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ABSTRACT

Development of low-cost and eco-friendly approaches to fight bacterial pathogens is especially needed
in aquaculture. We previously showed that exogenous malate reprograms zebrafish’s metabolome to
potentiate zebrafish survival against Vibrio alginolyticus infection. However, the underlying mechanism is
unknown. Here, we use GC-MS based metabolomics to identify the malate-triggered metabolic shift. An
activated TCA cycle and elevated taurine are identified as the key metabolic pathways and the most
crucial biomarker of the reprogrammed metabolome, respectively. Taurine elevation is attributed to the
activated TCA cycle, which is further supported by the increased expression of genes in the metabolic
pathway of taurine biosynthesis from the isocitrate of the TCA cycle to taurine. Exogenous taurine
increases the survival of zebrafish against V. alginolyticus infection as malate did. Moreover, exogenous
taurine and malate regulate the expression of innate immunity genes and promote the generation of
reactive oxygen species and nitrogen oxide in a similar way. The two metabolites can alleviate the
excessive immune response to bacterial challenge, which protects fish from bacterial infection. These
results indicate that malate enhances the survival of zebrafish to V. alginolyticus infection via taurine.
Thus, our study highlights a metabolic approach to enhance a host’s ability to fight bacterial infection.

KEYWORDS

Taurine; malate;
reprogramming
metabolomics; Vibrio
alginolyticus; aquaculture;
zebrafish

Introduction bacteria, microorganism substitution, ecological, and
public health impacts [10,11].

The recently developed metabolome-reprogramming
is an effective low-cost and “green” approach. It is
performed by comparison between a “normal metabo-
lome” and a “changed metabolome” to identify crucial
metabolites as biomarkers. Then, the key biomarkers
are used to reprogram the changed metabolome to
a normal-like metabolome, which leads to changes in
biological phenotypes [12,13]. This is because organ-
isms can regulate their metabolomes to cope with inter-
nal and external stresses [14-18]. Thus, susceptible and
less susceptible hosts have infective and anti-infective
metabolomes, respectively [19,20]. Comparisons
between the two differential metabolomes identify
myo-inositol, L-leucine, N-acetylglucosamine, phenyla-
lanine, glucose, L-proline, and palmitic acid as repro-
gramming metabolites of the infective metabolomes
[20-22]. These reprogramming molecules reprogram
infective metabolomes to anti-infective metabolomes.
Therefore, susceptible hosts acquire resistance to

Vibrio alginolyticus is responsible for fatal illnesses such
as gastroenteritis, septicemia, and necrotizing fasciitis
in humans [1,2], acute hepatopancreatic necrosis in
shrimp [3], and lethargy, erratic swimming, excessive
mucus production, rotten fins, congestion of livers and
kidneys, and enlargement of spleens in fish [4,5]. These
shrimp and fish diseases cause severe economic losses
and consequently preclude the sustainability of this
industry [3,5]. Vaccination is an effective measure to
deal with V. alginolyticus infection [6,7], which belongs
to the low-cost and “green” approaches against bacter-
ial pathogens [8]. Despite the advantages of vaccina-
tion, the approach is not applicable to small fish that
are frequently raised in developing countries like
China. Besides vaccine, antibiotics are the major
approach to treat bacterial infection in aquaculture
[9]; however, the overuse and misuse of antibiotics
have resulted in the emergence of multidrug-resistant
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bacterial infection [23-27]. Using this approach, we
showed that elevated and decreased levels of malate
are detected, respectively, in the survival and death of
zebrafish infected with V. alginolyticus. The metabolite
was identified as the most crucial biomarker that dif-
ferentiates the infective metabolome from the anti-
infective metabolome. Exogenous malate potentiated
zebrafish to combat the bacterium and thereby elevated
zebrafish survival [28]. However, how malate repro-
grams the infective metabolome and the relationship
between the reprogramming and innate immune
response are unknown.

Here, comparative metabolomics was used to
explore the mechanisms by which the malate repro-
gramed zebrafish (Danio rerio) metabolome fights
infection caused by V. alginolyticus. Elevated taurine
was identified as the crucial biomarker of the repro-
grammed metabolome. Exogenous taurine increased
the survival of zebrafish infected with V. alginolyticus
via regulating innate immunity, NO, ROS, glutathione
peroxidase, and phagocytosis in a manner similar to
malate. These results are described below.

Results
Malate reprograms the metabolome of zebrafish

To investigate how malate reprograms the zebrafish meta-
bolome to contribute to their against
V. alginolyticus infection, humoral fluid was used for GC-
MS-based metabolomics in the reprogramming group
and control group. Representative total ion current chro-
matograms were shown in Figure S1(a). After the removal
of the internal standard ribitol, any known artificial peaks,
and merge of the same compounds, 108 metabolites with
reliable signals were identified in each sample. Metabolic
profiles of the control and experimental groups were
displayed as a heatmap in Figure S1(b). Five samples
with two technical repeats for each sample were carried
out in each group, yielding 20 data sets. The correlation
coefficient between technical replicates varied between
0.9979 and 0.9999, demonstrating the reproducibility of
the data (Figure S1(c)). According to the KEGG (http://
www.kegg.jp/) annotation and NCBI PubChem (https://
pubchem.ncbi.nlm.nih.gov/), the metabolites were classi-
fied into five categories, carbohydrates (27.78%), amino
acids (22.22%), nucleotides (12.04%), fatty acids (20.37%),
and others (17.59%) (Figure S1(d)).

To identify malate-triggered metabolic features that
distinguish the reprogramming group from the control
group, a two-sided Mann-Whitney U test coupled with
a permutation test was used to identify the metabolites of
differential abundance between the two groups. Using the

survival

Mann-Whitney U test, 90 metabolites of differential
abundance were identified (p < 0.01), which corre-
sponded to a false discovery rate (FDR) of 0.0445%.
These differential metabolites are shown in Figure 1(a)
as a heatmap. The Z-score plot ranged from —31.89 to
334.21 in the reprogramming group. In the reprogram-
ming group, the abundance of 43 metabolites was
increased, and that of 47 metabolites was decreased as
compared with the control group (Figure 1(b)). The 90
metabolites were categorized to 26.67% carbohydrates
(24/90), 24.44% amino acids (22/90), 20.0% fatty acids
(18/90), 11.11% nucleotides (10/90), and 17.78% others
(16/90) (Figure 1(c)). These results suggest exogenous
malate causes a metabolic shift in zebrafish that may
promote their survival against V. alginolyticus infection.

