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A B S T R A C T

Mechanisms by which vaccines enhance immunity to combat bacterial pathogens are not fully understood.
Recently, we have found that live Edwardsiella tarda vaccine enhances ability against the bacterial challenge by
metabolic modulation in zebrafish. Here we first explored the metabolic modulation promoted by inactivated E.
tarda to eliminate the pathogen. Inactivated E. tarda vaccine modulated a similar metabolome to combat with
the pathogen in zebrafish as live E. tarda vaccine did. Specifically, both vaccines promoted biosynthesis of
unsaturated fatty acids and the TCA cycle. However, due to relatively higher activated TCA cycle in inactivated
vaccine than live vaccine, live vaccine promoted higher abundance of palmitate than inactivated vaccine.
Consistently, the protection against E. tarda challenge was palmitate dose-dependent. Live vaccine activated
higher expression of IL-1β, IL-8,Cox-2 genes and lower expression of IL-15, IL-21 genes than inactivated vaccine,
which is similar to the results stimulated by high and low doses of palmitate, respectively. These findings in-
dicate live and inactivated E. tarda vaccines stimulate differential abundances of palmitate that contribute to
differential innate immunities against bacterial infection. Thus, metabolic environment contributes to immune
response.

1. Introduction

Edwardsiella tarda is a Gram-negative bacterium of the
Enterobacteriaceae family. The pathogen infects a wide range of
freshwater and marine fish, implicating in significant losses in aqua-
culture facilities worldwide [1–3]. Antibiotics such as tetracycline and
kanamycin are effective in killing the pathogen. However, overuse and
misuse of the antibiotics presents a significant challenge for its control
by the existing drugs and thereby multidrug-resistant E. tarda has been
frequently isolated from fish and human [4–6]. Vaccination is an al-
ternative approach to prevent bacterial infection with high protection
efficiency and less side effect, but now no commercial vaccines are
available for the control of this bacterium although several vaccines are
under preparation [7–10]. In this regard, further understanding for
action mechanisms of vaccines is helpful in development of the vac-
cines.

A line of evidence has indicated that bacterial vaccines offer the
potential to prime a naïve immune system and establish a pathogen-
specific protective immunological memory and thus to represent a
highly valid preventive strategy in the fight against infectious disease

[11,12]. They can serve as an essential fulcrum initiating innate im-
munity while molding and sustaining adaptive immunity. The activated
innate immunity includes complement system, lysozyme, natural killer
cells, neutrophils, and macrophages, and can be harnessed in con-
junction with adaptive T cell strategies [11,12]. The induced adaptive
immunity contains two important immune phenotypes: (1) a bac-
terium-specific B-cell response with production of neutralizing anti-
bodies with the help of a T helper cell type 2 memory and/or (2) a
bacterial-specific CTL and T helper cell type 1 memory [12,13]. The
bacterial vaccines have several types including dead or live organisms.
Generally, higher protective efficacy is detected in the live vaccine than
the dead vaccine, although both induce the innate immunity and
adaptive immunity [14,15]. However, mechanisms by which live vac-
cine exhibits the higher protective efficacy are still elusive and wait for
further investigation.

Metabolism modulates immunity to combat bacterial pathogens has
been revealed [16–18]. However, whether metabolic modulation also
contributes to the immune protective efficacy of vaccines is largely
unknown. Recently, we have used gas chromatography/mass spectro-
metry (GC-MS) based metabolic profile to trace metabolic mechanisms
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in zebrafish (Dario rerio) in response to live E. tarda vaccine. We have
provided evidence that the vaccination promotes the biosynthesis of
unsaturated fatty acids to combat E. tarda infection [19]. Meanwhile,
we have shown that glucose is suppressed in tilapias infected by E.
tarda, and exogenous glucose greatly enhances their survival ability
against this pathogen [20], which is attributed to the promotion of
palmitic acid and stearic acid biosynthesis [21]. These findings lead to
the conclusion that metabolic regulation contributes to innate im-
munity against infection caused by E. tarda, where the elevated bio-
synthesis of unsaturated fatty acids is crucial. However, we do not
understand why higher immune protection is detected in live than in-
activated E. tarda vaccines based on metabolic modulation to innate
immunity. The present study characterizes the metabolic difference
between live and inactivated vaccines and understands whether the
difference contributes to differential immunities between the two types
of E. tarda vaccines.

2. Materials and methods

2.1. Ethics statement

All work was conducted in strict accordance with the re-
commendations of the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was approved
by the Institutional Animal Care and Use Committee of Sun Yat-sen
University (Animal Welfare Assurance Number: I6).

