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ARTICLE INFO ABSTRACT

We performed 16S rDNA sequencing of tilapia fecal samples to analyze changes in tilapia gut contents after
cultivation of the fish in the presence of sandwich-like floating beds of Chinese medicinal herbs (5 and 10%
planting-areas; 5% Polygonum cuspidatum). The interactive effects between water quality and blood and hepatic
pro- and anti-inflammatory concentrations were also assessed. Our results showed that the water quality (i.e.,
NO3;™-N, NO, ™ -N, TP removal rates) improved, and the abundance of Chloroflexi and Cyanobacteria increased.
The abundance of Bacteroidetes, Verrucomicrobia, Saccharibacteria, and Actinobacteria showed both significant
seasonal decreases and increases in the presence of P. cuspidatum (increases in August and decreases in July).
Fish blood and hepatic IL-10 and IFN-y levels (together with fish sampled in September) significantly increased
in the P. cuspidatum group sampled in August, while those of TNF-a (10% sandwich-like, P. cuspidatum), IL-1f3 (P.
cuspidatum), IL-8 (5% sandwich-like in September, S905S) significantly decreased. Heat shock proteins 60 and 70
levels significantly increased in the P. cuspidatum group, and complement C3 and C4 concentrations significantly
increased in S905S. This study demonstrated that enhanced immunity through the regulation of pro- and anti-
inflammatory proteins was sustained throughout development until harvest, particularly in fish grown with P.

Keywords:

Tilapia

Gut contents

Floating bed cultivation
16S rDNA

Disease

cuspidatum.

1. Introduction

The study of traditional Chinese medicinal herbs and natural pro-
ducts has made great contributions to the prevention and treatment of
illnesses. Four categories of disease (cancer, 20.9%; cardiovascular,
19.2%,; oral/gastrointestinal, 9.8%; and inflammatory/immune, 9.0%)
account for the majority of the research in this field [1]. Medicinal
herbs are often prescribed as multi-herb compounds. The main active
compounds in extracts (e.g. emodin [2], cassane diterpenes [3], iridoids
[4], rutin, and resveratrol [5-7]) have revealed that the anti-in-
flammatory activities are exerted through the regulation of cytokine
expression. Floating-bed cultivation with medicine-food-homology
plants, e.g. Houttuynia cordata Thunb, Polygonum cuspidatum, and
Mentha haplocalyx Briq. (Yuxingcao, Huzhang, and Bohe in Chinese, re-
spectively), improved water quality in tilapia ponds [8], an effect si-
milar to the addition of Ipomoea aquatica Forsk (a vegetable) [9], and
simultaneously enhanced the disease resistance of tilapia against
Streptococcus infection [10]. Using medicinal herbs instead of vege-
tables will therefore be more beneficial to and accepted by fish farmers,
although the usage of Chinese medicinal herbs in aquaculture is not
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widespread. H. cordata Thunb mainly contains volatile oils, flavonoids,
and phenolics [5,11]. P. cuspidatum contains phenolics [6,7], stilbene,
and anthraquinone (emodin and physcion) [12,13]. M. haplocalyx Briq.
contains peppermint oil (active against phytopathogenic fungi) [14],
menthol, and menthone. The plants release allelochemicals against
bacteria pathogenic in fish and can also absorb active compounds that
can enhance fish health through changes in the gut; there appears to be
crosstalk between fish immune responses and their gut microbiota [15],
although this remains poorly understood. To determine the differences
arising from different floating-bed cultivation conditions (control; 5%
and 10% of a combination of Houttuynia cordata Thunb, Mentha haplo-
calyx Briq., and Ipomoea aquatica Forsk; or 5% Polygonum cuspidatum),
we performed 16S rDNA sequencing of the total gut contents from ti-
lapia.

The inflammatory process is controlled by a wide range of media-
tors, e.g. heat shock proteins (HSPs), complement components, cyto-
kines, etc. [16]. The mononuclear phagocyte system of the liver con-
tains many immunologically active cells, whose activation results in the
increased transcription of pro- and anti-inflammatory cytokines. Inter-
leukin 10 (IL-10) is the most important anti-inflammatory cytokine and
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is a potent inhibitor of interferon-y (IFN-y). Pro-inflammatory cytokines
are used to activate neutrophils, and include tumor necrosis factor a
(TNF-a), interleukin 1 (IL-1p), interleukin 6 (IL-6), and interleukin 8
(IL-8) [6]; these cytokines can have multiple functions in multiple lo-
cations [6]. TNF-a is often involved in different signaling pathways to
regulate apoptosis in cells. While IL-1p is released by monocytes and
macrophages, IL-6 plays a role in neuronal responses to injuries. IL-8 is
a chemokine of the immune system and is produced mainly by mac-
rophages and epithelial cells. Inflammatory symptoms result from the
recruitment of cells of the innate and adaptive immune systems and the
production of cytokines and chemokines [17]. HSPs not only aid the
correct folding of damaged proteins that act as sensors of redox changes
in the cell [18], but also play important roles in both innate and
adaptive immunity [19]. The most important members of the HSP fa-
mily are HSP60, HSP70, and HSP90 [20]. Complement C3 and C4 play
key roles in the complement system, and their deficiencies or over-
expression are associated with many infectious or immune diseases
[21].

The gut microbiome not only strengthens the digestive and immune
systems in fish but is itself affected by several host-associated factors
[22,23]. It is well known that many compounds are potentially bioac-
tive, such as those from medicinal plants and their derivatives, and
affect innate and adaptive immunities, as well as growth, in fish [24].
For that reason, there has been considerable interest in the use of
medicinal plants in aquaculture in an effort to provide safe and eco-
friendly replacements for antibiotics and chemical compounds, as well
as to enhance immunity and control fish diseases.

The gut contains many antimicrobial peptides and cytokines that
play roles in innate immunity, while the serum contains im-
munoglobulins and cytokines secreted by T cells that function in
adaptive immunity [15,24,25]. Our recent studies have shown that at
the time of fish harvest, fish immunity was enhanced when they were
raised in floating beds cultivated with Chinese medicinal herbs [10].
This may have resulted in inflammatory responses through increase in
proinflammatory protein levels or transcripts after feeding with re-
sveratrol at day 45 [6,7]. However, whether enhanced immunity is
present from the developing fry until harvest is unclear. In this study we
sequenced 16S rDNA from fecal samples of fish reared in floating beds
with different Chinese medicinal herbs, to explore crosstalk between
water quality, immunity, and intestinal microbiota.

2. Materials and methods
2.1. Animals and sample collection

Fertilized eggs of O. niloticus were obtained from the Freshwater
Fisheries Research Center of the Chinese Academy of Fishery Sciences
(Yixing, China). The fish fry were cultivated in a pond (20 m X 30 m),
and acclimatized for two weeks prior to the experiment. The male ge-
netically-improved farmed tilapia (GIFT) juveniles (4.7-5.5cm,
15.4-24.3 g, n = 39600) were assigned to four treatment groups and
each treatment was performed in triplicate (twelve ponds in total;
n = 3300 per pond, 1333 m?, 1.5 m deep). The fish were fed once a day
(the recommended 4% of body weight). The feed was purchased from
Jiangsu Zhe Ya Food Co. Ltd, China. The four treatment groups were as
follows: One group in the nonfloating bed control group (designated as
S700C, S800C, and S900C for July, August, and September sampling,
respectively); groups in sandwich-like floating beds with 5% or 10%
planting-areas consisting of equal parts H. cordata Thunb, M. haplocalyx
Brig., and I. aquatica Forsk (S705S, S805S, and S905S; and S710S,
S8108S, and S9108S, respectively); and the final group in beds with 5%
Polygonum cuspidatum (S705P, S805P, and S905P). The total yield of
each pond, the biological parameters (total length and weight) of each
fish, and the feed coefficient were measured. All pond water and the gut
contents of fish in the four treatment groups were collected on the 18th
of July, August and September 2017.
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At each sampling point, livers were sampled for protein activity, and
the gut contents from three fish were pooled and processed for high-
throughput sequencing analysis (n = 3 pooled samples) [7]. The
foregut collections were done as previously described [26,27].