Enrichment of pathways in the
malate-reprogramming metabolome

We further investigated the pathways that were affected by
exogenous malate, and 14 metabolic pathways were
enriched. According to the impact (weight), they were
ranked from high to low as follows: alanine, aspartate and
glutamate metabolism > aminoacyl-tRNA biosynthesis >
valine, leucine and isoleucine biosynthesis > citrate cycle
(TCA cycle) > nitrogen metabolism > D-glutamine and
D-glutamate metabolism > butanoate metabolism > argi-
nine and proline metabolism > pantothenate and CoA
biosynthesis > biosynthesis of unsaturated fatty acids >
glycine, serine and threonine metabolism > cyanoamino
acid metabolism > glutathione metabolism > galactose
metabolism (Figure 2(a)). Integrative analysis of metabo-
lites in the enriched pathways is described in Figure 2(b).
Red and blue indicated increased and decreased metabo-
lites, respectively. Of particular interest were the metabo-
lites of the TCA cycle. Out of six identified TCA cycle
metabolites, five were increased in abundance and one,
pyruvic acid, was decreased (Figure 2(b)). Moreover, the
first enriched pathway (alanine, aspartate, and glutamate
metabolism) contains almost metabolites detected in the
TCA cycle except for alanine, glutamine, and asparagine. In
addition, the three metabolites are closely related to the
TCA cycle, fuel or/and the production of the TCA cycle.
These results indicate that the increased TCA cycle is
a characteristic metabolic feature of the malate-
reprogramming metabolome.

Crucial biomarkers in the malate-reprogramming
metabolome

To explore the most crucial metabolites differentiating the
reprogramming group from the control, orthogonal par-
tial least square discriminant analysis (OPLS-DA) was
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Figure 1. Differential metabolomic profiling in malate group in response to V. alginolyticus infection. Zebrafish were injected with
and without 70 pg malate as malate group and control group, respectively, five for each group. Humoral fluid was collected for GC-
MS analysis. (a) Heat map showing differential 90 metabolites. Yellow and blue indicate increase and decrease of metabolites relative
to the median metabolite level of the control, respectively (see color scale). (b) Z-score plot of differential metabolites based on
control. Each point represents one metabolite in one technical repeat and colored by sample types. (c) Category of 90 differential

abundance of metabolites.
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Figure 2. Pathway enrichment and analysis. (a) Pathway enrichment of varied metabolites in the malic acid group. Significantly
enriched pathways are selected to be plotted based on raw p. 1, Alanine, aspartate, and glutamate metabolism; 2, Aminoacyl-tRNA
biosynthesis; 3, Valine, leucine, and isoleucine biosynthesis; 4, Citrate cycle (TCA cycle); 5, Nitrogen metabolism; 6, D-Glutamine and
D-glutamate metabolism; 7, Butanoate metabolism; 8, Arginine and proline metabolism; 9, Pantothenate and CoA biosynthesis; 10,
Biosynthesis of unsaturated fatty acids; 11, Glycine, serine, and threonine metabolism; 12, Cyanoamino acid metabolism; 13,
Glutathione metabolism; 14, Galactose metabolism. (b) integrative analysis of metabolites in significantly enriched pathways. Red
and blue indicate increased and decreased metabolites, respectively.

conducted to recognize the sample pattern. The two
groups were distributed in two quarters (R2X = 0.986
R2Y = 0.999, Q2 = 0.997). Component p [1] separated

the reprogramming group from the control group, and
component p [2] differentiated variants within groups
(Figure 3(a)). Discriminating variables were shown with



an S-plot when cutoff values were set as greater or equal to
0.05 and 0.5 for the absolute value of covariance p and
correlation p(corr), respectively. Thus, 13 metabolites
were identified as biomarkers, where the abundance of 6
metabolites (taurine, lactic acid, mannobiose, citric acid,
glycine, and malic acid) was increased, and the abundance
of 7 metabolites (uridine, decanoic acid, isoleucine, oleic
acid, glucose, pantothenic acid, and trans-9-octadecenoic
acid) was decreased (Figure 3(b)). Among the 6 increased
metabolites, taurine had the highest absolute value of
covariance and thereby was identified as the most crucial
biomarker for further functional study. The relative area
of taurine between the reprogramming group and the
control is shown in Figure 3(c).
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iPath analysis

A comparative metabolic pathway analysis between the
reprogramming group and the control was carried out by
iPath 2.0 [29]. The resulting global overview map pro-
vided a better insight into the effects of exogenous malate
on the metabolism of the fish, where red and blue lines
represented increased and decreased pathways in the
reprogramming group, respectively. The TCA cycle,
together with the pathways mediating the TCA cycle to
taurine biosynthesis, was increased (Figure 4(a)), imply-
ing the importance of the activation of the TCA cycle and
taurine biosynthesis. Thus, the activity of enzymes in the
TCA cycle was measured. The activity of a-ketoglutarate
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Figure 3. Identification of crucial metabolites. (a) PCA analysis of malic acid and control groups according to the treatments set. Each
dot represents the technical replicate analysis of samples in the plot. T [1] and t0 [1] used in this plot explain 98.14% of the total
variance which allows confident interpretation of the variation. (b) S-plot generates from OPLS-DA (R2X = 0.986 R2Y = 0.999,
Q2 = 0.997). Predictive component p [1] and correlation p(corr) [1] differentiate malic acid from control. Dot represents metabolites
and candidate biomarkers are highlighted in red. (c) Scatter plot of taurine, which comes from data 1a. Results (c) are displayed as
mean + SEM, and significant differences are identified (**p < 0.01) as determined by two-tailed Student’s t-test.
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dehydrogenase (KGDH) was increased by 66.8% and
succinate dehydrogenase (SDH) was increased by 20.0%
(Figure 4(b)), which supports the conclusion that malate
promotes the TCA cycle.