2.2. Bacterial strain, culture and vaccine preparation

E. tarda EIB202 (CCTCC No. M208068) used in this study was ob-
tained from Professor YX Zhang, East China University of Science and
Technology, which was isolated from diseased turbot (Scophthalmus
maximus) with a 44 Kb plasmid encoding three drug-resistant genes,
tetA, tetR and catA [22]. A single colony of E. tarda EIB202 was picked
from a tryptic soy broth (TSB) plate and propagated overnight in 5mL
TSB medium at 200 rpm (Sky-111B, SuKun, China) at 30 °C. Aliquot
1mL culture was diluted 1:100 into fresh TSB medium and grown at
30 °C. Bacterial cells were harvested at an OD600 of 1.0 by centrifuga-
tion at 6,000 g (Universal 32R; Hettich Zentrifugen, Tuttlingen, Ger-
many) for 5min at 4 °C. The resulting cells were washed three times
with saline solution as live vaccine or then resuspended in saline so-
lution containing 1% formaldehyde and incubated at 30 °C for 24 h for
inactivated vaccine. Bacterial pellets were collected as inactivated
vaccine through the same centrifugation above and washing three times
with sterile saline. Plate counting was used to examine bacterial steri-
lity and purity.

2.3. Zebrafish and treatments

Zebrafish (Danio rerio) with approximately 3 cm long and 0.3 g body
weight were obtained from Guangzhou Zebrafish Breeding Base and
were free of E. tarda infection through microbiological detection. They
were kept in aerated aquaria with a water recirculation system at 30 °C.
The fish were acclimated to the animal facility for two weeks and were
fed a basal diet. The animals were divided into two groups, in-
tramuscularly injected with either 5 μL saline solution or inactivated
vaccine with 500 cells without any adjuvant, each fish, which was the
same cell amount as the live vaccine [19]. Eight fish each group were
sampled for GC-MS analysis at 48 h post the vaccination. Meanwhile, 40
fish each group were challenged by E. tarda EIB202 with intraperitoneal
inoculation of 1.5× 104 CFU/fish, 5 μL per fish and observed for 14
days.

2.4. Sample preparation for GC-MS

Sample preparation for GC-MS was carried out as previously

described [19]. Sampled animals in the experimental and control
groups were rinsed with distilled water and then wiped thoroughly with
sterilized filter paper. They were weighted and then cut into 0.5 cm
long pieces on ice. Saline solution (1mL/g body weight) was added to
these pooled pieces. Tubes were vortexed at 4 °C and then centrifuged
at 8,000 g for 5min at 4 °C for collection of humoral fluid. The resulting
supernatant was transferred to a new tube. GC-MS samples were pre-
pared as described previously [23]. In brief, 100 μL humoral fluid was
quenched with 200 μL ice-cold methanol (Thermo fisher) and 3 μL100
μg/mL ribitol (Sigma) was added as an internal standard. After cen-
trifugation at 12,000 g for 10min, the resulting supernatant was
transferred and dried in a vacuum centrifuge (Labconco Corporation,
Kansas City, MO, USA) for 2 h. The dried samples were used for GC-MS
analysis. Eight biological samples with two technical repeats were se-
parately used for test and control groups.

2.5. GC-MS analysis

Derivatization was carried out on the two-stage steps as described
previously [24]. Briefly, 80 μL of 20mg/mL methoxyamine hydro-
chloride in pyridine (Sigma) was added to the extracts and incubated
for 1.5 h at 37 °C. This was followed by the addition of 80 μL N-methyl-
N-trimethylsilyltrifluoroacetamide (Sigma) for another 0.5 h at 37 °C.
The samples were centrifuged at 12,000 g for 10min at 4 °C. The sam-
ples were analyzed by DSQ II GC/MS (Thermo Scientific, Austin, TX,
USA). The injector temperature was kept at 270 °C. An aliquot of 0.1 μL
was injected (splitless) into a column (30m length, 0.25mm inner
diameter and 0.25 μm film thickness). Temperature program of the GC
oven was 85 °C for 5.5 min, then 5 °C/min to 285 °C for 0min, then
20 °C/min to 310 °C for 1min, with a total run time of 48.25min. He-
lium was used as carrier gas and its flow rate was 1mL/min. Electron
impact ionization was achieved at 70 eV. The ion source temperature
was set at 250 °C. The MS interface temperature was held constant at
270 °C. Quadrupole temperature was 150 °C. The MS was operated
using full scan mode. The mass scanning range was from 33 to 600 amu.

