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Abstract

Omega-3 polyunsaturated fatty acids (n-3 PUFAs), such as eicosapentaenoic acid (EPA)

and docosahexaenoic acid (DHA), exhibit antibacterial and anti-inflammatory activities. Fur-

thermore, diets rich in n-3 PUFAs are known to improve disease resistance and limit patho-

gen infection in commercial aquaculture fishes. In this study, we examined the effects of

transgenic overexpression of n-3 PUFA biosynthesis genes on the physiological response

to bacterial infection in tilapia. We first established tilapia strains with single or dual expres-

sion of salmon delta-5 desaturase and/or delta-6 desaturase and then challenged the fish

with Vibrio vulnificus infection. Interestingly, our data suggest that n-3 PUFA-mediated alter-

ations in gut microbiota may be important in determining disease outcome via effects on

immune response of the host. Both liver- and muscle-specific single and dual expression of

delta-5 desaturase and delta-6 desaturase resulted in higher n-3 PUFA content in trans-

genic fish fed with a LO basal diet. The enrichment of n-3 PUFAs in dual-transgenic fish is

likely responsible for their improved survival rate and comparatively reduced expression of

inflammation- and immune-associated genes after V. vulnificus infection. Gut microbiome

analysis further revealed that dual-transgenic tilapia had high gut microbiota diversity, with

low levels of inflammation-associated microbiota (i.e., Prevotellaceae). Thus, our findings

indicate that dual expression of transgenic delta-5 and delta-6 desaturase in tilapia

enhances disease resistance, an effect that is associated with increased levels of n-3

PUFAs and altered gut microbiota composition.
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Introduction

The shared biosynthetic pathway of omega-3 polyunsaturated fatty acids (n-3 PUFAs) eicosa-

pentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22: 6 n-3) utilizes α-linole-

nic acid (ALA, 18: 3 n-3) as a starting material and involves several desaturation and

elongation steps that are performed by delta-4 desaturase, delta-5 desaturase, delta-6 desatur-

ase, delta-5 elongase and delta-6 elongase [1]. In particular, delta-6 desaturase uses alpha-lino-

lenic acid (ALA) as a substrate to produce stearidonic acid (SA), and delta-5 desaturase

subsequently uses eicosatetraenoic acid (ETA) as a substrate to produce EPA. The EPA is then

converted to DHA via elongation, desaturation, and beta-oxidation reactions [2]. The delta-6

desaturase enzyme has been shown to be rate limiting for the conversion of ALA to EPA in the

lipid biosynthesis pathway [3]. Once synthesized, these and other n-3 PUFAs may function to

improve animal health, at least partially as a result of their antibacterial and anti-inflammatory

effects. In previous studies, bactericidal or bacteriostatic effects of DHA and EPA were demon-

strated against Propionibacterium acnes, Pseudomonas aeruginosa and Staphylococcus aureus
[4, 5]. Moreover, n-3 PUFAs are known to produce anti-inflammatory effects by reducing

nuclear factor kappa B (NF-kB) activation [6]; NF-kB is a transcription factor that plays a criti-

cal role in activating inflammatory cytokines (e.g., IL-1, IL-2, IL-6, IL-12 and TNF-a), cycloox-

ygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) [7]. In particular, DHA and

EPA were shown to inhibit lipopolysaccharide-induced activation of NF-kB in human kidney-

2 cells [8], and feeding EPA to Atlantic salmon was found to reduce inflammatory response

and protect against Atlantic salmon reovirus (ASRV) infection [9]. Thus, the ability to synthe-

size DHA and EPA may be highly beneficial to an organism’s defense against infection.

Recently, the influence of gut microbiota on a wide variety of physiological processes has

become a topic of widespread interest. Gut microbes exist in a mutualistic relationship with

the host, with the microbes exerting substantial control over critical physiological processes in

the host, such as metabolism and immune response [10, 11]. The relationship between gut

microbiota profiles and pathological conditions is under intense investigation, and beneficial

microbiota are expected to be used to treat diseases in the near future [12]. Interestingly, accu-

mulating evidence has suggested that n-3 PUFAs may be an important modulator of gut

microbiota content. Some documented clinical effects of n-3 PUFA supplementation on gut

microbiota composition include a decrease in the Firmicutes/Bacteroidetes ratio, decreased lev-

els of Coprococcus and Facecalibacterium, and increased abundance of butyrate-producing

bacteria [13, 14]. In a rodent study, it was found that fat-1 mice, which have high levels n-3

PUFAs, exhibit higher gut microbiota diversity and more abundant Verrucomicrobia spp. [15].

While many studies have demonstrated a relationship between n-3 PUFAs and gut microbiota,

nearly all were performed in clinical populations or mouse models. Whether similar effects are

also present in aquaculture fish has not been previously explored.

Tilapia is one of the most valuable aquaculture species and an important dietary constituent

around the world. However, tilapia aquaculture practitioners often suffer economic losses due

to pathogenic bacteria infections in the fish [16]. Vibrio vulnificus is one of the most detrimen-

tal bacterial pathogens in tilapia because it causes high mortality, mostly due to septicemia

[17]. V. vulnificus stimulates inflammation in the host by activating Toll-like receptors (TLRs)

and downstream signaling, i.e., NF-κB [18], which is diminished by n-3 PUFAs [6]. Since tila-

pia has low levels of EPA and DHA as compared to n-3 PUFA-rich salmon [19], elevation of

n-3 PUFA levels in these fish would be expected to not only protect from bacterial infection

but also to raise the nutritional value. In our previous studies, we successfully established liver-

and muscle-specific expression of salmon delta-5 desaturase and delta-6 desaturase in zebra-

fish, which resulted in increased n-3 PUFA content and promoted antibacterial defenses
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[20, 21]. In this study, we applied the same expression system to aquaculture tilapia and chal-

lenged the transgenic fish with V. vulnificus. Dual expression of salmon delta-5 desaturase and

delta-6 desaturase in tilapia increased the survival rate after V. vulnificus infection and dimin-

ished fish inflammation response. From a microbiome analysis, we also discovered that trans-

genic tilapia exhibit increased diversity of gut microbiota and decreased levels of inflammatory

Prevotellaceae bacteria. Together, these findings suggest that increased n-3 PUFA levels in tila-

pia promote disease resistance and improve gut microbiota composition.

Materials and methods

Fish maintenance

Tilapia (Oreochromis niloticus) were obtained from a local aquaculture farm. Transgenic

and wild-type fish were kept in the same fiberglass-reinforced plastic (FRP) tanks

(120cm×120cm×70cm); different strains were separated by net cages (50cm×70cm×40cm) in

recirculating aerated freshwater at 28˚C, under a 12-h dark: 12-h light photoperiod. Each

tank contained 20 tilapia, with an average body length of 10.0 ± 0.5 cm. Fish were hand fed

with basal diet twice daily. Basal diet was obtained from United Aquaculture Feed (Kaoh-

siung, Taiwan). During the experimental period, all fish were fed with LO basal diet (at

around 4% fish weight) and were measured weekly for 28 days. LO basal diet was made by

supplementing basal diet with 3% linseed oil. Growth rate was monitored by body weight

measurements. In all tilapia experiments, tricaine methanesulfonate (MS-222; Sigma) (150

mg/L and 600 mg/L) was used as an anesthetic and euthanasia agent. The animal protocols

were approved by the Institutional Animal Care and Use Committee (IACUC) at Academia

Sinica.

Transgenic tilapia

Transgenic tilapia were established by utilizing two Tol2 transposon-mediated transgenesis

vectors containing expression cassettes flanked by Tol2 transposase recognition elements [22].

The first vector contained Nile tilapia liver-specific Fabp10a (liver fatty acid binding protein

10 a) promoter or muscle-specific CKMb (creatine kinase, muscle b) promoter/enhancer [23]

driving expression of a tetracycline-controlled transactivator (tTA). The second vector con-

tained TcCFP13 (CFP) or enhanced eTcRFP11 (RFP) reporter genes isolated from Taiwan

corals, which were bi-directionally expressed with delta-5 desaturase (Fadsd5) or delta-6 desa-

turase (Fadsd6) genes of Atlantic salmon (Salmo salar), respectively. The genes were under the

control of a tetracycline responsive element (TRE) fused with CMV minimal (CMVmini) pro-

moter, which is activated in liver or muscle by tTA transactivator expressed by the first vector.

The synthesized Tol2 transposase messenger RNA (mRNA) were co-injected with three trans-

genesis vectors (liver- and muscle-specific tTA vectors and d5-desaturase/TcCFP13 or

d6-desaturase/eTcRFP11) into one-cell stage tilapia embryos. The embryos were incubated in

an egg tumbler incubator ZET-65 from ZissAqua at 28.5˚C aquarium after microinjection.