Malate promotes taurine biosynthesis and taurine
potentiates zebrafish against V. alginolyticus
infection

The above results indicate that the elevated TCA cycle and
taurine represent the most characteristic features of the
reprogramming group. Therefore, we speculate that exo-
genous malate promotes the TCA cycle and, in turn, the
TCA cycle provides isocitrate for the transformation of
taurine via serine. To test this, QRT-PCR was used to
quantify the expression of genes in the transformation
pathway. Among the 16 genes detected, the expression of
13 genes was increased, that of 1 gene was unaffected, and
that of 2 genes was decreased (Figure 5(a)). These results
indicate that the elevated taurine was attributed to the

metabolic transformation from the activated TCA cycle.
Then, we tested whether taurine provides protection
against infection caused by V. alginolyticus in zebrafish
as malate did [28]. Thus, 12.5 ug, 25 ug, 50 ug, 100 pg,
300 pg, or 600 pg taurine was injected into zebrafish
followed by V. alginolyticus challenge. Surprisingly, zeb-
rafish survival was inversely correlated with the taurine
dosages. Specifically, 57.14%, 85.71%, 71.43%, 61.43%,
52.38%, 38.1%, and 0% survival was observed at
0 pg,12.5 pg, 25 pg, 50 pg, 100 pg, 300 pg, and 600 ug
taurine, respectively (Figure 5(b)). These results indicate
that a low concentration of taurine provides immune
protection for zebrafish against the bacterial infection, as
malate did. However, a high concentration of taurine
showed the opposite effect. Consistently, 12.5 ug taurine
elevated that taurine level (22.3%) similar to what 70 pg
malate (15.0%) did, whereas 300 pg taurine elevated the
taurine level by approximately 48.9%, which were
detected in humoral fluid by GC-MS (Figure 5(c)).
These results indicate that low and high endogenous
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Figure 4. Comparative metabolic pathway analysis. (a) Analysis of the metabolic profiles resulting from D. rerio injected by 70 pg
malic acid provides a better insight into the effects of 90 significant metabolites (p < 0.01). Based on the KEGG compound (http://
www.kegg.jp/kegg/compound/), metabolic network pathways in D. rerio are further analyzed with iPath2.0 (http://pathways.embl.
de/iPath2.cgi). Red and blue lines represent increase and decrease in the malic acid group, respectively. (b) The activity of
a-ketoglutaric dehydrogenase (KGDH) and succinate dehydrogenase (SDH). Twenty zebrafish spleens were collected in each
group. Five were pooled as a sample, yielding four biological repeats for analysis of enzyme activity. Samples were collected in
24 h after the injection of malate for 3 days. Results (b) are displayed as mean + SEM, and significant differences are identified
(*p < 0.05, **p < 0.01) as determined by two-tailed Student’s t-test.
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taurine levels may promote zebrafish survival and causes
zebrafish death, respectively.

Malate and taurine stimulate innate immunity
similarly

The above results indicate that exogenous malate pro-
motes taurine production and, in turn, taurine
potentiates zebrafish to fight against V. alginolyticus,
suggesting that malate exhibits potential via taurine,
which may have a similar capability to stimulate an
innate immune response in the same way that malate
did. To demonstrate this, qRT-PCR was used to quan-
tify expression of eight innate immunity genes in the
presence of exogenous malate or taurine. The expres-
sion levels of all genes were similar between the two
treatments. Specifically, the expression of il-6, il-1b, il-
8, tnf-a, and ¢3b was elevated, and the expression of il-
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6 and il-1b was higher in the malate group than in the
taurine group. In addition, no expression difference in
il-10, il-21, and ptgs-2 (cyclooxygenase-2) was found
between the two groups (Figure 6(a)). These results
indicate that cell phagocytic capacity is activated by
the two metabolites, which was further demonstrated
by the elevated phagocytosis of tilapia primary phago-
cytes in response to V. alginolyticus (Figure 6(b)).
When zebrafish were infected with V. alginolyticus,
living and dying zebrafish exhibited differential innate
immune responses. Specifically, higher expression
levels of ptgs-2, tnfa, c3b, il-1b, il-6, and il-8 and
a lower expression level of ¢3b were detected in the
dying fish but not in the living fish (Figure 6(c)).
Thus, 12.5 pg taurine or 70 pg malate alleviated the
high expression of innate immune genes but promoted
the low expression of innate immune genes, and
thereby elevated the survival of zebrafish (Figure 5

aco2

a b
< 3 mm Malic T PBS
Qo
[} -
§ - 100 = _4PBS
S = 801 ) ) 12.5 g Taurine
$ 2 601 _._.L..—* + 25 ug Taurine
= ‘g 40- =~ 50 ug Taurine
% e =100 pg Taurine
o & 207 300 ug Taurine
0 r—+—r———— -~ 600 ug Taurine
IR USRI A N XS SR H
S&FEE S ¢ &Q&Q’ & &S & v £ Dgy ® B
3-Phosphoglycerate ——— 3-Phospho-hydropyruvate
adob phgdh sat1
Hypotaurine —=—— Cysteamine P { T ) C
/ csad 3-Phosphoserine|
gad1aT ockod T psph | o
Taurine  3-Sulfino-L-Alanine <— L-Cysteine <—O-Acetyl-L-Serine —=— Serine <
o
\ ¢ shmt11 L E
L-Cysteate ) g\ Glycine -
Citrate 90 00% agxtb
cis-Aconitate agxta
aco agxt2|

Isocitrate——— Glyoxylate
hao2

haol
Glycolate

Hydroxypyruvate —s Glycolaldehyde

Taurine
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as determined by two-tailed Student’s t-test (a and ¢) and Log-rank (Mantel-Cox) test, Gehan-Breslow-Wilcoxon test, and Tarone-

Ware test (b).