2.2. Water quality determination

The pond water quality was assessed from July to September as
follows: Mixed samples, consisting of central and surrounding water
were collected at a depth of 10-15 cm and stored in a sterile glass bottle
(500 mL). The electrical conductivity (EC), oxidation-reduction poten-
tial (ORP), pH, and dissolved oxygen (DO), were measured in situ with
a YSI EXO2 Multiparameter Sonde (USA). The total nitrogen (TN),
ammonia nitrogen (NH4*-N), nitrate nitrogen (NO5;~-N), nitrite ni-
trogen (NO, -N), total phosphorus (TP), phosphate (PO,*>-P), total
organic carbon (TOC), CODyy,, and algal chlorophyll (Chl.a) were
analyzed as described [28].

2.3. DNA extraction, PCR amplification of 16S rDNA, amplicon
sequencing, and sequence data processing

Total bacterial DNA extraction [7] and PCR amplification [29] were
performed as previously described. All PCR products were quantified
using Quant-iT™ dsDNA HS Reagent and pooled. High-throughput se-
quencing analysis of bacterial rRNA genes was performed on the pur-
ified, pooled sample using the PacBio Sequel platform at Biomarker
Technologies Corporation (Beijing, China). The splicing and filtering of
the raw data (PE Reads), and cleaning of chimera were performed using
Lima v1.7.0 and UCHIME v4.2 (Effective Tags), respectively. Finally,
the average length, GC content, Q20 [quality value > 20/total number
of bases], Q30 [quality value > 30/total number of bases], and ef-
fective ratio were calculated.

Taxonomy classifications [7] and statistical analyses [30] were
performed as previously described. We aimed to identify the “core
microbiome” of each group and the “core intestinal fecal microbiome”
of all intestinal fecal samples. The bacterial community indices applied
here included Chaol, Ace, Shannon, and Simpson. We used the un-
weighted UniFrac distance metric to estimate a/f diversity (Mothur
v.1.30 and QIIME), and clustering was performed using principal
component analysis (PCA) of UniFrac distance matrices.

2.4. Changes in bacterial communities

We applied a previously-used relative abundance threshold (0.5%)
[31] to focus our analysis on PCR-reproducible operational taxonomic
units (OTUs). We used significant increases or decreases in the bacterial
community from the databank constructed by a set of comparisons (e.g.
control group S700C vs. case group S705S, S700C vs. S800C) to cal-
culate the variation. Differences could range from the phylum to the
species level.

2.5. Determination of pro-/anti-inflammatory cytokines

For the biochemical analyses, livers from 3 individuals per group at
each sampling point were collected and washed thoroughly with ice-
cold physiological saline (0.86% NaCl), and their surfaces dried with
absorbent paper. Whole liver samples were homogenized on ice with
cold 0.86% saline (1:9, w/v), and then centrifuged at 2500 rpm at 4 °C
for 10 min. Blood from 3 individuals per group at each sampling point
were centrifuged at 2500 rpm at 4 °C for 10 min before being stored
overnight at 4 °C.

Using mammalian antibodies against fish blood and tissue cytokines
[32], the supernatants were analyzed for blood and hepatic IL-10 (CAS
number H009), IFN-y (CAS number H025), TNFa (CAS number H052),
IL-1B (CAS number H002), IL-8 (CAS number H008), HSP60 (CAS
number H264-1), HSP70 (CAS number H264-2), HSP90 (CAS number
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H264-3), complement C3 (CAS number H186-1), and complement C4
(CAS number H186-2) using commercial kits purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China; the protocol is at-
tached as supplementary material) referred to in our previous studies
[5,6,17]. The cytokine levels were based on their respective binding
with antibody. Proteins were quantified spectrophotometrically with a
PowerWave XS2 (at an accurate nm determination point) (BioTek in-
struments Inc, Vermont, USA) and a standard curve using known con-
centrations of the target antigen.

2.6. Data analysis

The degree of decline in water quality indexes was determined by
dividing the decrease in water quality (value in treatment groups -
controls) by the original value (control). The relationship between the
selected taxonomy group (abundant phyla, genera, classes, orders, or
families), the observed OTUs or the bacterial community index
(Chaol), and the apparent nutrient digestibility was calculated using
SPSS 13.0 software. For all parameters, data were compared using a
one-way analysis of variance (ANOVA) at the end of each bioassay. A
comparison of means was performed using Fisher's least significant
difference test and the Duncan multiple range test with a significance
level of P < 0.05, markedly significance level of P < 0.01.

3. Results
3.1. Water quality measurements

EC, ORP, pH, and DO ranged from 0.175 to 0.346 mS/cm,
67-84 mV, 7.4-9.5, 5.9-8.2mg/L, respectively. The decline in water
quality for TOC, CODy,, Chl.a, TN, NH,4*-N, NO3 ™ -N, NO, ™ -N, TP, and
PO >-P were 10.24-65.83%, 1.30-46.35%, 18.86-60.09%,
4.57-53.21%, 6.94-48.79%, 17.48-72.50%, 41.18-95.45%,
30.15-78.16%, and 14.73-100.00%, respectively (Table 1). The total
yields of the control, 5% and 10% sandwich-like, and 5% Polygonum
cuspidatum groups were 20,578, 23,415, 23,478 and 22,451 kg/hrnz,
respectively; the total lengths were 257 *= 13, 263 = 11, 267 * 10,
and 271 = 12cm, respectively; total weights were 767 = 25,
814 + 34, 848 * 36, and 795 * 17g, respectively; and the feed
coefficients for those groups were 1.2397, 1.1977, 1.2016, and 1.3101,
respectively.

3.2. OTU collection and biogeography effects on a/f3 diversity

Optimization-circular-consensus sequences (CCS) ranged from 2900
to 3227, and OTUs ranged from 196 to 318 (Table S1). Thirty-eight
OTUs were gathered based on species abundance-clustering images at
the phylum level (Fig. 1). Fusobacteria (44.04%), Firmicutes (18.45%),
and Planctomycetes (17.40%) were the three main phyla for the dif-
ferent groups (Fig. 1), while uncultured Cetobacterium (44.01%), un-
classified (27.92%), and uncultured Planctomycetaceae (11.90%) were
the three main bacterial species. Except for the three main phyla, the
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abundance of Bacteroridetes, Tenericutes, Cyanobacteria, and Chloro-
flexi varied significantly between groups (Fig. S1). When looking at all
the samples, the top 10 phyla were similar between groups (Fig. S2).
We found no significant differences in the Ace, Chaol, Simpson, and
Shannon diversity indices of the bacterial communities between the
treatment groups and the control group (Table S1). Indeed, different
plant species and sampling times accounted for the largest variation in
B diversity measured by both weighted and unweighted UniFrac ma-
trices (50.97% along PCl, Fig. S3, P < 0.05). While 11.07% of the
variation was explained by PC2, which accounted for water quality, the
intestinal absorptivity rates of chemicals from plants in the sampled
individuals was similar to that reported in a previous study [7] (Fig.
S3).

3.3. Variation in specific OTU abundances

When we compared groups using the unweighted UniFrac distance,
we found a highly significant increase in the S710S group compared to
S705P group in July (Fig. 2). When compared to S800C and S805P, the
S810S group was significantly decreased, and S805S was significantly
increased compared to the S810S group in August. In September, S905P
was significantly increased compared to the S905S group. When we
looked at floating beds cultivated with P. cuspidatum, the values in
September were markedly higher than those in July (P < 0.01), while
the value in August was significantly higher than those in July
(P < 0.05). The values in August were significantly lower than those in
September. For the 5% planting-area beds, the values in July were
significantly lower than in August, whereas for the 10% planting-area
beds, the values in July were significantly higher than in September and
August.