One transgenic tilapia founder was mated with one wild-type tilapia to generate the F1 genera-

tion; this mating scheme was used for both delta-5 desaturase and delta-6 desaturase trans-

genic tilapia. The dual expression of delta-5 desaturase and delta-6 desaturase in tilapia (dual-

transgenic tilapia) was obtained by mating the F2 generation of delta-5 desaturase tilapia with

the F2 generation of delta-6 desaturase transgenic fish. Wild-type and transgenic F2 progeny

were used in all experiments. To check for germline transmission by the reporter gene, the

transgenic tilapia were observed by fluorescence microscopy.
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Fatty acid extraction and analysis

To analyze the fatty acid compositions of fish food and tilapia, total lipids of fish food and tila-

pia liver tissue were extracted with organic solvent (chloroform: methanol, 2:1), using a

method previously described by Folch et al. [24]. Lipids were saponified to produce potassium

aliphatate by incubation at 100˚C for 15 min in 2 mL 0.5 N methanol (Merck, Germany).

After cooling the samples to room temperature, 2 mL 0.7 N HCl methanol and 1 mL BF3

(Boron trifluoride-methanol solution, 14% in methanol, Sigma) were added. The mixture was

incubated at 100˚C for 15 min to produce fatty acid methyl esters (FAME), followed by dilu-

tion with hexane (5 mg/mL). Samples were examined by Agilent 5975C Series GC-MSD (Agi-

lent) under conditions described by Abu et al. [25].

RNA isolation, RT-PCR and quantitative real-time RT-PCR

Liver and muscle tissues from five individual tilapia per group were thoroughly homogenized

and used for RNA extraction, as described previously [21]. RNA concentration was quantified

using a Nano-Drop spectrophotometer (Thermo, USA). Reverse transcription of RNA to

cDNA was accomplished using the ReverTra Ace1 qPCR RT Master mix with gDNA

Remover (TOYOBO, Japan), according to the manufacturer’s recommendations. The RNA

samples were denatured at 65˚C for 5 min, and immediately cooled on ice. Then, 2 μL RNA

template (200 ng/μL) was added to 2 μL of 4X DN Master Mix and 4 μL nuclease-free water.

The mixture was incubated at 37˚C for 5 min. The solution was mixed with 5X RT Master Mix

II, and reverse transcription was performed as follows: sample was placed at 37˚C for 15 min,

50˚C for 5 min, and 98˚C for 5 min. For each reverse transcription-polymerase chain reaction

(RT-PCR), reagents included 2.5 μL 10x PCR buffer (Invitrogen), 2 μL dNTP (2.5 mM) (Invi-

trogen), 1 μL MgCl2 (50 mM) (Invitrogen), 1 μL primer mix (forward primer and reverse

primer, 10 μM), 0.1 μL Platinum Taq Polymerase (5 U/μL) (Invitrogen), 2 μL cDNA and

16.4 μl ddH2O. The PCR reaction condition was set as follows: pre-denaturation, 94˚C for 1

min; denaturation, 94˚C for 30 sec; annealing, 55˚C for 30 sec; elongation, 72˚C for 40 sec; and

A-tailing 72˚C for 10 min. The three steps of denaturation, annealing, and elongation were

repeated for 35 cycles. The following primers were used: RT-D5-For, 5’- GTGTTTCGTAAA
GATCCTGATATCAACTCA-3’; RT-D6-For, 5’- GTGTTGAGTAAAGATCCTGATGTTAATA
TG-3’; RT-D56-Rev, 5’- AGAGGAGCCACCAGGTGGTAGTTATGAC-3’. The PCR products

were analyzed by agarose gel electrophoresis. The resultant cDNA was used as a template for

quantitative real time polymerase chain reaction (real-time PCR) by an Applied Biosystems

StepOne Plus Real-Time PCR system (ABI, USA) and SYBR1Green Realtime PCR Master

Mix (TOYOBO, Japan), following the manufacturer’s protocol. The reaction mixture was

composed of 2.2 μL ddH2O, 5 μL SYBR1 Green Realtime PCR Master Mix, 2 μL cDNA, and

0.4 μL (10 mM) of each specific primer pair (Table 1). PCR was performed under the following

conditions: 95˚C for 20 sec; 40 cycles of 95˚C for 3 sec and 60˚C for 30 sec; 95˚C for 15 sec to

detect a melting curve; 60˚C for 1 min; and 95˚C for 15 sec. The final results were calculated as

relative expression of each gene normalized to the house-keeping gene, EF1α.

Western blot

Total protein of liver and muscle tissue was extracted in 500 μL 2-D rehydration sample buffer,

according to the protocol for the Ready-Prep Protein Extraction kit (Bio-Rad). Concentrations

of protein were determined using a protein assay kit (Bio-Rad). For western blot, proteins

(100 μg/well) were separated on a 4–12% NuPAGE Bis-Tris Mini Gel (Invitrogen). Proteins

were transferred to a PVDF membrane, which was then blocked with 5% BSA for 1 h. Mem-

branes were rinsed with PBST buffer and then incubated with primary anti-V5 antibody
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(1:1000; Sigma) overnight at 4˚C; GAPDH antibody (1:10000; Millipore) was used as a positive

control. Membranes were washed with PBST three times for 10 min and incubated with sec-

ondary antibody for 1 h at room temperature, followed by repeated PBST wash steps. Signals

were detected using Immobile Western Chemiluminescent HRP Substrate (Millipore) and

captured with an Imaging System (UVP).

Vibrio vulnificus culture

V. vulnificus (strain 93U204) was cultured on BHI (Brain heart infusion powder, BD Dif-

coTM) agar plates containing 1.5% w/v sodium chloride (Merck) at 30˚C for 16 h. A single col-

ony of V. vulnificus was subsequently selected to incubate in 300 mL BHI (NaCl 1.5%) media

at 28˚C on a shaker for a further 16 h. Subsequently, 30 μL bacteria were cultured with 300 μL

of BHI (NaCl 1.5% w/v) media at 28˚C on a shaker to obtain the appropriate concentration

(~107 CFU/mL).

Vibrio vulnificus challenge

The experimental wild-type and F2 transgenic tilapia were about 3 months of age with an aver-

age 10 cm body length. A total of four tanks (20cm×30cm×20cm), each holding 10 L of aerated

water, were used to maintain the tilapia; the fifteen tilapia from each group were used in the

bacterial challenge study. The tilapia were starved for one day and then anesthetized by MS-

222 (150 mg/L) before intraperitoneal injection (IP-injection). The tilapia were infected by IP-

injection of 30 μL V. vulnificus (1.8 × 106 CFU/ mL, diluted with PBS). The survival rates of 15

tilapia from each group of wild-type, delta-5-, delta-6-, and dual-transgenic tilapia were calcu-

lated after V. vulnificus infection for 72 h. Three independent trials were performed. After IP-

injection, tilapia behavior was closely monitored, and all the moribund tilapia were euthanized

with MS-222 (600 mg/L); moribund behaviors included, lost activity, imbalance, surfacing,

and ascites. Tilapia mortality was recorded at 0, 3, 6, 12, 24, 48, and 72 h after challenge. To

count colony-forming units, the liver tissues from five individual tilapia per group infected

with V. vulnificus were homogenized in BHI (NaCl 1.5%, 1 mg/20 μL) media, and the superna-

tants were serially diluted in BHI (NaCl 1.5%, 1 mg/20 μL) media. For each dilution, 50 μL was

spotted onto a TCBS (Thio- sulfate-citrate-bile salts-sucrose, powder, BD DifcoTM) plate. The

Table 1. Primers used in this study.

Primer name Sequence(5’!3’) Accession

Ef-1α (F) TCAACATCGTGGTCATTGG AB075952

Ef-1α (R) CTCAGCCTTCAGTTTGTCC

Il-1β (F) TCAGTTCACCAGCAGGGATG DQ061114

Il-1β (R) GACAGATAGAGGTTTGTGCC

Il-6 (F) AGATGTCCACTGTCAAGCC XM005478656

Il-6 (R) ACCGAGTAGATGAGCAGACC

Il-8 (F) TGCCACACTGAAAAGGAC NM001279704

Il-8 (R) AGTCATCTCGTGAAAGGAAC

Il-10 (F) GCTGCTAGATCAGTCCGTCG KP645180

Il-10 (R) GGACTCCACGTGAGGCTTTA

Mcp-8 (F) CGGGTTAGCTGTTGGCATTGT XM005478749

Mcp-8 (R) AAGCAAGCAGAGAAAACCACTTCA

β-defensin (F) TCGTGTGGTTGTTTTGGC KF294753

β-defensin (R) AGCCCAGAGGTCCAAAGAAC

https://doi.org/10.1371/journal.pone.0236601.t001
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TCBS Plates were incubated at 28˚C for 16 h, and colonies were counted to calculate the col-

ony-forming units (CFU)/mL. Three independent trials were performed.

