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Abstract

Aims: To demonstrate a nonempirical workflow to select host-specific

probiotics for aquaculture industry.

Methods and Results: Using both culture-dependent and culture-independent

methods, we have systematically investigated, for the first time, the gut

microbiota of twelve subtropical aquatic animal species. We found that the

diversity, abundance and distribution of gut micro-organisms of these animals

were host-specific and that lactic acid bacteria (LAB) were predominant among

the indigenous probiotic microbes. Using culturing method, we isolated and

characterized ninety-eight LAB strains; however, only a few strains was

representative of the dominant LAB OTUs recovered by culture-independent

analysis.

Conclusions: Two cultured LAB strains, Enterococcus faecalis LS1-2 and

Enterococcus faecium Z1-2, capturing the major LAB OTUs in the sequencing

data set of the most animal samples and showing significant antimicrobial

activities against shrimp pathogens, were suggested to be the candidates of

shrimp probiotics.

Significance and Impact of Study: Disease outbreak and the consequential

abuse of antibiotics have been the constraints to the aquaculture industry.

However, the selection of probiotic bacteria is currently still an empirical

process due to our limited knowledge on the gastrointestinal microbiota of

aquatic organisms. Our study points to a nonempirical selection process by

which host-specific probiotics can be developed.

Introduction

The decline in wild fish and shellfish stocks, combined

with a growing demand for seafood, has encouraged the

sustained and rapid growth of aquaculture worldwide

(Naylor et al. 2000). These industrial monocultures, for

example the pacific white shrimp and the giant tiger

prawn account for about 80% of all farmed shrimps, are

readily susceptible to disease outbreak. To control the

repeating and the emerging pathogens, antibiotics are

commonly overused, which can lead to the dissemination

of antibiotic resistance genes and pose high risks to

public health and the environment (Xu et al. 2013; Chen

et al. 2015).

The use of probiotics, as nonantibiotic agents, has

become popular to improve the health condition of ani-

mal products and to maintain the environmental balance.

Traditional development of probiotics usually starts from

the acquisition of bacterial strains, followed by in vitro

screening, pilot-scale in vivo experiments and pathogenic-

ity tests towards target organisms and other involved

trophic levels (Verschuere et al. 2000). The outcome of

this empirical process is unpredictable. Many allochtho-

nous probiotics candidates are incapable of colonizing in
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the animal of interest, resulting in unsatisfactory effects

(Gatesoupe 2008). Most probiotics proposed as biological

control agents in aquaculture belong to the lactic acid

bacteria (LAB) group (Lactobacillales), such as Lactobacil-

lus, Lactococcus, Carnobacterium, Pediococcus, Enterococcus

and Streptococcus, although other genera or species like

Vibrio, Bacillus, Pseudomonas, etc. have also been men-

tioned (Ringo et al. 2010). Natural LAB strains that have

evolved to adapt to their host gut environments are likely

suitable probiotics when applied to their native hosts

(Gomez-Gil et al. 2000; Son et al. 2009). Thus, an under-

standing of the biodiversity and the distribution of the

LAB species would certainly guide the probiotics develop-

ment process. However, the traditional cultivation-depen-

dent approach often posed dubious sensitivity and

detected only a limited fraction of microbial communities

(Kim et al. 2007; Namba et al. 2007; Wu et al. 2010,

2012a).

The metagenomic approach has advanced our under-

standing of the human microbiome (Preidis and Versa-

lovic 2009; Gueimonde and Collado 2012; Forster and

Lawley 2015), as well as the gut microbiota of aquatic

animals (Roeselers et al. 2011; Wu et al. 2012b; Star et al.

2013; Wong et al. 2013; Godoy et al. 2015). In this study,

we systematically characterized the gut microbiota of

twelve subtropical aquatic animal species by exploiting

the rapid and cost-effective metagenomic sequencing. For

aquatic animals, although the bacteria in the surrounding

water environment and the gut microbiota were assumed

to be constantly interacting (Verschuere et al. 2000), the

findings in this study indicated that the composition of

the indigenous gut microbiota was host-specific, and dis-

tinct from that of the water environment.

With a traditional cultivation-dependent approach, we

next isolated and analysed 98 LAB strains. Compared to

the metagenomic data, the isolated LAB strains merely

captured the representatives of the OTUs recovered by

metagenomics, and the Lactococcus and the Enterococcus

species were overrepresented. Guided by metagenomic

analysis, coupled with cultivation and antimicrobial activ-

ity assay, Enterococcus faecalis LS1-2 and Enterococcus fae-

cium Z1-2 became the principal candidates to be

developed as precision probiotics for white-leg shrimp

hosts.

