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The present study was conducted to evaluate the effect of dietary Silphium
perfoliatum L. on growth performance, immunity, intestinal health, and resistance
against Nocardia seriolae of largemouth bass. Four dietary concentrations of S.
perfoliatum L. were prepared: 0% (SPLO), 1% (SPL1), 2.5% (SPL2.5), and 5% (SPL5).
After 60 d feeding, a challenge test was conducted by injecting N. seriolae
intraperitoneally. The results showed that supplementing the diets with
S. perfoliatum L. could promote the weight gain rate, specific growth rate, and
feed intake. Meantime, S. perfoliatum L. could also enhance the activity of immune-
related enzymes and improve the expression of immune-related genes in the liver.
Compared to the control group, S. perfoliatum L. improved intestinal morphology
and reduced the abundance of harmful bacteria in intestinal microbiota.
Importantly, supplementing the diets with S. perfoliatum L. protected largemouth
bass from N. seriolae infection, resulting in a relative percent survival (RPS) of 24%
(SPL1), 31.99% (SPL2.5), and 43.99% (SPL5). In conclusion, the present study showed
that S. perfoliatum L. could boost growth performance, enhance immunity,
promote intestinal health, and improve the ability of largemouth bass against N.
seriolae infection.
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1 Introduction

Largemouth bass (Micropterus salmoides) is a freshwater
carnivorous teleost species, which is one of the main aquaculture
species in China (Habte-Tsion et al., 2020). The production of
largemouth bass reached about 0.8 million tons in 2022 (Hu et al.,
2023). In recent years, the disease of largemouth bass has become
increasingly serious, which brings huge economic losses to farmers
(Hoang et al., 2020; Lu et al., 2023).

Nocardia seriolae is a pathogeny of fish nocardiosis, causing
substantial morbidity in a wide range of fish species (Wang et al.,
2017). Tt was first discovered in cultured yellowtail (Seriola
quinqueradiata) in Japan (Kariya et al, 1968) and is known to
cause substantial morbidity across a wide range of fish species,
including Japanese sea bass (Lateolabrax japonicus) (Chen et al,
2000) and orange-spotted grouper (Epinephelus coioides) (Nguyen
et al., 2023). The clinical signs of nocardiosis include white nodules
in viscera, skin hyperemia, focal dermal ulcers. Nocardiosis has a
long course of the disease, and the disease is asymptomatic or
insignificant in initial stage, with a high morbidity and mortality,
affecting the economic viability of aquaculture (Nawaz et al., 2022).
There is an urgent need for safe and efficient strategies to control
disease caused by N. seriolae.

Natural plants are rich in active ingredients, including alkaloids,
flavonoids, pigments, phenols, terpenoids, steroids, and essential oils
(Citarasu, 2009). Adding plant additives to fish feed has been proven
to have a positive effect on fish farming, such as promoting growth,
stimulating appetite, stimulating immunity, regulating intestinal
microbiota, and antibacterial properties (Talpur, 2014; Du et al,
2023). For instance, Artemisia annua extract was used as a feed
additive to improve health and promote the growth performance of
fish (He et al., 2022). 2% fermented tea residue addition enhances the
resistance to bacteria, growth, and antioxidant capacity of
largemouth bass (Jiang et al, 2022). Dietary supplementation of
astaxanthin improved growth performance, antioxidant capacity,
and immunity of largemouth bass (Xie et al, 2020). Dietary
banana peel promotes the growth performance and enhances the
immunity of Labeo rohita (Giri et al., 2016). Dietary nutmeg
enhances the antioxidant and immune response of carp and also
protects carp from the attack of Aeromonas hydrophila (Rashidian
etal, 2022). Therefore, supplementing natural plant feed additives to
the feed might be beneficial for largemouth bass.

Silphium perfoliatum L. is native to North America and has
been through numerous generations of cultivation and
development. It has a wide range of adaptations, great resilience
to adversity, high grass yield, and high nutrition (Peni et al., 2022).
S. perfoliatum L. is rich in protein, amino acids, flavonoids, phenols,
polysaccharides, carotene, vitamin C, vitamin E, and superoxide
dismutase (Guo et al., 2020). Due to its high crude protein content,
which can reach 10% to 18% of dry weight, S. perfoliatum L. is
recommended as a potential source of livestock feed (Gansberger
et al,, 2015). In aquaculture, adding S. perfoliatum L. to the feed
improves the antioxidant capacity of juvenile Megalobrama
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amblycephala (Hu et al,, 2024). In addition, plants can also be
used to directly inhibit bacteria. For example, the leaf and root
extract of S. perfoliatum L. exhibits properties against both Gram-
positive bacteria (Enterococcus faecalis, Staphylococcus aureus) and
Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa)
(Kowalski and Kedzia, 2007). Therefore, S. perfoliatum L. as an ideal
product to reduce and replace antibiotics is very suitable for plant
feed additives.