DNA extraction and sequencing of gut microbiota

The hindguts of wild-type and transgenic tilapia were collected for gut microbiota sequencing.

Bacteria total genomic DNA from hindgut was extracted using QIAamp PowerFecal DNA Kit

(QIAGEN, Germany), as described previously by Hart et al. [26]. The variable regions of 16S

rRNA were used to distinguish between bacterial species. Specifically, the V3-V4 conserved

regions of intestinal bacteria were examined. The sequencing of gut microbiota in tilapia was

performed and analyzed by BIOTOOLS company (Taiwan), following procedures described

previously by Chen et al. [27]. The 16S rRNA V3–V4 regions were amplified using a specific

primer set (Forward Primer: CCTAYGGGRBGCASCAG, Reverse Primer: GGACTACNNGGGTA
TCTAAT). The PCR amplicons (466 bp) were sequenced on an Illumina HiSeq 2500 platform,

and the sequences were analyzed to identify the operational taxonomic units (OTUs). Paired-

end reads were analyzed and merged using FastQC and FLASH (V1.2.7). Quality filtering on

the raw tags was performed according to split_libraries_fastq.py. The tags were detected and

chimera sequences were removed using UCHIME. OTU clusterings were picked based on

>97% sequence similarity using UPARSE software (Version 7.0.1001). OTU annotations were

made according to the Greengenes Database (Version 2.2). The final analysis outputs, includ-

ing alpha diversity, beta diversity and PLS-DA (Partial Least Squares Discriminant Analysis),

were used to compare bacterial diversity between samples.

Statistical analysis

The data are presented as average ± standard deviation (SD) or average ± standard error of the

mean (SEM), as indicated. Statistical analysis was performed by one-way analysis of variance

(ANOVA) followed by Welch’s test. Significance was set at P< 0.05.

Results

Tissue-specific expression of desaturases in tilapia

To increase the content of n-3 PUFAs in tilapia, salmon biosynthesis enzymes, delta-5 desatur-

ase, and delta-6 desaturase, were overexpressed as transgenes. Transgenic tilapia were estab-

lished by utilizing two Tol2 transposon-mediated transgenesis vectors. The first vector

contains Nile tilapia liver-specific fabp10a promoter or muscle-specific CKMb promoter/

enhancer that drive expression of a tTA. The second vector contains TcCFP13 or enhanced

eTcRFP11 reporter genes that are bi-directionally expressed with delta-5 desaturase or delta-6

desaturase genes of Atlantic salmon, respectively; the genes are under the control of a TRE

fused with CMV promoter, which is activated in liver or muscle by tTA transactivator

expressed by the first vector (Fig 1A). The synthesized Tol2 transposase mRNAs were co-

injected with three transgenic vectors (including liver- and muscle-specific tTA vectors and

d5-desaturase/TcCFP13 or d6-desaturase/eTcRFP11) into one-cell stage tilapia embryos, lead-

ing to specific expression of delta-5 and delta-6 desaturases in liver and muscle tissues.

Cyan and red fluorescence reporter signals were observed in muscle tissue of the delta-5

desaturase and delta-6 desaturase transgenic lines, respectively. The delta-5 desaturase trans-

genic line showed only cyan fluorescence, and the delta-6 desaturase transgenic line showed

only red fluorescence; the delta-5 desaturase and delta-6 desaturase dual-transgenic line

showed both cyan and red fluorescence (Fig 1B). Exogenous delta-5 and delta-6 gene expres-

sion was further detected in transgenic fish liver and muscle. Primer sets, RT-D5-For/
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RT-D56-Rev and RT-D6-For/RT-D56-Rev, are targeted to the exogenous delta-5 and delta-6

desaturase gene, respectively, and both amplify a PCR product of 529 bp (base pairs). In each

tilapia strain, three individuals were examined. The RT-PCR results showed that exogenous

delta-5 desaturase and delta-6 desaturase could be respectively detected in delta-5 and delta-6

desaturase single-transgenic tilapia. The dual-transgenic tilapia exhibited both delta-5 and

delta-6 desaturase gene (Fig 2A). The expression levels of V5-tagged delta-5 and delta-6 desa-

turase proteins (~50 kDa) were measured in liver and muscle tissue of transgenic fish by west-

ern blotting. V5-tagged delta-5 and delta-6 protein were observed in liver and muscle tissue of

delta-5 and delta-6 transgenic tilapia. The V5-tagged delta-5 protein (upper band) and

V5-tagged delta-6 protein (lower band) were both expressed in dual-transgenic fish (Fig 2B).

GAPDH (~37 kDa) was used as an internal control. Thus, our results show that the

Fig 1. Establishment of tissue-specific Fadsd5- and Fadsd6-transgenic tilapia (A) Schematics show the liver- and

muscle-specific tetracycline transactivator (tTA) plasmid (pT2-Fabp10-tTA and pT2-CKMb-tTA) and two

tetracycline-responsive expression plasmids (pT2-TRE-fadsd5-V5-TcCFP13 and pT2-TRE-fadsd6-V5-eTcRFP11). All

expression plasmids include the Tol2 transposon. (B) Fluorescence microscopy images of delta-5 (cyan), delta-6 (red),

and delta-5/delta-6 dual-transgenic tilapia (both cyan and red). Scale bar, 1mm.

https://doi.org/10.1371/journal.pone.0236601.g001
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fluorescence reporters are reliable indicators of exogenous delta-5 and delta-6 desaturase

expression in both liver and muscle.

Fatty acid compositions of basal diet and supplemented linseed oil

To increase biosynthesis of n-3 PUFAs in the transgenic tilapia, the fish were fed with LO basal

diet that was composed of basal diet and 3% linseed oil. The fatty acid composition of the basal

diet was analyzed by gas chromatography with mass spectrometry (GC-MS). The analysis

showed that 29.7% of the fatty acid was DHA (22:6 n-3), 9.2% was EPA (20:5 n-3), 9.2% was

palmitic acid (LA, 18:2 n-6), 8.9% was oleic acid (18:1 n-9), 2.3% was palmitoleic acid (16:1 n-

7), 4.3% was 18:0, 22.1% was 16:0, 2% was 14:0 and 12.4% was other fatty acids (Fig 3A).

Fig 2. Exogenous delta-5 and delta-6 desaturase expression in liver and muscle from transgenic tilapia. (A) The

exogenous gene expression of Fadsd5 (delta-5) and Fadsd6 (delta-6) were detected by RT-PCR from liver and muscle

tissue in wild-type and transgenic tilapia. Western blots were performed to detect V5-tagged delta-5 and delta-6

desaturase in wild-type and transgenic tilapia. Mouse GAPDH was used as an internal control.

https://doi.org/10.1371/journal.pone.0236601.g002
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Approximately 79.4% of the linseed oil was ALA (18:3 n-3), the starting material for synthesis

of DHA and EPA (Fig 3B). Thus, the LO basal diet was rich in n-3 and n-6 fatty acids and

could provide sufficient substrate for PUFA biosynthesis.

LO basal diet increased the DHA content in dual-transgenic tilapia

Tilapia body weights were measured before and after feeding with LO basal diet for around 4%

fish weight per day for 28 days. There was no major difference in average weights of wild-type

(25.24 ± 6.51 g) and dual-transgenic tilapia (28.12 ± 4.96 g) after feeding with the LO basal diet

for 28 days. The weights of transgenic tilapia expressing only liver-specific delta-5 desaturase

(28.62 ± 6.46 g) or delta-6 desaturase (28.49 ± 3.1 g) were also not obviously different than

wild-type (Fig 4A). Therefore, we concluded that the expression of exogenous desaturase does

not alter body weight.

We next examined the lipid composition of the transgenic tilapia liver after feeding with

LO basal diet. The total lipid content was not different between wild-type and dual-transgenic

tilapia (data not shown). As expected, DHA content was 1.2-fold higher in delta-5 and delta-6

desaturase dual-transgenic tilapia than in wild-type tilapia; the difference was significant

according to Welch’s t-test (Fig 4B). However, we did not find significant differences in other

n-3 PUFAs, including EPA, eicosatetraenoic acid (ETA) and docosapentaenoic acid (DPA),

between wild-type and dual-transgenic tilapia. On the other hand, the n-6 PUFA, arachidonic

acid (ARA) was significantly elevated by 1.3-fold in dual-transgenic fish compared to wild-

type tilapia (Fig 4C). Other n-6 PUFAs, including linoleic acid (LA) and dihomo-γ-linolenic

acid (DGLA) did not show significant differences between wild-type and dual-transgenic tila-

pia. In summary, we found evidence that n-3 and n-6 PUFAs were upregulated in dual-trans-

genic tilapia fed on a LO basal diet.