2.6. GC-MS data acquisition and normalization

Data acquisition contained compound identification, compound
quantification, sample alignment, and peak merging. NIST MS search
2.0 and XCalibur 2.1 software were used for mass spectra library search
and peak picking, respectively. The hits were assessed by rank and
score. Scores from 600 to 999 were acceptable [25]. Corrected hit
ranked first with a score bigger than 600. Ninety-nine compounds ex-
cluded ribitol were identified. Single ion was used for deconvolution of
overlapping peaks. Relative abundance of peaks showed the number of
ions [26]. After peak picking, peaks from different samples were
aligned by retention time and mass spectrum. Peaks with the same
compound name were merged. Data normalization included two steps.
First, data matrix was normalized to ribitol. Second, individual meta-
bolites in each sample subtracted the median and were scaled by the
interquartile range of all metabolites in that sample [27]. The resulting
file was used for subsequent analyses.

2.7. Statistical analysis

SPSS 13.0 was used for statistical analysis. Statistical difference was
obtained by Mann-Whitney U test. Mann-Whitney U test didn't consider
whether the variances of samples were equal. A p value smaller than
0.05 was considered statistically significant. P values were used to
compute false discovery rates (FDR). FDR showed the proportion of true
null hypotheses in the data and could be calculated in the R package “q-
value” [28].

Differential metabolites and their corresponding abundances were
used to Z-value analysis. Each value in control samples subtracted the
mean and divided the standard deviation of the entire population from
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control samples. Each value from vaccination samples subtracted the
mean and divided the standard deviation of the entire population from
control samples.

Differential metabolites were used for pathway enrichment analysis.
MetaboAnalyst 2.0 was used to determine enriched pathways [29].
Only differential abundance of metabolites was uploaded to server.
Pathway library of Danio rerio was selected. Hypergeometric test was
selected for over-representation analysis. It was to test if metabolites
involved in a particular pathway were represented more than expected
by chance. Significance was set to P < 0.05.

Differential metabolites and their corresponding intensities were
used to multivariate data analysis. Orthogonal partial least square dis-
criminant analysis (OPLS-DA) was carried out using SIMCA 12.0
(Umetrics, Umeå, Sweden). The data scale conversion mode was Ctr-
formatted (Mean-Centered scaling) processing prior to fitting. The
performance of model was evaluated by R2 X (0.994), R2 Y (0.973) and
Q (cum)

2 (0.888). R2 X and R2 Y showed the cumulative sum of squares
of all the X and Y values, respectively. Q (cum)

2 showed cross-validated
predictive ability.

2.8. Measurement of NADH

NADH was measured using the EnzyChrom NAD/NADH Assay Kit
(BioAssay Systems) accordance with the manufacturer's instruction.
The data were obtained using an ELx 808 Ultra microplate reader (Bio-
Tek Instruments, Winooski, VT, USA) at OD 340 nm. The samples were
analyzed in three biological repeats. GraphPad Prism v5.01 (La Jolla,
CA, USA) was used to draw the scatter plot.

2.9. Addition of palmitate and propandioic acid and bacterial challenge

Zebrafish were acclimatized for 14 days at 28 °C and randomly di-
vided into control and test groups. For complementation of palmitate,
30 individuals were included in each group. These fish were injected
individually with either 5 μL of 10% BSA or palmitic acid (14 μg or
28 μg) (Sigma) dissolved in 5 μL of 10% BSA, once daily for 3 days. For
injection of propandioic acid (Sigma), 25 zebrafish were included in
each group. These fish were injected individually with either 5 μL of
saline solution or propandioic acid (1mM μg or 2mM) dissolved in 5 μL
of saline solution. These fish were challenged by intraperitoneal in-
oculation of 2.0× 104 CFU/fish of E. tarda EIB202 at 24 h after the
treatments and observed twice daily for 16 days for accumulative death
rate.

2.10. Measurement of enzyme activity

Activity of α-Ketoglutarate dehydrogenase (KGDH), succinate de-
hydrogenase (SDH) and malate dehydrogenase (MDH) was measured as
previously described [30].