We found significant changes in the phylum Actinobacteria when
comparing S705S: S805P, S805P: S800C, S810S: S910S, S900C: S905S,
and S905S: S910S. Phylum Tenericutes was initially present in the
S810S group; phylum BRC1 was initially present in the S905P, S805S,
S905S, and S910S groups; phylum TM6 [Dependentiae] was initially
present in the S805S, S805P, and S905S groups; and phylum
Microgenomates began to appear in the S905P, S805S, and S905S
groups. However, compared to floating-bed cultivation groups, phylum
Chloroflexi was absent from the S700C, S800C, and S900C groups,
while phylum Cyanobacteria was absent from the S800C and S900C
groups. Phylum Firmicutes in the S705S group (0.275 * 0.093) sig-
nificantly increased compared to the S700C group (0.0481 + 0.0179,
p = 0.0324). When we compared S705P to S805P, phylum
Bacteroidetes (0.0086 + 0.0013 vs. 0.0002 = 0.0002, p = 0.0000),

Verrucomicrobia (0.1150 = 0.0161 Vs. 0.0304 = 0.0092,
p = 0.0085), and Saccharibacteria (0.0058 + 0.0017 VvS.
0.0015 + 0.0007, p = 0.0423) significantly decreased, and

Actinobacteria (0.0049 + 0.0011 vs. 0.0551 = 0.0147, p = 0.0257)

significantly  increased. @~ Phylum  Actinobacteria in  S900C
(0.0002 + 0.0002) significantly increased compared to S905P
(0.0163 = 0.0085, p = 0.0298).

When compared to the S700C group, phylum Firmicutes

Table 1
The water removal rate of sandwich-like and P. cuspidatum pond from July to October (%, n = 3).
Month Group TOC CODyi, Chl.a TN NH,"-N NO;3; -N NO, -N TP PO43'-P
July S705S 42.34 21.06 57.28 17.29 35.85 45.21 60.00 64.80 60.00
S710S 65.83 46.32 60.09 53.12 6.94 49.36 95.45 78.16 100.00
S705P 55.10 46.35 60.09 53.21 13.43 72.50 70.00 79.41 60.00
August S805S 12.95 1.30 37.91 18.51 33.12 —27.92 81.18 30.15 14.73
S810S 10.24 3.88 —-13.24 4.59 —-8.79 28.17 —40.76 34.39 48.64
S805P —4.21 3.86 18.86 4.57 23.11 27.89 41.18 34.04 50.00
September S905S 12.34 18.89 38.54 9.65 37.86 17.48 43.52 41.67 66.67
S910S 25.89 24.20 21.81 17.64 48.79 34.95 62.18 61.11 60.00
S905P 27.63 8.96 50.68 35.94 35.92 17.48 40.00 —8.33 60.00
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Fig. 1. Species-abundance clustering image for different taxonomic categories (n = 3). The relative abundances of the different taxonomic categories in samples
as revealed by 16S rRNA gene ribotyping. For each sample type, only taxa with an RA > 0.5% in at least one sample were included in the analysis. Fish were divided
into four treatment groups as follows: the control group cultivated without floating beds (termed S700C, S800C and S900C, sampled in July, August, and September,
respectively); the groups cultivated with 5% or 10% sandwich-like floating beds planted with a combination of equal parts H. cordata Thunb, M. haplocalyx Briq., and
I. aquatica Forsk (S705S, S805S, and S905S and S710S, S810S, and S910S, respectively); and the group cultivated with 5% Polygonum cuspidatum (S705P, S805P, and
S905P). (a) The flower figure for sequenced OTUs, (b) the taxonomic categories, ordered phyla, class, order, family, genus, and species.

significantly increased in the S705S group (Table S2, Fig. S4). The or-
ders Corynebacteriales, Legionellales, Rhodobacterales, Chthonio-
bacterales, Syntrophobacterales, and Verrucomicrobiales significantly
decreased, and Clostridiales significantly increased. In the S710S
groups, the genus uncultured bacterium Romboutsia significantly in-
creased, while others significantly decreased (Table S2). With respect to
P. cuspidatum, Clostridium sensu stricto 1, genus Romboutsia, etc. sig-
nificantly increased, and Rhodopirellula, Candidatus Anammox-
imicrobium, etc. significantly decreased. When we compared different
groups in July, the genera Clostridium sensu stricto 1 (Fig. 3), Coma-
monas, etc. in the S705P group was significantly higher than those in
the S705S group, while the genera Cetobacterium and uncultured bac-
terium 0319-6G20 were significantly lower. Family uncultured candi-
date division WS5 bacterium, Prevotellaceae in the S705S group was
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significantly higher than in the S710S group, while the family Xan-
thomonadaceae was significantly lower. With respect to genera, un-
cultured bacterium Paeniclostridium in the S705S group was sig-
nificantly higher than those in the S710S group (4.78% vs. 0.21%,
p = 0.0364).

With increasing time, the orders Legionellales, Planctomycetales,
etc. significantly decreased in the S900C group when compared to the
S700C group, while the order Clostridiales significantly increased. The
order PeM15, subsection III, family Prevotellaceae and Family I sig-
nificantly decreased in the S705S group compared to those in the S805S
group, while the class Verrucomicrobiae, the order Verrucomicrobiales,
and the family Verrucomicrobiaceae significantly increased.

The phyla Bacteroidetes, Verrucomicrobia, and Saccharibacteria;
orders Bacteroidales, Oligoflexales, etc.; and families



Y. Zheng, et al.

Fish and Shellfish Immunology 90 (2019) 466-476

1.5 [
r

I
o =
& 1.0 1
5 .
B
5
[
g
3

0.51 i *
= * =

#J

S700C S705P S705S S710S S800C S805P S805S S810S S900C S905P S905S S910S

Fig. 2. The box map for the intergroup -diversity statistical analysis among the treatment groups from July to September by unweighted UniFrac analysis
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Comamonadaceae, and Porphyromonadaceae, etc. significantly de-
creased in the S805P group compared to those in the S705P group,
while the phylum Actinobacteria, orders Rhizobiales and
Solirubrobacterales, etc., and families Mycobacteriaceae, and
Methylococcaceae (Fig. 4), etc. significantly increased.

The families Oligoflexaceae and Porphyromonadaceae, etc.; genera
Macellibacteroides and Cellulosilyticum, etc.; and species uncultured
bacterium Oligoflexaceae, etc. significantly decreased in the S905P
group compared to those in the S705P group. The family
Xanthomonadaceae, Coelastrella sp._M60, and Pseudomonadaceae sig-
nificantly decreased, while the families Verrucomicrobiaceae and
Peptostreptococcaceae significantly increased in the S910S group
compared to those in the S710S group. The classes Fusobacteriia, un-
cultured bacterium Epulopiscium, uncultured bacterium Cetobacterium,
and uncultured bacterium Porphyromonadaceae significantly de-
creased, while the classes Acidimicrobiia, Actinobacteria, and
Planctomycetacia, etc., and uncultured bacterium Planctomycetaceae,
etc. significantly increased in the S810S group compared to those in the
S800C group.

The classes Thermoleophilia and Alphaproteobacteria significantly
decreased in the S805S group compared to those in the S805P group.
The families FukuN57 and Methylococcaceae, etc. significantly de-
creased in the S905P group compared to those in the S805P group. The
phylum Actinobacteria significantly increased in the S905P group
compared to those in the S900C group.

The genera Epulopiscium, Clostridium sensu stricto 1, Cellulosilyticum,
and uncultured bacterium Epulopiscium significantly decreased in the
S900S group compared to those in the S800C group. The genus
Methyloparacoccus significantly increased in the S905S group compared
to those in the S805S group.