This study aims to evaluate the effects of S. perfoliatum L. as a
plant feed additive on the immunity, intestinal health, and disease
resistance of largemouth bass. After adding 1%, 2.5%, and 5% S.
perfoliatum L. to the basic feed of largemouth bass for 60 days, we
investigated the immune-related enzyme activity, immune-related
gene expression, intestinal morphology, intestinal microbiota, and
resistance to N. seriolae infection in largemouth bass.

2 Materials and methods
2.1 Experimental diets and fish experiment

The basic feed was purchased from Wuxi Tongwei
Biotechnology (Jiangsu, China), which is consists of fish meal,
flour, soybean oil, soybean meal, minerals, trace elements, and
vitamins. Different proportions of S. perfoliatum L. (0, 1%, 2.5%,
and 5%) were respectively added to the basic feed, named SPLO,
SPL1, SPL2.5, and SPL5.

Experimental fishes were purchased from a largemouth bass
farm (Huzhou, Zhejiang, China). A total of 720 healthy and
uniform-sized fish (20.09 + 0.87 g) were distributed into 12 tanks
(300 L) with 60 fish per tank (three tanks per treatment). Feed twice
a day with apparent satiety (8:30 and 17:30), and the next feeding
amount was adjusted according to the feeding and growth of the
fish. Change 1/5-2/5 of the water every 2-3 days, the bottom feces
were removed by using the pump. Water condition: temperature 23
+ 2°C, ammonia nitrogen < 0.02 mg/L, dissolved oxygen content >
6.0 mg/L, pH 7.0 £ 0.2. The experimental procedure is shown
in Figure 1A.

All animal experiments were conducted in accordance with the
Experimental Animal Management Law of China and approved by
the Animal Ethics Committee of Ningbo University.

2.2 Sampling

Samples were collected on days 30 and 60 respectively. Before
sacrificed, fish was anesthetized by tricaine methanesulfonate (MS-
222) in 0.1 g/kg. The liver was separated and immediately frozen in
liquid nitrogen and stored at -80°C before use.

Select 9 fish from each of the SPLO and SPL5 groups. After
anesthetized by MS-222, cut open the intestines and remove the
contents. Mix the contents of every 3 fish into a sample and store it
in a sterile centrifuge tube at -80°C for subsequent sequencing.
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FIGURE 1

Effects of S. perfoliatum L. diet on growth performance of largemouth bass. (A) Schematic illustration of the experiment. (B) The weight gain rate
(WGR), (C) specific growth rate (SGR), (D) feed intake (FI) and (E) feed conversion rate (FCR). Bars with different letters were significantly different

according to the Duncan’s multiple range, n = 3, P< 0.05

2.3 Growth performance

Growth performance was assessed under different conditions
using standard formulas to calculate weight gain rate, specific
growth rate, feed intake, and feed conversion ratio (Xu et al,
2021). The growth performance was calculated as follows:

Initial body weight (IBW)
Final body weight (FBW)

Weight gain rate (WGR) (%) = [(FBW — IBW) / ]IBW x 100 %

Specific growth rate (SGR) (% )

= [In (FBW) — In (IBW)] / days x 100 %
Feed intake (FI) (g/fish) = dry feed intake / amount of fish

Feed conversion ratio (FCR) = FI / (FBW — IBW)

2.4 Enzyme activity

The activity of lysozyme (LZM), catalase (CAT), superoxide
dismutase (SOD), and glutathione s-transferase (GST) were
measured in the previous study (Lu et al., 2018). Briefly, tissues
were homogenized with saline, and the homogenate was separated
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by centrifuge at 4°C for 20 min. Subsequently, the enzyme activities
were measured using a spectrophotometer or microplate reader
using commercial kits (Jiancheng, Nanjing, China).