2.11. Quantitative real-time PCR (qRT-PCR)

qRT-PCR was performed as previously described [31]. One-hundred
twenty Danio rerio were randomly divided into two groups for detection
of innate immunity genes, sixty each group. The first group included
three sub-groups. Control group was injected by 10 μL 10% bovine
serum albumin (BSA, fatty free) (w/v) and other two sub-groups were
separately injected 14 μg and 28 μg palmitic acid as test groups. The
second group also had three sub-groups. Control was injected with
10 μL saline solution and the other sub-groups were separately injected
10 μL 500 CFU of live or inactivated vaccines, respectively. The six sub-
groups were injected once daily for 3 days. Total RNA was extracted
from Danio rerio spleens using TRIZOL reagent (Ambion Life Technol-
ogies) according to the manufacturer's protocol. Four spleens were
pooled as one biological sample. There were five biological replicates
for each subgroup. RT-PCR was carried out on 1 μg total RNA with

PrimeScript RT reagent kit with gDNA eraser (Takara, Japan) according
to manufacturer's instructions. qRT-PCR was performed on a Light-
Cycler 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 of 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-specific
primers used for qRT-PCR are shown in Table 1. The relative expression
of each immune-related gene was calculated by 2−ΔΔCt method using β-
actin as reference gene.

3. Results

3.1. Metabolic profiling of zebrafish in response to inactivated E. tarda
vaccine

First, we investigated metabolic profiling of zebrafish in response to
inactivated E. tarda vaccine since the metabolic profile of the fish ex-
posed to live E. tarda vaccine is available [19]. To do this, zebrafish
were immunized by inactivated E. tarda vaccine as test group and in-
jected with saline solution as a control group. Each group was divided
into subgroups I and II for survival investigation and GC-MS analysis,
respectively, as outlined in Fig. 1A. For the survival investigation, ac-
cumulating death showed that the inactivated vaccine reduced percent
death from 72.5% to 57.5% (Fig. 1B). For the GC-MS analysis, humoral
fluids were collected at 48 h post the vaccination and then used for the
analysis of GC-MS. Typical total ion current chromatograms (TIC) of the
two groups of samples were showed in Fig. 1C. Reliability of the de-
tection technology was determined through a correlation coefficient
between two technical repeats. Scatter plot showed metabolite abun-
dance of two technical repeats with a minimum correlation coefficient
(0.993) (Fig. 1D). A total of sixty-five metabolites were detected for
each sample, which is equal to metabolites detected in zebrafish in
response to live vaccine in our previous report [19]. The metabolites
were classified into four categories according to their biological roles.
They were 37% amino acids, 43% carbohydrates, 11% lipids, and 9%
nucleotides (Fig. 1E). Global profile of metabolites was visualized as a
heatmap (Fig. 1F).

3.2. Differential metabolic profiling of zebrafish in response to inactivated
E. tarda vaccine

We used a two-sided Mann-Whitney U test to determine differential
abundance of metabolites for the differential metabolome in response
to inactivated vaccine compared with control. Forty-four (67.69%)
metabolites out of the sixty-five metabolites identified were differential

Table 1
Primers for qRT-PCR.

Gene Primer Sequence (5′-3′)

Il-10 Forward CTCTGCTCACGCTTCTTC
Reverse TCATCGTTGGACTCATAAAAC

Il-15 Forward AAGCTCCACAGCACACTTGT
Reverse ACCACCCCTGGTGAGTCTTC

Il-21 Forward CTAAAGTGCTGCACCTGTCAG
Reverse TTGCACTGAGCTTTCTGTGTC

Il-1β Forward TGGACTTCGCAGCACAAAATG
Reverse GTTCACTTCACGCTCTTGGATG

Il-6 Forward ATCCGCTCAGAAAACAGTGCT
Reverse GTCGCCAAGGAGACTCTTTAC

Il-8 Forward CACGCTGTCGCTGCATTG
Reverse GTCATCAAGGTGGCAATGATCTC

cox2 Forward TTCTTCGCCCAGCATTTCTC
Reverse AATGTGCCCCAGATCCACT

β-actin Forward ACCCAGACATCAGGGAGTG
Reverse CATCCCAGTTGGTCACAATAC
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at p < 0.05 (Chi-square test), corresponding to an FDR of 0.25%.
Heatmap displayed the abundance of differential metabolites (Fig. 2A).
Z-score plot spanned from−6.3 to 11.5 in inactivated vaccine (Fig. 2B).
Seventeen metabolites were decreased and twenty-seven metabolites
were elevated in inactivated vaccine. Compared with differential
abundance of metabolites induced by live vaccine [19], forty-one me-
tabolites shared by the two treatments, where seventeen were de-
creased and twenty- four were increased. In addition, two and three
metabolites increased only in live and inactivated vaccines, respectively
(Fig. 2C). For understanding characteristic features contributed to

