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Carbonate alkalinity is a major environmental stress factor affecting aquatic feed
configuration, which easily causes oxidative stress and hypoimmunity for fish. Hence,
the purpose of the study is to assess the potential effect of phosphorus on growth,
intestinal oxidation resistance, physical barrier function, and microflora for Songpu mirror
carp (Cyprinus carpio Songpu) (initial average weight of 2.95 + 0.21 g) reared at the high-
concentration carbonate alkalinity environment. A two-factor, three-level (2 x 3) design
was applied, in which diets with three different phosphorus levels (3.6, 7.0, and 10.5 g/kg
dry matter) were randomly assigned to O and 15 mmol/L carbonate alkalinity groups with
three replicate aquariums. After the 8-week trial, we found that weight gain rate (WGR),
specific growth rate (SGR), protein efficiency ratio (PER), and lipase and amylase activities
in the intestine significantly (p < 0.05) declined with increasing carbonate alkalinity.
Carbonate alkalinity of 15 mmol/L significantly reduced glutathione peroxidase (GSHPx)
activities in the intestine (p < 0.05). The relative expressions of nuclear factor (erythroid-
derived 2)-like 2 (Nrf2), glutathione peroxidase 1a (GPX1a), Clautin3, Clautin11, and tumor
necrosis factor B (TNF-B) in the intestine were markedly downregulated by increasing
carbonate alkalinity levels (p < 0.05), whilst the relative expressions of interleukin 15 (IL-1p)
and tumor necrosis factor o (TNF-a) in the intestine were markedly upregulated (p < 0.05).
At the 15 mmol/L carbonate alkalinity treatment, Songpu mirror carp suffer from
hypoimmunity status with failed digestion, antioxidant, inflammation, and immune
response, thereby inducing impaired growth. Additionally, significant increments in the
abundance of Proteobacteria and a significant decrease in the abundance of Fusobacteria
and the Firmicutes/Bacteroidetes ratio were caused due to excessively high carbonate
alkalinity (15 mmol/L) and excessively low dietary phosphorus supply (3.6 g/kg).
Collectively, 7.0 g/kg dietary phosphorus supplementation was effective in promoting
intestinal antioxidant enzyme activities and the corresponding gene expression via the
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Keap1-Nrf2 signaling pathway and in enhancing intestinal immunity by upregulating anti-
infammatory and downregulating pro-inflammatory genes. Appropriate dietary
phosphorus supply could promote the formation of beneficial microflora in freshwater,
and it has the potential ability to transfer the adverse effect of carbonate alkalinity stress to
the structural composition of intestinal microflora. Hence, consideration should be given
to suitable phosphorus supply for fish under the chronic carbonate alkalinity stress.

Keywords: carbonate alkalinity, phosphorus, antioxidant capacity, intestinal microflora, immunity, Songpu mirror

carp (Cyprinus carpio Songpu)

INTRODUCTION

Various environmental factors are the crucial elements influencing
the growth of fish. In general, the culture environment exerts
influence on nutritional requirements to some extent. Carbonate
alkalinity is a relatively major environmental stress factor, especially
in northeast China and northwest China (1). Long-term carbonate
alkalinity stress not only can impair the growth, immunity, and
disease resistance of aquatic animals but also can have an impact on
nutrient metabolism in vivo for fish (2, 3). For instance, because
chronic carbonate alkalinity stress of 15 and 30 mmol/L can
conspicuously suppress growth, the antioxidant capacity and
ammonia metabolism of Songpu mirror carp (Cyprinus carpio
Songpu) were limited during the 8-week breeding process,
whereas 10 g/kg addition of AKG can reverse that disadvantages
induced by chronic carbonate alkalinity stress (4). A recent study
from our laboratory indicated that a dietary protein supply of 310 g/
kg could effectively limit the oxidative damage and strengthen the
intestinal immune response of fish to cope better with the long-term
carbonate alkalinity stress of 15 mmol/L (5). These data suggested
that the link between carbonate alkalinity and fish nutritional
requirements needs to be evaluated scientifically.

Phosphorus intake has been deemed as one of the most critical
elements in promoting growth and maintaining metabolic balance
(6). However, by reason of the low-concentration soluble inorganic
phosphorus and phosphate, which cannot meet the demand of fish,
suitable and sufficient feed supply has become the dominating
source of phosphorus for fish (7, 8). From the perspective of
deficiency in dietary phosphorus, growth would be suppressed by
the skeletal abnormality (9), low feed efficiency (10), weak digestion
ability (11), infirm immunity, and antioxidant capacity (12), whilst
from the perspective of excess dietary phosphorus, increasing
phosphorus excretion into the water can cause culture water
pollution. Although many studies have involved dietary
phosphorus requirements under the various environmental
factors such as temperature (13), light (13), stocking density (14),
and salinity (15), the comprehensive influence of phosphorus
nutrition and carbonate alkalinity has not been previously assessed.

The changes in the immune indices in the intestine can
potentially affect the health state of fish (16). Related immune
indices mainly cover antioxidant ability, cytokines, epithelial cells,
tight junction (TJ) complex, intestinal microflora, etc., which play
crucial roles in nutrient absorption and host defense to a hostile
environment and poor nutritional conditions for fish (17, 18).
Although it has been reported that the interplay between

carbonate alkalinity and o-ketoglutarate or protein can improve
the partial immune indices (4, 5), so far, such report on the
interaction on the immune indices between carbonate alkalinity
and phosphorus has still remained unknown. Based on these, the
study aimed to make an exploration analysis on the underlying
interaction between dietary phosphorus supply and carbonate
alkalinity, basically concerning intestinal immunity and microflora
by taking Songpu mirror carp as the study object, which has been
widely cultivated throughout most areas of China and has the
obvious superiority in survival rate, disease resistance, and anti-
stress ability (19). Thus, we determined the growth, intestinal
immunity, physical barrier function, and intestinal microflora in
Songpu mirror carp fed with different diets containing different
dietary phosphorus levels and maintained at different carbonate
alkalinity. The findings will be compared to illustrate the effects of
high-concentration carbonate alkalinity on Songpu mirror carp
phosphorus requirement to provide scientific guidance for helping
Songpu mirror carp resist carbonate alkalinity stress in its local
aquatic environment.

MATERIALS AND METHODS

Experimental Diet Formulation

and Preparation

According to National Research Council (NRC) (2011) (20)
guidelines, three isoproteic (301 g/kg) experimental diets with
three different phosphorus levels were designed (Table 1).
Monosodium phosphate (NaH,POj3) served as the main
phosphorus source and was supplemented to attain the expected
levels (low phosphorus level (LP), 3.6 g/kg dry matter; normal
phosphorus level (NP), 7.0 g/kg dry matter; and high phosphorus
level (HP), 10.5 g/kg dry matter) in line with the study on Jian carp
(C. carpio var. Jian) of Dong et al. (21). In order to accomplish the
different levels of dietary phosphorus in the experiment diets, the
additive amount of monosodium phosphate was elevated with
the decrease of dietary cellulose. The rough material was
adequately smashed and sifted through a 60-mesh sieve. Vitamin
premix, mineral premix (phosphorus free), L-methionine, L-
threonine, choline chloride, and chromium sesquioxide (Cr,0Os),
etc., which has an additive amount of no more than 10 g/kg as
shown in Table 1, were blended first and then thoroughly
intermingled with the other ingredients. Before pelleting, fish oil,
soybean oil, phospholipids, and distilled water were later added until
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TABLE 1 | Formulation and nutrritional proximate compositions of the experimental diets (g/kg dry matter).