2.5 RNA extraction and cDNA synthesis

Total tissue RNA was extracted using TRIzol reagent (Takara,
Dalian, China). The quality and concentration of total RNA were
detected by Nanodrop. Subsequently, RNA was reverse transcribed
to cDNA using PrimeScript " IT st Strand cDNA Synthesis Kit
(Takara) according to the manufacturer’s instructions.

2.6 Real-Time quantitative PCR

The expression of immune-related genes was assessed,
including tumor necrosis factor-o (TNF-q), interleukin-1f (IL-1f),
interleukin-10 (IL-10), transforming growth factor- (TGF-P), kelch-
like ech-associated protein 1 (Keapl), nuclear factor erythroid 2-
related factor 2 (Nrf2), complement 3 (C3), and c-type lysozyme
(LZM-c). 18s rRNA served as the internal control. The cDNA was
used as a template for RT-qPCR analysis with TB Green Premix Ex
TaqTM (Takara) on ABI QuantStudio 3 System (ABI, Foster City,
USA), following a protocol of 95°C for 30 s, 40 cycles at 95°C for 5 s,
and 60°C for 30 s, followed by 95°C for 15 s, 60°C for 60 s, 95°C for
15 s, and 50°C for 30 s. The 2722“T method was used to calculate the
relative expression levels of the different genes. All primers were
shown in Table 1.
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TABLE 1 Primer sequences for RT-qPCR.

Primer Sequence (5'-3’)

T™ (°C)

10.3389/fmars.2024.1432379

Accession number  Reference

F:CTTCGTCTACAGCCAGGCATCG
TNF-o 63.0
R TTTGGCACACCGACCTCACC

F:CGTGACTGACAGCAAAAAGAGG
IL-1B 59.4
R:GATGCCCAGAGCCACAGTTC

XM_038707261.1 (Yu et al,, 2018)

XM_038733429.1 (Yu et al,, 2018)

F:CCGACCATAAACGAT

18s RNA 52.5 XR_005442393.1
R:CGGAACCCAAAGACT
F:AGGCTACAACACCGC

Lysozyme-c 522 XM_038733041.1
R:ATCCCTCACGACACG
F:ACCTGCTCCATCCTA

C3 50.4 XM_038698108.1
R:CCTTTGTCAACTGCC

F:CGGCACAGAAATCCCAGAGC
IL-10 62.1
R:CAGCAGGCTCACAAAATAAACATCT

F:GCTCAAAGAGAGCGAGGATG
TGF-f8 59.0
RTCCTCTACCATTCGCAATCC

F:CTGGTCCGAGACATACGC
Nrf2 57.5
R:CTCAGCAGACGCTCCTTC

FETATTTCCGTCAGTCCCTCAG
Keapl 63.0
R:GGCAGCCAGCAGTTGTTC

F:-TCTCCACGACGCTTCACAC
N. seriolae 16S rRNA 55.6
R:CGTAGGTGCGATGAAGATTGT

2.7 Histological

Hindgut tissues of largemouth bass were fixed at room
temperature with 4% paraformaldehyde for 48 h. Next, the fixed
hindgut tissues were dehydrated within the series concentration of
ethanol and embedded with paraffin. The embedded hindgut tissues
were cut transversely into 5 um and dyed with eosin and
hematoxylin. Finally, intestinal sections were observed by optical
microscopy (Nikon, Japan).

2.8 Intestinal microbiota analysis

DNA of bacteria in intestinal contents was separated by DNeasy
PowerSoil kit (Qiagen, Hilden, Germany). PCR amplification of the
V3-V4 hypervariable regions of the bacterial 16S rRNA gene was
carried out by universal primer pairs (343F: 5-TACGGRAGG
CAGCAG-3’; 798R: 5'-AGGGTATCTAATCCT-3"). The PCR
products were purified with Agencourt AMPure XP beads and
quantified using a Qubit dsDNA assay kit (Beckman, Miami,
USA). Sequencing was performed with Illumina NovaSeq6000.
Then, cluster the high-quality sequences obtained by sequencing
into operational classification units (OTUs). Using the alpha
diversity, which incorporates the Chaol index, Ace index, Simpson
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XM_038696252.1 (Yu et al, 2018)

XM_038693206.1 (Yu et al,, 2018)

XM_038720536.1 (Liu et al., 2024)

XM_038713667.1 (Liu et al., 2024)

(Sun et al., 2023)
JEF810852.1

index, and Shannon index, the microbial diversity of intestinal
contents was calculated. Phylogenetic tree construction and
unweighted Unifrac Principal coordinates analysis (PCoA) were
both done using the QIIME software’s Unifrac distance matrix.