Materials and methods

Animal and environmental samples

Aquatic animal specimens were collected near the coast

of Pearl River, Nansha District, Guangzhou, China, dur-

ing summer. The exact locations ranged from 22�25°N to

22�40°N (latitude) and 113�25°E to 113�4°E (longitude).

The animal samples were from common species widely

consumed in South China (Cheung et al. 2008). A total

of 12 aquatic animal species (three individuals for each)

were sampled, including Strombus gibberulus (conch),

Litopenaeus vannamei (white-leg shrimp), Macrobrachium

rosenbergii (giant river prawn), Scylla paramamosain

(crab), Paramisgurnus dabryanus (loach), Ctenopharyn-

godon idellus (grass carp), Carassius carassius (crucian

carp), Parabramis pekinensis (white bream), Oreochromis

mossambicus (tilapia), Mugil cephalus (flathead grey mul-

let), Epinephelus lanceolatus (grouper) and Oxyeleotris

marmorata (marbled sand goby). Animal samples were

treated similarly as previously reported (Hagi et al. 2004).

Briefly, the animals were killed by physical destruction of

the brain, and the skin was then washed with 70% etha-

nol before opening the ventral surface with sterile scis-

sors; 1 g of intestinal contents (a mixture of foregut,

midgut and hindgut samples in equal portions) was

removed and suspended in 10 ml of sterile saline (0�85%
(w/v) NaCl) for further usage.

As controls, water and sediment samples were collected

from five sites in the same region. Five additional water

samples were collected during winter. The bacteria in

water samples (500 ml for each) were collected on

0�2 lm-pore-size filters in situ using a vacuum pump.

The filters were stored in liquid nitrogen after filtration.

16s rDNA amplicon-based deep sequencing

One gram of digestive tract contents was taken from each

animal sample. Bacteria genomic DNA was extracted

using the Rapid DNA Isolation Kit (Sangon Biotech,

Shanghai). For the water filter and sediment samples,

bacteria genomic DNA was extracted using the standard

phenol–chloroform extraction method. In brief, the filters

containing the microbial cells were lysed using sodium

dodecyl sulphate and proteinase K for 3 h. The lysate was

extracted sequentially with phenol–chloroform and chlo-

roform. The DNA was precipitated in ethanol, and the

precipitant was collected by centrifugation. The pellet was

dissolved in water and the final volume was adjusted to

50 ll.
Primer pairs targeting the 16S rDNA v4 region (515–

806) were employed for amplicon-based deep sequencing.

The 16F515 primer (50 TATGGTAATTGTGTGCCA

GCMGCCGCGGTAA 30) was used across all samples,

while 51 barcoded 16R803 primers were each used on the

36 intestine samples and 15 environment samples (identi-

cal linker primer sequence: 50 AGTCAGTCAGCCGGAC

TACHVGGGTWTCTAAT 30, plus 12 nucleotides of dis-

tinctive barcodes at 50 end). PCRs were set up containing

2 ll of DNA templates, 2 ll of 16F515 primer, 2 ll of
16R803 primer, 4 ll of dNTP, 4 ll of 25 mmol l�1

Journal of Applied Microbiology 123, 1274--1285 © 2017 The Society for Applied Microbiology 1275

J. Cui et al. Host-specific probiotic micro-organism selection



MgCl2, 5 ll of 10 9 Ex Taq Buffer, 0�25 ll of TaKaRa

Ex Taq polymerase (5 U ll�1) and 30�75 ll of water.

PCR protocol was 98°C 1 min, followed by 30 cycles of

98°C 10 s, 58°C 30 s, 72°C 2 min and finally 72°C
10 min. Target bands of PCR products were observed by

electrophoresis, followed by purification using the San-

Prep column DNA gel extraction kit (Sangon Biotech,

Shanghai, China). Concentrations of the purified prod-

ucts were determined using NanoDrop (Thermo Fisher

Scientific Inc. Waltham, MA, USA); 200 ng of PCR prod-

ucts from each reaction was equally combined, and sub-

mitted for 16s rDNA amplicon sequencing to (Novogene

Co., Ltd., Beijing, China).