Phosphorus levels

Ingredients Lp NP HP
3.6 7.0 10.5
Soybean protein concentrate 250 250 250
Corn starch 382 382 382
Gelatin 60 60 60
Casein 80 80 80
Fishmeal 30 30 30
Wheat middling 60 60 60
Fish oil 35 35 35
Soybean oil 10 10 10
Phospholipid 20 20 20
Sodium carboxymethylcellulose 20 20 20
Vitamin premix® 3 3 3
Trace mineral premix (Phosphorus free)° 2 2 2
L-methionine 2 2 2
L-threonine 2 2 2
Choline chloride 4 4 4
Monosodium phosphate (NaH,POs) 7 21 35
Cellulose 28 14 0
Chromium sesquioxide (CroO3) 5 5 5
Proximate composition
Crude protein 301.1 301.5 301.8
Crude lipid 71.9 71.4 71.8
Crude ash 24.5 24.9 241
AvaillABLE phosphorus 2.9 4.9 71

2Vitamin mixture (g/kg mixture) supplied by Guangdong Hyint Biotechnology Group Co. Ltd: vitamin A(VA) 8,000 IU, vitamin C (VC) 100 mg, vitamin Dz (VD3) 3,000 IU, vitamin E (VE) 60 mg,
vitamin Kz (VK3) 5 mg, vitamin B; (VB;) 15 mg, vitamin Bo (VB2) 30 mg, vitamin Bes (VBg ) 15 mg, vitamin B;o (VB;2) 0.5 mg;

PTrace mineral mixture (mg/g mixture) supplied by Guangdong Hyint Biotechnology Group Co. Ltd: nicotinamide 175 mg, d-biotin 2.5 mg, inositol 1,000 mg, folic acid 5 mg, pantothenic
acid 50 mg, zinc (Zn) 60 mg, copper (Cu) 3 mg, iron (Fe) 25 mg, manganese (Mn) 15 mg, iodine (I) 0.6 mg, and magnesium (Mg) 0.7 mg.

a smooth dough was obtained. All the diets were granulated into
1.5-mm pellets by a laboratory pellet presser (GYJ-250B, Dashiqiao
Bao’s Feed Machinery Factory, Harbin, China). The obtained pellets
were air-dried and kept at —20°C till use.

Feeding Management

A two-factor, three-level (2 x 3) design was applied, with three
different phosphorus levels and two carbonate alkalinity (CO, 0
mmol/L; and C15, 15 mmol/L) according to our previous study
(4, 5).

Analytically pure sodium bicarbonate (the product purity >299.5%,
Tianjin Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China) was
configured as the corresponding carbonate alkalinity, and 0.02
mmol/L of HCI was applied to correct it. Mixed methyl orange-
aniline blue and phenolphthalein were chosen as indicators, and the
measured carbonate alkalinity and pH are detailed in Table 2.
Throughout the 8-week experiment, the water temperature was
adjusted to 22°C-24°C. The water dissolved oxygen was beyond 5
mg/L, and 30% of water was exchanged every couple of days to ensure

good water quality. Meanwhile, the carbonate alkalinity of water was
adjusted to the unified concentration using the pre-configured
mother liquor throughout the entire trial. All water quality indices
were detected with a multiparameter water quality analyzer
(HQ40D) (HACH Company, Loveland, CO, USA).

The feeding management was the same as in our previous
research (5). Healthy and similarly sized juvenile Songpu mirror
carp were acquired from the breeding farm of Hulan
Experimental Station of Heilongjiang Fisheries Research
Institute (Harbin, China). The carp were acclimatized for 2
weeks and fed with a commercial diet (Tong Wei Co. Ltd,,
Chengdu, China; protein content, 30%) three times a day. The
trial was carried out in an indoor aquarium with a recirculating
aquaculture system (a water volume of 200 L) and an auto-
supplemented oxygen system. To acclimate to the experimental
conditions, they were raised in several aquariums (200 L) to
acclimate to the experimental conditions and fed with a
commercial diet containing 320 g/kg of crude protein (Tong
Wei CO. Ltd.) three times a day. In total, 450 fish (initial average

TABLE 2 | Designed and measured carbonate alkalinity N=6; means=SD; mmol/L.

Caobonate alkalinity and pH Groups

0 mmol/L 15 mmol/L
Disigned caobonate alkalinity 0.00 15.0
Measured caobonate alkalinity 0.00 14.9+0.1
pH 6.95+0.16 8.27+0.16
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weight of 2.95 + 0.21 g) from the acclimatization aquarium were
randomly allotted into 18 experimental aquariums (triplicate
aquariums). The fish were hand-fed to apparent satiety three
times daily at 08:00, 13:00, and 17:00 for 8 weeks.

Sample Collection and Analysis

Based on the experimental procedure of the Association of
Official Agricultural Chemists (AOAC) (2006) (22), the
composition analysis of diets was carried out. At the end of the
trial, two fish in each aquarium were sampled to obtain the
intestine samples. The intestine samples were divided into two
sections. One section was frozen at —20°C until enzyme activity
testing. The detection details of the composition of diets and the
intestinal activities of digestion, antioxidant factors, and
immune-related enzymes are presented in Table 3, as in our
previous research.

Analysis of Gene Expression
The other section was frozen at —80°C for later analysis of
gene expression.

RNA Extraction

Total RNA in the intestine samples was isolated referring to the
manufacturer’s recommendations of RNAiso Plus. The purity
and quantitative ratios of absorbance at 260 and 280 nm
respectively were quantified by spectrophotometry and
controlled near 2.0. The integrity of the RNA was determined
by 1.0% formaldehyde denaturing agarose gels.

cDNA Synthesis

First, the concentration of RNA samples was adjusted to 1,000
ng/ul. Inverse transcription was conducted using TaKaRa
PrimeScript' © RT reagent Kit with gDNA Eraser (Perfect Real
Time) (Code No. RR047A) (Dalian Takara Company,
Dalian, China).

Quantitative RT-PCR

According to the instructions of the TaKaRa SYBR® Premix Ex
TaqTM (Tli RNaseH Plus) (Code No. RR420A) (Dalian Takara
Company), the specific reaction mixture was performed through
a 20-pl reaction mixture including SYBR® Premix DimerEraser

(10 wl), PCR forward primer (0.4 ul), PCR Reverse Primer (0.4
ul), cDNA template (=100 ng, 2 pl) (Table 4), and RNase-free
dH,O (7 pl). The primers in Table 4 were gathered from the
obtained sequences of the National Center for Biotechnology
Information (NCBI), and B-actin was deemed as an internal
reference gene, the amplification efficiency of which was
calculated depending on the specific gene standard curves and
generated from 10-fold serial dilutions. Quantitative RT-PCR
was executed with ABI 7500 real-time PCR machine (ABI,
Applied Biosystems, Foster City, CA, USA). The relative
expression levels of each gene were calculated depending on
the comparative CT method (2744 method (23).

Analysis of Gut Microbiota

The intestinal contents of the abovementioned three fish from
the same aquarium were collected, mixed into one, frozen with
liquid nitrogen, and stored at —80°C for later analyses of
intestinal microflora communities after 7 h of feeding, when
their feeding digestion was almost accomplished and the feces
had reached the hindgut. The intestinal content samples were
transported to Shanghai Majorbio Bio-pharm Technology Co.,
Ltd., immediately under a low-temperature environment of solid
carbon dioxide (dry ice). With respect to DNA extraction, library
preparation, and sequencing, detailed information was
specifically stated (5). Quantitative Insights into Microbial
Ecology (QIIME, v1.9.0) software was used for quality control
splicing, filtering, and other pre-processing of the raw data.