356 M.-J. YANG ET AL.

a [ PBS EE 70ugMalate b
S 107 B 12.5 ug Taurine 80-
S ) ) -
w 8- o
()] [0
5 F60
s 67 2 |-
2 4 £4
< S o
2 2 g%
- 2 Q O & N 0 &
b 2 o0 0 a0 W Sy o0
& E G W® QQ,_\\ o &\\o
R

(@]
[
o
w
»

(|

PBSlive [EH Taurinelive [EH Malate live
P

5 00
o O

D C
N
..
e
s
s/
sl
==/
B
R
=
sl

Relative expression
R
NN

LTI T TR

OC:DO’CO

Figure 6. Expression of innate immunity genes in the presence of malate or taurine or/and bacterial infection. (a) Expression in the
absence or presence of 70 pg malate or 12.5 pg taurine. Twenty-five zebrafish spleens were collected in each group. Five were pooled as
a sample, yielding five biological repeats for analysis of gene expression. Samples were collected in 24 h after the injection of malate or
taurine for 3 days. (b) Phagocytosis in the absence or presence of 70 pg malate or 12.5 pg taurine. Macrophages were separated from head
kidney of Nile tilapia and incubated with 20 mM malate or taurine. Then, 1:100 bacterial cells were added. Three biological repeats were
performed. (c) gRT-PCR for expression of innate immune genes post bacterial infection. Twenty-five zebrafish spleens were collected in
each group. Five were pooled as a sample, yielding five biological repeats for analysis of gene expression. Zebrafish were treated with PBS,
malate, or taurine for 3 days and then challenged by bacteria. Samples were collected at 30 h post the bacterial challenge. They included
PBS group, only PBS injection without bacterial challenge; PBS live group, survival after PBS injection and bacterial challenge; PBS dying,
dying after PBS injection and bacterial challenge; Taurine live, survival after taurine injection and bacterial challenge; Taurine dying, dying
after taurine injection and bacterial challenge; Malate live, survival after malate injection and bacterial challenge; Malate dying, dying after
malate injection and bacterial challenge. Results are displayed as mean + SEM, and significant differences are identified (*p < 0.05,
**p < 0.01) as determined by two-tailed Student'’s t-test.

(b)). These results indicate that taurine regulates the = genes related to NO generation in a similar way.
innate immune response in a manner similar to that of =~ Among the four genes detected, the expression of
malate. three genes, arg2, otc (except for malate), and asl,

showed increased expression, and the expression of

one gene, nos2b, was unaffected (Figure 7(a)). In addi-
Malate and taurine influence inducible nitric oxide  tion, activity of iNOS was quantified. Malate and taur-
synthase, ROS, and glutathione peroxidase ine increased the activity of iNOS (Figure 7(b)). Further
results showed that the activity of iNOS was higher in
the dying fish than the living fish after bacterial infec-
tion, and the activity of both groups was higher than
that of the control group without bacterial infection.
However, pre-treatment of exogenous taurine or malate
followed by bacterial challenge led to similar activity of

Reports indicate that taurine attenuates inflammation
via decreasing inducible nitric oxide synthase (iNOS)
and ROS in rats and mammary epithelial cells [30-32].
Thus, we investigated the effect of malate and taurine
on nitric oxide (NO) and ROS production in fish. Both
exogenous metabolites regulated the expression of
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iNOS between the control without bacterial infection  infection. The ROS level returned to normal in the live
and the live fish, which was lower than that of the dying  fish after bacterial infection when the fish were pre-
group (Figure 7(c)). Furthermore, we detected the ROS  treated with taurine or malate (Figure 7(e)). The glu-
level in the same samples. Similarly, ROS was elevated =~ tathione metabolic pathway was also enhanced, as
in the presence of exogenous malate or taurine (Figure  shown in Figure 2(b). Thus, the activity of glutathione
7(d)), and a higher ROS was measured after bacterial  peroxidase (GSH-PX) was measured. Consistently, fish
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Figure 7. Effect of malate and taurine on gene expression of NO biosynthesis. (a) Expression of NO biosynthesis genes in the
absence or presence of 70 ug malate or 12.5 pg taurine. Left, shown in the metabolic pathway; Right, relative gene expression. (b)
The activity of iNOS in the absence or presence of 70 ug malate or 12.5 ug taurine. (c) The activity of iNOS in samples as Figure 6¢
post bacterial challenge. (d) ROS in the absence or presence of 70 pg malate or 12.5 pg taurine. (e) ROS in samples as Figure 6¢ post
bacterial challenge. (f) GSH-PX in the absence or presence of 70 pg malate or 12.5 pg taurine. (g) GSH-PX in samples as Fig 6 C post
bacterial challenge. (a, b, d, and f) Twenty zebrafish spleens were collected in each group. Five were pooled as a sample, yielding
four biological repeats for analysis of gene expression. Samples were collected in 24 h after the injection of malate or taurine for 3
days. (c, e, and g) Twenty zebrafish spleens were collected in each group. Five were pooled as a sample, yielding four biological
repeats for analysis of gene expression. Zebrafish were treated with PBS, malate, or taurine for 3 days and then challenged by
bacteria. Samples were collected at 30 h post the bacterial challenge. They included PBS group, only PBS injection without bacterial
challenge; PBS live group, survival after PBS injection and bacterial challenge; PBS dying, dying after PBS injection and bacterial
challenge; Taurine live, survival after taurine injection and bacterial challenge; Taurine dying, dying after taurine injection and
bacterial challenge; Malate live, survival after malate injection and bacterial challenge; Malate dying, dying after malate injection and
bacterial challenge. Results are displayed as mean + SEM, and significant differences are identified (*p < 0.05; **p < 0.01) as
determined by two-tailed Student’s t-test.
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pre-treated with taurine or malate exhibited higher
activity of the enzyme (Figure 7(f)). When infected
with V. alginolyticus, dying fish exhibited lower activity
of GSH-PX than did the living fish (Figure 7(g)). These
results indicate that exogenous taurine modulates NO
and ROS to fight bacterial infection.