A total of 4 676 925 clean reads of 2�34 G bases were

generated by Illumina Mi-seq sequencing. After quality

filtering, a total of 1 859 796 reads (an average of 36,467

reads per sample with a range of 1174 to 106 969) were

proceeded to subsequent analysis. QIIME was used to

process the sequencing reads and 3,537 OTUs (97%)

were obtained from the 51 samples. RDP classifier was

used to assign taxonomy to OTUs against the Green

genes SSU database (February 2011 release). Alpha diver-

sity within samples of each animal species was estimated

by Chao1 and the rarefaction curves were generated to

show bacterial diversity and richness within the samples.

Beta diversity indices (Bray–Curtis) were calculated in

RStudio version 0�99�903 (2009–2016, RStudio, Inc. Bos-
ton, MA, USA). Ordination plots for beta diversity met-

rics were generated by principal coordinates analysis

(PCoA) ordination in RStudio, based on Bray–Curtis dis-
tance calculated with the VEGAN package (Oksanen et al.

2016).

LAB cultivation, identification and phylogenetic analysis

For each specimen, 1 g of digestive tract content was col-

lected and suspended in 9 ml of sterile water, followed by

101–108 serial dilutions; 0�2 ml of the diluted solutions

was spread onto triplicate of the optimized screening

plates, which was based on MRS agar, supplemented with

methyl red and bromothymol blue. The colour of colo-

nies will change from red to yellow to cyan across pH 4�2
to 7�6. Colonies that turned red suggested strong lactic-

acid-producing capability. The medium composition (w/

v) was 1% trypsin, 1% beef extract, 0�5% yeast extract,

0�2% ammonium citrate dibasic, 2% glucose, 0�1%
Tween-80, 0�5% sodium acetic acid, 0�4% calcium car-

bonate and 1�8% agar, supplemented with 0�05% methyl

red, 0�07% bromothymol blue, 0�1% ascorbic acid, 0�01%
L-cysteine, 1% K2HPO4, 1% KH2PO4, 0�2%
MgSO4•7H2O, 0�05% MnSO4•H2O and 0�2% CaCl2
(HKM CO. LTD, Guangzhou, China; Aladdin, Shanghai,

China). When necessary, 500 000 IU of polymyxin B and

0�05 g of nalidixic acid were added per litre, to further

reduce the number of interfering non-LAB colonies. After

incubation at 25°C for 48 h under microaerophilic condi-

tions (by sealing the plates with adhesive tapes after oxy-

gen depletion), the colonies that appeared yellow or red

in colour, with clear circles of soluble calcium, were con-

sidered as LAB candidates. These colonies were trans-

ferred to fresh plates and subcultured four times to

obtain pure colonies. Pure cultures were stored at �80°C
in MRS broth containing 20% glycerol for further identi-

fication and characterization.

Genomic DNA of isolates was extracted using the TIA-

Namp Bacteria DNA Kit (TB CO. LTD, Beijing, China).

Near full-length 16S rDNA genes were amplified with

universal primers (27F: 50 AGAG-TTTGATCCTGGCT-

CAG 30; 1492R: 50 AAGGAGGTGATCCAGCCGCA 30).
For phylogenetic analysis, the full-length 16S rDNA gene

sequences of LAB type strains were extracted from the

green genes SSU database (February 2011 release) and

were aligned with the 16S rDNA data generated from

both metagenomics and cultivation approaches using

MAFFT. The tree was generated in Geneious R10 and

manipulated using iTOL (Letunic and Bork 2016).

Antimicrobial activity tests against white-leg shrimp

pathogens

The antimicrobial activities of the LAB isolates against

three white-leg shrimp pathogens (Aeromonas hydrophila

ATCC 7966T, Vibrio vulnificus ATCC 27562T and Vibrio

parahaemolyticus ATCC 17802T) were tested. First, the

LAB isolates were revived from frozen stock by transfer-

ring 0�1 ml portion to 10 ml of MRS broth followed by

incubation at 25°C for 24 h without shaking. The three

pathogenic bacteria were incubated for 24 h under shak-

ing condition (180 rpm) in nutrient broth (10�0 g l�1

peptone, 3�0 g l�1 beef extract and 5�0 g l�1 sodium

chloride) (HKM CO. LTD, Guangzhou, China) for A. hy-

drophila, or 2216E broth (5 g l�1 peptone, 1 g l�1 yeast

extract, 0�1 g g l�1 ferric citrate, 19�45 g l�1 sodium

chloride, 5�98 g l�1 magnesium chloride, 3�24 g l�1

sodium sulphate, 1�8 g l�1 calcium chloride, 0�55 g l�1

potassium chloride, 0�16 g l�1 sodium carbonate,

0�08 g l�1 potassium bromide, 0�034 g l�1 strontium

chloride, 0�022 g l�1 boric acid, 0�004 g l�1 sodium sili-

cate, 0�0024 g l�1 sodium fluoride, 0�0016 g l�1 sodium

nitrate and 0�008 g l�1 disodium hydrogen phosphate)

(Hopebio, Qingdao, China) for V. vulnificus and V. para-

haemolyticus. Two consecutive 24-h cultures were con-

ducted before the cultures were used for the tests.