Data Processing and Analysis

Survival rate (SR; %) = 100 X final number (fish)/initial number (fish)

Feed intake (FI; g/fish) = total feed intake per cage (g)/
(number of fish s 82 days)

Weight gain rate (WGR; %) = 100 x

[final weight(g)  — initial weight (g)] / final weight (g)

Feed conversion rate(FCR) = 100 x feed supplied (g)/weight gain (g)

TABLE 3 | The chemical analysis used in the experiment.

Items Methods (NO.)

Reference/Assay kits

Composition of diets

Moisture Drying at 105 °C to constant weight

Crude protein Kjeldahl method

Crude lipid Ether extraction method with a Soxtec system
Crude ash Combustion to a constant weight at 5560°C

Intestinal activities of antioxidant factors and immune-related enzymes
Superoxide dismutase (SOD) WST-1 method (A001-3-2)
Malondialdehyde (MDA) Thiobarbituric acid (TBA) method (A003-1-2)
Glutathione peroxidase (GSH-Px) Ultraviolet colorimetry (A005-1-2)
Complement 3 (C3) Immunoturbidimetry (E032-1-1)
Complement 4 (C4) Immunoturbidimetry (E033-1-1)

Alkaline phosphatase (AKP) Microplate method (A059-2-2 )

Acid phosphatase (ACP) Microplate method (A060-2-2 )

Association of Official Analytical Chemists (AOAC) (2006) (22)

Assay kits purchased from Jian Cheng Bioengineering Institute (Nanjing, China)
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TABLE 4 | Primers used for quantitative RT-PCR (qPCR).

Gene name Primer sequence (5'-3') Gene serial number
Nfr2" F: TTCCCGCTGGTTTACCTTAC R: CGTTTCTTCTGCTTGTCTTT JX462955
Keap12 F: CTACAACCCCGAGAGACGA R: GGAGGAGATGAAGCTCCAGAC JX470752
CuMnSOD?® F:-TGGCGAAGAAGGCTGTTTGT R:TTCACTGGAGACCCGTCACT JF342355

CAT* F: CTGGAAGTGGAATCCGTTTG R: CGACCTCAGCGAAATAGTTG JF411604
GPX1a® F: GTGACGACTCTGTGTCCTTG R: AACCTTCTGCTGTATTCTCTTGA JF411605
GPX1b° F: TATGTCCGTCCTGGCAATGG R: ATCGCTGGGAATGGAAGTT JF411606
occludin F:ATCGGTTCAGTACAATCAGG R:GACAATGAAGCCCATAACAA KF975606
Z0-17 F:GCCTGCCTACACTCAACCACAAC R:CTGCTTCGGCTGGAGGAGGAG KY290394.1
Claudin3 F:GCACCAACTGTATCGAGGATG R:GGTTGTAGAAGTCCCGAATGG JQ767157
Claudin7 F:CTTCTATAACCCCTTCACACCAG R:ACATGCCTCCACCCATTATG JQ767155
Claudin11 F:-TCGGAAGTGAACCAGAAAGC R:GAAGCCAAAGGACATCAAGC JQ767158
MLCK® F:AGCAGTGTGGGCATCAACCT R:CTCCAGCAGGGTCATGATGAG XM_019076433.1
IL-1B° F:AACTTCACACTTGAGGAT R: GACAGAACAATAACAACAAC KC008576
IL-60:'° F: TAGGTTAATGAGCAAGAGGA R: AGAGACTGTTGATACTGGAA AY102633.1
IL-8'" F:AAACTGAGAGTCGACGCATTG R:TTTTCAATGACCTTCTTAACCCAG EU011243.1
IL-10"2 F:GCCAGCATAAAGAACTCG R:CCAAATACTGCTCGATGT JX524550.1
TNF-o/'® F:AAGTCTCAGAACAATCAGGAA R: TGCCTTGGAAGTGACATT AJ311800
TNF-B2'4 F: GGGACATCATCGCCATCT R: TGACATTCTCGGCAGGGT u66874.1

B-actin F:GATCGGCAATGAGCGTTTCC R: ACGGTGTTGGCATACAGGTC M24113.1

1. Nfr2: nuclear factor (erythroid-derived 2)-like 2; 2. Keap1: Kelch-like ECH-associated protein 1; 3. CuMnSOD: CuMn-superoxide dismutase; 4. CAT: catalase; 5. GPX1a: glutathione
peroxidase 1a; 6. GPX1b: glutathione peroxidase 1b, 7.Z0-1: Zonula occluden 1, 8. MLCK: Myosin Light Chain Kinase; 9. IL-1: Interleukin-1; 10. IL-6¢: Interleukin-6; 11. IL-8:
Interleukin-8; 12. IL-10: Interleukin-10; 13. TNFeor: Tumor Necrosis Factore 14. TNF B2: Tumor Necrosis Factor 2; And F stands for Forward; R stands for Reverse.

Specific growth rate(SGR; %/day) = 100
x [(In final weight — In initial weight)/ ~82days|

Protein efficiency ratio (PER; %) = 100% ii[final weight (g)
— initial weight (g))/(total feed intake (g) fi
content of dietary protein (%)]

All data are represented as means + SD. Results were analyzed
using SPSS 22.0 software (SPSS Inc., Chicago, IL, USA) by
methods of two-way ANOVA and Duncan’s test to delineate
significance among the groups. For all analyzes, p < 0.05 was
chosen as a significant level unless otherwise stated.

RESULTS AND ANALYSIS

Growth Performance and Feed Utilization
Growth performance was significantly affected by carbonate
alkalinity and dietary phosphorus levels (p < 0.05). Irrespective
of carbonate alkalinity, the higher final body weight, WGR, SGR,
and PER at the 7.0 g/kg phosphorus group and the lower feed
conversion ratio (FCR) were observed as compared to those in
the 3.6 and 10.5 g/kg groups (p < 0.05). Moreover, despite dietary
phosphorus levels, fish fed at carbonate alkalinity of 15 mmol/L
gained lower WGR, SGR, PER, and FI and higher FCR as
compared to those fed at carbonate alkalinity of 0 mmol/L (p <
0.05). There was no significant interaction of carbonate alkalinity
and dietary phosphorus level on growth performance and feed
utilization (p > 0.05) (Table 5).

Antioxidant Capacity in the Intestine

As shown in Table 6, there was a similar tendency for the
increasing carbonate alkalinity to decrease the glutathione
peroxidase (GSHPx) activities in the intestine. Ignoring the
effect of dietary phosphorus level, fish reared at carbonate

alkalinity of 15 mmol/L obtained lower superoxide dismutase
(SOD) and GSHPx activities compared to those reared at
carbonate alkalinity of 0 mmol/L, only with no significant
difference between the two carbonate alkalinity treatments (p >
0.05). Additionally, compared to the intestine with the 0 mmol/L
carbonate alkalinity treatment, the intestine with the 15 mmol/L
carbonate alkalinity treatment had higher MDA contents, albeit
with no significant difference between the two carbonate
alkalinity treatments (p > 0.05).

