi: 10.3390/anil11061621

Siddik, M. A. B, Fotedar, R., Chaklader, M. R., Foysal, M. J., Nahar, A., and
Howieson, J. (2020). Fermented animal source protein as substitution of
fishmeal on intestinal microbiota, immune-related cytokines and resistance to
Vibrio mimicus in freshwater crayfish (Cherax cainii). Front. Physiol. 10:1635.
doi: 10.3389/fphys.2019.01635

Soriano, E. L., Ramirez, D. T., Araujo, D. R., Gomez-Gil, B., Castro, L. I., and
Sanchez, C. G. (2018). Effect of temperature and dietary lipid proportion on
gut microbiota in yellowtail kingfish Seriola lalandi juveniles. Aquaculture 497,
269-277. doi: 10.1016/j.aquaculture.2018.07.065

Sun, Y. Z., Yang, H. L., Ma, R. L,, and Lin, W. Y. (2010). Probiotic applications
of two dominant gut Bacillus strains with antagonistic activity improved the
growth performance and immune responses of grouper Epinephelus coioides.
Fish Shellfish Immunol. 29, 803-809. doi: 10.1016/j.£51.2010.07.018

Volkoff, H. (2019). Fish as models for understanding the vertebrate endocrine
regulation of feeding and weight. Mol. Cell. Endocrinol. 497:110437. doi: 10.
1016/j.mce.2019.04.017

Wang, X., Zhang, M., Wang, W., Lv, H., Zhang, H., Liu, Y., et al. (2020). The in vitro
effects of the probiotic strain, Lactobacillus casei ZX633 on gut microbiota
composition in infants with Diarrhea. Front. Cell Infect. Microbiol. 10:576185.

Wang, X. T, Sun, Y. X,, Wang, L. L, Li, X. Y., Qu, K. L,, and Xu, Y. P. (2017).
Synbiotic dietary supplement affects growth, immune responses and intestinal
microbiota of Apostichopus japonicus. Fish Shellfish Immunol. 68, 232-242.

Wolf, A. J., and Underhill, D. M. (2018). Peptidoglycan recognition by the innate
immune system. Nat. Rev. Immunol. 18, 243-254.

Wu, S.J. (2020). Dietary Astragalus membranaceus polysaccharide ameliorates the
growth performance and innate immunity of juvenile crucian carp (Carassius
auratus). Int. J. Biol. Macromol. 149, 877-881. doi: 10.1016/j.ijbiomac.2020.02.
005

Xia, Y., Cao, J. M., Wang, M., Lu, M. X,, Chen, G., Gao, F. Y., et al. (2019). Effects
of Lactococcus lactis subsp. lactis JCM5805 on colonization dynamics of gut
microbiota and regulation of immunity in early ontogenetic stages of tilapia.
Fish Shellfish Immunol. 86, 53-63. doi: 10.1016/j.idairyj.2018.05.014

Xia, Y., Lu, M., Chen, G., Cao, J., Gao, F., Wang, M., et al. (2018). Effects of
dietary Lactobacillus rhamnosus JCM1136 and Lactococcus lactis subsp. lactis
JCM5805 on the growth, intestinal microbiota, morphology, immune response
and disease resistance of juvenile Nile tilapia (Oreochromis niloticus). Fish
Shellfish Immunol. 76, 368-379. doi: 10.1016/j.£51.2018.03.020

Xia, Y., Yu, E., Lu, M, and Xie, J. (2020). Effects of probiotic supplementation on
gut microbiota as well as metabolite profiles within Nile tilapia (Oreochromis
niloticus). Aquaculture 527:735428. doi: 10.1016/j.aquaculture.2020.735428

Yang, L., Yuan, X, Li, J., Dong, Z., and Shao, T. (2019). Dynamics of microbial
community and fermentation quality during ensiling of sterile and nonsterile
alfalfa with or without Lactobacillus plantarum inoculant. Bioresour. Technol.
275, 280-287. doi: 10.1016/j.biortech.2018.12.067