The species uncultured bacterium Epulopiscium, etc. significantly
decreased, while uncultured bacterium TM146 significantly increased
in the S805P group compared to those in the S800C group.

3.4. Fish protein concentration assays

The concentrations of the anti-inflammatory protein, IL-10, sig-
nificantly increased in fish from the groups S705P (blood), S805P
(blood and liver), S705S (blood), S805S, and S810S (liver) (Fig. 5).
Blood IFN-y significantly increased in fish from groups S705S, S905S,
S805P, S905P, S810S, and S910S, while hepatic IFN-y significantly

increased in fish from groups S805S, S905S, S805P, S905P, and S910S.

From July to September, the blood concentration of the in-
flammatory protein, TNF-a, significantly decreased in fish grown in the
10% planting-area beds and in the 5% P. cuspidatum groups. Hepatic
TNF-a significantly decreased in those groups from August to
September. Blood IL-1f significantly decreased in the same sampled
groups, except for S905S and S710S, while hepatic IL-13 decreased in
the 5% P. cuspidatum groups from July to August. Blood IL-8 sig-
nificantly decreased (except in group S805S) and hepatic IL-8 sig-
nificantly decreased in the S710S, S805S, S805P, and S905S groups.

In July, the blood concentrations of HSP60, HSP70, and HSP90
significantly increased in fish from the 10% planting-area beds and the
5% P. cuspidatum group (except for HSP90), while HSP9O0 significantly
increased in the S705S group. In August, HSP60 and HSP90 sig-
nificantly increased in fish from the 5% and 10% planting-area beds,
while HSP70 and HSP90 significantly increased in the 5% P. cuspidatum
group. In September, HSP60 significantly increased in the 5% P. cus-
pidatum group, HSP70 significantly increased in the 5% planting-area
bed group, and the 5% P. cuspidatum group, while HSP90 significantly
decreased in all treatment groups.

In July however, hepatic HSP proteins significantly increased in fish
from the 5% planting-area bed group, while HSP60 significantly de-
creased and HSP90 significantly increased in fish from the 10%
planting-area bed group. Hepatic HSP60 and HSP70 significantly in-
creased in fish from the 5% P. cuspidatum group. In August, hepatic HSP
proteins significantly increased, except for HSP70 in fish from the 5% P.
cuspidatum group. In September, HSP proteins significantly increased in
fish from the 5% P. cuspidatum group, while HSP60 significantly de-
creased and HSP70 significantly increased in fish from the 5% and 10%
planting-area beds. HSP60 significantly increased in fish from the 5%
planting-area bed group and HSP90 significantly decreased in the 5% P.
cuspidatum group.

Blood complement C3 and C4 concentrations significantly de-
creased in fish from groups S705S and S710S (C3 only) in July and C4
concentration significantly decreased in August. Complement C3 and
C4 concentrations significantly increased in groups S905S and S805S
and complement C3 significantly increased in groups S805P and S905P.
Hepatic C3 and C4 concentrations significantly increased in July and
September (C3 only), while C4 concentrations significantly decreased
in fish from the 5% P. cuspidatum group in August and September.
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4. Discussion

Blastopirellula (together with Rhodopirellula, evolved from Pirellula)
and Anammoxbacteria belong to the phylum Planctomycetes [33].
Previous studies have shown that Planctomycetes was more abundant
in floating-bed-cultivation pond groups than in control groups [7]. In
this study, uncultured bacteria Rhodopirellula/Blastopirellula/Pirellula
were significantly more abundant in the S710S/S810S and S705P/
S905P groups.

Cetobacterium is favored when putative probiotics are added to grass
carp intestines [34,35]. These studies showed that the abundance of
tilapia probiotics (such as Lactococcus, Cetobacterium, and Rhodobacter)
was affected less by streptococcal infection than in the controls [34]. In
the present study, we found that the abundance of Cetobacterium was
significantly higher in S705P vs. S705S and lower in S800C vs. S810S
and S800C vs. S805P. This suggests that cultivation of floating beds
with Chinese medicinal herbs can improve fish health through in-
testinal changes [34,35] or anti-inflammatory activity [7].

Macellibacteroides and Anammoximicrobium present in sulfur- and
iron-rich wastewater sediment may promote the biological adaptation
to such complex environments [36]. Macellibacteroides abundance

significantly increased in the P. cuspidatum cultivation group in July
(S700C vs. S705Pf, S705P1vs. S705S, S705P1vs. S905P, S800C!vs.
S805P), while that of Candidatus Anammoximicrobium was higher in the
S705P group than in the S700C group. When the Macrophyte acorus
calamus is used to perform pyrene and benzo [a]pyrene degradation,
the abundance of aerobic bacteria (Vogesella, Pseudomonas, Flavo-
bacterium, and Rhizobium) increases, while anaerobic bacteria (Long-
ilinea, Bellilinea, Desulfobacca, and Anaeromyxobacter) accumulate in the
groups with sediment microbial fuel cells [37]. Pseudomonas sig-
nificantly increased (S705P1 vs. S705S) and Desulfobacca decreased
(S700C1vs. S705P), which demonstrated that cultivation with P. cus-
pidatum favored aerobic over anaerobic bacteria. Planting with a 10%
combination of Houttuynia cordata Thunb, Mentha haplocalyx Briq. and
Ipomoea aquatica Forsk may result in the increased oxygen consumption
supported by our filed research.

Immune cell activation increased the transcription of pro- and anti-
inflammatory cytokines. When we added rutin [5] and resveratrol [6]
to tilapia feed, the levels of pro- and anti-inflammatory cytokines sig-
nificantly increased and decreased, respectively. In this study, the levels
of both blood and hepatic IL-10 (S805P), IFN-y (S805P, S905S, S905P,
and S910S) significantly increased in fish cultivated in beds planted
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with Chinese herbs, while TNF-a (10% planting-area and P. cuspi-
datum), IL-1( (P. cuspidatum), and IL-8 (S905S) significantly decreased.
Lipid mediators are important endogenous regulators of inflammation
and apoptosis [38], and have been associated with the cytokine net-
work of the immune system [39]. Resveratrol is mainly accumulated in
the roots of P. cuspidatum and GIFT often bite these roots when P.
cuspidatum is used as a floating bed thereby disturbing the innate im-
munity of the fish [40]. Resveratrol's effect on the immune system may
be associated with tumor necrosis factor-alpha (TNF-a) [41]. High
carbohydrate levels increase the transcription levels of hsp60 and hsp70
[42]. IFN-y, TNF-a, IL-1$, and hsp70 transcription levels increase in ti-
lapia fed with the antimicrobial peptide, Natucin P, which suggests that
it may enhance their antioxidant capacity and innate immunity. Nat-
ucin P might therefore be a potential alternative to antibiotics when
used as a feed additive [43]. Intestinal TNF-a and hsp70 are upregulated
in tilapia fed microbial phytase (1000 U/kg) [44]. Fructooligo-
saccharide (0.4%) increased hsp70 and hsp90 levels in blunt snout
bream (Megalobrama amblycephala) under high-ammonia stress [45].
The different responses to rutin and resveratrol (hsp90a) may be due to
the time window between transcription and translation [46]. All of
these observations suggest that long-term resveratrol administration or
ingestion of P. cuspidatum roots may improve the immune system
through transcriptional regulation of pro- and anti-inflammatory cyto-
kines [5,6]. Our previous studies demonstrated that medicinal plant
extracts (rutin and resveratrol) can be absorbed by the intestine [5,6],
resulting in inflammatory responses and an advantageous shift (in-
creased beneficial and decreased harmful bacteria) in gut microbiota
[7,47]. It has been shown that the gut microbiome may affect im-
munomodulation [48], disease resistance [49], and adaptive immunity
in fish [50], and this has been directly supported by our recent work
[7]. The present study showed that floating-bed cultivation with med-
icinal plants increased the total yield of tilapia 1.12-fold. Furthermore,
fish farmers earned additional income through selling the plants to
townspeople or to plant extract companies.