The LAB candidates and pathogenic strains were

adjusted to an optical density of 1�5 at 600 nm; 100 ll of
the pathogen culture was spread onto corresponding agar

plates (A. hydrophila in nutrient agar, V. vulnificus and

V. parahaemolyticus in 2216E agar), and then six sterile
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pieces of filter paper (Jiaojie CO. LTD, Liaoning, China),

6 mm in diameter, were affixed to the agar surface prop-

erly. The plates were air-dried at 25°C for 5 h. Subse-

quently, 6�5 ll of LAB isolate cultures, or water control,

was applied dropwise to the filter paper carefully and all

the plates were incubated inverted at 25°C for 24 h. The

quantitative analysis of antimicrobial activity was deter-

mined by measuring the diameter of inhibition zone.

Each antimicrobial assay was performed three times.

Accession number

16s rDNA sequencing results of LAB isolates (Accession:

PRJEB21495) and amplicon-based sequencing reads

(Accession: PRJEB21368) were deposited in the European

Nucleotide Archive.

Results

The composition of gut microbiota in subtropical

aquatic animals was host-specific

As shown in Fig. 1 and Figure S1, relative abundance of

the bacteria at phylum and OTU levels was analysed for

individual host and environmental samples. In general,

proteobacteria were the relatively abundant phylum in all

samples. Firmicutes, to which Lactobacillales including

most LAB species belong, were relatively abundant in some

of the samples from prawn, shrimp, white bream, mullet,

grass carp and goby. Tenericutes were abundant in conch,

crab, prawn and shrimp (all the shellfish hosts). Fusobacte-

ria were abundant in carp, goby, grass carp and white

bream. In contrast, verrucomicrobia, planctomycetes,

cyanobacteria and actinobacteria were not found in animal

hosts, but were abundant in the environmental samples.

Bacteroidetes were found in the environmental samples as

well as in the loach and carp samples. Remarkably, bac-

teroidetes were even more abundant than proteobacteria in

loach. The bacterial communities uncovered in all animal

guts and aqua sites (except from sediment and plankton)

displayed saturated trends. This suggests sufficient

sequencing depth was achieved (Figure S2).

The compositions of the bacteria communities in dif-

ferent samples were estimated by principal coordinates

analysis based on the OTU abundances (Fig. 2). It was

shown that the bacterial communities of all samples were

clustered into three groups. The environmental samples

were grouped together on the upper left quadrant, dis-

tinct from those of aquatic animals. Most fish samples,

including mullet, carp, tilapia, white bream and goby,

were clustered closely in one group on the upper right

quadrant. All shellfish samples (prawn, shrimp, carp and

conch) and two fish samples (grouper and loach)

grouped together, indicating they shared similar gut

microbiota.

Figure 1 Phylum composition of bacterial

communities. Low abundance taxa are

pruned out and only Phyla that contribute

more than 2% of the relative abundance of

each sample are included. SHL indicates

shellfish, FSH indicates fish, and EVM

indicates environmental samples. Coloured

strips indicated different phylums:

Verrucomicrobia; Tenericutes;

Spirochaetes; Proteobacteria;

Planctomycetes; Fusobacteria;

Firmicutes; Cyanobacteria;

Bacteroidetes; Actinobacteria.
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Although we also observed that grouper located closely

to shrimp and that the individuals of grouper and crab

scatteredly distributed, the overall composition of the gut

microbiota can be correlated to the host types, and hosts

from the same Class have similar gut microbiota. The phy-

logeny of the animal hosts in this study was given in

Table S1.

