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Abstract This study was conducted to evaluate the
ambient water bacterial dynamics and its influence on the
gut of resident teleosts; Oreochromis niloticus. The bac-
terial communities in the ambient water and the gastroin-
testinal tract (GIT) of O. niloticus were profiled using a
culture-dependent method and followed by the 16S rRNA
gene sequencing. The results indicated bacterial phyla of
Proteobacteria, Actinobacteria, Bacteroidetes, and Firmi-
cutes respectively between the two microbial consortia.
However, the relative abundance among the bacterial phyla
notably differed between the two consortia. The relative
abundance of Proteobacteria (< 67%) was dominant in
both consortia, but contrarily, Actinobacteria and Bac-
teroidetes were higher in the ambient water relative to the
GIT which indicated Proteobacteria and Bacilli as the
highest diversity. Nevertheless, the relative abundance of
y-proteobacteria and Bacilli remarkably dominated both
consortia at the class level, with Bacillus and Pseudomonas
being the most abundant operational taxonomic units
(OTUs).
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Introduction

Aquaculture is a fast-growing department in the animal
production sector and will eventually subdue the capture
fisheries. During the last three decades, the global aqua-
culture production contributed substantially about 17% of
the total animal protein supply [1]. However, lack of sus-
tained effective disease control measures has been the
major limiting factor for the expansion and profitability of
the sector which often results to the unauthorized or
unregulated use of antibiotics, especially in developing
countries where regulations are not properly defined or
enforced [2]. Coupled with growing concerns about the
presence of antibiotic compounds in the foods and animal
production systems, indicating the significance of antibiotic
resistance in the bacterial communities; a serious threat to
consumer safety [3]. For example, the European Union in
2006 widely banned the use of antibiotics as growth pro-
moters (EU Regulation No. 1831/2003), making it possible
for the development and application of functional feeds
with selected additives (examples: probiotics, prebiotics,
and phytogenics) to foster an enhanced animal health [4].
This ultimately promoted research interests in alternative—
antibiotics (biotherapeutics) which includes the functional
use of probiotics and prebiotics during treatment of dis-
eases and prophylaxis [5] in aquaculture [6, 9].

Probiotics and prebiotics are microbial feed supplements
which beneficially influence hosts intestinal balance by the
manipulation of the gut microbiota for the enhancement of
host-fitness through the exclusion of opportunistic pathogens
[12]. The gut microbiota improves host health by helping the
development of gut epithelium, biosynthesization of essen-
tial nutrients, and stimulating the innate immune system
[8, 10]. Thus, augmentation of the gut bacterial communities
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with probiotics may enhance disease prevention through a
variety of mechanisms [7].

Generally, aquatic environments exposed fishes to
higher microbial loads compared to their terrestrial animal
counterparts. In aquatic environments, the fish gut-micro-
biota is initiated at an early stage during growth, but
advanced at later stages of growth by feed-associated
microflora, suggesting that the environmental food-sources
are the major source of fish gut-microbiota [11]. Contrarily,
aquaculture management systems (e.g. recirculatory and
active suspension systems) control microbial proliferation
through nutrient and solid regulation and bioflocs formu-
lation to maintain good water quality.

In aquaculture, the characterization of gut microbiota of
relevant fish species resulted in the definition of the core
gut-microbiota in many species which serve as a guide for
choosing potential probiotic or prebiotic candidates [6].
Nevertheless, lactic acid bacteria and Bacillus are pre-
dominantly used as probiotics in aquaculture [1]. However,
there are cases where exogenous bacteria appeared signif-
icantly beneficial in fish against lactic acid bacteria or
Bacillus [13, 14]. Meanwhile, the microbiomes of the fish-
gut or their growth environments has been extensively
studied, there are no reports on the concurrent study
between the microbiota or microbiomes of fish-gut and
their growth environment. Similarly, Yan et al. recently
profiled the bacterial community associated with the
growth environment of Pacific white shrimp [15] but irre-
spective of their gut-microbiota which was also indepen-
dently reported by other studies [16-18].

Since the ambient bacterial community influences the
gut of aquatic animals [6], the concurrent characteriza-
tion of both gut and environmental microbiota is nec-
essary for the identification and selection of more robust
functional probiotic candidates for the general improve-
ment of aquaculture welfare and production [15].