2.9 Challenge test

N. seriolae was kindly provided by Xiaoli Huang, College of
Veterinary Medicine, Sichuan Agricultural University, Wenjiang,
Sichuan, China. The culture conditions of N. seriolae have been
described in previous studies (Lei et al., 2020).

After 60 days of feeding, 40 fish per tank were used for challenge
test. Fish were anesthetized by MS-222 in 0.1 g/kg, and 0.2 mL N.
seriolae was intraperitoneally injected with a concentration of
1 x 10° CFU/mL. The mortality was monitored in the next 15
days. The RPS was calculated as RPS = (mortality of control group%
- mortality of immunized group%)/mortality of control group%.

2.10 Bacterial quantification analysis

Bacteria were counted as previously described (Lu et al., 2018).
Briefly, bacterial DNA in tissues was extracted by using a genomic
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DNA extraction Kit (Tiangen, Beijing, China). The bacteria load
was determined by qPCR using the standard curve method. Primers
used for bacterial quantification were listed in Table 1.

2.11 Calculations and statistical analysis

All data are presented as the mean + S.E.M. (standard error of
the mean) and analyzed by SPSS 23.0. Differences among groups
were evaluated by two-way ANOVA analysis followed by Tukey’s
multiple comparisons. The intestinal bacterial diversity and OTU
richness were analyzed by the Wilcoxon-Mann-Whitney test.

3 Results

3.1 Supplementation of S. perfoliatum L.
promoted the growth performance

WGR, SGR, FI, and FCR were evaluated post 60 days of feeding.
As shown in Figures 1B-E, WGR, SGR, and FI showed no
significant difference in the SPL1 and SPL2.5 groups compared
with the SPLO group. However, WGR, SGR, and FI increased in
group SPL5, with increases of 8.97% in WGR, 4.4% in SGR, and
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FIGURE 2
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7.27% in FIL In addition, no differences were found in FCR among

the groups.

3.2 Supplementation of S. perfoliatum L.
enhanced the activity of LZM, SOD, CAT,
and GST

To investigate the effects of S. perfoliatum L. on the enzyme activity,
LZM, SOD, CAT, and GST in liver were monitored. As shown in
Figures 2A-D, the activity of four enzymes in SPL1, SPL2.5, and SPL5
was significantly increased compared with SPLO, and this promotion
was concentration- and time-dependent. The enzyme activity in 60
days was higher than that of 30 days. Meanwhile, the higher
concentration of S. perfoliatum L., the higher activity of
enzyme activity.

3.3 Effects of S. perfoliatum L. diet on the
expression of the immune-relate genes

TGF-f, IL-10, TNF-¢, and IL-1f3 are inflammatory cytokines
(Lu et al,, 2021a). Nrf2 and Keapl have potential regulatory effects
on the transcription of antioxidant-related genes (Chen et al., 2022).

B
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Enzyme activity of LZM (A), SOD (B), CAT (C), and GST (D) in the liver. Bars with different letters were significantly different according to the

Duncan'’s multiple range, n = 3, P< 0.05.
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C3 and LZM-c are components of innate immunity to defend
against bacteria (Gomez et al., 2013). Therefore, the mRNA
expression of IL-10, TGF-f3, TNF-¢, IL-1B, C3, LZM-c, Nrf2, and
keapl was used to evaluate the effects of S. perfoliatum L. diet on
innate immunity. All the qPCR products were determined in
Supplementary Figure SI. RT-qPCR analysis showed that the
higher mRNA levels of IL-10, TGF-B, Nrf2, C3, and LZM-c at S.
perfoliatum L. added group than the SPLO group (Figures 3A, B, E,
F, G), while significantly lower mRNA of TNF-¢, IL-1f3, and Keapl
was observed (Figures 3C, D, H).

3.4 Effects of S. perfoliatum L. diet on the
intestinal morphology

The effects of S. perfoliatum L. on the intestinal morphology
were shown in Figure 4. No significant pathogenic changes were
observed in intestinal tissues in all groups (Figure 4A). The length of
the villus in the SPL5 was longer than that in the SPLO (P< 0.05),
while no significant difference was founded in the SPL1 and SPL2.5
groups compared with SPLO group (Figure 4B). Additionally, there
was no difference among SPLO, SPL1, SPL2.5, and SPL5 groups in
the width of the intestinal villus, the thickness of intestinal muscle
layer, and the goblet cell number (Figures 4C-E).