LABs were the predominant probiotic micro-organisms

in prawns and shrimps

According to the No. 2045 Announcement by the Min-

istry of Agriculture of P.R. China in 2013 (http://www.m

oa.gov.cn/zwllm/tzgg/gg/201401/t20140103_3730193.htm),

approved probiotic micro-organisms as feed additives

include mostly Lactobacillales and Bacillus species. LABs

(Lactobacillales) were more abundant than Bacillus by 1

to 4 magnitudes in most samples (Table S3). LAB OTUs

were detected in 37 samples and listed in Table 1, and

the relative abundances of LAB OTUs ranged from 0�009
to 33�4%. As shown in Fig. 3, at OTU level, individual

samples from the same host species tended to group

together, agreeing with the host specificity observed at

the phylum level. Interestingly, prawn and shrimp hosted

substantially more LAB than all fish, as well as other

shellfish, like crab and conch.

Detailed correlations were identified; for example, the

Enterococcaceae family OTUs 111 and 1997 were most

abundant (1�56% and 0�0655%, respectively) in shrimps;

the Leuconostocaceae family OTUs 1067 (0�0144%), 1495

(0�0303%), and the Streptococcaceae family OTUs 1592

(0�0329%), 606 (0�0706%), 1343 (0�0252%) were rela-

tively abundant in grouper, loach and carp. Nonetheless,

some LABs were widely distributed among hosts,
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Figure 2 PCoA plot on the Bray–Curtis distance metric generated

from the abundances of the bacterial OTUs. The pattern shows the

beta diversity for the gut bacterial communities of the aquatic animals.

The samples with reads<10 000 were omitted. The different colours

represent different groups of samples from aquatic animals or environ-

ments (winter, sediment, plankton). Each coloured point represents

each individual sample: carp; conch; crab; goby; grouper;

loach; mullet; plankton; prawn; sediment; shrimp;

tilapia; white bream; winter.

Table 1 Lactobacillales identified across all samples

OTU Taxonomy

6 Lactococcus garvieae

108 Lactobacillus ruminis

111 f__Enterococcaceae

180 Streptococcus agalactiae

246 Lactobacillus sp.

483 Lactococcus garvieae

581 f__Carnobacteriaceae

606 Streptococcus sp.

634 Lactococcus garvieae

739 f__Lactobacillaceae

745 Lactobacillus sp.

756 Lactococcus sp.

801 Lactococcus sp.

965 Lactococcus sp.

1002 Lactococcus garvieae

1067 f__Leuconostocaceae

1111 f__Streptococcaceae

1161 Lactococcus garvieae

1269 Lactococcus garvieae

1302 f__Enterococcaceae

1336 Weissella sp.

1343 Streptococcus sp.

1434 Enterococcus cecorum

1495 Leuconostoc sp.

1573 Lactococcus garvieae

1592 f__Streptococcaceae

1823 f__Streptococcaceae

1824 Lactococcus garvieae

1852 Streptococcus infantis

1859 Abiotrophia sp.

1883 Streptococcus luteciae

1930 f__Aerococcaceae

1997 f__Enterococcaceae

2034 Lactococcus garvieae

2085 Streptococcus sp.

2143 Lactococcus sp.

2161 Lactococcus garvieae

2580 NA

2621 Lactococcus garvieae

2819 Granulicatella sp.

2892 Lactococcus garvieae

3417 Streptococcus equi

3531 Lactobacillus sp.
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including Lactococcus garvieae OTUs 6, 1269; Lactobacillus

sp. OTUs 108, 246; and Lactococcus sp. 801, 965, 2143.

The culture-dependent approach revealed a limited

number of LAB species

In total, 80 and 14 LAB strains were isolated from the host

intestine samples and the environment samples, respec-

tively (Table S2). All of the isolates were Gram-positive

and catalase-negative. These LAB strains were classified

into 15 species based on their 16S rDNA sequences

(Table S2).

As shown in Fig. 4, the isolated LAB strains were anal-

ysed together with the OTUs recovered by metagenomics

and the LAB type strains retrieved from GenBank. In the

phylogenetic tree, the inner loop showed a diverse pattern

of LABs identified by metagenomics. LABs detected by

metagenomics (blue) included L. garvieae, Lactobacillus

ruminis, Enterococcus cecorum, Streptococcus agalactiae,

Streptococcus infantis, Streptococcus luteciae, Streptococcus

equi, Weissella sp., Leuconostoc sp., Abiotrophia sp., Gran-

ulicatella sp., etc. In contrast, LABs identified by cultivation

(lime) were largely clustered in the Lactococcus and the

Enterococcus Genera (plus two Lactobacillus and one

Pediococcus species), including L. garvieae, Lactococcus lac-

tis, Lactococcus taiwanensis, Lactococcus formosensis, Lacto-

bacillus reuteri, Lactobacillus plantarum,

Enterococcus faecalis, Enterococcus hirae, Enterococcus

xiangfangensis, Enterococcus thailandicus, Streptococ-

cus lutetiensis, Pediococcus pentosaceus, etc. It was obvious

that the cultivation approach was difficult to capture the

representative LABs in the community.