Considering that tilapia feeds on wide range of foods
[11] including zooplankton, phytoplankton, detritus, etc.
we hypothesized that all microorganisms closely associ-
ated with these food-sources might colonize the GIT of
tilapia, whereby the gut acidic condition might eventu-
ally provide some selective background suitable for the
survival of only a few to perpetuate, serving as a guide
for the selection and functional application of potential
probiotics. To test this hypothesis, we profiled the cul-
tivable-bacterioplankton dynamics between the ambient
water and GIT of tilapia using the culture-dependent
approach for the pure-culture isolations and the 16S
rRNA gene sequencing to identify the bacterial isolates
for prospective application studies.
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Materials and Methods
Sample Collection

A total of fifteen O. niloticus (Nile tilapia) were sampled at
Ibusuki city (31° 16’ 27" N, 130° 37" 07" E) in Kagosh-
ima prefecture of Japan (Fig. 1); one of the major tilapia
reservoirs in Japan [19, 20] using baited hooks and lines
and scoop nets. Fishes [weight=112+32¢
(mean =+ standard error)] were kept alive in aerated coolers
filled with lake water until processing. Similarly, 500 ml of
habitat water (ecological niche) was sampled indepen-
dently at the sampling location and stored at 4 °C until
processed.

Recovery of Bacterial Microbiota by Culture-
Dependent-Approach

Upon arrival at the laboratory, fish were immediately
euthanized with an overdose of MS-222 (250 mglfl). The
lower one-third of the intestine was aseptically removed,
and the contents were squeezed into a sterile Erlenmeyer
flask containing 10 ml PBS (-KCl); intestinal content from
all individuals was pooled together to form a single
homogenized sample (stock) after 5 min of homogeniza-
tion. Aliquots (1000 pl) of both the homogenate (stock)
and habitat water samples were subjected to tenfold serial
dilutions in sterile PBS (-KCI) and subsequently cultivated
in triplicates on nutrient agar using the spread plate
method.

Ibusuki
A §

Kagoshima

Fig. 1 Map of Japan showing the South Eastern part of the country
(red arow), particularly Kagoshima (yellow) in the Kyushu prefecture
and zoomed to elaborate Ibusuki (the sampling site) by the red dot
(color figure online)
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The standard media (nutrient agar) for the culture-de-
pendent analysis was prepared to contain 0.3% (w/v) beef
extract, 0.5% (w/v) peptone, and 1.5% (w/v) agar in a liter
of distilled water and final pH adjusted to 7.4 + 0.2 and
autoclaved (sterilized) at 121 °C for 15 min. The sterilized
media was cooled to 55 °C and approximately 20 ml each
was dispensed into disposable Petri dishes and allowed to
solidify at room temperature overnight. Subsequently, ali-
quots (100 pl) of the serially diluted samples were spread
onto the nutrient agar plates and incubated at 28 °C for
< 72 h. Bacterial colony examination was performed by a
comprehensive culture-dependent approach (available at
http://www.microbelibrary.org/component/resource/labora
tory-test/3136-colony-morphology-protocol) to  extract
colonies of difference for pure culture preparations.
Extracted bacterial pure cultures were further stored in
50% glycerol at —8 0 °C.

Bacterial Composition by Sequencing

Genomic DNA was extracted by suspending a loopful of
2-3 days old pure-cultured bacterial isolates in proteinase
K (10% KOH) solution (Macherey—Nagel, Diiren, Ger-
many) using NucleoSpin® Tissue kit (Macherey—Nagel,
Diiren, Germany) extraction protocols. The quality and
concentration of eluted DNA were estimated by spec-
trophotometer (NanoDrop 2000/200c, Thermo Fisher Sci-
entific Inc., U.S.A). Extracted genomic DNAs were used as
templates for PCR amplification of about 1500 base pair
(bp) fragment of 16S rRNA using two universal bacteria-
specific primers: 27F (5-AGAGTTTGATCCTGGCT-
CAG-3) and 1492R (5-GGTTACCTTGTTACGACTT-
3’). The PCR amplification reaction was set to a volume of
50 pl, containing 36.5 pl of sterilized Milli-Q water, 5.0 pl
each of 10 x PCR Buffer and 2 mM dNTPs, 1.0 pl each of
10 pmolul~" forward and reverse primers, 0.5 ul of
2.5U ul~! Blend Tag® (TOYOBO Co. Ltd., Japan), and
10 ngul™" of template DNA. The cycling conditions con-
sisted of an initial denaturation at 94 °C for 5 min, fol-
lowed by 30 cycles of denaturation at 94 °C for 45 s,
annealing at 55 °C for 45 s, extension at 72 °C for 1 min,
and a final extension at 72 °C for 15 min. Samples were
then cooled and kept at 4 °C until use. PCR products were
examined for yield and size on 1.0% (w/v) agarose gel in
1 x TAE buffer loaded into a MUPID-2 plus Submarine
Electrophoresis System. Each 5.0 pl of PCR product mixed
with 1.0 pl loading buffer was dispensed into each well,
and 100 V electrical current was applied for 30 min. The
gel was stained in ethidium bromide fluorogenic dye for
25 min and examined under UV light at 100 nm. Suc-
cessful amplicons with expected band sizes were purified
using NucleoSpin Gel and PCR Clean-up kits (Macherey—
Nagel, Diiren, Germany) and sequenced at FASMAC Co.