inactivated E. tarda vaccine, we investigated numbers of differential
abundance of metabolites according to metabolic categories on biolo-
gical roles (Fig. 2D). Out of the four categories, carbohydrates and
amino acids ranked as the first two largest altered categories and then
lipids and nucleotides (Fig. 2D), which is the same as live vaccine did
[19]. Since differential metabolites behaved up-regulation or down-
regulation, we further investigated the behaviors in each category.
Higher decrease numbers than increase numbers were detected in ca-
tegory amino acids (p < 0.01, Fisher's exact test), while higher in-
crease numbers than decrease numbers were found in categories

Fig. 1. Study design outline and metabolomic profiling of Danio rerio humoral fluid. (A) Study design outline. (B) Survival curves of zebrafish that are
challenged by E. tarda. (C) Representative total ion current chromatograms. (D) Reproducibility of metabolic profiling platform. This plot shows two technical
replicates with the weakest Pearson correlation coefficient. (E) Category of detected metabolites. (F) Heat map representation of variant metabolite levels (rows).
Yellow and blue indicate increase and decrease of the metabolites, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. Differential metabolomics in response to vaccine stimulation. (A) Heat map representation of differential metabolite levels (rows). (B) Z-score plot of
differential metabolites. Each point indicates one metabolite in one technical repeat and colored by sample types. (C) Comparison of differential metabolites induced
by live bacteria and inactivated bacteria. (D) The proportion of differential metabolites in four categories. (E) The number of increased and decreased metabolites in
different categories. ** P < 0.01.
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carbohydrates and lipids (p < 0.01, Fisher's exact test) (Fig. 2E), which
is the same as live vaccine did [19]. These results indicate that in-
activated E. tarda vaccine modulates metabolism, which is related to
metabolic categories. The finding that almost of metabolites and their
categories overlapped between the inactivated and live vaccines sug-
gests that the host mounts a similar metabolic strategy to respond to the
two types of vaccines.

3.3. Identification of metabolic pathways in response to inactivated E. tarda
vaccines

Pathway enrichment analysis was used to characterize pathways
contributed to the response to inactivated vaccine. Sixteen pathways
were enriched, where fifteen pathways were shared with those

identified in live E. tarda vaccine [19]. These shared pathways were
aminoacyl-tRNA biosynthesis, alanine, aspartate and glutamate meta-
bolism, arginine and proline metabolism, citrate cycle (TCA cycle),
phenylalanine, tyrosine and tryptophan biosynthesis, valine, leucine
and isoleucine biosynthesis, glutathione metabolism, pantothenate and
CoA biosynthesis, beta-Alanine metabolism, ascorbate and aldarate
metabolism, glyoxylate and dicarboxylate metabolism, starch and su-
crose metabolism, pyrimidine metabolism, biosynthesis of unsaturated
fatty acids and phenylalanine metabolism (Fig. 3A). All metabolites
were increased in the four enriched pathways including biosynthesis of
unsaturated fatty acids, TCA cycle, glyoxylate and dicarboxylate me-
tabolism and starch and sucrose metabolism, while all metabolites were
decreased in the four enriched pathways including aminoacyl-tRNA
biosynthesis, phenylalanine metabolism, phenylalanine, tyrosine and

Fig. 3. Stress pattern of differential metabolites. (A) Significance of enriched pathways. (B and C) Integrative analysis of metabolites enriched in biologically
meaningful pathways. The number shows the average concentration of metabolites. Red and green filled colors represent increase and decrease of the metabolites
compared with control, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
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tryptophan biosynthesis, and valine, leucine and isoleucine biosynthesis
(Fig. 3B). This indicates the eight pathways are crucial pathways.
However, decreased metabolites and increased metabolites were si-
multaneously observed in the other seven pathways (Fig. 3C). These
data indicate that the two vaccines modulate metabolic pathways in a
similar way.