Discussion

Bacterial disease outbreak is a significant constraint to the
development of the aquaculture sector. Besides vaccination
and antibiotic approaches [8,10,33,34], alternative strate-
gies are being developed to control bacterial diseases
[20,35,36]. These include the specific killing of pathogenic
bacteria (bacteriophages and inhibition of chromosome II
replication in vibrios), growth inhibition (short-chain fatty
acids and polyhydroxyalkanoates), inhibition of virulence
gene expression (interfering with the regulation of viru-
lence factor expression and specifically inhibiting a certain
virulence factor), and reprogramming of the antibiotic-
resistant metabolome (reverting bacterial antibiotic resis-
tance to uptake antibiotics) [35,37,38]. Recently, we have
developed reprogramming metabolomics to modulate the
host metabolome against bacterial infection without the
use of antibiotics [19,20], where malate is identified as
a crucial reprogramming molecule [28]. Malate boosts
the TCA cycle to enhance the survival of zebrafish to
V. alginolyticus infection [28] but the underlying mechan-
ism is unknown. The present study explores the mechan-
isms by which malate reprograms the fish’s metabolome to
fight against V. alginolyticus infection. Our results indicate
that malate enhances the survival of zebrafish against infec-
tion in the same manner as taurine.

Taurine is a metabolite that is widely distributed in
animal tissues, including fish tissues [39]. Taurine is
derived from cysteine and transformed by serine from
the isocitrate of the TCA cycle [40]. The present study
used the reprogramming metabolomics approach and
iPath analysis to demonstrate TCA cycle activation and
the malate-induced elevation of taurine by exogenous
malate. Furthermore, the elevated expression of genes in
the taurine biosynthesis pathway is documented. Thus,
exogenous malate promotes the biosynthesis of taurine.

Furthermore, we investigated whether exogenous
taurine protects zebrafish from infection in the same
way that malate did. Reports indicate that taurine is
used for the treatment of various superficial infections
and chronic inflammation. In aquaculture, dietary taur-
ine improves growth, regulates immunity, and
enhances the antioxidant capacity in crab (Eriocheir
sinensis) [41]. Taurine supplementation affects the
metabolome, improves energy utilization and amino
acid uptake, promotes protein, lipid, and purine

synthesis, and accelerates growth in grouper
(Epinephelus coioides) [42]. However, Kortner et al.
indicated that dietary supplementation with 0.4% taur-
ine in salmon does not relieve gut enteritis, which is the
first pathogenic stage of vibriosis with enteritis [43]. In
addition, the depletion of taurine is found in the gills of
female abalones infected with V. parahemolyticus [44]
and in natural skin ulceration syndrome-diseased sea
cucumber [45]. In mammals, taurine regulates the
inflammatory response during bacterial infection by
potentiating the phagocytic activity of macrophages,
affecting the signaling pathways, and improving the
antioxidant ability of cells [30,46]. Taurine-conjugated
bile acids are identified as inhibitors of biofilm forma-
tion against both Vibrio cholerae and Pseudomonas
aeruginosa [47]. Taurine complementation attenuates
pro-inflammatory response in mammary epithelial
cells after Streptococcus uberis challenge [48] and in
a bovine mammary epithelial cell (MEC) line (MAC-
T) or a mouse mammary epithelial cell line (EpH4-Ev)
infected with Escherichia coli and Staphylococcus aureus
[30]. In addition, exogenous taurine also promotes the
anti-infective ability against viruses and fungi [49,50].

The present study showed that 70 pg exogenous
malate elevated the taurine level, which is similar to
an injection of 12.5 g taurine. Both 12.5 ug exogenous
taurine and 70 pg exogenous malate showed similar
effects in increasing survival of zebrafish infected with
V. alginolyticus. These results support the conclusion
that taurine biosynthesis is crucial to fight against the
bacterial infection in the malate-reprogramming meta-
bolome. In addition, the present study found that
a high concentration of exogenous taurine causes
increased death. Indeed, injection with 300 pg taurine
increased the taurine level by approximately 2.19-3.26
fold compared with the level of increase with 12.5 pg
exogenous taurine and 70 pg exogenous malate. Thus,
the action of taurine in fighting bacterial infection is
related to its dosage in zebrafish, which may be related
to why the dietary supplementation with 0.4% taurine
does not relieve gut enteritis in salmon [43].

The immune system is essential for the control and
elimination of infections. Thus, further investigation on
the relationship between taurine and innate immune
responses stimulated by malate was carried out. IL-1f,
IL-6, IL-8, IL-10, and IL-21 are cytokines that mediate
different kinds of immune responses (34). Specifically,
IL-1p is a pro-inflammatory cytokine produced in
a variety of cells, including monocytes, tissue macro-
phages, keratinocytes, and other epithelial cells [51]. IL-
6 functions in inflammation and the maturation of **
[52] B cells through activation of Janus kinases (JAK)
and signal transducers and activators of transcription



(STAT1 and STAT3) (54). IL-8 is a pro-inflammatory
and growth-promoting factor [50,53]. IL-10 is a type II
cytokine with numerous immunosuppressive and anti-
inflammatory capacities, playing a role in the inhibition
of antigen-presenting cells, including dendritic cells,
monocytes, and macrophages [50]. IL-21 is a type
I cytokine produced by activated T cells that promotes
cytokine production in monocytes [54]. TNF-a is
a potent pro-inflammatory cytokine exerting pleiotro-
pic effects on various cell types [55]. C3b is a key
component of the complement system. COX-2, an
inducible cyclooxygenase, is produced in abundance
by activated macrophages and other cells at the site of
inflammation, playing a key role as a pro-inflammatory
molecule in fish [56,57]. The present study showed that
malate and taurine promote the expression of genes
encoding IL-1B, IL-6, IL-8, and C3, while the higher
expression of genes encoding IL-1B, IL-6, IL-8, and
Cox-2 and lower expression of gene encoding C3
were detected in the dying fish but not in the living
fish. Interestingly, taurine and malate alleviated the
expression of Cox-2, IL-1f, IL-6, IL-8, and elevated
the expression of C3 after bacterial infection. This
alleviation and elevation increased fish survival.