The outer loop showed the cross-reference of the LAB

species to their host origins. Lactococcus species (six spe-

cies) were most commonly identified in shrimp and

prawn, followed by Enterococcus (two species) and Lacto-

bacillus species (two species). While many Lactococcus

and Enterococcus species were identified in fish hosts

(partly due to the cultivation approach bias), four Lacto-

bacillus species, two Weissella species and one Pediococcus

species were identified. LAB species were less abundant in

the nonshrimp shellfish hosts (crab and conch), only one

Lactobacillus species and one Streptococcus species were

identified outside the Lactococcus and Enterococcus Gen-

era. The culture-dependent method was unable to reflect

the distribution of the LABs across the hosts.

Some LAB species had a limited host range; for exam-

ple, L. reuteri (sequence ID: 312727) was only observed

Figure 3 The distribution of OTUs belonging to Lactobacillales (at Order level). The ordination-organized heatmap was plotted based on Bray–

Curtis distance metric. Samples with reads<10 000 or do not contain Lactobacillales are omitted. Genera are indicated beside corresponding OTU

No. The data are normalized to proportional abundances and are represented by the intensity (blue) for each OTU.
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in shrimp and Lactobacillus plantarum (sequence ID:

4482947) was only observed in tilapia and loach; one

possibility is that these LAB species can only colonize

certain hosts. On the contrary, some LAB species, such as

Lactococcus garvieae (sequence ID: 4479175), Enterococcus

faecalis (sequence ID: 4485521) and Lactobacillus murinus

Figure 4 Phylogenetic tree of LAB species based on 16S rDNA sequences. Sequence ID of LAB species are listed in Table S2 , sources including culti-

vation, metagenomics and LAB type strains. LABs identified by metagenomics (ID in blue) and cultivation (ID in green) were analysed as a phyloge-

netic tree with LAB type strains (ID in black). Two identical LAB species were identified by both approaches (ID in red). The tree was rooted by three

outgroup species: Bacillus subtilis, Listeria Monocytogenes and Staphylococcus aureus (ID in yellow). Inner loop: the Genus of LAB species, including

major Genus, for example Lactobacillus, Enterococcus, Streptococcus, Lactococcus, Pediococcus, Weissella and Leuconostoc, and minor Genus, for

example Granulicatella, Abiotrophia, Facklamia, Carnobacterium, Allofustis, Atopococcus, Fructobacillus, Aerococcus, Nostocoida and Bavariicoccus

in coloured strips. Three major clades (Lactococcus, Streptococcus and Enterococcus) are marked. Outer loop: The presence (filled circle) or absence

(open circle) of LAB species in shrimp or prawn hosts (SHP), fish (FSH) and nonshrimp shellfish (NSP) are indicated.
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(sequence ID: 4485177), were observed in a broad range

of hosts. This indicates these LABs have a broad host

spectrum. They worth further investigation.

Coupling metagenomics with cultivation help to select

host-specific candidates for white-leg shrimp probiotics

development

To demonstrate a nonempirical strain selection step in

the precision probiotics development workflow, white-leg

shrimp was chosen as a target animal, considering white-

leg shrimp is the most extensively farmed shrimp species

in China, accounting for about 90% of China’s shrimp

production annually.

We first surveyed the antimicrobial activities of the

LAB isolates against common white-leg shrimp pathogens

(A. hydrophila, V. vulnificus and V. parahaemolyticus). Of

the ninety-four isolates that we tested the antagonistic

properties, eighteen isolates showed significant inhibition

against all three pathogens, whereas three isolates inhib-

ited A. hydrophila and V. parahaemolyticus and two iso-

lates inhibited V. parahaemolyticus only (Fig. 5). With

6�5 ll of LAB cultures added, the average diameters of

the inhibition zones were 8�14 mm, 7�10 mm and

Figure 5 The inhibition activity of LAB isolates against Aeromonas hydrophila (a), Vibrio vulnificus (b) and Vibrio parahaemolyticus (c). 6�5 ll of

LAB candidate cultures was applied to the filter paper of 6 mm in diameter. The x-axis indicates the strains. The y-axis represents the diameter of

the inhibition zone (mm), and data were presented as mean � SD of three replicates. Panel (d): Venn diagram showing significant inhibition of

the isolates against A. hydrophila, V. vulnificus and V. parahaemolyticus.
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8�67 mm for A. hydrophila, V. vulnificus and V. para-

haemolyticus, respectively.