Dual-transgenic tilapia had improved survival after V. vulnificus challenge

Since the dual-transgenic tilapia exhibited elevated n-3 and n-6 PUFA levels, we next exam-

ined whether the fish had enhanced resistance to V. vulnificus infection. Wild-type and trans-

genic tilapia received intraperitoneal injections of 30 μL V. vulnificus (1.8 × 106 CFU/mL), and

fish mortality was assessed at 0, 3, 6, 12, 24, 48, and 72 h after injection. The survival rates of all

Fig 3. Fatty acid composition of basal diet and linseed oil. (A) Fatty acid composition of basal diet. (B) Percentage of

ALA (18:3 n-3) of supplemented linseed oil. Measurements were made by gas chromatography with mass

spectrometry (GC-MS).

https://doi.org/10.1371/journal.pone.0236601.g003
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groups of tilapia were between 50 and 65% at 3 h after V. vulnificus challenge. The survival rate

of wild-type tilapia was 17.78%, and for wild-type tilapia fed with ALA diet, survival was

13.33% at 72 h after infection. On the other hand, the dual-transgenic fish exhibited the highest

survival rate of all groups at 31.11% at 72 h post-injection (Fig 5A). Surprisingly, the delta-5

Fig 4. Body weight, n-3, and n-6 polyunsaturated fatty acid content analysis in wild-type and transgenic tilapia. (A)

Body weights of wild-type, delta-5, delta-6, and dual-transgenic tilapia before and after feeding on fish food for 28 days

are shown as the mean ± SD (n = 20). g, gram; AVG, average; SD, standard deviation. (B) n-3 polyunsaturated fatty acid

content in wild-type and dual-transgenic tilapia, as examined by GC-MS (n = 8). ALA, α-linolenic acid; SDA, stearidonic

acid; ETE, eicosatrienoic acid; ETA, eicosatetraenoic acid; EPA, eicosapentaenoic; DPA, docosapentaenoic acid; DHA,

docosahexaenoic acid. (C) n-6 polyunsaturated fatty acid content in wild-type and dual-transgenic tilapia, as examined

by GC-MS (n = 8). LA, linoleic; GLA, γ-linolenic acid; EDA, eicosadienoic acid; DGLA, Dihomo-γ-linolenic acid; ARA,

arachidonic acid; DTA, adrenic acid. N.D., not detected. Significance was set at P< 0.05, as determined by Welch’s t-test.

https://doi.org/10.1371/journal.pone.0236601.g004

Fig 5. Survival rates and fatty acid compositions of wild-type and transgenic tilapia after challenge with V.

vulnificus for 72 h. (A) Survival rates of wild-type and three transgenic lines IP-injected with V. vulnificus. Wild-type

(black), delta-5 (green), delta-6 (red), and dual-transgenic tilapia (purple) were fed on LO basal diet before V.

vulnificus challenge. Wild-type-ALA (orange) was fed on only ALA linseed oil before V. vulnificus challenge. (B)

Bacterial contents were examined in tilapia after V. vulnificus infection. Liver Tissues were collected and homogenates

were cultured on TCBS agar plates. The bacterial counts (CFU/mL) were assessed for wild-type, delta-5, delta-6, and

dual-transgenic tilapia. Values are presented as mean ± SEM. Significance was determined by t-test (�P< 0.05).

https://doi.org/10.1371/journal.pone.0236601.g005
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and delta-6 desaturase single-transgenic tilapia had survival rates lower than wild-type, with

8.89% and 15.56%, respectively surviving at 72 h. We then examined whether V. vulnificus
growth was affected by desaturase expression in transgenic tilapia. V. vulnificus was collected

at 3, 6, 12, 24, and 48 h after injection from tilapia tissue homogenates and re-cultured on a

TCBS-agar plate. As expected, the V. vulnificus CFU counts from dual-transgenic tilapia were

significantly lower than those from wild-type at 6 h after injection (Fig 5B). Moreover, the

CFU counts from dual-transgenic tilapia were slightly decreased at 3 and 12 h after injection.

These results suggest that high PUFA content in dual-transgenic tilapia could protect the fish

against V. vulnificus by suppressing growth of the pathogen.

Inflammatory gene expression after V. vulnificus infection was attenuated

in transgenic tilapia

To elucidate the gene expression response of transgenic tilapia after Vibrio vulnificus infection,

inflammation- and immune response-related gene products were quantified from liver and

muscle by real-time PCR after bacterial challenge. The inflammation response began with dra-

matic activation of the interleukin family gene in wild-type fish. Liver IL-1β expression in

dual-transgenic tilapia was 3.8-fold lower and 1.4-fold lower than in wild-type tilapia at 3 h

and 6 h post-infection, respectively (Fig 6A); muscle IL-1β expression in dual-transgenic tilapia

was 2.8-fold lower than in wild-type tilapia at 3 h after injection (Fig 7A). The muscle IL-6

expression in dual-transgenic tilapia was 7.7-fold lower than in wild-type tilapia at 3 h after

injection (Fig 7B). However, the expression level of IL-6 in dual-transgenic tilapia liver showed

no significant difference than in wild-type tilapia (Fig 6B). In the liver, significantly lower

expression of inflammation-related genes, including IL-8 and IL-10, also could be observed in

dual-transgenic tilapia at 3 h and 6 h post-infection. The expression of liver IL-8 in dual-trans-

genic fish was 5.1-fold lower and 1.5-fold lower than in wild-type fish at 3 h and 6 h after

Fig 6. Inflammatory and immune-related gene expression in liver tissue of wild-type and transgenic tilapia at the indicated

times after challenging with V. vulnificus challenge. Gene expression was examined by quantitative PCR. (A) IL-1β, (B) IL-6,

(C) IL-8, (D) IL-10, (E)Mcp-8, (F) β-defensin. Expression level are presented as mean ± SEM. Significance was set at P< 0.05, as

determined by one-way ANOVA followed by Duncan’s test. Assignment of different letters indicates a significant difference

between expression levels.

https://doi.org/10.1371/journal.pone.0236601.g006
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injection, respectively; the expression of liver IL-10 in dual-transgenic fish was 2.7-fold lower

and 1.3-fold lower than in wild-type fish at 3 h and 6 h after injection, respectively (Fig 6C and

6D). Muscle IL-8 expression in dual-transgenic tilapia was 5.0-fold lower and 1.4-fold lower

than in wild-type tilapia at 3 h and 6 h post-infection, respectively (Fig 7C). Nevertheless, there

was no significant difference in muscle IL-10 expression between wild-type and dual-trans-

genic tilapia after V. vulnificus infection (Fig 7D).

On the other hand, expression ofMcp-8, which is known to play a critical role in resistance

to Streptococcus agalactiae infection in tilapia [28], was not noticeably different between wild-

type and dual-transgenic tilapia liver (Fig 6E), and a 4.9-fold lower detection level was

observed in dual-transgenic tilapia muscle at 6 h post-infection (Fig 7E). Furthermore, expres-

sion of β-defensin, an antibacterial peptide that participates in both tilapia and human immu-

nity response [29, 30], was also examined. As excepted, expression of liver β-defensin in dual-

transgenic tilapia was 3.5-fold weaker than wild-type tilapia at 3 h post-infection (Fig 6F).

However, the expression of muscle β-defensin in dual-transgenic tilapia showed no significant

difference than in wild-type tilapia after infection (Fig 7F). Based on these results we conclude

that the low expression levels of pro-inflammatory and immunity-associated genes in dual-

transgenic tilapia liver and muscle tissue may indicate PUFA-mediated suppression of the

inflammation response after Vibrio vulnificus infection.