3.4. Identification of metabolic biomarkers using multivariate analysis

Supervised OPLS-DA was used to identify potential biomarkers

differentiating inactivated vaccine from control. Developed model re-
sulted in one predictive and seven orthogonal components. Predictive
component focused towards variation related to class separation, while
orthogonal components were uncorrelated variation. OPLS-DA scores
plot showed samples within each group clustered together and a good
separation between vaccination group and control group. This con-
firmed metabolic pattern is related to treatment. Predictive component
1 (t [1]) and orthogonal component 1 (to Ref. [1]) explained 22.71%
and 49.52% of R2 X variations, respectively (Fig. 4A). S-plot was used
for identification of discriminatory variables. Cut-off values were set as

Fig. 4. Multivariate data analysis and meta-analysis of spectral data from Danio rerio humoral fluid. (A) Scores plot of the orthogonal partial least squares-
discriminant analysis (OPLS-DA) model. (B) S-plot of the OPLS-DA model. Triangles represent metabolites. Red triangles highlight candidate biomarkers. (C and D)
Display candidate biomarkers from Fig. 4B. (E) Meta-analysis of differential metabolites discriminated vaccination from control. The metabolites are colored by type
of change (black, no change, red, up-regulation, green, down-regulation, gray, undetected). The metabolites in bold font are candidate biomarkers. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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greater or equal to 0.019 and 0.40 for absolute value of covariance p
and correlation p(corr), respectively. The variables responsible for
discrimination between control and vaccination were shown in Fig. 4B
and the enlargement of candidate biomarkers were displayed in Fig. 4C
and D. It included fifteen negative correlation metabolites (d-glucur-
onolactone, L-alanine, 5-oxoproline, L-serine, L-tyrosine, L-lysine, L-va-
line, L-aspartate, L-proline, L-phenylalanine, L-glutamine, L-threonine,
hypoxanthine, L-isoleucine and L-ornithine) (Fig. 4C) and eleven posi-
tive correlation metabolites (cholesterol, citrate, myo-inositol, palmi-
tate, creatinine, oleate, stearate, malate, D-glucose, lactate and succi-
nate) (Fig. 4D). Out of the negative and positive correlation
metabolites, three (palmitate, oleate, stearate) belong to biosynthesis of
unsaturated fatty acids, five (D-glucose, citrate, malate, lactate, succi-
nate) were associated with carbohydrates metabolism, and twelve (L-
alanine, L-serine, L-tyrosine, L-lysine, L-valine, L-aspartate, L-proline, L-
phenylalanine, L-glutamine, L-threonine, L-isoleucine and L-ornithine)
were associated with amino acids metabolism, respectively. These re-
sults suggest that these biomarkers provide an important clue to clarify

immunometabolism elicited by inactivated E. tarda vaccine.
We assumed that crucial pathways containing biomarkers might

play a critical role in the immunization. To test this idea, we classified
biomarkers into crucial pathways. Biomarkers with negative covariance
and relevant pathways were as follows. L-Alanine, L-Aspartate, L-
Glutamine, L-Isoleucine, L-Lysine, L-Phenylalanine, L-Proline, L-Serine, L-
Threonine, L-Tyrosine and L-Valine participated in aminoacyl-tRNA
biosynthesis. L-Phenylalanine and L-Tyrosine participate in phenylala-
nine metabolism or phenylalanine, tyrosine, and tryptophan biosynth-
esis. L-Isoleucine, L-Threonine, and L-Valine participate in valine, leu-
cine and isoleucine biosynthesis. Biomarkers with positive covariance
and relevant pathways were as follows. Oleate, palmitate, and stearate
belonged to biosynthesis of unsaturated fatty acids (including un-
saturated and saturated fatty acids in the analytical software). Citrate,
malate, and succinate belonged to the TCA cycle. D-glucose belonged to
starch and sucrose metabolism. Metabolic flux network constructed by
crucial pathways was listed in Fig. 4E. The network indicates that the
elevated central carbon and biosynthesis of unsaturated fatty acids and

Fig. 5. The activity of enzymes in the TCA
cycle, and levels of NADH and palmitic acid.
(A) The activity of enzymes in the TCA cycle. (B)
NADH levels of zebrafish after vaccination. (C)
Palmitic acid levels based on GC-MS data among
control, inactivated vaccine, and live vaccine.
Each data point represents one technical repeat.
All values are expressed as mean ± SEM (n = 8
per group). ** P < 0.01.

Fig. 6. Action of palmitate and propanedioic acid. (A) Percent survival of zebrafish in the presence of exogenous palmitate sodium. (B) Percent survival of
zebrafish in the presence of exogenous propanedioic acid.
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decreased amino acids form a characteristic feature in response to in-
activated E. tarda vaccine.