Yu, X., Chen, L., Cui, W, Xing, B., Zhuang, X., and Zhang, G. (2018). Effects
of acute temperature and salinity changes, body length and starvation on the
critical swimming speed of juvenile tiger puffer, Takifugu rubripes. Fish Physiol.
Biochem. 44, 311-318. doi: 10.1007/s10695-017-0436-2

Yukgehnaish, K., Kumar, P., Sivachandran, P., Marimuthu, K., Arshad, A., Paray,
B. A, et al. (2020). Gut microbiota metagenomics in aquaculture: factors
influencing gut microbiome and its physiological role in fish. Rev. Aquac. 12,
1903-1927. doi: 10.1111/raq.12416

Zhou, M., Liang, R. S., Mo, J. F,, Yang, S., Gu, N., Wu, Z. H,, et al. (2018). Effects
of brewer’s yeast hydrolysate on the growth performance and the intestinal
bacterial diversity of largemouth bass (Micropterus salmoides). Aquaculture 484,
139-144. doi: 10.1016/j.aquaculture.2017.11.006

Zou, J., and Secombes, C. J. (2011). Teleost fish interferons and their role in
immunity. Dev. Comp. Immunol. 35, 1376-1387. doi: 10.1016/j.dci.2011.07.001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Liu, Lv, Xu, Zhang, Mei, Chen, Wang, Guan, Pang, Wang and Tan.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 847167


https://doi.org/10.1016/j.fsi.2019.08.059
https://doi.org/10.1016/j.fsi.2017.04.007
https://doi.org/10.3389/fmars.2021.664701
https://doi.org/10.1016/j.fsi.2014.07.010
https://doi.org/10.1016/s0044-8486(97)00299-8
https://doi.org/10.1111/jam.14628
https://doi.org/10.1111/jam.14628
https://doi.org/10.3748/wjg.14.4280
https://doi.org/10.3354/aei00286
https://doi.org/10.3389/fphys.2018.00923
https://doi.org/10.3389/fmicb.2020.00384
https://doi.org/10.1016/j.fsi.2020.07.049
https://doi.org/10.1016/j.fsi.2020.07.049
https://doi.org/10.1016/j.fsi.2020.06.061
https://doi.org/10.3390/ani11061621
https://doi.org/10.3389/fphys.2019.01635
https://doi.org/10.1016/j.aquaculture.2018.07.065
https://doi.org/10.1016/j.fsi.2010.07.018
https://doi.org/10.1016/j.mce.2019.04.017
https://doi.org/10.1016/j.mce.2019.04.017
https://doi.org/10.1016/j.ijbiomac.2020.02.005
https://doi.org/10.1016/j.ijbiomac.2020.02.005
https://doi.org/10.1016/j.idairyj.2018.05.014
https://doi.org/10.1016/j.fsi.2018.03.020
https://doi.org/10.1016/j.aquaculture.2020.735428
https://doi.org/10.1016/j.biortech.2018.12.067
https://doi.org/10.1007/s10695-017-0436-2
https://doi.org/10.1111/raq.12416
https://doi.org/10.1016/j.aquaculture.2017.11.006
https://doi.org/10.1016/j.dci.2011.07.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	The Effect of Dietary Lactic Acid Bacteria on Intestinal Microbiota and Immune Responses of Crucian Carp (Carassius auratus) Under Water Temperature Decrease
	Introduction
	Materials and Methods
	Experimental Design and Feeding Management
	Sample Collection
	High-Throughput Sequencing Analysis of Gut Microbiota
	Genomic DNA Extraction
	PCR Amplification
	Illumina High-Throughput Sequencing of Barcoded 16S rRNA Genes

	Immune-Related Cytokine Assays
	Challenge Test With Aeromonas hydrophila ATCC 7,966
	Statistical Analysis

	Results
	Mortality Rate
	Intestinal Microbiota Analyses
	Richness and Diversity
	Bacterial Composition Analysis of Intestinal Microbiota
	The Principal Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA)
	Analysis of Species Differences
	Assay of Immune-Related Cytokines Using ELISA
	The Relationship Between Immune-Related Cytokines and Gut Bacterial Communities
	Disease Resistance

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