3.5 Effects of S. perfoliatum L. diet on the
intestinal microbiota

The addition of 5% of S. perfoliatum L. to the feed produced the
most significant results. As a consequence, SPLO and SPL5 groups were
selected to detect the effects of S. perfoliatum L. diet on the intestinal
microbiota. The raw reads were stored in the NCBI Serial Read Archive
(SRA) database under the login number PRJNA1000223.
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MRNA expression of IL-10 (A), TGF-f (B), IL-15 (C), TNF-a (D), C3 (E), LZM-c (F), Nrf2 (G), and keapl (H) in the liver.
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The average OTUs of gut microbiota in SPLO group was 416,
and the average OTUs of gut microbiota in SPL5 group was 399.
There were 132 OTUs shared by both groups (Figure 5A). Besides,
the Simpson, Shannon, Ace, and Chao index of the intestinal
microbiota alpha diversity index showed no significant differences
in the SPL5 and SPLO groups (Table 2). The rank abundance curves
showed a high degree of fit between the shape and width of the two
curves, indicating that species richness and evenness were similar in
the SPLO and SPL5 groups (Figure 5B).

Subsequently, we analyzed the composition and relative
abundance of the intestinal microbial community at the phylum
and family levels. The dominant microbiota at the phylum level were
Proteobacteria, Bacteroidota, and Firmicutes (Figure 5C). While the
dominant microbiota at the family level were Mycoplasmataceae,
Bacteroidaceae, and Enterobacteriaceae (Figure 5D). The Wilcoxon-
Mann-Whitney test revealed that S. perfoliatum L. supplementation
elevated the relative abundance of Sphingomonadaceae and decreased
the abundance of Mycoplasmataceae.

LEfSe analysis was employed to evaluate variations in the
composition of intestinal microbiota communities between the SPLO
and SPL5 groups across various taxonomic levels, from phyla to genera.
The SPLO group exhibited higher relative abundances of Firmicutes,
Gammaproteobacteria, Mycoplasma (from order to genus), and
Enterobacteriaceae (from order to genus). However, the SPL5 group
showed an increased relative abundance of Fusobacteriaceae (from
phylum to family), Acidobacteriae (from phylum to class),
Sphingomonas (from order to genus), and Cetobacterium (Figure 6).

3.6 Protective effect of S. perfoliatum L. on
N. seriolae-infected largemouth bass

Next, we examined largemouth bass mortality within 15 days
after N. seriolae infection. As shown in Figure 7, the survival rate of
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significantly different according to the Duncan’s multiple range, n = 3, P< 0.05.
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FIGURE 4

Histopathology analyses of intestinal section of largemouth bass. Samples were taken 60 days post the feeding experiment. (A) The hindgut tissues of SPLO,
SPL1, SPL2.5, and SPL5 were performed for histopathology analysis. Villus length (B), villus width (C), goblet cell number (D), and muscular layer thickness (E)
were statistically analyzed in different groups of largemouth bass. Black lines indicate villus length, width, and muscular layer thickness. Black arrows indicate
goblet cells. Bars with different letters were significantly different according to the Duncan’s multiple range, n = 3, P< 0.05.

the SPLO group was 16.67%, the SPL1 group was 36.67%, the SPL2.5
group was 43.33%, and the SPL5 group was 53.33%. Thus, the RPS
of SPL1, SPL2.5, and SPL5 were 24%, 31.99%, and 43.99%,
respectively. Overall, supplementation of S. perfoliatum L.
protects largemouth bass from N. seriolae infection.

3.7 Supplementation of S. perfoliatum L.
decreased the bacteria load in N. seriolae-
infected largemouth bass

To further investigate the effect of S. perfoliatum L.
supplementation on bacteria load, we analyzed the copy of N.
seriolae in the liver, spleen, head kidney, and intestinal at 5 days
post-infection. To confirm the CFU of N. seriolae, a standard curve
was established using gradient diluted N. seriolae DNA (Figure 8A).
The results showed that N. seriolae was detected in all selected
tissues and the bacterial load was higher in the head kidney than in
the liver, spleen, and intestinal. Compared with the SPLO group, the
N. seriolae load in SPL1, SPL2.5, and SPL5 decreased in a
concentration-dependent manner in all detected tissues (Figure 8).