3.5. Level of the elevated fatty acids is related to activity of the TCA cycle

The above data made us suppose that there is a relationship in the
quantitative change between the TCA cycle and the biosynthesis of
unsaturated fatty acids. Acetyl-CoA mainly fluxes to the TCA cycle and
biosynthesis of fatty acids. The differential fluxes may balance the
output between the two metabolic pathways. Thus, the activity of en-
zymes in the TCA cycle was measured. Results showed that both vac-
cines promote the activity of these enzymes, but higher activity was
detected in inactivated vaccine than live vaccine (Fig. 5A). Corre-
spondingly, inactivated vaccine stimulated higher NADH than live
vaccine (Fig. 5B). Meanwhile, comparison in palmitic acid was per-
formed between live vaccine and inactivated vaccine. In contrast, live
vaccine promoted higher palmitate generation than inactivated vaccine
(Fig. 5C). These results indicate that inactivated vaccine promotes more
fuels to the TCA cycle and fewer fuels to biosynthesis of fatty acids,
whereas live vaccine promotes fewer fuels to the TCA cycle and more
fuels to biosynthesis of fatty acids.

3.6. Palmitate and propanedioic acid protect zebrafish from infections
caused by E. tarda EIB202

The above data made us suppose that differential palmitic acid le-
vels were related to the immune protection differences between live
and inactivated vaccines. To demonstrate this, exogenous palmitate was
intraperitoneally injected into zebrafish. These fish were challenged
using EIB202. Immune protection was detected in zebrafish injected
with palmitate with a dose-dependent manner (Fig. 6A), which in-
dicates that elevation of palmitate increases survival ability of zebrafish
against infections caused by EIB202. The metabolic flux of glycolysis
and pyruvate metabolism goes to either the TCA cycle or biosynthesis of
fatty acids. We supposed that slight inhibition of the TCA cycle makes
more fuels to the biosynthesis of fatty acids and in turn increases the
survival of zebrafish infected by EIB202. This was demonstrated by the
addition of low concentration of propanedioic acid, which is an in-
hibitor of succinate dehydrogenase of the TCA cycle (Fig. 6B). These
results indicate that the abundance of palmitate and the state of the
TCA cycle is related to the immune protective ability.

3.7. Palmitate stimulates similar innate immunity with vaccines

To further demonstrate that the innate immunity stimulated by
vaccines is mostly attributed to promotion of palmitate, expression of
innate immunity genes was detected in response to live and inactivated
vaccines, and different concentrations of palmitate. Both vaccines ele-
vated expression of IL-1β, IL-6, IL-8, Cox-2 genes and inhibited ex-
pression of IL-10, IL-15, and IL-21 genes, where higher IL-1β, IL-6, IL-8,
Cox-2 expression was found in live vaccine than inactivated vaccine
(Fig. 7A). Similar expression of IL-1β, IL-6, IL-8, Cox-2 genes were de-
tected in palmitate-injected zebrafish in a dose-dependent manner
(Fig. 7B). These results indicate that high and low palmitate stimulate
the differential innate immunities as live and inactivated vaccines do.

4. Discussion

Metabolomes modulate host's immunity against bacterial pathogens
and bacterial sensitivity and resistance to antibiotics [18,32–38]. The
present study used GC-MS based metabolomics to investigate the me-
tabolic profile and identified metabolic characteristic features of zeb-
rafish in response to inactivated E. tarda vaccine. Our results show that
inactivated E. tarda vaccine is a potent metabolome modulator, which
leads to the elevation of lipids and carbohydrates metabolisms and
decrease of amino acids metabolism. Very recently, we have revealed
that live E. tarda vaccine can modulate metabolome to combat infection
caused by the bacterial pathogen. The modulated metabolome char-
acterizes elevated biosynthesis of unsaturated fatty acids, which was
further demonstrated to induce effective protection against E. tarda
infection [19]. Compared with the data obtained from the live E. tarda
vaccine, inactivated E. tarda vaccine modulates the similar metabolic
profile as live E. tarda vaccine does. These findings support the con-
clusion that E. tarda vaccines promote innate immunity through me-
tabolic modulation.

However, why similar metabolic profiles lead to differential im-
mune protection, which challenges the relationship between innate
immunity and metabolic modulation [18,21,24,39]. We supposed that
abundance of key biomarkers is related to intensity of innate immunity.
To explore this, a key biomarker, palmitate, was selected for further
study. Consistent with stronger immune protection provided by live E.
tarda vaccine, higher palmitate was detected in live vaccine than in-
activated vaccine. The metabolite promoted zebrafish survival in a
dose-dependent survival. Therefore, abundance of crucial biomarkers is
responsible for differential capability in immune protection. These re-
sults support the above hypothesis that differential protection is at-
tributed to differential abundance of a key biomarker in two similar
metabolic profiles. The present study highlights a new way in

Fig. 7. QRT-PCR for expression of innate immune response genes in response to
inactivated and live vaccines (A), and different concentrations of palmitate (B).