SOD and GSHPx activities and malondialdehyde (MDA)
contents were significantly affected by dietary phosphorus
levels (p < 0.05). SOD activities in the intestine of fish
maintained at the same carbonate alkalinity treatment
significantly rose with the increase in dietary phosphorus levels
from 3.6 to 10.5 g/kg (p < 0.05). For fish maintained at the same
carbonate alkalinity treatment, significantly higher GSHPx
activities and lower MDA contents were observed in the 7.0 g/
kg phosphorus treatment (p < 0.05).

Relative Expression Levels of Antioxidant
Genes in the Intestine

The relative expression levels of antioxidant genes in the
intestine are presented in Table 7. A significant effect of
carbonate alkalinity was merely found in the relative
expression levels of Nfr2 and GPXla in the intestine.
Regardless of dietary phosphorus level, carbonate alkalinity of
15 mmol/L can significantly decrease the relative expression
levels of Nfr2 and GPXla in the intestine, compared with
carbonate alkalinity of 0 mmol/L (p < 0.05). Otherwise, there
was a tendency for carbonate alkalinity of 15 mmol/L to
downregulate the relative expression levels of CuZnSOD, CAT,
and GPX1b, although this downregulation was not significant
between the two carbonate alkalinity treatments (p > 0.05). In
contrast, there was a tendency for carbonate alkalinity of 15
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TABLE 5 | Growth performance and feed utilization of Songpu mirror carp at different treatments.

Carbonate alkalin- Phosphoruslevels Initial body Final body = Weight gain Specific growth Protein efficiency Feed conver- Feed intake
ity levels (mmol/L) (9/kg) weight/g weight/g rate (WGR, %) rate (SGR, %/d) ratio (PER, %) sion ratio (FCR) (Fl, g/fish)
0 36 2.94+0.09 12.46 322.61+15.13° 1.75+0.04° 1.43+0.04° 2.33+0.06° 0.40+0.02°
+1.41°
7.0 3.02+0.11 16.16 438.18+5.61% 2.05+0.012 1.63+0.022 2.04+0.03% 0.49+0.012
+0.852
10.5 3.21+0.14 14.66 357.45+35.43° 1.84+0.10° 1.51£0.11% 2.2120.10%  0.45+0.03%
+1.12%
15 3.6 2.77+0.06  9.08+0.13%  227.77+4.41° 1.45+0.02° 1.14+0.02° 2.93+0.08° 0.33+0.01°
7.0 2.82+0.27 12.46+1.9° 340.03+15.02° 1.80+0.04° 1.41+0.06° 2.37+0.11° 0.41+0.02°
10.5 2.94+0.23 9.59+0.37° 226.98+10.84° 1.44+0.04° 1.18+0.02° 2.84+0.04° 0.34+0.01°
Carbonate alkalinity 0 3.05 14.46P 372.75° 1.88° 1.52P 2.19P 0.44P
15 2.85 10.389 264.929 1.569 1.249 2.729 0.36°
Phosphorus levels 36 2.86 10.76" 275.19 1.60" 1.28Y 2.63 0.36"
7.0 2.92 14.36" 389.11% 1.92% 1.52 2.21Y 0.45"
10.5 3.06 1213 27519 1.64Y 1.35Y 2,53 0.39"
P-value of two-way ANOVA
Phosphorus levels 0.13 0.00 0.00 0.00 0.00 0.00 0.00
Carbonate alkalinity 0.07 0.00 0.00 0.00 0.00 0.00 0.00
Carbonate alkalinity * Phosphorus levels 0.89 0.51 0.42 0.36 0.42 0.09 0.45

all the values are expressed as the mean values+SD (n=6), and different letters in the same column denote a significant difference (p<0.05).

*means the interaction between carbonate alkalinity and phosphorus levels.

mmol/L to upregulate the relative expression levels of Keapl,
although no significant difference was observed (p > 0.05).

From Table 8, it was shown that except for Keapl, the relative
expression levels of other antioxidant genes in the intestine
reached their maximum values when the fish were fed the 7.0
g/kg phosphorus diets for fish maintained at the same carbonate
alkalinity treatment, although there was no statistically
significant difference among three phosphorus treatments (p >
0.05). Additionally, the relative expression levels of Keap1 tended
to elevate with increasing dietary phosphorus levels despite
carbonate alkalinity (p > 0.05).

Relative Expression Levels of Tight
Junction Complexes in the Intestine
The relative expression levels of TJs in the intestine are assumed
in Table 8. Table 8 shows that the relative expressions of

claudin3 and claudinll in the intestine were merely
significantly influenced by carbonate alkalinity levels (p <
0.05). The claudin3 and clautinll expression levels were
markedly downregulated by increasing carbonate alkalinity
levels up to 15 mmol/L (p < 0.05). Also, the slight
downregulations of the expression levels of occludin, zonula
occludens 1 (ZO-1), claudinl, claudin2, and claudin7 in the
intestine were observed when carbonate alkalinity was elevated
up to 15 mmol/L, although there was no apparent difference with
the 0 mmol/L carbonate alkalinity treatment (p > 0.05).

There was no remarkable effect of dietary phosphorus level on
relative expression levels of TJs (p > 0.05). Irrespective of the
carbonate alkalinity levels, their maximum values were detected
in the 7.0 g/kg phosphorus treatment, but no obvious changes
were observed in all groups (p > 0.05). Here, it was notable that
the interaction of dietary phosphorus levels and carbonate

TABLE 6 | Antioxidant capacity in the intestine of Songpu mirror carp at different treatments.

Carbonate alkalinity levels (mmol/L) Phosphoruslevels (g/kg)

Superoxide dismutase
(SOD, U/mgprot)

Glutathione peroxidase
(GSHPx, U/gprot)

Malondialdehyde
(MDA, nmol/mgprot)

0 36 182.41+3.77%° 86.16+13.79° 17.02+1.86°
7.0 186.01+2.82%° 457.39+77.49% 9.66+0.54°
10.5 218.72+1.24 353.11+758.272 11.71+0.55>°
15 3.6 158.21+22.61° 113.03+23.92° 18.49+0.08%
7.0 180.67+19.63%° 367.70+63.70% 10.13+1.27°°
10.5 202.60+15.77% 121.45+7.51° 13.12+0.21°
Carbonate alkalinity 0 194.05 298.89° 12.79
15 180.49 200.73¢ 13.91
Phosphorus levels 3.6 170.31Y 99.60” 17.7¢Y
7.0 183.34Y 412.55% 9.90¥
10.5 208.16* 237.28 12.42%
Phosphorus levels 0.03 0.03 0.00
Carbonate alkalinity 0.20 0.02 0.19
Carbonate alkalinity * Phosphorus levels 0.74 0.74 0.85

all the values are expressed as the mean values+SD (n=6), and different letters in the same column denote a significant difference (p<0.05).

*means the interaction between carbonate alkalinity and phosphorus levels.
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TABLE 7 | Relative expression levels of antioxidant genes in the intestine of Songpu mirror carp at different treatments.