4 Discussion

Natural plant contains a variety of natural nutrients and
bioactive substances, which have been demonstrated to have
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beneficial effects on animal metabolism, the utilization of
nutrients, growth promotion, and disease resistance of animals
(Tadese, 2009; Dawood et al., 2018). Nowadays, natural plants is
widely used as feed additives in aquaculture (He et al., 2022;
Rashidian et al., 2022; Du et al,, 2023). In this study, the role of S.
perfoliatum L. as a plant feed additive was evaluated. Our results
showed that the addition of 5% of S. perfoliatum L. to the basal feed
positively affects the immunity, intestinal health and disease
resistance of largemouth bass.

Plant additives have the function of promoting metabolism,
improving nutrient utilization, and promoting the growth of
animals (Tadese, 2009; Dawood et al, 2018). Tan et al. proved
that the addition of Taraxacum officinale extract to the diet could
improve the feeding utilization rate of golden pompon and promote
growth (Tan and Sun, 2020). S. perfoliatum L. is rich in flavonoids,
phenols, protein, vitamin C, vitamin E, polysaccharides, carotene,
and superoxide dismutase (Guo et al., 2020). In our previous study,
S. perfoliatum L. was added to the feed of Penaeus vannamei, then
we found that addition of S. perfoliatum L. promotes the growth
performance of shrimp (Du et al, 2023). Here, we found that
addition of S. perfoliatum L. promoted the feeding utilization rate
and the growth performance of largemouth bass. The above dates
indicated that S. perfoliatum L. as a plant additive could promote
the growth performance and feed utilization of largemouth bass.

Teleost has evolved to employ its antioxidant pathways to
scavenge excess oxygen radicals (Wang et al, 2021). GST is a
crucial enzyme in glutathione binding reaction, which catalyzes
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the first step of glutathione binding reaction (Board and Menon,
2013). SOD and CAT are scavengers of reactive oxygen species and
important antioxidant enzymes, which are important components
of resisting oxidative stress (Ray and Husain, 2002). We
demonstrated that the activity of SOD, CAT, and GST of
largemouth bass increased significantly after 60 days of
supplementation with 5% S. perfoliatum L. in the basal diet,
indicating that S. perfoliatum L. could improve the antioxidant
activity of largemouth bass. Furthermore, we analyzed the effect of
S. perfoliatum L. on antioxidant enzyme regulated genes expression.
Nrf2 regulates the expression of various antioxidant-related genes,
while it is restricted by the Nrf2-Keapl complex (Yuan et al., 2018).
It was demonstrated that dietary supplementation with Atractylodes
polysaccharides upregulated Nrf2 and downregulated Keapl in
largemouth bass, resulting in enhancing activity of the
antioxidant enzyme (Dong et al,, 2022). Here, we found S.
perfoliatum L. induced the expression level of Nrf2 but inhibited

the expression of Keap1. Therefore, S. perfoliatum L. might promote
the antioxidant capacity through the Nrf2/Keapl pathway in
largemouth bass.

Cytokines play an important role in the immune defense
response of teleost (Pan et al., 2023). TNF-¢r and IL-1f3 are crucial
pro-inflammatory cytokines that can serve as markers of
inflammatory response (Jin et al, 2022). IL-10 and TGF-f3 are
crucial anti-inflammatory cytokines involved in host defense
against microbial pathogens (Lu et al, 2021b). It was reported
that natural plants could mediate teleost innate immunity by
improving the expression of anti-inflammatory factors and
suppressing pro-inflammatory factors (Jiang et al., 2022; Zhou
et al., 2022). The extract of Eupatorium (Asteraceae) contains
anti-inflammatory properties and can be used to treat
inflammation (Clavin et al, 2007). Here, the pro-inflammatory
cytokines expression was reduced, and the anti-inflammatory
cytokines expression was induced by the supplementation of

TABLE 2 Effect of Silphium perfoliatum L. on intestinal a-diversity in largemouth bass.

a-Diversity indexes

Chao Ace

SPLO 181.27 + 55.01 181.90 + 55.66

SPL5 163.68 + 50.11 163.71 + 50.29

Shannon Simpson Goods_coverage
5.02 + 1.86 0.88 + 0.15 0.99 + 0.01
528 + 0.38 0.95 + 0.01 0.99 + 0.01
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S. perfoliatum L. to the basal diet. The results showed that S.
perfoliatum L. as plant additive could reduce the inflammation of
largemouth bass.