Fig. 8. A proposed model for a differential mechanism of live and inactivated E.
tarda vaccines.
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promotion of vaccine efficacy through modulating the abundance of
key metabolites.

A question was raised whether innate responses induced by dif-
ferent concentrations of palmitate are in similar proportion to these
mounted by inactivated and live vaccines. Our results showed that
palmitate promotes expression of IL-1β, IL-6, IL-8, Cox-2 genes in a
dose-dependent manner. Correspondingly, higher expression of IL-1β,
IL-6, IL-8, Cox-2 genes was detected in live vaccine than inactivated
vaccine. Thus, abundance of a key biomarker can regulate differential
intensity of innate immunity and is responsible for differential survival.
Palmitate induces IL-8 mRNA expression and secretion in a dose-de-
pendent manner in human [40], which supports our findind that the
live EIB202 vaccine induced higher immune response than inactivated
vaccine. Palmitate induces IL-8 gene expression in human vascular
smooth muscle cells through the TLR4/NF-κB pathway [40]. Thus, the
pathway may be activated to regulate IL-8 gene expression in fish.

E. tarda is an intracellular pathogen causing severe economic loss in
fish farming [1]. An understanding of anti-infective mechanisms
against the bacterium is especially important in control of infection
caused by the bacterial pathogen for food safety and human health. A
line of evidence has indicated the importance of innate immunity and
adaptive immunity in anti-infective action [41–43]. We have recently
demonstrated metabolic modulation plays a key role in live vaccine-
induced immunity [19]. In exploring the metabolic modulation me-
chanisms by which fish develop innate immunity against E. tarda in-
fection, we showed that upregulation and downregulation abundances
of glucose are characteristic features in survival-metabolome and death-
metabolome, respectively [20]. Exogenous glucose promotes bio-
synthesis of fatty acids and elevates fish survival, indicating that glu-
cose reduces host's death caused by E. tarda infection through increased
biosynthesis of fatty acids [21]. Like the survival-metabolome, elevated
glucose and palmitate are identified in both live and inactivated vac-
cines-induced metabolomes [19] (data of the present study). These
results strongly support the conclusion that E. tarda vaccines modulate
metabolome that characterizes elevation of carbohydrate metabolism
and biosynthesis of fatty acids to display immunoprophylaxis effect.
These findings provide useful biomarkers for the development of E.
tarta vaccines, where glucose and biosynthesis of fatty acids can be
biomarkers to evaluate the efficacy of vaccines. Furthermore, our re-
sults have been implicated in evaluation of other vaccines through
identification of valuable metabolic biomarkers. Whether other vac-
cines promote similar abundanc of palmic acid to regulate the differ-
ential immune protection waits further investigation. However, our
recent results have shown when fish were infected with sub-lethal dose
of V. alginolyticus V12G01, dying fish and the survival fish exhibit dif-
ferential metabolomes. The metabolomes characterize with elevated
stearic acid and palmitic acid and attenuated TCA cycle in dying fish
but decreased stearic acid and palmitic acid and elevated TCA cycle
[44]. Therefore, different biomarkers may be identifid from diverse
bacterial vaccines.

Based on these findings, E. tarda pathogenesis is proposed as shown
in Fig. 8. When fish hosts were injected with live and inactivated vac-
cines, carbohydrates metabolisms are differentially impacted. Both
promote the TCA cycle and biosynthesis of fatty acids, but live vaccine
stimulates lower TCA cycle and higher biosynthesis of palmitic acid
than inactivated vaccine. Consistently, both activate innate immunity,
but live vaccine stimulates higher innate immune response than in-
activated vaccine. Thus, live EIB202 vaccine provides higher immune
response than inactivated vaccine.

In summary, the present study aims to investigate whether meta-
bolic modulation contributes to the immune protection of inactivated
vaccines. Our results demonstrate that live E. tarda vaccine promotes
higher biosynthesis of palmitic acid, which provides zebrafish for pro-
tection against EIB202 infection. The metabolic characteristics dis-
played by the inactivated vaccine are similar as those possessed by live
vaccine and EIB202 challenge, but the abundance of crucial biomarkers

such as palmitate is lower, which leads to lower immune protection
against infection caused by E. tarda.
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