The concentrations of complements C3 and C4 significantly in-
creased after 4 weeks in fish fed diets of 3% stinging nettle (Urtica
dioica), while the immune responses of fish fed 2 and 3% diets improved
after 8 weeks [51]. Complements C3 and C4 have been shown to sig-
nificantly increase ammonium acetate, whereas exogenous taurine can
mitigate ammonia toxicity in fish [52]. Complements C3 and C4 sig-
nificantly increased in the S905S group but decreased in floating beds
cultivated with 5% P. cuspidatum, which suggests that harmful sub-
stances from Chinese medicinal herbs may result in responses leading to
decreased complement C3 and C4 levels [53]. Complement C3 and C4
levels decreased in fish fed threonine-deficient diets (0.58% threonine)
or diets high in threonine (2.58% threonine) [17]. It has been suggested
that orange-peel-derived pectin as a feed additive promotes growth in
O. niloticus [54]. Whether extracts from P. cuspidatum could be a ben-
eficial feed additive has not been determined.

Researchers prefer to use Chinese medicinal herbs such as Thymus
daenensis (antibacterial and antioxidant with very low toxicity used
against Staphylococcus aureus) [55], Ruta graveolens (Enterococcus fe-
calis) [56], Thai piperaceae plants (Toxoplasma gondii) [57], Rubus
parvifolius L. (antibacterial activity, volatile oil) [58], Allium sativum L.
Fam. Liliaceae (garlic) [59], P. cuspidatum [40], etc., instead of anti-
biotics against pathogenic bacteria. However, feed additives with active
compounds from medicinal herbs can also be used to combat gastro-
intestinal dysfunction (flavonoid glycosides of Polygonum capitatum)
[60] and to confer renoprotective effects (Mentha piperita) [61]. Our
previous findings demonstrated that the proportion of beneficial and
harmful microbial taxa increased and decreased respectively with in-
creasing concentrations of medicinal plant extracts [7]. Floating culti-
vation with Chinese medicinal herbs resulted in probiotic-like effects
[47], and it highlighted the potential importance of bacterial interac-
tions in influencing the stability of health-associated gut microbial
communities.

Fish and Shellfish Immunology 90 (2019) 466-476

The total production of tilapia in China has reached 1.6 billion tons,
and heavily-fed tilapia grow faster between the months of July and
September. Because of environmental pollution from feed, an effective
strategy to reduce infection and disease is dietary supplementation with
immunopotentiators. The final goal of the current study was to de-
termine whether the reported immune enhancement [5-7] is sustained
from development to harvest. Water and food quality are very im-
portant factors affecting fish health. It is well documented that the
immune response of fish is seasonal [62] and that innate immunological
factors are strongly affected as reflected by significant changes in serum
complement concentrations [63]. It is also suggested that seasonal
changes can affect humoral immune responses [64]. The present study
showed that floating bed cultivation with Chinese medicinal herbs not
only enhanced water quality indexes as we previously reported [65],
but also has a sustained effect from fish development to harvest.

Author contributions

Y.Z., X.W.B., J.Z.C. conceived and designed the experiments; Y.Z.
analyzed the data; L.P.Q., W.W., G.D.H. contributed reagents/mate-
rials/analysis tools; Y.Z. contributed to figures preparation; Y.Z. pre-
pared and wrote the manuscript. All authors reviewed the manuscript.

Conflicts of interest
The authors declare that there are no conflicts of interest.
Acknowledgments

The work was supported by Special Fund of Fundamental Scientific
Research Business Expense for Central Public Research Institutes (No.
2019JBFZ06), National Science and Technology Pillar Program
(2015BAD13B03), China Agricultural Research System (No. CARS-46).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.£s1.2019.04.042.

References

[1]1 R.A. Collins, A ten-year audit of traditional Chinese medicine and other natural
product research published in the Chinese Medical Journal (2000-2009), Chin.
Med. J. 124 (2011) 1401-1408 https://doi.org/10.3760/cma.j.issn.0366-6999.
2011.09.023.

H. Xiang, X. Tao, S. Xia, J. Qu, H. Song, J. Liu, et al., Emodin alleviates sodium
taurocholate-induced pancreatic acinar cell injury via microrna-30a-5p-mediated
inhibition of high-temperature requirement a/transforming growth factor beta 1
inflammatory signaling, Front. Immunol. 8 (2017) 1488 https://doi.org/10.3389/
fimmu.2017.01488.

Z. Tong, L. Cheng, J. Song, M. Wang, J. Yuan, X. Li, et al., Therapeutic effects of
Caesalpinia minax Hance on complete Freund's adjuvant (CFA)-induced arthritis and
the anti-inflammatory activity of cassane diterpenes as main active components, J.
Ethnopharmacol. 226 (2018) 90-96 https://doi.org/10.1016/j.jep.2018.08.011.

J. He, X. Lu, T. Wei, Y. Dong, Z. Cai, L. Tang, et al., Asperuloside and asperulosidic
acid exert an anti-inflammatory effect via suppression of the NF-kB and MAPK
signaling pathways in lps-induced RAW 264.7 macrophages, Int. J. Mol. Sci. 19
(2018) pii: E2027 https://doi.org/10.3390/ijms19072027.

Y. Zheng, Z. Zhao, L. Fan, S. Meng, C. Song, L. Qiu, et al., Dietary supplementation
with rutin has pro-/anti-inflammatory effects in the liver of juvenile GIFT tilapia,
Oreochromis niloticus, Fish Shellfish Immunol. 64 (2017) 49-55 https://doi.org/10.
1016/j.f51.2017.03.014.

Y. Zheng, Z. Zhao, W. Wu, C. Song, S. Meng, L. Fan, et al., Effects of dietary re-
sveratrol supplementation on hepatic and serum pro-/anti-inflammatory activity in
juvenile GIFT tilapia, Oreochromis niloticus. Dev. Comp. Immunol. 73 (2017)
220-228 https://doi.org/10.1016/j.dci.2017.03.030.

Y. Zheng, W. Wu, G. Hu, L. Qiu, S. Meng, C. Song, et al., Gut microbiota analysis of
juvenile genetically improved farmed tilapia (Oreochromis niloticus) by dietary
supplementation of different resveratrol concentrations, Fish Shellfish Immunol. 77
(2018) 200-207 https://doi.org/10.1016/.fs1.2018.03.040.

R. Erdogan, Z. Zaimoglu, M.Y. Sucu, F. Budak, S. Kekec, Applicability of leachates
originating from solid-waste landfills for irrigation in landfill restoration projects, J.
Environ. Biol. 29 (2008) 779-784.

[2]

[3]

[4]

[5

[6

[7

[8]


https://doi.org/10.1016/j.fsi.2019.04.042
https://doi.org/10.1016/j.fsi.2019.04.042
https://doi.org/%2010.3760/cma.j.issn.0366-6999.2011.09.023
https://doi.org/%2010.3760/cma.j.issn.0366-6999.2011.09.023
https://doi.org/10.3389/fimmu.2017.01488
https://doi.org/10.3389/fimmu.2017.01488
https://doi.org/10.1016/j.jep.2018.08.011
https://doi.org/10.3390/ijms19072027
https://doi.org/10.1016/j.fsi.2017.03.014
https://doi.org/10.1016/j.fsi.2017.03.014
https://doi.org/10.1016/j.dci.2017.03.030
https://doi.org/10.1016/j.fsi.2018.03.040
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref8
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref8
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref8

Y. Zheng, et al.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Y. Zheng, J. Chen, S. Meng, L. Fan, C. Song, X. Bing, The effect of pond pollutants
removal for rotation by Chinese medical herbs/water spinach (Ipomoea aquatica)
and cress (Oenanthe stolonifera), Southwest China J. Agric. Sci. 31 (2018) 25-29.
Y. Zheng, X. Bing, L. Qiu, L. Fan, C. Song, S. Meng, et al., Effects of eight biliary
immune factors of GIFT tilapia after floating bed cultivation with Houttuynia cordata
Thunb, J. Agro-Environ Sci. (2016) 1680-1685.