When selecting a LAB species to develop as probiotics,

the following scenarios were encountered:

i A species has broad host range, and is active against

pathogens: among the E. faecalis (sequence ID:

4485521) species including the LS1-2 strain from

prawn, DX2-4 strain from shrimp, BK1-6 strain from

conch and BY3-2 strain from white bream, the LS1-2

strain showed high antimicrobial activities against

A. hydrophila (ranked 6th among 98 LAB isolates)

and V. vulnificus (ranked 10th among 98 LAB

isolates) and moderate activities against V. para-

haemolyticus (ranked 20th among 98 LAB isolates).

Therefore, the E. faecalis LS1-2 strain can be a good

candidate as broad-host-range probiotics. Among

another E. faecium (sequence ID: 4484927) species,

including the Z1-2 strain from mullet and the SKY10

strain from goby, the Z1-2 strain also showed

high antimicrobial activities, ranked 8th against

A. hydrophila, 9th against V. vulnificus and 9th

against V. parahaemolyticus among 98 LAB isolates.

Although the Z1-2 strain was not directly isolated

from shrimp, the E. faecium (sequence ID: 4484927)

species was phylogenetically close to the E. faecium

(sequence ID: 4447861) species that were present in

shrimp hosts (Fig. 4).

ii A species has broad host range, but is not suitable to

be developed as probiotics: the L. garvieae (sequence

ID: 4479175) species was an example, as L. garvieae is

known to be one of the main aetiological agents caus-

ing ‘warm-water’ streptococcosis in yellowtail, rain-

bow trout, tilapia, wrasse, grey mullet and giant

freshwater prawn (Chen et al. 2001; Toranzo et al.

2005). Many species belonging to the Lactococcus

genus (sequence ID 4474978 and 83439) were abun-

dant in hosts including shrimps, yet only displayed

poor antimicrobial activities against pathogens.

Another case was the L. murinus (sequence ID:

4485177) species, which evaded our cultivation efforts

and whose activity remained unknown.

iii A species is host-specific in target host and is active

against pathogens: no case towards shrimp hosts.

iv A species is host-specific in target host, and is inac-

tive against pathogens: the L. reuteri (sequence ID:

312727) species was identified in shrimp by metage-

nomics analysis, and a closely related L. reuteri (se-

quence ID: 4408863) species was isolated, including the

HL1, HL2 and HL3 strains, but displayed poor antimi-

crobial activities.

v A species is absent in target host, but with strong

antimicrobial activity against pathogens: for example,

the L. plantarum (sequence ID: 4482947) species were

identified in loach and environmental samples, but

not in shrimp, and its YZN1-8 strain had one of the

highest antimicrobial activities among all tested

strains.

We thus propose that the suitable LABs selected as

‘precision probiotics’ for the treatment of specific hosts

must meet two key criteria: colonizing in the host gut

with a high abundance and demonstrating a high

anti-pathogen activity. Thus, guided by metagenomics

analysis, coupled with cultivation and activity tests, the

E. faecalis LS1-2 strain and the E. faecium Z1-2 strain

were considered as the top choices to be developed as

probiotics for the white-leg shrimp. Although the L. plan-

tarum YZN1-8 strain had the highest antimicrobial activi-

ties, its absence in shrimp hosts suggested it was poorly

adapted to the host gut environment, and therefore, its

application in shrimp hosts would likely be limited.

Discussion

Aquatic animals ingest micro-organisms from the sur-

rounding environment constantly, which causes a contin-

uing interaction between the gut microbiota and the

ambient environment (Verschuere et al. 2000). Here, our

study suggests that the gut microbiota, including LAB,

were host-specific, and explicitly different from the bacte-

ria compositions in local environmental habitat. Our

findings agree with the concept of ‘core gut microbiota’

in aquatic animals, where different core sets of bacterial

genera dominate gut microbiota compositions in different

animals (Rawls et al. 2004; van Kessel et al. 2011; Li et al.

2012, 2015; Wong et al. 2013; Ingerslev et al. 2014; Ghan-

bari et al. 2015; Givens et al. 2015). Therefore, the devel-

opment of the ‘precision probiotics’ becomes necessary,

as these endogenous microbial species can better adapt to

evolutionarily conserved aspects, such as digestive tract

morphology, physiology and immunity (Roeselers et al.