Carbonate alkalinity levels (mmol/L)  Phosphoruslevels (g/kg) Nfr2 Keap1 CuzZnSOD CAT GPX1a GPX1b
0 3.6 0.92+0.06%  1.49+0.71  1.72+0.38%°  0.88+0.08%°  1.68+0.38%°  1.70+0.41%
7.0 1.65+0.08° 0.90+0.20  2.25+0.59% 1.51+0.472 1.90+0.272 2.08+0.45%
10.5 0.89+0.11% 1022027  1.66+0.50%°  0.87+0.11%°  2.33:0.74%°  2.02+0.07%°
15 3.6 0.86£0.01%  2.07:0.89  0.70+£0.05°  0.66+0.14°  0.99+0.13° 1.45+0.68°
7.0 0.96+0.08%  1.88+0.70  1.88+0.40%  1.01x0.32%°  1.25:0.27%°  1.66+0.23%°
10.5 0.72+0.03° 0.94+0.24  1.47+0.07*  0.76£0.08%°  1.26+0.32%°  1.21+0.29%°
Carbonate alkalinity 0 1.16° 1.14 1.88 1.09 1.97° 1.93
15 0.85% 1.63 1.34 0.81 1.179 1.44
Phosphorus levels 3.6 0.89 1.78 1.21 0.77 1.34 1.58
7.0 1.31 1.39 2.06 1.27 1.58 1.87
10.5 0.80 0.98 1.56 0.82 1.80 1.62
Phosphorus levels 0.15 0.40 0.13 0.13 0.53 0.74
Carbonate alkalinity 0.03 0.31 0.12 0.19 0.08 0.16
Carbonate alkalinity * Phosphorus levels 0.24 0.65 0.55 0.73 0.85 0.78

all the values are expressed as the mean values+SD (n=6), and different letters in the same column denote a significant difference (p<0.05).

*means the interaction between carbonate alkalinity and phosphorus levels.

alkalinity levels was observed in the relative expression of
claudinll (p < 0.05).

Relative Expression Levels of Cytokines in
the Intestine
The relative expression levels of cytokines in the intestine are shown
in Table 9. As pro-inflammatory cytokines, the interleukin 1f3 (IL-
1B), IL-60,, IL-8, and TNF-a. expression levels in the intestine were
upregulated by increasing carbonate alkalinity levels up to 15 mmol/
L. Among these, there was a significant increment in the TNF-o
expression levels at the 15 mmol/L carbonate alkalinity treatment
compared to the 0 mmol/L carbonate alkalinity treatment (p < 0.05).
On the contrary, as anti-inflammatory cytokines, fish maintained at
carbonate alkalinity of 15 mmol/L obtained the markedly lower
TNF-f and MyD88, which belongs to anti-inflammatory cytokines,
in comparison to those maintained at carbonate alkalinity of 0
mmol/L (p < 0.05).

Table 10 shows that the relative expression levels of IL-6a,
TNF-B, and MyD88 in the intestine were markedly affected by

dietary phosphorus levels (p < 0.05). Ignoring the carbonate
alkalinity, the maximum levels of TNF-B and MyD88 were
observed in the 7.0 g/kg phosphorus treatment, and the
minimum levels of IL-60c and TNF-o. were also observed in
the 7.0 g/kg phosphorus treatment.

Intestinal Microflora

Based on the analysis of the above results, we preliminarily
judged that 7.0 g/kg phosphorus addition was more appropriate
for Songpu mirror carp reared either at the 0 mmol/L carbonate
alkalinity group or at the 15 mmol/L carbonate alkalinity group.
Hence, in the determination of intestinal microflora, we mainly
analyzed the effects of different phosphorus levels on the
intestinal microflora of fish at the 0 mmol/L carbonate
alkalinity group (LP_CO0, NP_CO0, and HP_CO groups), and the
effects of 7.0 g/kg phosphorus addition on the intestinal
microflora of fish at the 0 mmol/L carbonate alkalinity group
(NP_CO group) or 15 mmol/L carbonate alkalinity group
(NP_C15 group).

TABLE 8 | Relative expression levels of tight junction complexes (TJs) in the intestine of Songpu mirror carp at different treatments.

Carbonate alkalinity levels Phosphoruslevels (g/kg) occludin  zonula occludins 1(Z0-1) claudini claudin2 claudin3 claudin7 claudini1
(mmol/L)
0 3.6 0.86+0.21% 1.88+0.70 1.73+0.37% 0.88+0.08" 1.68+0.38 1.70+0.41 1.38+0.20°
7.0 1.66+0.48% 2.06+0.89 2.25+0.59° 1.51+0.47% 1.90+0.48 2.08+0.45 2.23+0.07°
10.5 0.72+0.06° 0.93+0.24 1.66+0.50%° 0.87+0.19%° 2.33+0.73 2.02+0.07 3.50+0.242
15 3.6 0.92+0.32% 0.90+0.70 0.69+0.05° 0.66+0.14° 0.99+0.13 1.45+0.68 0.67+0.08°
7.0 0.96+0.13% 1.49+0.13 1.88+0.40%° 1.01+0.32% 1.25:0.27 1.66+0.23 2.27+0.28°
10.5 0.88+0.19%° 1.02+£0.27 1.47+0.07% 0.76+0.08%° 1.27+0.32 1.2120.29 0.33+0.10°
Carbonate alkalinity 0 1.08 1.62 1.87 1.09 1.97° 1.93 2.37°
15 0.93 1.14 1.34 0.81 1.17¢ 1.44 1.099
Phosphorus levels 3.6 0.89 1.39 1.21 0.77 1.34 1.57 1.02Y
7.0 1.31 1.78 2.06 1.27 1.58 1.87 2.25%
10.5 0.80 0.98 1.56 0.81 1.80 1.62 1.92%
P-value of two-way ANOVA
Phosphorus levels 0.15 0.40 0.13 0.13 0.58 0.74 0.00
Carbonate alkalinity 0.47 0.31 0.12 0.20 0.03 0.16 0.00
Carbonate alkalinity * Phosphorus levels 0.22 0.65 0.54 0.73 0.85 0.78 0.00

all the values are expressed as the mean values+SD (n=6), and different letters in the same column denote a significant difference (p<0.05).

*means the interaction between carbonate alkalinity and phosphorus levels.
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TABLE 9 | Relative expression levels of cytokines in the intestine of Songpu mirror carp at different treatments.

Carbonate alkalinity levels (mmol/L) Phosphoruslevels (g/kg) IL-18
0 36 2.67+1.99°
7.0 1.47+0.27°
10.5 2.52+0.31°
15 36 3.90+1.49%
7.0 7.04+0.18%
10.5 7.21+0.24%
Carbonate alkalinity 0 2.2249
15 6.05°
Phosphorus 3.6 3.29
levels 7.0 4.26
10.5 4.87
P-value of two-way ANOVA
Phosphorus levels 0.13
Carbonate alkalinity 0.02
Carbonate alkalinity * Phosphorus levels 0.54

IL-60; IL-8 IL-10 TNF-a TNF-B MyD88
5.40+0.13% 1.83+0.02 4.62+1.82 0.94+0.23° 1.27+0.38%° 0.95+0.112
4.30+0.69° 1.2120.50 5.67+1.01 0.85£0.40° 1.75+0.43% 1.01+0.25%
4.81+0.38%° 1.01+0.07 4.00£0.82 0.79+0.19° 0.65+0.09° 0.67+0.12%
7.61+1.27%  1.91+0.41 2.49+0.64 1.94+0.15° 0.61+0.16° 0.44+0.14°
4.08+1.54° 1.89+0.45 4.53+1.31 1.70£0.49% 0.86+0.21° 0.66+0.10%°
6.88+0.95%® 1.39+0.13 1.90+0.58 1.68+0.07%° 0.58+0.12° 0.36+0.03°

483 1.30 476 0.86% 1.20P 0.88°

6.19 1.78 2.97 1.78P 0.684 0.487

6.50" 1.87 3.56 1.44 0.94¥ 0.70¥

4.19” 1.55 5.09 1.28 1.31% 0.84%

5.84% 1.21 2.94 1.24 0.62Y 0.52"

0.04 0.16 0.18 0.77 0.04 0.04

0.1 0.24 0.07 0.00 0.03 0.00

0.40 0.51 0.88 0.97 0.32 0.76

all the values are expressed as the mean values+SD (n=6), and different letters in the same column denote a significant difference (p<0.05).