Z. Yang, Y. Sun, S. Luo, J. Chen, J. Chen, Z. Yu, et al., Quality evaluation of
Houttuynia cordata Thunb. by high performance liquid chromatography with pho-
todiode-array detection (HPLC-DAD), Pak. J. Pharm. Sci. 27 (2014) 223-231.

B. Avula, V.C. Joshi, Y.H. Wang, [.A. Khan, Simultaneous identification and quan-
tification of anthraquinones, polydatin, and resveratrol in Polygonum multiflorum,
various Polygonum species, and dietary supplements by liquid chromatography and
microscopic study of Polygonum species, J. AOAC Int. 90 (2007) 1532-1538.

J. Kim, M.Y. Kim, K.H. Leem, S. Moon, N. Jamakattel-Pandit, H. Choi, et al., Key
compound groups for the neuroprotective effect of roots of Polygonum cuspidatum on
transient middle cerebral artery occlusion in Sprague-Dawley rats, Nat. Prod. Res.
24 (2010) 1214-1226 https://doi.org/10.1080/14786410902992157.

M.H. Aminifard, S. Mohammadi, Essential oils to control Botrytis cinerea in vitro
and in vivo on plum fruits, J. Sci. Food Agric. 93 (2013) 348-353 https://doi.org/
10.1002/jsfa.5765.

N. Wu, B. Wang, Z.W. Cui, X.Y. Zhang, Y.Y. Cheng, X. Xu, et al., Integrative tran-
scriptomic and microRNAomic profiling reveals immune mechanism for the resi-
lience to soybean meal stress in fish gut and liver, Front. Physiol. 9 (2018) 1154
https://doi.org/10.3389/fphys.2018.01154.

J. Pastwiniska, J. Agier, J. Dastych, E. Brzezifiska-Blaszczyk, Mast cells as the
strength of the inflammatory process, Pol. J. Pathol. 68 (2017) 187-196 https://doi.
org/10.5114/pjp.2017.71526.

H.M. Habte-Tsion, M. Ren, B. Liu, X. Ge, J. Xie, R. Chen, Threonine modulates
immune response, antioxidant status and gene expressions of antioxidant enzymes
and antioxidant-immune-cytokine-related signaling molecules in juvenile blunt
snout bream (Megalobrama amblycephala), Fish Shellfish Immunol. 51 (2016)
189-199 https://doi.org/10.1016/j.fsi.2015.11.033.

B. Kalmar, L. Greensmith, Induction of heat shock proteins for protection against
oxidative stress, Adv. Drug Deliv. Rev. 61 (2009) 310-318 https://doi.org/10.
1016/j.addr.2009.02.003.

R.J. Roberts, C. Agius, C. Saliba, P. Bossier, Y.Y. Sung, Heat shock proteins (cha-
perones) in fish and shellfish and their potential role in relation to fish health: a
review, J. Fish Dis. 33 (2010) 789-801 https://doi.org/10.1111/j.1365-2761.2010.
01183.x.

S. Currie, Temperature | Heat Shock Proteins and Temperature, Encyclopedia of
Fish Physiology, Elsevier Inc, 2011.

M.J. Walport, Complement. First of two parts, N. Engl. J. Med. 344 (2001)
1058-1066 https://doi.org/10.1056/nejm200104053441406.

AW.T. Ng, S.L. Poon, M.N. Huang, J.Q. Lim, A. Boot, W. Yu, et al., Aristolochic
acids and their derivatives are widely implicated in liver cancers in Taiwan and
throughout Asia, Sci. Transl. Med. 9 (2017) pii: eaan6446 https://doi.org/10.1126/
scitranslmed.aan6446.

C. Talwar, S. Nagar, R. Lal, R.K. Negi, Fish gut microbiome: current approaches and
future perspectives, Indian J. Microbiol. 58 (2018) 397-414 https://doi.org/10.
1007/512088-018-0760-y.

E. Awad, A. Awaad, Role of medical plants on growth performance and immune
status in fish, Fish Shellfish Immunol. 67 (2017) 40-54 https://doi.org/10.1016/j.
fs1.2017.05.034.

K. Brandl, V. Kumar, L. Eckmann, Gut-liver axis at the frontier of host-microbial
interactions, Am. J. Physiol. Gastrointest. Liver Physiol. 312 (2017) G413-G419
https://doi.org/10.1152/ajpgi.00361.2016.

J.H. Rombout, L. Abelli, S. Picchietti, G. Scapigliati, V. Kiron, Teleost intestinal
immunology, Fish Shellfish Immunol. 31 (2011) 616-626 https://doi.org/10.1016/
j.£s1.2010.09.001.

Y.Z. Sun, H.L. Yang, R.L. Ma, K. Song, W.Y. Lin, Molecular analysis of auto-
chthonous microbiota along the digestive tract of juvenile grouper Epinephelus
coioides following probiotic Bacillus pumilus administration, J. Appl. Microbiol. 110
(2011) 1093-1103 https://doi.org/10.1111/j.1365-2672.2011.04967 .x.

State EPA of China, Monitoring and Determination Methods for Water and
Wastewater, fourth ed., china environmental science press, Beijing, China, 2002.
N.B. Sutton, F. Maphosa, J.A. Morillo, W. Abu Al-Soud, A.A. Langenhoff,

T. Grotenhuis, Impact of long-term diesel contamination on soil microbial com-
munity structure, Appl. Environ. Microbiol. 79 (2013) 619-630 https://doi.org/10.
1128/AEM.02747-12.

N.A. Bokulich, S. Subramanian, J.J. Faith, D. Gevers, J.I. Gordon, R. Knight, et al.,
Quality-filtering vastly improves diversity estimates from Illumina amplicon se-
quencing, Nat. Methods 10 (1) (2013) 57-59 https://doi.org/10.1038/nmeth.2276.
D. Bulgarelli, M. Rott, K. Schlaeppi, E. Ver Loren van Themaat, N. Ahmadinejad,
F. Assenza, et al., Revealing structure and assembly cues for Arabidopsis root-in-
habiting bacterial microbiota, Nature 488 (2012) 91-95 https://doi.org/10.1038/
nature11336.

R. Kumar, K.P. Joy, S.M. Singh, Morpho-histology of head kidney of female catfish
Heteropneustes fossilis: seasonal variations in melano-macrophage centers, melanin
contents and effects of lipopolysaccharide and dexamethasone on melanins, Fish
Physiol. Biochem. 42 (2016) 1287-1306 https://doi.org/10.1007/s10695-016-
0218-2.

C.A. Fuchsman, J.T. Staley, B.B. Oakley, J.B. Kirkpatrick, J.W. Murray, Free-living
and aggregate-associated Planctomycetes in the black sea, FEMS Microbiol. Ecol. 80
(2012) 402-416 https://doi.org/10.1111/j.1574-6941.2012.01306.x.

K. Hao, Z.Q. Wu, D.L. Li, X.B. Yu, G.X. Wang, F. Ling, Effects of dietary adminis-
tration of shewanella xiamenensis A-1, aeromonas veronii A-7, and Bacillus subtilis,

475

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Fish and Shellfish Immunology 90 (2019) 466-476

single or combined, on the grass carp (Ctenopharyngodon idella) intestinal micro-
biota, Probiotics Antimicrob. 9 (2017) 386-396 https://doi.org/10.1007/512602-
017-9269-7.

X.Z. Qi, M.Y. Xue, S.B. Yang, J.W. Zha, G.X. Wang, F. Ling, Ammonia exposure
alters the expression of immune-related and antioxidant enzymes-related genes and
the gut microbial community of crucian carp (Carassius auratus), Fish Shellfish
Immunol. 70 (2017) 485-492 https://doi.org/10.1016/].fsi.2017.09.043.