The present study further explored whether taurine
and malate influence NO and ROS levels and whether
the influence was related to anti-infection in zebrafish.
Taurine promoted NO biosynthesis and iNOS and ROS
levels in the same way that malate did. The higher
iNOS and ROS levels in the dying fish rather than the
living fish indicate that excessive responses of iNOS
and ROS are associated with the lower survival caused
by a bacterial infection. Taurine weakened the
responses and thereby elevated the
Importantly, the ROS level was related to the action
of GSH-PX. These data are consistent with previous
reports that taurine ameliorated the elevated iNOS
and ROS caused by bacterial infection in rats and
mammary epithelial cells [30-32]. Thus, that low con-
centration of taurine leads to the increased survival of
zebrafish infected with V. alginolyticus is partly attrib-
uted to adjustments to inflammation-related innate
immunity, NO, and ROS levels. Logically, the data
showing that high concentrations of taurine cause
a reduction in survival suggest the consequence of the
excessive inhibition of these responses. This finding is
useful for establishing a reasonable level of taurine use
in aquaculture.

Our results show that malate supplementation will
result in increased survival, but a range of additional
studies, including full-scale field studies will need to
be carried out before the approach is adopted by
farmers.

survival.

VIRULENCE (&) 359

In summary, the present study demonstrates that malate
potentiates zebrafish against infection caused by
V. alginolyticus via taurine. This is done through regulating
the innate immune response and inhibiting NO and ROS.
Thus, our study unravels the mechanisms by which the
malate-reprogramming metabolome fights against infec-
tion by promoting taurine biosynthesis. Furthermore, the
present study indicates that a high dose of taurine is not
suitable for fighting against bacterial infection in
aquaculture.

Materials and methods
Animals and bacterial strain

Zebrafish AB lines, Danio rerio, about 3 months (body
length: 2.5 £ 0.2 cm, body weight: 0.26 + 0.04 g) were
purchased from Shaoping Corp. Guangzhou Fangcun
Huadiwan Flower Bird Fish & Insect Market,
Guangzhou, China. Nile tilapia, Oreochromis niloticus,
about 500 * 10 g, were obtained from Guangdong
Tilapia Breeding Farm (Guangzhou, China). These ani-
mals were acclimated in 8 water tank (80 cm X 75 cm X
90 cm) equipped with Closed Recirculating Aquaculture
Systems, and the maintaining physico-chemical para-
meters were: water temperature: 27-29°C, dissolved oxy-
gen: 6-7 mg/L, carbon dioxide content: <10 mg/L, pH
value: 7.0-7.5, nitrogen content: 1-2 mg/L, and nitrite
content: 0.1-0.3 mg/L. They were fed with fish food
(Jinfeng pellets, 38% crude protein, 6% crude fat, and
16% crude ash related to wet matter, 7% crude fiber and
8% moisture, based on NRC recommendations, at a ratio
of 3% of body weight per day) twice a day for 2 weeks on
a 12 h/12 h rhythm of light and darkness photoperiod
before experimental manipulation. These tanks were
cleaned twice a day by siphoning up the food debris and
feces [14]. These animals were demonstrated to be free
from Vibrio spp. infection by bacteriology and gyrB-
specific primer PCR before using in subsequent experi-
ments. The rearing and treatment of the experimental fish
were approved by Sun Yat-sen University. V. alginolyticus
V12G01 was from the collection of our laboratory.
A single colony was cultured in Luria-Bertani (LB) med-
ium (1% w/v peptone, 0.5% w/v yeast extracts, 1% w/v
NaCl, pH7.4) at 30°C overnight in a shaker as seed. The
overnight cultures were diluted 1:100 in fresh LB medium,
cultured at 30°C and grown to an ODgq of 1.0.

Supplementation of exogenous metabolites and
bacterial challenge

Exogenous metabolites were supplemented as previously
described [28]. Zebrafish were intraperitoneally injected
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by 10 uL with a dose of 70 pg malate or 12.5 pg taurine
dissolved in phosphate buffer saline (PBS) for 3 days, once
a day, as a tested group and by 10 pL PBS buffer as
a control. Humoral fluid was collected for GC-MS analy-
sis and spleen samples were collected for qRT-PCR,
enzyme activity, iNOS, and ROS detection after 24 h.
For bacterial challenge, a single colony was cultured in
Luria-Bertani (LB) medium (1% w/v peptone, 0.5% w/v
yeast extracts, 1% w/v NaCl, pH7.4) at 30°C overnight in
a shaker as seed. The overnight cultures were diluted
1:100 in fresh LB medium, cultured at 30°C and grown
to an ODggo of 1.0. Then, the bacteria were collected by
centrifugation, washed and resuspended to ODg 0.2 by
sterile saline solution. To determine the half-lethal dose
(LD50), Danio rerio were infected with three different
doses of bacteria through intramuscular injection (by
inserting the needle into the left tail muscle for 2-3 mm
from the body in horizontal), including 2 x 10°, 4 x 10°
and 6 x 10° CFU/fish, with Danio rerio receiving each
dose. The LD50 was 2 x 10° CFU/fish. Zebrafish were
intraperitoneally injected by 10 uL with a dose of 70 g
malate, 12.5 g, 25 pg, 50 ug, 100 pg, 300 pg, or 600 ug
taurine dissolved in PBS buffer for 3 days, once a day, as
a tested group and by 10 uL PBS buffer as a control. Then,
each fish was challenged by 2 x 10° CFU/fish at 24 h later.
Percent survival was obtained by signs of infection and
mortality recorded twice a day for 8 days. The infected
zebrafish showed signs of infection at 24 h post infection
and most died within 48 h. Therefore, samples were
collected in 30 h for analysis of QRT-PCR, iNOS, and
ROS of live and dying zebrafish.