Ltd. (Kanagawa, Japan) using a 3730xl Genetic Analyzer
(Applied Biosystems, USA).

Sequence Analysis

The quality of the 16S rRNA gene sequences was analyzed
in BioEdit by confirming the presence of variable sites by
manual inspection of the chromatograms and subsequent
manually editing. The sequences were then analyzed using
the Basic Local Alignment Search Tool (BLAST) against
the non-redundant database at the National Center for
Biotechnology Information (NCBI). Subsequently, identi-
fication of bacterial taxonomy relied on the 16S rRNA gene
as a conventional method for routine bacterial identifica-
tion at > 97% sequence similarity.

Results
Bacterial Composition and Diversity

A total of 278 bacterial isolates were retrieved and subse-
quently screened subject to colony morphology eventually
yielded 44 pure culture isolates and their corresponding
sequences based on the 16S rRNA pyrosequencing which
ultimately generated a total of 4 phyla (Actinobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria), 7 classes
(Actinobacteria, Flavobacteria, Sphingobacteria, Bacilli, o-
proteobacteria, B-proteobacteria, and y-proteobacteria), 17
families (Nocardiaceae, Microbacteriaceae, Flavobacteri-

aceae, Sphingomonadaceae, Bacillaceae, Paenibacil-
laceae, Caulobacteraceae, Rhizobiaceae,
Phyllobacteriaceae, Comamonadaceae, Enterobacteri-
aceae, Pseudomonadaceae, Morganellaceae, Vibri-

onaceae, Xanthomonadaceae, and Moraxellaceae), and 23
genera (Rhodococcus, Microbacterium, Chryseobacterium,
Pedobacter, Bacillus, Paenibacillus, Lysinibacillus, Bre-
vundimonas, Rhizobium, Aminobacter, Aquamicrobium,
Novosphingobium, Diaphorobacter, Aeromonas,
domonas, Klebsiella, Plesiomonas, Buttiauxella, Enter-
obacter, Providencia, Vibrio, Pseudoxanthomonas, and
Acinetobacter) of relevance for the definition of the OTUs
(Table 1). The relative uniqueness of associated bacterio-
plankton OTUs indicated 56.52% and 21.74% for the
environment and GIT respectively. Nevertheless, the
environments and GIT shared OTUs indicated 21.74%
(Fig. 2; Table 1). On the other hand, the environment
indicated a higher abundance of percentage compared to
the GIT. Ultimately, the OTU identification at > 97%
indicated the microbial richness and evenness between the
environment and GIT (Table 1).

Pseu-
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Table 1 Relative operational
taxonomic units (identification
limited to genus level) of
culturable bacterial microbiota
obtained by 16S rRNA gene
sequencing from the Ambient
water and GIT of resident

O. niloticus

Fig. 2 Bacterial dynamics at
the class taxonomic level
showing > 1% relative
abundance between the ambient
water (ecological niche) and
GIT of resident O. niloticus