C. Liu, D. Zhao, L. Yan, A. Wang, Y. Gu, D.J. Lee, Elemental sulfur formation and
nitrogen removal from wastewaters by autotrophic denitrifiers and anammox
bacteria, Bioresour. Technol. 191 (2015) 332-336 https://doi.org/10.1016/j.
biortech.2015.05.027.

Z. Yan, H. Jiang, H. Cai, Y. Zhou, L.R. Krumholz, Complex interactions between the
Macrophyte acorus calamus and microbial fuel cells during pyrene and benzo[a]
pyrene degradation in sediments, Sci. Rep. 5 (2015) 10709 https://doi.org/10.
1038/srep10709.

A.A. Farooqui, Lipid mediators in the neural cell nucleus: their metabolism, sig-
naling, and association with neurological disorders, Neuroscientist 15 (2009)
392-407 https://doi.org/10.1177/1073858409337035.

C. Hocaoglu, B. Kural, R. Aliyazicioglu, O. Deger, S. Cengiz, IL-1§, IL-6, IL-8, IL-10,
IFN-y, TNF-a and its relationship with lipid parameters in patients with major de-
pression, Metab. Brain Dis. 27 (2012) 425-430 https://doi.org/10.1007/s11011-
012-9323-9.

L. Zhang, L. Li, Y. Zhu, G. Zhang, X. Guo, Transcriptome analysis reveals a rich gene
set related to innate immunity in the eastern oyster (Crassostrea virginica), Mar.
Biotechnol. 16 (2014) 17-33 https://doi.org/10.1007/s10126-013-9526-z.

J.M. Leiro, M. Varela, M.C. Piazzon, J.A. Arranz, M. Noya, J. Lamas, The anti-in-
flammatory activity of the polyphenol resveratrol may be partially related to in-
hibition of tumour necrosis factor-alpha (TNF-alpha) pre-mRNA splicing, Mol.
Immunol. 47 (2010) 1114-1120 https://doi.org/10.1016/j.molimm.2009.10.030.
S. Xia, X. Li, K.P. Abasubong, C. Xu, H. Shi, W. Liu, et al., Effects of dietary glucose
and starch levels on the growth, apparent digestibility, and skin-associated mucosal
non-specific immune parameters in juvenile blunt snout bream (Megalobrama am-
blycephala), Fish Shellfish Immunol. 79 (2018) 193-201 https://doi.org/10.1016/j.
fs1.2018.05.001.

Y. Chen, J. Hu, Q. Lyu, L. Liu, L. Wen, X. Yang, et al., The effects of Natucin C-
Natucin P mixture on blood biochemical parameters, antioxidant activity and non-
specific immune responses in tilapia (Oreochromis niloticus), Fish Shellfish Immunol.
55 (2016) 367-373 https://doi.org/10.1016/].fs1.2016.06.016.

J. Hu, C. Ran, S. He, Y. Cao, B. Yao, Y. Ye, et al., Dietary microbial phytase exerts
mixed effects on the gut health of tilapia: a possible reason for the null effect on
growth promotion, Br. J. Nutr. 115 (2016) 1958-1966 https://doi.org/10.1017/
S0007114516001240.

C. Zhang, X. Li, H. Tian, D. Zhang, G. Jiang, K. Lu, et al., Effects of fructooligo-
saccharide on immune response, antioxidant capability and HSP70 and HSP90
expressions of blunt snout bream (Megalobrama amblycephala) under high ammonia
stress, Fish Physiol. Biochem. 41 (2015) 203-217 https://doi.org/10.1007/s10695-
014-0017-6.

L.L. Amado, M.L. Garcia, T.C.B. Pereira, J.S. Yunes, M.R. Bogo, J.M. Monserrat,
Chemoprotection of lipoic acid against microcystin-induced toxicosis in common
carp (Cyprinus carpio, Cyprinidae), Comp. Biochem. Physiol. C 154 (2011) 146-153
https://doi.org/10.1016/j.cbpc.2011.04.007.

Y. Zheng, G. Hu, L. Qiu, X. Bing, J. Chen, Reshaping fecal gut microbiota compo-
sition by growing with Polygonum cuspidatum, Houttuynia cordata Thunb and
Ipomoea aquatica Forsk, Can. J. Microbiol. (2019) ¢jm-2018-0497 https://doi.org/
10.1139/¢jm-2018-0497.

A.T. Gongalves, V. Valenzuela-Muifioz, C. Gallardo-Escérate, Intestinal tran-
scriptome modulation by functional diets in rainbow trout: a high-throughput se-
quencing appraisal to highlight GALT immunomodulation, Fish Shellfish Immunol.
64 (2017) 325-338 https://doi.org/10.1016/j.fsi.2017.03.022.

S. Ma, Y. Sun, F. Wang, R. Mi, Z. Wen, X. Li, et al., Effects of tussah immunoreactive
substances on growth, immunity, disease resistance against Vibrio splendidus and gut
microbiota profile of Apostichopus japonicus, Fish Shellfish Immunol. 63 (2017)
471-479 https://doi.org/10.1016/j.fsi.2017.02.045.

K. Stagaman, A.R. Burns, K. Guillemin, B.J. Bohannan, The role of adaptive im-
munity as an ecological filter on the gut microbiota in zebrafish, ISME J. 11 (7)
(2017) 1630-1639 https://doi.org/10.1038/ismej.2017.28.

M.R. Saeidi Asl, M. Adel, C.M.A. Caipang, M.A.O. Dawood, Immunological re-
sponses and disease resistance of rainbow trout (Oncorhynchus mykiss) juveniles
following dietary administration of stinging nettle (Urtica dioica), Fish Shellfish
Immunol. 71 (2017) 230-238 https://doi.org/10.1016/].fsi.2017.10.016.

X. Xing, M. Li, L. Yuan, M. Song, Q. Ren, G. Shi, et al., The protective effects of
taurine on acute ammonia toxicity in grass carp Ctenopharynodon idellus, Fish
Shellfish Immunol. 56 (2016) 517-522 https://doi.org/10.1016/].fsi.2016.08.005.
S.A. Li, W.D. Jiang, L. Feng, Y. Liu, P. Wu, J. Jiang, et al., Dietary myo-inositol
deficiency decreased intestinal immune function related to NF-xB and TOR sig-
naling in the intestine of young grass carp (Ctenopharyngodon idella), Fish Shellfish
Immunol. 76 (2018) 333-346 https://doi.org/10.1016/.fs1.2018.03.017.

H.V. Doan, S.H. Hoseinifar, P. Elumalai, S. Tongsiri, C. Chitmanat, S. Jaturasitha,
et al., Effects of orange peels derived pectin on innate immune response, disease
resistance and growth performance of Nile tilapia (Oreochromis niloticus) cultured
under indoor biofloc system, Fish Shellfish Immunol. 80 (2018) 56-62 https://doi.
org/10.1016/j.fsi.2018.05.049.