Sample preparation for GC-MS analysis

Zebrafish humoral fluid was collected as previously
described with some modifications [28]. In brief, zebra-
fish were treated with 70 pug malate/10 pL PBS and with
10 uL PBS as a reprogramming group and a control,
respectively, five fish each group. These treated animals
were rinsed with a distilled saline solution and then
wiped thoroughly with sterilized gauze. These animals
were cut into five pieces on ice and then weighted. The
appropriate volume of saline (100 pL/100 mg) was
added according to the weight. After centrifugation at
3000 x g, 4°C, 100 pL fluid was isolated for the further
study of metabolites. Metabolites were extracted with
0.2 mL cold methanol (Sigma). Then, 10 pL ribitol
(0.1 mg per mL) was added into each sample tube as
an internal quantitative standard. After centrifugation
at 12,000 x g for 10 min, and transferred to new 1.5 mL
centrifuge tubes. Then, the supernatants were concen-
trated in a rotary vacuum centrifuge device
(LABCONCO). The dried polar extracts were used for

metabolite derivatization of GC-MS analysis, the dried
residue was dissolved in 100 pL 20 mg per mL methox-
yamine pyridine solution and incubated for 120 min at
37°C in an incubator shaker. Finally, the mixture was
treated with 100 puL N,O-Bis(trimethylsilyl)trifluoroace-
tamide (TMSTFA) with 1% trimethylchlorosilane
(TMCS) and incubated for 30 min at 37 ° C. Every
experiment was repeated by five biological replicates.

GC-MS detection

The derivatized sample of 1 pL was injected into an HP-
5 MS column (Agilent Technologies, 30 m x 250 ym x i.d.
0.25 pum) using splitless injection and analysis was carried
out by Agilent 7890A GC equipped with an Agilent 5975 C
VL MSD detector (Agilent Technologies). The initial tem-
perature of the GC oven was held at 85°C for 5 min followed
by an increase to 280°C at a rate of 15°C per min holding for
5 min and then increased to 310°C at a rate of 20°C per min.
The solvent delay time was set as 5 min before data collec-
tion. High purity helium (purity not less than 99.999%) was
used as a carrier gas and flow was kept constant at 1 mL per
min. The scanning mode is full scan (SCAN), and MS was
operated in a range of 50-600 m/z.

Spectra processing for GC-MS

The deconvolution and calibration of the acquired mass
spectra were performed with AMDIS (Agilent
OpenLAB CDS ChemiStation C.01.01). To avoid false
positives, peaks with a signal-to-noise ratio (S/N) lower
than 30 were excluded [58]. Additionally, the artifact
peaks were removed through comparison with the
blank samples. Metabolites were identified by retrieving
their mass spectra in the NIST 2011 (National Institute
of Standards and Technology, USA) library and GMD
2011 (Golm Metabolome Database, Germany) accord-
ing to the following criteria: match value > 750, reverse
match value > 800, and a probability > 60% [59]. The
relative peak area value of adonitol was taken as the
internal standard to calculate the metabolite abun-
dance. The zeroes or missing values were assessed by
singular value decomposition (SVD) method to impute
the missing values. Variables were removed for thresh-
old 50%, and missing values were replaced with an
average value. Then, these data were improved by
interquartile range (IQR) filtering. The none option
was used for filtration, which applied to the number
of variables of samples with less than 5000. The com-
bined normalization processing consisted of the follow-
ing options: quantile normalization
procedures and pareto scaling (mean-centered and
divided by the square root of standard deviation of

row-wise



each variable). The data array file can be used for the
subsequent multivariate statistical analysis.

Bioinformatics analyses

Data transformations and manipulations were done
using Excel. The differences in the metabolite contents
between the two groups were compared using the
Mann-Whitney U test (a = 0.05) with the SPSS 23.0
(IBM, USA). Prior to analysis, sets of metabolites data
subtracted the median metabolites and were scaled by
the quartile range in the sample. A multivariate statis-
tical analysis of the metabolomic data was further per-
formed using the MetaboAnalyst online website (www.
metaboanalyst.ca) [60,61]. Z-score analysis scaled each
metabolite according to a reference distribution and
calculated based on the mean and standard deviation
of reference sets a control. Z-score formula was shown
as followed, Z = %DYG", x;; represented metabolites’
peak area, AVG; represented average of control group,
SD; represented standard deviation of control group.
Using gplots package of R project (R 1386 3.4.3, www.
r-project.org), a hierarchical cluster analysis (HCA) was
first performed using the distance matrix calculated
with the Euclidean method. Using SIMCA-P 13.0
(Umetrics, Sweden), the principal component analysis
(PCA) and orthogonal partial least squares-
discriminant analysis (OPLS-DA) was then conducted
to investigate the relationships among the test samples.
Based on the OPLS-DA s-plot analysis, the compounds
with a variable weight value of p [1] and p(corr) [1]
were greater than 5 and 0.5 or were lower than -5 and
—0.5, respectively, which were filtered and shown in
a scatter plot. For the pathway enrichment analysis,
the metabolic pathways involving the metabolites that
showed differences between the test groups were iden-
tified using the MetaboAnalyst online website (www.
metaboanalyst.ca) [61,62]. The -log(p) value ** [63] and
a value reflecting the impact of each metabolic pathway
were calculated using a hypergeometric test, and the
metabolic pathways with p < 0.05 were retained. Prism
v5.01 (GraphPad, La Jolla, CA, USA) was used to draw
the histogram the scatter plot. Comparative metabolic
pathway analysis between the two groups was per-
formed using iPath 3.0 (https://pathways.embl.de/)

Measurement of activity of a-ketoglutaric
dehydrogenase, succinate dehydrogenase, and
glutathione peroxidase