High bacterial diversity and decrease of inflammation-associated gut

microbiota in transgenic tilapia

We also investigated whether the elevation of n-3 PUFAs might affect the composition of gut

microbiota in transgenic tilapia after LO basal diet feeding because gut microbiota composi-

tion is associated with n-3 PUFAs and might be involved in inflammation. The alpha-diversity

rarefaction curve indicated that sufficient sampling depth was achieved in both wild-type and

Fig 7. Inflammatory and immunity related gene expression in muscle tissue of wild-type and transgenic tilapia at the

indicated times after challenging with V. vulnificus. The gene expression was examined by real-time PCR. (A) IL-1β, (B) IL-6,

(C) IL-8, (D) IL-10, (E)Mcp-8, (F) β-defensin. Expression levels are presented as mean ± SEM. Significance was set at P< 0.05, as

determined by one-way ANOVA followed by Duncan’s test. Assignment of different letters indicates a significant difference

between expression levels.

https://doi.org/10.1371/journal.pone.0236601.g007
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transgenic tilapia (Fig 8A). The chao1 index further showed that bacterial richness was not dif-

ferent between wild-type and transgenic tilapia (Fig 8B). However, the bacterial beta-diversity

showed an ‘a’ value increase in the transgenic fish compared with wild type (Fig 8C), meaning

that the bacterial diversity of transgenic fish is higher than that of wild type. A partial least

squares discriminant analysis (PLS-DA) was performed to calculate the variation of gut micro-

biota. The PLS-DA plot shows that PLS 1 is 24.43% and PLS 2 is 19.56% of variation of gut

microbiota composition. A significant separation in PLS 1 and PLS2 values between wild-type

and transgenic tilapia was observed (Fig 8D).

Next, we analyzed the abundance of certain bacterial taxa to clarify the role of n-3 PUFAs

in gut microbiota. The results of the phylum analysis demonstrated no significant differences

between wild-type and transgenic tilapia. Fusobacteria, Bacteroidetes, Proteobacteria and Fir-
micutes were the dominant strains in all lines of tilapia (Fig 9A). However, we did observe that

transgenic tilapia had significantly reduced abundance of the Prevotellaceae (Family)

(P< 0.05) (Fig 9B). Prevotellaceae is anaerobic Gram-negative bacteria that exists in the

healthy human body, but increased Prevotella abundance is positively associated with inflam-

matory disorders [31]. Thus, the transgenic tilapia showed high bacterial diversity and signifi-

cantly decreased levels of Prevotellaceae.

Discussion

Aquiculture practices can benefit from advances that increase the nutritional value of products

and reduce economic losses to fisheries. According to Food and Agriculture Organization of

the United Nations (FAO) statistics, tilapia is one of most important fish in aquaculture, and

Fig 8. Bacterial diversity in dual-transgenic tilapia. (A) The rarefaction curve in alpha diversity, (B) chao1 richness in

alpha diversity, (C) weighted uniFrac in beta diversity, and (D) PLS-DA plots collected from wild-type and dual-

transgenic tilapia. n = 4 per group.

https://doi.org/10.1371/journal.pone.0236601.g008
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worldwide production has steadily increased every year. However, tilapia fisheries often suffer

from infections with bacteria, such as S. agalactiae [32] and V. vulnificus. Previous studies have

suggested the potential of n-3 PUFAs to increase resistance of aquiculture fish to bacterial

infection [4, 5]. In addition, n-3 PUFAs exhibit anti-bacterial effects against V. alginolyticus
[21] and V. vulnificus [20] in a zebrafish model. Therefore, we expected that elevation of n-3

PUFA content in tilapia could increase both antimicrobial resistance and nutritional value in

tilapia. Our strategy was to transgenically express exogenous desaturases in tilapia and feed the

fish with a LO basal diet that is supplemented with linseed oil.

We generated transgenic tilapia that express Fadsd5 and Fadsd6 in the liver and muscle

under respective control of the Fabp10a and CKMb promoters. The reason we chose these tis-

sues is because the liver and muscle are the major organs for lipid metabolism. In particular,

liver functions in lipid biosynthesis, and muscle is important for lipid storage [33]. Hence, we

expected that liver and muscle specific-transgenic fish will enhance PUFA biosynthesis and

accumulation. The fatty acid analysis in dual-transgenic tilapia indicated that DHA content

was 1.2-fold higher than that in wild-type tilapia. This elevation of n-3 PUFAs was in agree-

ment with previous studies in zebrafish [20, 21]. Moreover, in our study, we also observed an

increase in n-6 PUFA content, probably because n-3 and n-6 PUFAs are coordinately bio-

synthesized and compete for delta-6 desaturase substrate [34]. Both n-3 and n-6 PUFAs are

Fig 9. Abundance of gut microbiota in dual-transgenic tilapia. Gut microbiota contents were compared between

wild-type and dual-transgenic tilapia at the (A) phylum and (B) family levels. n = 4 per group.

https://doi.org/10.1371/journal.pone.0236601.g009
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important for maintaining physiological homeostasis, but a recent study showed that excessive

n-6 PUFAs may lead to health disorders and promote inflammatory response [35–37]. Nota-

bly, a previous report revealed that the fat-1 gene plays a critical role in converting n-6 PUFAs

to n-3 PUFAs [38], and transgenic fat-1mice were successfully established for the purpose of

enriching n-3 PUFA content [39]. Consequently, we plan to establish transgenic fat-1 tilapia to

convert n-6 PUFAs to n-3 PUFAs in future work.

The DHA content in dual delta-5 and delta-6 desaturase-expressing transgenic fish was

higher than wild-type fish. After V. vulnificus infection, the survival rate of dual-transgenic

fish was increased, and V. vulnificus growth was diminished in dual-transgenic fish.

Together, these results suggest that the high DHA content in transgenic fish may have anti-

bacterial effects on V. vulnificus. Similar benefits of DHA have been reported in many stud-

ies, as DHA is known to increase expression of antimicrobial peptides [40]. Moreover, in our

analysis of inflammation-associated genes, IL-1β, IL-8 and IL-10 were significantly lower at

early stages of V. vulnificus infection both in liver and muscle tissue of dual-transgenic fish

compared to wild type. It was previously reported that DHA at high concentrations can

decrease pro-inflammatory cytokine production, especially IL-1β, at initial priming step of

inflammation [41, 42]. Therefore, the transgenic delta-5 and delta-6 desaturase tilapia resis-

tance to V. vulnificus infection and inhibition of proinflammatory response may be due to

the increased levels of DHA.

Many studies have demonstrated the gut microbiota content in tilapia is affected by diet,

stress and environmental factors (water, salinity, pH, etc.) [43–45]. The gut microbiota compo-

sition in n-3 PUFA-rich transgenic tilapia was evaluated in this study. From our microbiome

analysis, we found the bacterial diversity of transgenic fish is higher than that in wild type.

This result is similar to previous studies that showed feeding an n-3-PUFA-rich diet increased

bacterial diversity in human participants [46]. In tilapia and other freshwater fishes, Fusobac-
teria and Proteobacteria generally account for the major proportion of gut microbiota [47], but

our microbiome analysis revealed Fusobacteria and Bacteroidetes were the top two dominant

strains in both wild-type and transgenic tilapia. We suppose the proportions of bacteria are

dependent on the rearing conditions. In further taxonomic analysis, the relative abundances of

gut bacteria at the phylum-level were not different between wild-type and transgenic tilapia.

However, further family-level analysis showed the level of Prevotellaceae was significantly

lower in transgenic tilapia. The Prevotellaceae are anaerobic Gram-negative bacteria of the

Bacteroidetes phylum which also exist in humans. Many studies have found that increased Pre-
votellaceae abundance is related to the chronic inflammatory disease, such as irritable bowel

syndrome [48]. One study indicated Prevotella induces immune response in periodontitis by

regulating IL-1α and IL-1β levels [49]. In vitro studies further suggested that Prevotella display

an enhanced capacity to induce inflammatory factors, such as IL-6, IL-8 and tumor necrosis

factor-α (TNF-α) [50]. From our Q-PCR data, we found the level of inflammatory genes, IL-
1β, IL-6 and IL-8, are lower in transgenic fish than wild types after V. vulnificus infection. We

speculate the inhibition of inflammatory response in n-3 PUFA-rich transgenic fish might be

mediated by the decreased proportion of inflammation-associated Prevotellaceae bacteria.

According to the previous study, DHA has been shown to prevent inflammation and bacterial

dysbiosis by changing the cytokines production, macrophages recruitment, especially the com-

position of the intestinal microbiota and the intestine integrity [51]. This study suggests that

DHA is highly correlated with the composition of intestinal microbiota, especially those asso-

ciated with inflammation. However, more studies to clarify the relationships between n-3

PUFA-regulated inflammation and gut microbiota will be essential.

PLOS ONE Transgenic delta-5 and delta-6 desaturase in tilapia alters microbiota and resistance to pathogen infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0236601 July 30, 2020 15 / 19

https://doi.org/10.1371/journal.pone.0236601


Supporting information

S1 Raw images.