*means the interaction between carbonate alkalinity and phosphorus levels.

Microbiota of the Intestine Richness and
Diversity Analysis

In freshwater, a total of 198 operational taxonomic units (OTUs)
were shared by 3 phosphorus treatments, and the number of
unique OTUs in fish fed a diet containing the 3.6 g/kg of
phosphorus was the highest (Figure 1A). Additionally, 15
mmol/L carbonate alkalinity obviously elevated the number of
unique OTUs in fish fed with diets containing 7.0 g/kg of
phosphorus, and simultaneously a total of 264 OTUs were
shared by 2 carbonate alkalinity treatments (Figure 1B).

Taxonomic Composition Performance
Analysis and Comparison of Intestinal
Microbiota

As exhibited in Figure 2, the composition of the intestinal
microbiota at the phylum level has obviously changed under
different conditions. In Figure 2A, fish fed with diets containing
7.0 and 10.5 g/kg of phosphorus at the 0 mmol/L carbonate
alkalinity group (NP_CO0 and HP_CO groups) at the phylum level
was mainly composed of Fusobacteria, Bacteroidetes,
Proteobacteria, and Cyanobacteria. Contrary to the NP_CO0
and HP_CO groups, a more complex diversiform composition
of intestinal microbiota in fish fed with diets containing 3.6 g/kg
of phosphorus at the 0 mmol/L carbonate alkalinity group

(LP_CO group) was observed. For fish fed with diets containing
7.0 g/kg of phosphorus, increasing carbonate alkalinity from 0
(NP_CO group) to 15 mmol/L (NP_CI15 group) markedly
elevated the abundance of Proteobacteria, Cyanobacteria, and
Bacteroidetes and decreased the abundance of Fusobacteria.

As shown in Table 10, Fusobacteria was the most abundant
bacterium apart from the LP_CO0 and NP_CI15. In the 0
carbonate alkalinity group, Songpu mirror carp in the LP_CO0
group obtained a significantly lower relative abundance of
Fusobacteria and a higher relative abundance of Proteobacteria
and Firmicutes compared to the other two groups (p < 0.05).
Meanwhile, a decrease in the ratio of Firmicutes/Bacteroidetes
was observed with increasing dietary phosphorus levels, albeit
with no significant difference (p > 0.05). For fish fed with diets
containing 7.0 g/kg phosphorus at the 0 and 15 mmol/L groups,
the Fusobacteria abundance and the ratio of Firmicutes/
Bacteroidetes significantly decreased with increasing carbonate
alkalinity levels (p < 0.05), whereas the Proteobacteria abundance
increased with significant differences being observed between
two carbonate alkalinity levels (p > 0.05).

The community heatmap of the relative abundances of the
top 50 most abundant bacteria on the genus level was analyzed in
Figure 3. At 0 mmol/L carbonate alkalinity, increasing
phosphorus levels from 3.6 (LP_CO group) to 10.5 g/kg
(NP_C15 group) contributed to the synchronously decreasing

TABLE 10 | Relative abundance of Fusobacteria, Bacteroidetes, Proteobacteria, Firmicutes, and ratio of Firmicutes/Bacteroidetes in the intestine of Songpu mirror carp

under different conditions.

Items Fusobacteria Bacteroidetes Proteobacteria Firmicutes Firmicutes/Bacteroidetes
For fish fed with diets containing different phosphorus levels at 0 carbonate alkalinity group

LP_CO 0.04+0.01° 0.20+0.08 0.43+0.07° 0.09+0.03% 0.83+0.62

NP_CO 0.80+0.13% 0.03+0.02 0.11+0.09b 0.01+0.00° 1.09+0.47

HP_CO 0.78+0.08% 0.03+0.01 0.03+0.00° 0.02+0.01° 1.22+0.83

For fish fed with diets containing 7.0 g/kg phosphorus at 0 and 15 mmol/L carbonate alkalinity groups

NO_CO 0.80+0.13% 0.03+0.02 0.11+0.09° 0.01+0.00 1.09+0.472
NO_C15 0.29+0.18° 0.06+0.04 0.47+0.13% 0.03+0.01 0.78+0.44°

all the values are expressed as the mean values+SD (n=6), and different letters in the same column denote a significant difference (p<0.05).
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FIGURE 1 | Venn diagram demonstrating the distribution of operational taxonomic units (OTUs) shared by Songpu mirror carp fed with different phosphorus levels
at O mmol/L carbonate alkalinity group (A) and Songpu mirror carp fed with diets containing 7.0 g/kg phosphorus addition at 0 mmol/L carbonate alkalinity group or
15 mmol/L carbonate alkalinity group (B). Note: LP_CO, 3.6 g/kg of phosphorus and O mmol/L carbonate alkalinity; NP_CO, 7.0 g/kg of phosphorus and O mmol/L
carbonate alkalinity; HP_CO, 10.5 g/kg of phosphorus and O mmol/L carbonate alkalinity; NP_C15, 10.5 g/kg of phosphorus and 15 mmol/L carbonate alkalinity. All

Venn

@ NP_CO
NP_C15

NP_CO 510 NP_C15

774
600
400
200

R34 $ ® 9\6

the relative abundances of Bacteroides, Hyphomicrobium,
Lactobacillus, Thiothrix, Shewanella, Mycobacterium, and
Rhodobacter (Figure 3A). For fish fed with diets containing 7.0
g/kg of phosphorus, increasing carbonate alkalinity from 0
(NP_CO group) to 15 mmol/L (NP_C15 group) markedly
elevated the abundance of Shewanella, Citrobacter, Aeromonas,
and Mycobacterium and decreased the abundance of
Bacteroides (Figure 3B).

In Figure 4, the overall structural changes of the intestinal
microbiota were induced by increasing carbonate alkalinity levels

relying on principal coordinate analysis (PCoA) whereby there
was a significant structural difference regarding the beta diversity
between NP_CO0 and NP_C15 groups.