Measurement of activity of a-ketoglutaric dehydrogenase
(KGDH) and succinate dehydrogenase (SDH) was
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performed as previously described [28]. In brief, zebrafish
were randomly divided into two groups treated with and
without 70 pg malate, 20 each. Five spleens were pooled as
a biological sample and four biological repeats were car-
ried out. Supernatants from these spleen homogenate
were obtained, which contained 400 pg or 200 pg total
proteins and were transferred to the KGDH reaction mix
(0.5 mM MTT, 1 mM MgCl2, 6.5 mM PMS, 0.2 mM TPP,
50 mM PBS, and 2 mM sodium a-ketoglutaric for KGDH)
or SDH reaction mix (0.5 mM MTT, 13 mM PMS, 5 mM
succinate, 50 mM PBS), respectively, to a final volume of
200 mL in 96-well plate. Subsequently, the plate was
incubated at 37°C for 30 min for KGDH and 10 min for
SDH and then measured at 566 nm for colorimetric read-
ing. Measurement of glutathione peroxidase (GSH-PX)
activity was used as a commercial ELISA kit for fish
(KT57683, MSKBIO Ltd.,, Wuhan, China). The above
10 puL sample was added into 40 uL diluent in each well,
mixed, and incubated at 28°C for 30 min. After washing
for 5 times, 50 pL enzyme-linked reagent was added and
incubated at 28°C for 30 min. The same washing was
performed and then 50 pL coloration buffer A and B was
added and incubated at 28°C in dark for 15 min. Finally,
50 uL termination buffer was added to turn off the colora-
tion reaction and the absorption value at 450 nm in 15 min
after termination using a microplate spectrophotometer
(Epoch2, BioTek Instruments Inc., USA).

Quantitative real-time PCR (qRT-PCR)

gRT-PCR was performed as previously described [62].
Zebrafish were randomly divided into seven groups, 25
each. They included a PBS control without bacterial infec-
tion and six groups with bacterial infection (PBS-teated
dying group, PBS-treated survival group, malate-treated
dying group, malate-treated survival group, taurine-
treated dying group, taurine-treated survival group).
Spleens from five fish were pooled as a biological sample
for RNA extraction, five biological repeats each group.
Total RNA was extracted using TRIZOL reagent
(Ambion Life Technologies) according to the manufac-
turer’s protocol. RT-PCR was carried out on 1 pg total
RNA with PrimeScript RT reagent kit with gDNA Eraser
(Takara, Japan) according to manufacturer’s instructions.
Two technical repeats were carried out for each biological
sample. QRT-PCR was performed on a LightCycler 480
system (Roche, Germany) and SYBRPremix Ex TaqTM II
(Takara, Japan). The cycling parameters were listed as
follows: 95°C for 30 s to activate the polymerase; 40 cycles
0f 95°C for 10 s; 60°C for 30 s; Fluorescence measurements
were performed at 70°C for 1 s during each cycle. Cycling
was terminated at 95°C with a calefactive velocity of 5°C
per second and a melting curve was obtained. Gene-
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specific primers used for qRT-PCR are shown in
Supplementary Tab. 1. The relative expression of each
immune-related gene was calculated by 272" method
(66) using B-actin as a reference gene.

iNOS detection

Inducible Nitric Oxide Synthase (iNOS) Assay Kit
(A014-1) was purchased from the Nanjing Jiancheng
Bioengineering Institute, China. Zebrafish were ran-
domly divided into seven groups, 20 each. They
included a phosphate buffer saline (PBS) control
without bacterial infection and six groups with bac-
terial infection (PBS-treated dying group, PBS-treated
survival group, malate-treated dying group, malate-
treated survival group, taurine-treated dying group,
taurine-treated survival group). Spleen samples were
collected and homogenated with phosphate buffer
(pH = 7.4) at 1:15 (w/v). Supernatants were collected
by centrifugation. Protein concentration was deter-
mined using the BCA Protein Assay Kit (Beyotime,
China), which is based on spectrophotometric meth-
ods. The activity of iNOS was measured at 530 nm
according to the manufacturer’s instructions.

ROS measurement

Measurement of ROS was performed as previously
reported [64]. Briefly, samples were the same as the
above iNOS detection. Samples were lysed using a bullet-
blender (Bullet Blender, Next Advance, USA) and then
centrifuged at 12,000 g for 10 min. After centrifugation,
supernatants were collected and protein concentrations
were determined by Coomassie-blue method. For ROS
quantification by fluorescence, samples were incubated
with 10 mM carboxy-H,DCFDA (Sigma, USA) at 37°
C for 30 min in the dark and analyzed by a microplate
reader (BioTek, synergy 2, USA) at an excitation and
emission wavelength of 495 and 525 nm, respectively.

Phagocytosis assay

Macrophages were separated from head kidney of Nile
tilapia as previously described [65]. Briefly, the head
kidneys were removed aseptically and pressed through
an 80 pm sterile steel mesh and re-suspended in L-15
medium (Gibico, USA) supplemented with 10% fetal
bovine serum (FBS) (Gibico, USA) and 1% penicillin/
streptomycin (Sigma, USA). The cell suspensions were
layered onto a 54%/31% discontinuous percoll (Sigma,
USA) density gradient and centrifuged at 400 x g at 4°C
for 40 min. The cells were collected and cultured at 25°C
for 24 h. After washing and removing the non-adherent

cells, the cells were diluted to 5 x 10° cells/mL and
resuspended in the low serum L-15 medium with 0.5%
FBS for overnight starvation stressing. Then, the medium
was replaced into the non-serum L-15 and then prepared
for phagocytosis. Phagocytosis assays were referred to
methods already available in the laboratory [20]. Briefly,
the cells were deprived of serum overnight and then
incubated alone or additively with 20 mM of taurine or
malic acid at 25°C for 4 h. After pretreating, FITC-
conjugated V. alginolyticus cells were centrifuged onto
macrophages at a multiplicity of infection of 100 in the
indicated medium. Then, the plates were placed at 25°C
for 1.5 h. After infection, the monocytes/macrophages
were washed with cold PBS to stop Phagocytosis. Cells
were harvested and analyzed by flow cytometer
(CytoFLEX, Beckman Coulter Ltd., USA).
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