(PDF)

Acknowledgments

We thank the aquaculture groups of the Marine Research Station, Institute of Cellular and

Organismic Biology, Academia Sinica for their help with the tilapia maintenance.

Author Contributions

Data curation: Ching-Yu Huang, Sheng-Han Wu, Chuian-Fu Ken, Hong-Yi Gong.

Funding acquisition: Jyh-Yih Chen.

Investigation: Wen-Chun Lin, Tsung-Yu Tsai.

Methodology: Wen-Chun Lin, Tsung-Yu Tsai, Cheng-Wei Lin.

Resources: Jen-Leih Wu.

Validation: Shin-Jie Huang.

Visualization: Shin-Jie Huang.

Writing – original draft: Keng-Yu Chiang.

References

1. Burdge GC, Calder PC. Conversion of alpha-linolenic acid to longer-chain polyunsaturated fatty acids in

human adults. Reprod Nutr Dev. 2005; 45(5):581–97. Epub 2005/09/29. https://doi.org/10.1051/

rnd:2005047 PMID: 16188209.

2. Lee JM, Lee H, Kang S, Park WJ. Fatty Acid Desaturases, Polyunsaturated Fatty Acid Regulation, and

Biotechnological Advances. Nutrients. 2016; 8(1). Epub 2016/01/08. https://doi.org/10.3390/

nu8010023 PMID: 26742061.

3. Geiger M, Mohammed BS, Sankarappa S, Sprecher H. Studies to determine if rat liver contains chain-

length-specific acyl-CoA 6-desaturases. Biochimica et biophysica acta. 1993; 1170(2):137–42. Epub

1993/10/13. https://doi.org/10.1016/0005-2760(93)90063-f PMID: 8399337.

4. Shin SY, Bajpai VK, Kim HR, Kang SC. Antibacterial activity of bioconverted eicosapentaenoic (EPA)

and docosahexaenoic acid (DHA) against foodborne pathogenic bacteria. International journal of food

microbiology. 2007; 113(2):233–6. Epub 2006/07/25. https://doi.org/10.1016/j.ijfoodmicro.2006.05.020

PMID: 16860896.

5. Desbois AP, Lawlor KC. Antibacterial activity of long-chain polyunsaturated fatty acids against Propioni-

bacterium acnes and Staphylococcus aureus. Marine drugs. 2013; 11(11):4544–57. Epub 2013/11/16.

https://doi.org/10.3390/md11114544 PMID: 24232668.

6. Schmitz G, Ecker J. The opposing effects of n-3 and n-6 fatty acids. Progress in lipid research. 2008;

47(2):147–55. Epub 2008/01/17. https://doi.org/10.1016/j.plipres.2007.12.004 PMID: 18198131.

7. Loscher CE, Draper E, Leavy O, Kelleher D, Mills KH, Roche HM. Conjugated linoleic acid suppresses

NF-kappa B activation and IL-12 production in dendritic cells through ERK-mediated IL-10 induction. J

Immunol. 2005; 175(8):4990–8. Epub 2005/10/08. https://doi.org/10.4049/jimmunol.175.8.4990 PMID:

16210601.

8. Li H, Ruan XZ, Powis SH, Fernando R, Mon WY, Wheeler DC, et al. EPA and DHA reduce LPS-induced

inflammation responses in HK-2 cells: evidence for a PPAR-gamma-dependent mechanism. Kidney

international. 2005; 67(3):867–74. Epub 2005/02/09. https://doi.org/10.1111/j.1523-1755.2005.00151.x

PMID: 15698426.

9. Martinez-Rubio L, Morais S, Evensen O, Wadsworth S, Ruohonen K, Vecino JL, et al. Functional feeds

reduce heart inflammation and pathology in Atlantic Salmon (Salmo salar L.) following experimental

challenge with Atlantic salmon reovirus (ASRV). PloS one. 2012; 7(11):e40266. https://doi.org/10.1371/

journal.pone.0040266 PMID: 23226193.

PLOS ONE Transgenic delta-5 and delta-6 desaturase in tilapia alters microbiota and resistance to pathogen infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0236601 July 30, 2020 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236601.s001
https://doi.org/10.1051/rnd%3A2005047
https://doi.org/10.1051/rnd%3A2005047
http://www.ncbi.nlm.nih.gov/pubmed/16188209
https://doi.org/10.3390/nu8010023
https://doi.org/10.3390/nu8010023
http://www.ncbi.nlm.nih.gov/pubmed/26742061
https://doi.org/10.1016/0005-2760%2893%2990063-f
http://www.ncbi.nlm.nih.gov/pubmed/8399337
https://doi.org/10.1016/j.ijfoodmicro.2006.05.020
http://www.ncbi.nlm.nih.gov/pubmed/16860896
https://doi.org/10.3390/md11114544
http://www.ncbi.nlm.nih.gov/pubmed/24232668
https://doi.org/10.1016/j.plipres.2007.12.004
http://www.ncbi.nlm.nih.gov/pubmed/18198131
https://doi.org/10.4049/jimmunol.175.8.4990
http://www.ncbi.nlm.nih.gov/pubmed/16210601
https://doi.org/10.1111/j.1523-1755.2005.00151.x
http://www.ncbi.nlm.nih.gov/pubmed/15698426
https://doi.org/10.1371/journal.pone.0040266
https://doi.org/10.1371/journal.pone.0040266
http://www.ncbi.nlm.nih.gov/pubmed/23226193
https://doi.org/10.1371/journal.pone.0236601


10. Noriega BS, Sanchez-Gonzalez MA, Salyakina D, Coffman J. Understanding the Impact of Omega-3

Rich Diet on the Gut Microbiota. Case Rep Med. 2016; 2016:3089303. Epub 2016/04/12. https://doi.

org/10.1155/2016/3089303 PMID: 27065349.

11. Yu HN, Zhu J, Pan WS, Shen SR, Shan WG, Das UN. Effects of fish oil with a high content of n-3 poly-

unsaturated fatty acids on mouse gut microbiota. Arch Med Res. 2014; 45(3):195–202. Epub 2014/04/

01. https://doi.org/10.1016/j.arcmed.2014.03.008 PMID: 24681186.

12. Power SE, O’Toole PW, Stanton C, Ross RP, Fitzgerald GF. Intestinal microbiota, diet and health. The

British journal of nutrition. 2014; 111(3):387–402. Epub 2013/08/13. https://doi.org/10.1017/

S0007114513002560 PMID: 23931069.

13. Watson H, Mitra S, Croden FC, Taylor M, Wood HM, Perry SL, et al. A randomised trial of the effect of

omega-3 polyunsaturated fatty acid supplements on the human intestinal microbiota. Gut. 2018; 67

(11):1974–83. Epub 2017/09/28. https://doi.org/10.1136/gutjnl-2017-314968 PMID: 28951525.

14. Andersen AD, Molbak L, Michaelsen KF, Lauritzen L. Molecular fingerprints of the human fecal micro-

biota from 9 to 18 months old and the effect of fish oil supplementation. J Pediatr Gastroenterol Nutr.

2011; 53(3):303–9. Epub 2011/08/26. https://doi.org/10.1097/MPG.0b013e31821d298f PMID:

21865979.

15. Bidu C, Escoula Q, Bellenger S, Spor A, Galan M, Geissler A, et al. The Transplantation of omega3

PUFA-Altered Gut Microbiota of fat-1 Mice to Wild-Type Littermates Prevents Obesity and Associated

Metabolic Disorders. Diabetes. 2018; 67(8):1512–23. Epub 2018/05/26. https://doi.org/10.2337/db17-

1488 PMID: 29793999.

16. Britz P. Tilapia: Biology, Culture and Nutrition. African Journal of Aquatic Science. 2008; 33(1):103.

https://doi.org/10.2989/AJAS.2008.33.1.14.415

17. Hlady WG, Klontz KC. The epidemiology of Vibrio infections in Florida, 1981–1993. J Infect Dis. 1996;

173(5):1176–83. Epub 1996/05/01. https://doi.org/10.1093/infdis/173.5.1176 PMID: 8627070.

18. Zhang WW, Sun K, Cheng S, Sun L. Characterization of DegQVh, a serine protease and a protective

immunogen from a pathogenic Vibrio harveyi strain. Applied and environmental microbiology. 2008; 74

(20):6254–62. Epub 2008/08/30. https://doi.org/10.1128/AEM.00109-08 PMID: 18723647.

19. Strobel C, Jahreis G, Kuhnt K. Survey of n-3 and n-6 polyunsaturated fatty acids in fish and fish prod-

ucts. Lipids Health Dis. 2012; 11:144. Epub 2012/11/01. https://doi.org/10.1186/1476-511X-11-144

PMID: 23110317.