DISCUSSION

Increasing the carbonate alkalinity resulted in a decrease in
WGR, SGR, and PER and an increase in FCR. This is similar
to previous research whereby a significant decline in the feed
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FIGURE 2 | The bacterial composition of the different communities at the phylum level in Songpu mirror carp fed with different phosphorus levels at 0 mmol/L
carbonate alkalinity group (A) and Songpu mirror carp fed with diets containing 7.0 g/kg phosphorus addition at O mmol/L carbonate alkalinity group or 15 mmol/L
carbonate alkalinity group (B). all the values are expressed as the mean values + SD (n = 3).
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FIGURE 3 | The heatmaps of the specimens show the relative abundances of the main identified bacteria at the genus taxonomic level. Red indicates a higher
relative abundance, whereas blue indicates a lower relative abundance. Note: all the values are expressed as the mean values + SD (n = 3).
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ration was found after rearing Allogynogemetic crucian at
carbonate alkalinity of 10 mmol/L (24). In this study, our
purpose was to explore the effect of dietary phosphorus levels
on intestinal immunity, physical barrier function, and intestinal
microflora in answer to the carbonate alkalinity. Moreover, these

indicators would be ultimately reflected in the growth
performance. We found that, either in the 0 mmol/L carbonate
alkalinity treatment or in the 15 mmol/L carbonate alkalinity
treatment, the most excellent growth performance of fish was
observed in the 7.0 g/kg phosphorus treatment, which also
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FIGURE 4 | Principal coordinate analysis (PCoA) of the unweighted UniFrac scores of the microbial communities under the different conditions. Note: all the values
are expressed as the mean values + SD (n = 3).
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suggested that Songpu mirror carp fed with diets containing
deficient or excessive phosphorus presented the depressed
growth, a similar finding to gibel carp (Carassius auratus
gibelio var. CAS 1II)) (25), triploid Atlantic salmon (Salmo
salar L.) (26), triploid rainbow trout (Oncorhynchus mykiss)
(27), nile tilapia (Oreochromis niloticus) (28), and grass carp
(Ctenopharyngodon idella) (8). Meanwhile, there was no
remarkable interaction between carbonate alkalinity and
dietary phosphorus level on the growth indices and FCR. The
above findings consistently indicated that the excessive dietary
phosphorus supply was not required to alleviate the carbonate
alkalinity stress. This nutrient requirement status was also
observed in our previous study, which found that more than
310 g/kg of dietary protein supply can have an adverse effect on
growth performance (5). Similar inference can be drawn from
the results of a biochemical evaluation of digestion ability,
intestinal immunity, physical barrier function, and intestinal
microflora in response to the carbonate alkalinity.

Previous work on Japanese sea bass (Lateolabrax japonicus)
has shown that their digestive enzyme activities significantly
decreased after rearing them at carbonate alkalinity of 10 mmol/
L (29). Similarly, we found that there was a markedly negative
effect of carbonate alkalinity on the activities of lipase and
amylase. These results have borne out claims that high-
concentration carbonate alkalinity could become a known risk
for the function of intestine digestion and absorption (4, 30). Its
underlying causes are poly-factorial but the most important of
these, perhaps, is that carbonate alkalinity could indirectly lead to
a dramatic activity decline in digestive enzymes by means of
changing the environmental factors in the intestine, especially
the pH (31). In terms of diets, we found that different from the
variation tendency of first increase and then decrease of lipase
activities at the 0 mmol/L carbonate alkalinity treatment,
increasing dietary phosphorus supply from 3.6 to 10.5 g/kg
tended to be associated with a significantly increased
occurrence of the lipase activities at the 15 mmol/L carbonate
alkalinity treatment. However, a previous study in gibel carp (25)
indicated that the lipase activities in the intestine were
significantly and negatively interrelated with the increasing
dietary phosphorus levels in freshwater. Concurrently,
increasing dietary phosphorus supply at the 15 mmol/L
carbonate alkalinity treatment tended to be associated with an
increased occurrence of the amylase activities to a certain extent,
although there was no notable effect. The explanation regarding
these findings was presumably supposed that high dietary
phosphorus could strengthen the utilization of energy
substance observed in Songpu mirror carp reared at high-
concentration carbonate alkalinity, indicating that dietary
phosphorus may be an effective factor for mitigating the
digestive problems caused by carbonate alkalinity.

Apart from the digestive function, the intestine is also a
crucial immunologic barrier, including anti-oxidation
capability, physical barrier function, and intestinal microflora
(32). Similar to our previous study on Songpu mirror carp (4, 5),
fish in this study were diagnosed with the presence of antioxidant
dysfunction during the high-concentration carbonate alkalinity

stress, involving reductions in the activities of SOD, CAT, and
GSHPx and improvements in the contents of MDA of fish. As
can be seen from the angle of molecular biology, the results in
this study demonstrate that the abnormal expressions of related
genes in the Keapl-Nrf2 pathway could be the deep-seated
reason causing antioxidant dysfunction. In this pathway,
Keapl is a repressor protein that accelerates the cytoplasmic
degradation of Nrf2, whereas Nrf2 is the key signaling protein
that enhances downstream antioxidant genes transcription (33,
34). We found that the upregulated Keapl and downregulated
Nrf2 expression levels resulted in the decreased expression of
downstream antioxidant enzyme genes, including CuZnSOD,
CAT, GPXla, and GPX1b, thereby failing to deal with the
increased MDA or oxidative stress at the 15 mmol/L carbonate
alkalinity treatment. The anti-oxidation capability and Keapl-
Nrf2-ARE pathway not only can make a responsive change due
to the complexity of the surrounding environment (35) but also
can be effectively regulated by feed nutrition (36). Indeed, our
previous study revealed that a dietary protein supply of 310 g/kg
or 1% addition of AKG in diets could effectively alleviate the
oxidative stress induced by carbonate alkalinity (4, 5). Current
research has shown that the appropriate dietary phosphorus level
significantly increased the activities of SOD and GSHPx in the
intestine, thereby promoting fish antioxidant capacity by
removing superoxide anion and lipid peroxidative product, a
similar finding to Jian carp (21). Moreover, it was noted that 7.0
g/kg phosphorus diets at two carbonate alkalinity treatments
tend to be associated with a maximum occurrence of the
expression of related antioxidant genes, but no significant
difference was observed, which indicated a moderate response
to milder antioxidant stress generated by carbonate alkalinity.
Hence further work is required in seeking an effective nutrition
substance that transfers the antioxidant stress.

Under normal circumstances, epithelial T] of the intestine is
formed as transmembrane (such as occludin and members of the
claudin superfamily) and cytosolic (such as ZO-1) and acts in
crucial roles in the physical barrier (37). However, once the
environmental stress appears, subsequent oxidative damage
elicits the aberrant TJ protein expression and impaired TJ
structure and function (38-40). Similar to our previous study
(4, 5), 15 mmol/L carbonate alkalinity led to a decrease in TJ-
related gene expressions (including occludin, ZO-1, claudinl,
claudin2, and claudin7) of the intestine and especially a
significant reduction in claudin3 and claudinll expressions,
which showed that superfluous carbonate alkalinity disrupted
the intestinal T] integration of Songpu mirror carp. In the field of
dietary phosphorus, an early study on mice by Suzuki and Hara
(41) established the fact that phosphorus can reduce calcium ion
concentration in the neurons, and a low concentration of
calcium ion inhibits the myosin light-chain kinase (MLCK)
signaling pathway, thereby enhancing T] protein expression.
Moreover, previous work in grass carp has shown that the
downregulated MLCK mRNA levels by dietary phosphorus
increased the expression levels of zonula occludens, occludin,
claudin-c, claudin-f, claudin7, and claudinll and decreased
claudinl2, indicating that phosphorus could maintain the
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intercellular structural integrity in the intestine of fish (42).
Similarly, we observed that at the 0 and 15 mmol/L carbonate
alkalinity treatments, the intestine of Songpu mirror carp in the
7.0 g/kg phosphorus treatment obtained higher expression levels
of TJ-related gene, and especially significantly higher claudin11
expression level, which suggested that consideration should be
given to suitable phosphorus supply for fish reared at the high-
concentration carbonate alkalinity environment. This hypothesis
also could be testified by evidence that remarkable interaction
between carbonate alkalinity and dietary phosphorus occurs in
the claudinll expression level. Previous research by John et al.
(43) established the truth that the decreased expression of
claudinl1, which participates in the formation of a TJ barrier,
can reduce the barrier function in human intestinal epithelial
cells. This could explain the underlying principle that dietary
phosphorus generates an antagonistic effect on carbonate
alkalinity stress for fish.