M. Saidi, N. Sadeghifard, H. Kazemian, Z. Sekawi, B. Badakhsh, S. Friadian, et al.,
Ex vivo evaluation of thymus daenensis as an antioxidant and antibacterial med-
icinal herb, Drug Res. 66 (2016) 657-659 https://doi.org/10.1055/5-0042-113457.
A. Saeidinia, F. Keihanian, S.F. Delavar, F. Keihanian, A. Ranjbar, M.F. Karkan, Lack


http://refhub.elsevier.com/S1050-4648(19)30280-3/sref9
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref9
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref9
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref10
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref10
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref10
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref11
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref11
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref11
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref12
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref12
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref12
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref12
https://doi.org/10.1080/14786410902992157
https://doi.org/10.1002/jsfa.5765
https://doi.org/10.1002/jsfa.5765
https://doi.org/10.3389/fphys.2018.01154
https://doi.org/10.5114/pjp.2017.71526
https://doi.org/10.5114/pjp.2017.71526
https://doi.org/10.1016/j.fsi.2015.11.033
https://doi.org/10.1016/j.addr.2009.02.003
https://doi.org/10.1016/j.addr.2009.02.003
https://doi.org/10.1111/j.1365-2761.2010.01183.x
https://doi.org/10.1111/j.1365-2761.2010.01183.x
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref20
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref20
https://doi.org/10.1056/nejm200104053441406
https://doi.org/10.1126/scitranslmed.aan6446
https://doi.org/10.1126/scitranslmed.aan6446
https://doi.org/10.1007/s12088-018-0760-y
https://doi.org/10.1007/s12088-018-0760-y
https://doi.org/10.1016/j.fsi.2017.05.034
https://doi.org/10.1016/j.fsi.2017.05.034
https://doi.org/10.1152/ajpgi.00361.2016
https://doi.org/10.1016/j.fsi.2010.09.001
https://doi.org/10.1016/j.fsi.2010.09.001
https://doi.org/10.1111/j.1365-2672.2011.04967.x
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref28
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref28
https://doi.org/10.1128/AEM.02747-12
https://doi.org/10.1128/AEM.02747-12
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1038/nature11336
https://doi.org/10.1038/nature11336
https://doi.org/10.1007/s10695-016-0218-2
https://doi.org/10.1007/s10695-016-0218-2
https://doi.org/10.1111/j.1574-6941.2012.01306.x
https://doi.org/10.1007/s12602-017-9269-7
https://doi.org/10.1007/s12602-017-9269-7
https://doi.org/10.1016/j.fsi.2017.09.043
https://doi.org/10.1016/j.biortech.2015.05.027
https://doi.org/10.1016/j.biortech.2015.05.027
https://doi.org/10.1038/srep10709
https://doi.org/10.1038/srep10709
https://doi.org/10.1177/1073858409337035
https://doi.org/10.1007/s11011-012-9323-9
https://doi.org/10.1007/s11011-012-9323-9
https://doi.org/10.1007/s10126-013-9526-z
https://doi.org/10.1016/j.molimm.2009.10.030
https://doi.org/10.1016/j.fsi.2018.05.001
https://doi.org/10.1016/j.fsi.2018.05.001
https://doi.org/10.1016/j.fsi.2016.06.016
https://doi.org/10.1017/S0007114516001240
https://doi.org/10.1017/S0007114516001240
https://doi.org/10.1007/s10695-014-0017-6
https://doi.org/10.1007/s10695-014-0017-6
https://doi.org/10.1016/j.cbpc.2011.04.007
https://doi.org/10.1139/cjm-2018-0497
https://doi.org/10.1139/cjm-2018-0497
https://doi.org/10.1016/j.fsi.2017.03.022
https://doi.org/10.1016/j.fsi.2017.02.045
https://doi.org/10.1038/ismej.2017.28
https://doi.org/10.1016/j.fsi.2017.10.016
https://doi.org/10.1016/j.fsi.2016.08.005
https://doi.org/10.1016/j.fsi.2018.03.017
https://doi.org/10.1016/j.fsi.2018.05.049
https://doi.org/10.1016/j.fsi.2018.05.049
https://doi.org/10.1055/s-0042-113457
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref56

Y. Zheng, et al.

[57]

[58]

[59]

[60]

[61]

of antibacterial activity of Ruta graveolens extracts against Enterococcus fecalis, Pak.
J. Pharm. Sci. 29 (2016) 1371-1374.

A. Leesombun, S. Boonmasawai, N. Shimoda, Y. Nishikawa, Effects of extracts from
Thai piperaceae plants against infection with Toxoplasma gondii, PLoS One 11
(2016) e0156116https://doi.org/10.1371/journal.pone.0156116.

Y. Cai, X. Hu, M. Huang, F. Sun, B. Yang, J. He, et al., Characterization of the
antibacterial activity and the chemical components of the volatile oil of the leaves
of Rubus parvifolius L, Molecules 17 (2012) 7758-7768 https://doi.org/10.3390/
molecules17077758.

B.B. Petrovska, S. Cekovska, Extracts from the history and medical properties of
garlic, Phcog. Rev. 4 (2010) 106-110 https://doi.org/10.4103/0973-7847.65321.
S. Zhang, F. Mo, Z. Luo, J. Huang, C. Sun, R. Zhang, Flavonoid glycosides of
Polygonum capitatum protect against inflammation associated with helicobacter
pylori infection, PLoS One 10 (2015) e0126584https://doi.org/10.1371/journal.
pone.0126584.

N. Ullah, M.A. Khan, T. Khan, A.H. Asif, W. Ahmad, Mentha piperita in ne-
phrotoxicity-a possible intervention to ameliorate renal derangements associated

[62]

[63]

[64]

[65]

Fish and Shellfish Immunology 90 (2019) 466-476

with gentamicin, Indian J. Pharmacol. 46 (2014) 166-170 https://doi.org/10.
4103/0253-7613.129309.

T.J. Bowden, K.D. Thompson, A.L. Morgan, R.M.L. Gratacap, S. Nikoskelainen,
Seasonal variation and the immune response: a fish perspective, Fish Shellfish
Immunol. 22 (2007) 695e706 https://doi.org/10.1016/].fsi.2006.08.016.

F. Pascoli, G.S. Lanzano, E. Negrato, C. Poltronieri, A. Trocino, G. Radaelli, et al.,
Seasonal effects on hematological and innate immune parameters in sea bass
Dicentrarchus labrax, Fish Shellfish Immunol. 31 (6) (2011) 1081-1087 https://doi.
org/10.1016/j.fsi.2011.09.014.

T. Nakanishi, Seasonal changes in the humoral immune response and the lymphoid
tissues of the marine teleost, Sebastiscus marmoratus, Vet. Inmunol. Immunopathol.
12 (1-4) (1986) 213-221 https://doi.org/10.1016/0165-2427(86)90125-X.

Y. Zheng, L. Qiu, G. Hu, S. Meng, L. Fan, C. Song, et al., Effects on floating bed with
different proportions of Houttuynia cordata Thunb, Mentha haplocalyx Briq. and
Ipomoea aquatica on culture pond environment of GIFT tilapia, J. Anhui Agric. Sci.
37 (2019) 35-37.


http://refhub.elsevier.com/S1050-4648(19)30280-3/sref56
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref56
https://doi.org/10.1371/journal.pone.0156116
https://doi.org/10.3390/molecules17077758
https://doi.org/10.3390/molecules17077758
https://doi.org/10.4103/0973-7847.65321
https://doi.org/10.1371/journal.pone.0126584
https://doi.org/10.1371/journal.pone.0126584
https://doi.org/10.4103/0253-7613.129309
https://doi.org/10.4103/0253-7613.129309
https://doi.org/10.1016/j.fsi.2006.08.016
https://doi.org/10.1016/j.fsi.2011.09.014
https://doi.org/10.1016/j.fsi.2011.09.014
https://doi.org/10.1016/0165-2427(86)90125-X
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref65
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref65
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref65
http://refhub.elsevier.com/S1050-4648(19)30280-3/sref65

	Varieties of immunity activities and gut contents in tilapia with seasonal changes
	Introduction
	Materials and methods
	Animals and sample collection
	Water quality determination
	DNA extraction, PCR amplification of 16S rDNA, amplicon sequencing, and sequence data processing
	Changes in bacterial communities
	Determination of pro-/anti-inflammatory cytokines
	Data analysis

	Results
	Water quality measurements
	OTU collection and biogeography effects on α/β diversity
	Variation in specific OTU abundances
	Fish protein concentration assays

	Discussion
	Author contributions
	Conflicts of interest
	Acknowledgments
	Supplementary data
	References