20. Cheng CL, Huang SJ, Wu CL, Gong HY, Ken CF, Hu SY, et al. Transgenic expression of omega-3

PUFA synthesis genes improves zebrafish survival during Vibrio vulnificus infection. J Biomed Sci.

2015; 22:103. Epub 2015/11/18. https://doi.org/10.1186/s12929-015-0208-1 PMID: 26572495.

21. Wang YD, Peng KC, Wu JL, Chen JY. Transgenic expression of salmon delta-5 and delta-6 desaturase

in zebrafish muscle inhibits the growth of Vibrio alginolyticus and affects fish immunomodulatory activ-

ity. Fish & shellfish immunology. 2014; 39(2):223–30. Epub 2014/05/09. https://doi.org/10.1016/j.fsi.

2014.04.021 PMID: 24811009.

22. Liu W, Chen JR, Hsu CH, Li YH, Chen YM, Lin CY, et al. A zebrafish model of intrahepatic cholangiocar-

cinoma by dual expression of hepatitis B virus X and hepatitis C virus core protein in liver. Hepatology.

2012; 56(6):2268–76. Epub 2012/06/26. https://doi.org/10.1002/hep.25914 PMID: 22729936.

23. Thomas T. Chen C-ML, Chen Maria J., Lo Jay H., Chiou Pinwen P., Gong Hong-Yi, Wu Jen-Leih, et al.

Chen, Charles Yarish. In: Kim S-K, editor. Transgenic technology in marine organisms. Springer hand-

book of marine biotechnology. Berlin, Heidelberg: Springer; 2015. p. 387–412.

24. Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and purification of total lipides

from animal tissues. The Journal of biological chemistry. 1957; 226(1):497–509. Epub 1957/05/01.

PMID: 13428781.

25. Abu EO, Oluwatowoju I. Omega-3 index determined by gas chromatography with electron impact mass

spectrometry. Prostaglandins Leukot Essent Fatty Acids. 2009; 80(4):189–94. Epub 2009/04/21.

https://doi.org/10.1016/j.plefa.2009.03.001 PMID: 19376692.

26. Hart ML, Meyer A, Johnson PJ, Ericsson AC. Comparative Evaluation of DNA Extraction Methods from

Feces of Multiple Host Species for Downstream Next-Generation Sequencing. PloS one. 2015; 10(11):

e0143334. Epub 2015/11/26. https://doi.org/10.1371/journal.pone.0143334 PMID: 26599606.

27. Chen YT, Yang NS, Lin YC, Ho ST, Li KY, Lin JS, et al. A combination of Lactobacillus mali APS1 and

dieting improved the efficacy of obesity treatment via manipulating gut microbiome in mice. Scientific

reports. 2018; 8(1):6153. Epub 2018/04/20. https://doi.org/10.1038/s41598-018-23844-y PMID:

29670255.

28. Fu GH, Wan ZY, Xia JH, Liu F, Liu XJ, Yue GH. The MCP-8 gene and its possible association with resis-

tance to Streptococcus agalactiae in tilapia. Fish Shellfish Immunol. 2014; 40(1):331–6. Epub 2014/07/

22. https://doi.org/10.1016/j.fsi.2014.07.019 PMID: 25042289.

PLOS ONE Transgenic delta-5 and delta-6 desaturase in tilapia alters microbiota and resistance to pathogen infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0236601 July 30, 2020 17 / 19

https://doi.org/10.1155/2016/3089303
https://doi.org/10.1155/2016/3089303
http://www.ncbi.nlm.nih.gov/pubmed/27065349
https://doi.org/10.1016/j.arcmed.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24681186
https://doi.org/10.1017/S0007114513002560
https://doi.org/10.1017/S0007114513002560
http://www.ncbi.nlm.nih.gov/pubmed/23931069
https://doi.org/10.1136/gutjnl-2017-314968
http://www.ncbi.nlm.nih.gov/pubmed/28951525
https://doi.org/10.1097/MPG.0b013e31821d298f
http://www.ncbi.nlm.nih.gov/pubmed/21865979
https://doi.org/10.2337/db17-1488
https://doi.org/10.2337/db17-1488
http://www.ncbi.nlm.nih.gov/pubmed/29793999
https://doi.org/10.2989/AJAS.2008.33.1.14.415
https://doi.org/10.1093/infdis/173.5.1176
http://www.ncbi.nlm.nih.gov/pubmed/8627070
https://doi.org/10.1128/AEM.00109-08
http://www.ncbi.nlm.nih.gov/pubmed/18723647
https://doi.org/10.1186/1476-511X-11-144
http://www.ncbi.nlm.nih.gov/pubmed/23110317
https://doi.org/10.1186/s12929-015-0208-1
http://www.ncbi.nlm.nih.gov/pubmed/26572495
https://doi.org/10.1016/j.fsi.2014.04.021
https://doi.org/10.1016/j.fsi.2014.04.021
http://www.ncbi.nlm.nih.gov/pubmed/24811009
https://doi.org/10.1002/hep.25914
http://www.ncbi.nlm.nih.gov/pubmed/22729936
http://www.ncbi.nlm.nih.gov/pubmed/13428781
https://doi.org/10.1016/j.plefa.2009.03.001
http://www.ncbi.nlm.nih.gov/pubmed/19376692
https://doi.org/10.1371/journal.pone.0143334
http://www.ncbi.nlm.nih.gov/pubmed/26599606
https://doi.org/10.1038/s41598-018-23844-y
http://www.ncbi.nlm.nih.gov/pubmed/29670255
https://doi.org/10.1016/j.fsi.2014.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25042289
https://doi.org/10.1371/journal.pone.0236601


29. Dhople V, Krukemeyer A, Ramamoorthy A. The human beta-defensin-3, an antibacterial peptide with

multiple biological functions. Biochim Biophys Acta. 2006; 1758(9):1499–512. Epub 2006/09/19. https://

doi.org/10.1016/j.bbamem.2006.07.007 PMID: 16978580.

30. Dong JJ, Wu F, Ye X, Sun CF, Tian YY, Lu MX, et al. Beta-defensin in Nile tilapia (Oreochromis niloti-

cus): Sequence, tissue expression, and anti-bacterial activity of synthetic peptides. Gene. 2015; 566

(1):23–31. Epub 2015/04/15. https://doi.org/10.1016/j.gene.2015.04.025 PMID: 25871516.

31. Larsen JM. The immune response to Prevotella bacteria in chronic inflammatory disease. Immunology.

2017; 151(4):363–74. Epub 2017/05/26. https://doi.org/10.1111/imm.12760 PMID: 28542929.

32. Sun J, Fang W, Ke B, He D, Liang Y, Ning D, et al. Inapparent Streptococcus agalactiae infection in

adult/commercial tilapia. Sci Rep. 2016; 6:26319. Epub 2016/05/25. https://doi.org/10.1038/srep26319

PMID: 27215811.

33. Frayn KN, Arner P, Yki-Jarvinen H. Fatty acid metabolism in adipose tissue, muscle and liver in health

and disease. Essays Biochem. 2006; 42:89–103. Epub 2006/12/06. https://doi.org/10.1042/

bse0420089 PMID: 17144882.

34. Emery JA, Hermon K, Hamid NK, Donald JA, Turchini GM. Delta-6 Desaturase substrate competition:

dietary linoleic acid (18:2n-6) has only trivial effects on alpha-linolenic acid (18:3n-3) bioconversion in

the teleost rainbow trout. PLoS One. 2013; 8(2):e57463. Epub 2013/03/06. https://doi.org/10.1371/

journal.pone.0057463 PMID: 23460861.

35. Lands B. Consequences of essential fatty acids. Nutrients. 2012; 4(9):1338–57. Epub 2012/11/01.

https://doi.org/10.3390/nu4091338 PMID: 23112921.

36. Liu HQ, Qiu Y, Mu Y, Zhang XJ, Liu L, Hou XH, et al. A high ratio of dietary n-3/n-6 polyunsaturated fatty

acids improves obesity-linked inflammation and insulin resistance through suppressing activation of

TLR4 in SD rats. Nutr Res. 2013; 33(10):849–58. Epub 2013/10/01. https://doi.org/10.1016/j.nutres.

2013.07.004 PMID: 24074743.

37. Innes JK, Calder PC. Omega-6 fatty acids and inflammation. Prostaglandins Leukot Essent Fatty Acids.

2018; 132:41–8. Epub 2018/04/04. https://doi.org/10.1016/j.plefa.2018.03.004 PMID: 29610056.