In addition to impaired epithelial TJ function of the intestine,
oxidative damage induced by environmental stress may act as a
trigger for high intestinal inflammation and immune response in
fish (44). Generally, inflammation and immunity response would be
regulated through the dynamic equilibrium between the pro-
inflammatory cytokines (such as TNF-o, IL-1fB, IL-6, and IL-8)
and anti-inflammatory cytokines (such as IL-10 and TGF-f2) (45-
47). Previous studies about individual exposure to Cu** (39) and
Pb>" (40) suggested that their toxic effects were manifested by the
abnormal gene expression of inflammatory cytokines. In our
research too, Songpu mirror carp showed upregulated pro-
inflammatory cytokine (TNF-a, IL-1p, IL-60,, and IL-8) and anti-
inflammatory cytokine expression (IL-10 and TGF-B2) during the
chronic stress of carbonate alkalinity. This indicated that acute
intestinal inflammation has arisen, accompanying impaired
epithelial T] function, which further led to the aberrant intestinal
structure and function (48). Here, it should be noted that nutrient
substances in diets such as protein (36), phospholipids (49),
pantothenic acid (50), and manganese (Mn) (51) could participate
in modulating the intestinal inflammation and immune response of
fish. Likewise, we found that in the appropriate dietary phosphorus
(7.0 g/kg) treatment, acute intestinal inflammation induced by
carbonate alkalinity tended to be relieved via both enhancing the
expressions of anti-inflammatory factors (IL-10 and TNF-f) and
weakening the expressions of pro-inflammatory factors (IL-60., IL-
8, and TNF-a) in the intestines. As Chen et al. (42) reported,
optimal phosphorus level upregulated the gene expressions of TOR
and S6K1 and downregulated 4E-BP, causing the upregulation of
anti-inflammatory cytokines IL-4/13A, IL-10, IL-11, TGF-B1, and
TGF-32 gene expressions, indicating that phosphorus inhibited the
inflammation in the mucosal immune and body immune organs of
fish, which was in agreement with our findings. Thus, according to
the above results, the 7.0 g/kg phosphorus supplementation could
be beneficial for the intestinal health of Songpu mirror carp cultured
in the high-concentration carbonate alkalinity environment.

In view of the fact that the intestinal microflora of fish plays a
part in a great deal of functions, involving growth, host nutrient
absorption, immunity, and disease state (52), acquiring an in-depth
understanding of the interplay between the breeding environment

(53) or feeding conditions (54) and intestinal microflora is crucial
with regard to fish health. Unlike mammalian species, next-
generation sequencing (NGS) results revealed that
microorganisms in the intestine of fish mainly consist of
Proteobacteria, Fusobacteria, Firmicutes, Bacteroidetes,
Actinobacteria, and Verrucomicrobia. Among these,
Proteobacteria, Bacteroidetes, Actinobacteria, Firmicutes, and
Fusobacteria are considered the dominant bacterial communities
at the phylum level (55, 56), which is in line with our current
findings regardless of carbonate alkalinity and dietary phosphorus
level. When considering the carbonate alkalinity in this study, the
results of PCoA diversity analysis revealed that chronic carbonate
alkalinity stress could change the structural composition at the
phylum level of the intestinal microflora in fish fed with diets
containing 7.0 g/kg of phosphorus. However, what should not be
ignored is that dietary phosphorus supply also leads to the
remarkable variation of intestinal microflora at the 0 mmol/L
carbonate alkalinity treatment, although the results of the PCoA
diversity analysis are remarkable. By comparing the results of
intestinal microflora under different conditions, significant
increments in the abundance of Proteobacteria and a significant
decrease in the abundance of Fusobacteria and the ratio of
Firmicutes/Bacteroidetes were caused by excessively high
carbonate alkalinity (15 mmol/L) and excessively low dietary
phosphorus supply (3.6 g/kg). Generally, Proteobacteria occurs an
abnormal surplus in certain conditions, such as hypoxia stress for
cobia (Rachycentron canadum) (57), ammonia-N stress for Chinese
mitten crab (Eriocheir sinensis) (58), excessively high salinity for
yellow drum (Nibea albiflora) (59), excessive dietary protein for
Songpu mirror carp (5), and excessive dietary fish oil for rainbow
trout (O. mykiss) (55), thereby resulting in inflammatory intestinal
disease. Hence, the variation tendency of the Proteobacteria
abundance should need to be focused on when environmental
conditions and feed nutrition have been sharply changed. Here, in
terms of intestinal inflammatory status, we found that the
abundance of Shewanella, which belong to the pathogenic
bacterium, was also observed to markedly increase by comparing
the results of intestinal microflora at the genus taxonomic level. It
suggested that a potentially pathogenic environment in the intestine
of fish would be established by chronic carbonate alkalinity stress or
deficiency of dietary phosphorus (60). However, to our amazement,
the more species and quantity of pathogenic bacterium in this study
were not observed in comparison to our previous study that
assessed the interaction of carbonate alkalinity and dietary protein
on intestinal microflora, which reported that the relative abundance
of three kinds of pathogenic bacterium, including Shewanella,
Vibrio, and Flavobacterium, increased with increasing carbonate
alkalinity (5). The Firmicutes/Bacteroidetes (F/B) ratio has been
identified as an important factor in regulating the growth and
energy metabolism (57, 61, 62), which indicated that carbonate
alkalinity stress or deficiency of dietary phosphorus restrains the
energy metabolism to impair the growth of fish. Based on these
results, the fact should be recognized that an appropriate dietary
phosphorus supply could promote the formation of beneficial
microflora in freshwater, and it has a potential ability to transfer
the adverse effect of carbonate alkalinity stress to the structural
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FIGURE 5 | (A) The mechanism of carbonate alkalinity stress induces impaired growth and intestinal health. (B) The underlying mechanism of dietary phosphorus
supply transfers the adverse effect of carbonate alkalinity stress to growth and intestinal health.

composition of intestinal microflora. In the current study, the
underlying mechanism of Proteobacteria and F/B ratio and a
certain pathogenic bacterium is undiscovered, and further
exploration should be henceforth required in a future study.

CONCLUSIONS

When reared in the high-concentration carbonate alkalinity
environment, Songpu mirror carp suffer from hypoimmunity
status with failed digestion, antioxidant, inflammation, and
immune response, thereby inducing impaired growth
(Figure 5A). Collectively, as summarized in Figure 5B, the
current study provided the first experimental evidence that 7.0 g/
kg dietary phosphorus supplementation was effective in promoting
intestinal antioxidant enzyme activities and the corresponding gene
expression via the Keap1-Nrf2 signaling pathway and in enhancing
intestinal immunity by upregulating anti-inflammatory and
downregulating pro-inflammatory genes, which then improve the
growth performance of Songpu mirror carp at the 15 mmol/L
carbonate alkalinity environment. Furthermore, the intestinal
microflora in Songpu mirror carp was found to be altered in
response to carbonate alkalinity. Appropriate dietary phosphorus
supply could promote the formation of beneficial microflora in
freshwater, and it has the potential ability to transfer the adverse
effect of carbonate alkalinity stress to the structural composition of
intestinal microflora. On all accounts, consideration should be given
to suitable phosphorus supply for fish under the chronic carbonate
alkalinity stress.
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