Intestine is the main site of nutrient digestion and absorption,
and its health is crucial for the growth and development of animals
(Jiang et al., 2022). He et al. proved that supplementation the extract
of 0.05% Artemisia annua promotes the length of intestinal villus in
largemouth bass, but there are no significant differences in villus
width, muscle thickness, and the goblet cell numbers (He et al.,

100
X
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©
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=
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n
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0 5 10 15
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FIGURE 7

The cumulative mortality of largemouth bass infected with N.
seriolae. Mortality was recorded daily and analyzed by the Kaplan-
Meier survival curves. n = 3, *P< 0.05.
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2022). Similar results were obtained in our study, adding S.
perfoliatum L. to the basic diet improved the intestinal villus
length of largemouth bass. The increase in intestinal villus length
implies an enhancement in intestinal nutrient absorption area,
allowing for better absorption of available nutrients. The data
suggested that S. perfoliatum L. could be used as a feed additive
to improve intestinal morphology.

The intestinal-associated microbiota has co-evolved with their
respective hosts and plays an important role in immune function
and protection against pathogens (Wu et al., 2022). Proteobacteria,
Bacteroidota, and Firmicutes dominate the intestinal microbiota of
various fish (Pardesi et al., 2022; Cai et al., 2023). Similarly, in our
study, Proteobacteria, Bacteroidota, and Firmicutes were the
dominant intestinal microbiota in intestinal contents of
largemouth bass. Mycoplasma has been recognized as highly
probable cause of intestinal inflammatory diseases in mammals
(Macfarlane et al., 2009; Gnanadurai and Fifer, 2020). Parshukov
et al. found that Mycoplasma enrichment leads to changes in the fish
gut microbiome which could negatively affect fish (Parshukov et al.,
2022). It is noteworthy that the addition of S. perfoliatum L. led to a
significant decrease in the abundance of Mycoplasma in the gut
microbiota of largemouth bass. Sphingomonas and Cetobacterium,
potential aquaculture probiotics, exhibited increased abundance
post S. perfoliatum L. supplementation. Sphingomonas contributes
to nutrient metabolism, detoxification, and prebiotic production,
inhibiting Vibrio growth (Zhao et al, 2017; He et al, 2018).
Cetobacterium promotes intestinal and liver health, synthesizing
vitamin B12 and acetate, enhancing nutrient absorption, and
2003;
2008). Thus, our study demonstrates the

maintaining gut microbiota stability (Finegold et al.,
Tsuchiya et al.,
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Supplementation of S. perfoliatum L. decreased the bacterial load in N. seriolae-infected largemouth bass. (A) A standard curve was established by
determining the mean cycle threshold values. The bacteria load in the liver (B), spleen (C), head kidney (D), and intestinal (E) at 5 days post N.
seriolae infection. Bars with different letters were significantly different according to the Duncan’s multiple range, n = 3, P< 0.05.

beneficial effects of S. perfoliatum L. supplementation on
largemouth bass intestinal microbiota.

The bacterial challenge test provides an opportunity to evaluate
the protective effect of dietary treatments on pathogens and is
usually used as the final indicator of fish health after nutritional
testing (Li et al., 2020). Our results showed that the addition of S.
perfoliatum L. to the basal feed positively affected the growth
performance, immunity and intestinal health of largemouth bass.
Therefore, it is not difficult to understand that S. perfoliatum L.
increases the survival rate of largemouth bass post N. seriolae
infection assay. In addition, the bacterial load decrease in tissues
usually leads to lower mortality rates. S. perfoliatum L. is rich in
flavonoids and phenolic compounds, which have the ability to
destroy bacterial membrane structures (Williams et al., 2009). As
a result, the extract of S. perfoliatum L. containing flavonoids and
phenols has antibacterial activity (Kanatt et al., 2010). For instance,
S. perfoliatum L. extract has antibacterial effects, including
Enterococcus faecalis, Escherichia coli, Pseudomonas aeruginosa,
and Staphylococcus aureus (Kowalski and Kedzia, 2007). Taken
together, S. perfoliatum L. has a positive effect on the prevention of
N. seriolae infection in largemouth bass.

5 Conclusion

In this study, it was found that the addition of S. perfoliatum L.
to feed for 60 days could enhance the growth performance, boost
immunity, promote intestinal health, and have an active role in the

Frontiers in Marine Science

prevention of N. seriolae infection in largemouth bass. In summary,
the study shows that S. perfoliatum L. is a potential green
environmental feed additive.
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