2011; Ghanbari et al. 2015).

It is reasonable to consider that the effect of a probi-

otic is host-specific and cannot be extrapolated to other

animal hosts. In this study, we systematically character-

ized the gut microbiota of twelve types of subtropical

aquatic animals. Some host preferences of LAB species

were revealed; for example, Enterococcus were predomi-

nant in prawns and shrimps; Leuconostoc and Streptococ-

cus were abundant in carp and grouper; some species like

L. garvieae, E. faecalis and L. murinus were widely dis-

tributed across hosts. The observed host preference may

be applicable to other similar environments. In an early

study by Hagi et al., intestinal LAB of silver carp, com-

mon carp, channel catfish and deep-bodied crucian carp
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were isolated, and L. lactis and Lactococcus raffinolactis

were found to be the dominant LAB species during sum-

mer and winter, respectively (Hagi et al. 2004). However,

as was shown in this study, due to the limitation of the

cultivation-dependent approach, it favoured the isolation

of Lactococcus and Enterococcus species, while Lactobacillus

species may be underrepresented. Optimization of the

cultivation conditions, for example using more broth

media like LSM (Klare et al. 2005), would be necessary.

The isolated E. faecalis LS1-2 and the E. faecium Z1-2

are the good candidates of ‘precision probiotics’ for

white-leg shrimp. Based on the selection criteria,

L. plantarum YZN1-8 may not be a suitable shrimp pro-

biotics; however, its strong anti-pathogen activities sug-

gest it produces high-performance antimicrobial peptides

and worth further investigation. In future work, the

interplay between the probiotic strains and prebiotic

feed components is suggested to be investigated; for

example, L. lactis spp. lactis in combination with prebi-

otic arabinoxylan oligosaccharides resulted in a

significant reduction in bacterial diversity while improv-

ing growth performance and positively affecting the

immunological parameters of Siberian sturgeon (Geray-

lou et al. 2013). Also, systematic screening for antibiotic

resistance genes in the LAB genome must also be con-

ducted to assess the potential risks and to guarantee the

product’s safety.

To develop precision probiotics for aquatic animals, we

hereby proposed a nonempirical selection workflow to

first identify the LAB species abundance in a target host,

guided by metagenomic analysis of the gut microbiota,

followed by the traditional steps in probiotics develop-

ment, such as isolation of bacteria strains, in vitro screen-

ing, in vivo experiments and pathogenicity tests (Fig. 6).

An ideal probiotics species should be safe in vitro and

in vivo, effective against pathogens, capable of colonizing

and proliferating in the digestive tract, stimulating and

modulating the host immune system and maintaining

their effectiveness and potency for a long term during the

product shelf life. The application of ‘precision

Cultivation of
bacterial strains

Metagenomics
analysis

Small-scale in vivo
screening

In vitro screening

Pathogenicity test
towards target organism

Pilot-scale in vivo
experiments

Pathogenicity towards
other trophic levels

Host-specific
precision probiotics

RejectOK?
No

Yes

OK?
No

Yes

OK?
No

Yes

OK?
No

Yes

Figure 6 Proposed workflow to develop

host-specific probiotics by coupling

metagenomics with cultivation.
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probiotics’ can be a useful factor in the future develop-

ment of sustainable aquaculture.
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Figure S1 OTUs distribution of Bacterial communities

plotted in an ordination-organized heat map (based on

Bray–Curtis distance metric). Samples with reads<10,000
are omitted. The data are normalized to proportional

abundances and are represented by the intensity (blue)

for each OTU.

Figure S2 Rarefaction analysis of the bacterial communi-

ties sampled from 15 different sources. The curves were

drawn for Chao1 diversity of bacterial OTUs (97% iden-

tity), indicating the alpha diversity of bacterial communi-

ties within samples. Each coloured line represents each

individual sample: carp (red), conch (blue), crab (orange),

goby (green), grass carp (dark violet), grouper (yellow),

loach (aqua), mullet (pink), plankton (teal), prawn (dark

brown), sediment (grey), shrimp (lime), tilapia (salmon),

white bream (steel blue), winter (navajowhite).

Table S1 Taxonomy of animal hosts.

Table S2 List of isolated LAB species and strains.

Table S3 Relative abundance of probiotic micro-organ-

isms at Order (Lactobacillales, Bacillus) or Genus

(Rhodopseudomonas, Rhodopseudomonas capsulate,

Bdellovibrio) levels in different samples.
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