38. Bae JS, Oh AR, Cha JY. Regulation of Cholesterol Metabolism in Liver: Link to NAFLD and Impact of n-

3 PUFAs. J Lifestyle Med. 2013; 3(1):19–25. Epub 2013/03/01. PMID: 26064833.

39. Bilal S, Haworth O, Wu L, Weylandt KH, Levy BD, Kang JX. Fat-1 transgenic mice with elevated

omega-3 fatty acids are protected from allergic airway responses. Biochim Biophys Acta. 2011; 1812

(9):1164–9. Epub 2011/05/28. https://doi.org/10.1016/j.bbadis.2011.05.002 PMID: 21616147.

40. Mil-Homens D, Bernardes N, Fialho AM. The antibacterial properties of docosahexaenoic omega-3

fatty acid against the cystic fibrosis multiresistant pathogen Burkholderia cenocepacia. FEMS microbiol-

ogy letters. 2012; 328(1):61–9. Epub 2011/12/14. https://doi.org/10.1111/j.1574-6968.2011.02476.x

PMID: 22150831.

41. Solanki P, Aminoshariae A, Jin G, Montagnese TA, Mickel A. The effect of docosahexaenoic acid

(DHA) on expression of IL-1ss, IL-6, IL-8, and TNF-alpha in normal and lipopolysaccharide (LPS)-stimu-

lated macrophages. Quintessence Int. 2013; 44(6):393. Epub 2013/03/28. https://doi.org/10.3290/j.qi.

a29502 PMID: 23534044.

42. Williams-Bey Y, Boularan C, Vural A, Huang NN, Hwang IY, Shan-Shi C, et al. Omega-3 free fatty acids

suppress macrophage inflammasome activation by inhibiting NF-kappaB activation and enhancing

autophagy. PloS one. 2014; 9(6):e97957. Epub 2014/06/10. https://doi.org/10.1371/journal.pone.

0097957 PMID: 24911523.

43. Kohl KD, Amaya J, Passement CA, Dearing MD, McCue MD. Unique and shared responses of the gut

microbiota to prolonged fasting: a comparative study across five classes of vertebrate hosts. FEMS

microbiology ecology. 2014; 90(3):883–94. Epub 2014/10/17. https://doi.org/10.1111/1574-6941.12442

PMID: 25319042.

44. Standen BT, Rodiles A, Peggs DL, Davies SJ, Santos GA, Merrifield DL. Modulation of the intestinal

microbiota and morphology of tilapia, Oreochromis niloticus, following the application of a multi-species

probiotic. Appl Microbiol Biotechnol. 2015; 99(20):8403–17. Epub 2015/06/28. https://doi.org/10.1007/

s00253-015-6702-2 PMID: 26115752.

45. Giatsis C, Sipkema D, Smidt H, Verreth J, Verdegem M. The colonization dynamics of the gut micro-

biota in tilapia larvae. PloS one. 2014; 9(7):e103641. Epub 2014/07/30. https://doi.org/10.1371/journal.

pone.0103641 PMID: 25072852.

46. Menni C, Zierer J, Pallister T, Jackson MA, Long T, Mohney RP, et al. Omega-3 fatty acids correlate

with gut microbiome diversity and production of N-carbamylglutamate in middle aged and elderly

women. Scientific reports. 2017; 7(1):11079. Epub 2017/09/13. https://doi.org/10.1038/s41598-017-

10382-2 PMID: 28894110.

PLOS ONE Transgenic delta-5 and delta-6 desaturase in tilapia alters microbiota and resistance to pathogen infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0236601 July 30, 2020 18 / 19

https://doi.org/10.1016/j.bbamem.2006.07.007
https://doi.org/10.1016/j.bbamem.2006.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16978580
https://doi.org/10.1016/j.gene.2015.04.025
http://www.ncbi.nlm.nih.gov/pubmed/25871516
https://doi.org/10.1111/imm.12760
http://www.ncbi.nlm.nih.gov/pubmed/28542929
https://doi.org/10.1038/srep26319
http://www.ncbi.nlm.nih.gov/pubmed/27215811
https://doi.org/10.1042/bse0420089
https://doi.org/10.1042/bse0420089
http://www.ncbi.nlm.nih.gov/pubmed/17144882
https://doi.org/10.1371/journal.pone.0057463
https://doi.org/10.1371/journal.pone.0057463
http://www.ncbi.nlm.nih.gov/pubmed/23460861
https://doi.org/10.3390/nu4091338
http://www.ncbi.nlm.nih.gov/pubmed/23112921
https://doi.org/10.1016/j.nutres.2013.07.004
https://doi.org/10.1016/j.nutres.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/24074743
https://doi.org/10.1016/j.plefa.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29610056
http://www.ncbi.nlm.nih.gov/pubmed/26064833
https://doi.org/10.1016/j.bbadis.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21616147
https://doi.org/10.1111/j.1574-6968.2011.02476.x
http://www.ncbi.nlm.nih.gov/pubmed/22150831
https://doi.org/10.3290/j.qi.a29502
https://doi.org/10.3290/j.qi.a29502
http://www.ncbi.nlm.nih.gov/pubmed/23534044
https://doi.org/10.1371/journal.pone.0097957
https://doi.org/10.1371/journal.pone.0097957
http://www.ncbi.nlm.nih.gov/pubmed/24911523
https://doi.org/10.1111/1574-6941.12442
http://www.ncbi.nlm.nih.gov/pubmed/25319042
https://doi.org/10.1007/s00253-015-6702-2
https://doi.org/10.1007/s00253-015-6702-2
http://www.ncbi.nlm.nih.gov/pubmed/26115752
https://doi.org/10.1371/journal.pone.0103641
https://doi.org/10.1371/journal.pone.0103641
http://www.ncbi.nlm.nih.gov/pubmed/25072852
https://doi.org/10.1038/s41598-017-10382-2
https://doi.org/10.1038/s41598-017-10382-2
http://www.ncbi.nlm.nih.gov/pubmed/28894110
https://doi.org/10.1371/journal.pone.0236601


47. Tarnecki AM, Burgos FA, Ray CL, Arias CR. Fish intestinal microbiome: diversity and symbiosis unrav-

elled by metagenomics. J Appl Microbiol. 2017; 123(1):2–17. Epub 2017/02/09. https://doi.org/10.1111/

jam.13415 PMID: 28176435.

48. Chung CS, Chang PF, Liao CH, Lee TH, Chen Y, Lee YC, et al. Differences of microbiota in small bowel

and faeces between irritable bowel syndrome patients and healthy subjects. Scandinavian journal of

gastroenterology. 2016; 51(4):410–9. Epub 2015/11/26. https://doi.org/10.3109/00365521.2015.

1116107 PMID: 26595305.

49. Schincaglia GP, Hong BY, Rosania A, Barasz J, Thompson A, Sobue T, et al. Clinical, Immune, and

Microbiome Traits of Gingivitis and Peri-implant Mucositis. J Dent Res. 2017; 96(1):47–55. Epub 2016/

12/30. https://doi.org/10.1177/0022034516668847 PMID: 28033066.

50. Ji S, Kim Y, Min BM, Han SH, Choi Y. Innate immune responses of gingival epithelial cells to nonperio-

dontopathic and periodontopathic bacteria. Journal of periodontal research. 2007; 42(6):503–10. Epub

2007/10/25. https://doi.org/10.1111/j.1600-0765.2007.00974.x PMID: 17956462.

51. Tabbaa M, Golubic M, Roizen MF, Bernstein AM. Docosahexaenoic acid, inflammation, and bacterial

dysbiosis in relation to periodontal disease, inflammatory bowel disease, and the metabolic syndrome.

Nutrients. 2013; 5(8):3299–310. Epub 2013/08/24. https://doi.org/10.3390/nu5083299 PMID:

23966110.

PLOS ONE Transgenic delta-5 and delta-6 desaturase in tilapia alters microbiota and resistance to pathogen infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0236601 July 30, 2020 19 / 19

https://doi.org/10.1111/jam.13415
https://doi.org/10.1111/jam.13415
http://www.ncbi.nlm.nih.gov/pubmed/28176435
https://doi.org/10.3109/00365521.2015.1116107
https://doi.org/10.3109/00365521.2015.1116107
http://www.ncbi.nlm.nih.gov/pubmed/26595305
https://doi.org/10.1177/0022034516668847
http://www.ncbi.nlm.nih.gov/pubmed/28033066
https://doi.org/10.1111/j.1600-0765.2007.00974.x
http://www.ncbi.nlm.nih.gov/pubmed/17956462
https://doi.org/10.3390/nu5083299
http://www.ncbi.nlm.nih.gov/pubmed/23966110
https://doi.org/10.1371/journal.pone.0236601