@ Springer

Phyla Class Family Genus Abundance (%)
Ambient water GIT
Actinobacteria  Actinobacteria Nocardiaceae Rhodococcus 10.53 3.33
Actinobacteria  Actinobacteria Microbacteriaceae Microbacterium 7.89 3.33
Bacteroidetes  Flavobacteria Flavobacteriaceae Chryseobacterium 0 3.33
Bacteroidetes ~ Sphingobacteria  Sphingomonadaceae  Pedobacter 2.63 0
Firmicutes Bacilli Bacillaceae Bacillus 30.22 23.37
Firmicutes Bacilli Paenibacillaceae Paenibacillus 0 6.67
Firmicutes Bacilli Bacillaceae Lysinibacillus 0 333
Proteobacteria  a-proteobacteria  Caulobacteraceae Brevundimonas 0 3.33
Proteobacteria  o-proteobacteria  Rhizobiaceae Rhizobium 0 3.33
Proteobacteria  a-proteobacteria  Phyllobacteriaceae ~ Aminobacter 2.63 0
Proteobacteria  a-proteobacteria  Phyllobacteriaceae ~ Aquamicrobium 2.63 0
Proteobacteria  a-proteobacteria  Sphingomonadaceae  Novosphingobium 2.63 0
Proteobacteria  B-proteobacteria Comamonadaceae Diaphorobacter 0 3.33
Proteobacteria  y-proteobacteria  Enterobacteriaceae  Aeromonas 13.16 3.33
Proteobacteria  y-proteobacteria  Pseudomonadaceae  Pseudomonas 25.05 16.67
Proteobacteria  y-proteobacteria  Enterobacteriaceae  Klebsiella 0 3.33
Proteobacteria  y-proteobacteria  Enterobacteriaceae  Plesiomonas 0 3.33
Proteobacteria  y-proteobacteria  Enterobacteriaceae  Buttiauxella 0 333
Proteobacteria  y-proteobacteria  Enterobacteriaceae  Enterobacter 0 3.33
Proteobacteria  y-proteobacteria Morganellaceae Providencia 0 6.67
Proteobacteria  y-proteobacteria  Vibrionaceae Vibrio 0 3.33
Proteobacteria  y-proteobacteria  Xanthomonadaceae  Pseudoxanthomonas 0 333
Proteobacteria  y-proteobacteria Moraxellaceae Acinetobacter 2.63 0
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Fig. 3 Comparison of the dominant bacterial populations at genus
level between the ambient water (ecological niche) and GIT of
resident O. niloticus. The operational taxonomic units (OTUs) were
clustered at genus level based on the lowest taxon information. Pie
charts indicate the relative abundance of each dominant OTU (> 1%)

Relative Microbiota Composition

Four bacterial phyla each were identified from the envi-
ronment and GIT (Fig. 3, Table 1) respectively, such that,
the phylum Proteobacteria (o, B, and y) made up the
majority of all sequences both from the environment (60%)
and GIT (67%). Within the Proteobacteria, the fish GIT
microbiota was dominantly composed of y-proteobacteria,
followed by o-proteobacteria and f-proteobacteria. Acti-
nobacteria (20%) was the second most predominant phy-
lum from the environment, followed by Bacteroidetes
(10%) and Firmicutes (10%) respectively. On the other
hand, the second and third most common phylum from the
GIT is the Firmicutes (17%) and Actinobacteria (11%)

between the two microbial consortia. (green and blue indicated the
relative bacterial abundance in the ambient water and GIT respec-
tively); and the size of the pie chart represent the total proportional
dominance of OTUs between the two microbial consortia (color
figure online)

respectively, followed by the phylum Bacteroidetes (5%).
The common phyla composition between the environment
and GIT differed in relative abundances and evenness with
some degree of uniqueness for each community. The
microbiota between the environment and GIT indicated 5
shared and 5 unique genera from the environment, and 13
unique genera from the GIT (Table 1). Comparatively, the
most dominant sequences were identified as Bacillus.
Relatively, other abundant genera included Pseudomonas
and Aeromonas. The 21.74% shared genera (i.e.
Rhodococcus, Microbacterium, Bacillus, Aeromonas, and
Pseudomonas) identified from all sequences from both
microbial communities, suggested some degree of
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similarity in the bacterial composition of the environment
and GIT of resident fish fauna at the genus level.

The main differences between the two microbial com-
munities were due to the varying genus composition of
Proteobacteria and Firmicutes, whose species composition
cannot be readily established in this study. Contrarily, the
high abundance in the genus of Bacillus, Pseudomonas,
and Aeromonas as identified by the 16S rRNA sequences
indicated high sequence similarities in the environment
relevant to these genera. Additionally, the high diversity of
the phylum proteobacteria (for example, y-proteobacteria)
indicated high sequence dissimilarity in the GIT compared
to the environment. Most of the sequences from the phylum
proteobacteria had a relatively equal abundance. However,
the relatively higher abundance of Bacillus, Pseudomonas,
and Aeromonas suggested bacterioplankton separation
between the aquatic environment and GIT of resident fish
fauna; an indication that fish-guts are selective of the
microbial-ecology.

Discussion

Studying the microbiota associated with fish are often
limited to either the gut of fish species [15] or the growth
environment [16-18], but results from relative studies
between several fish species from the same environment
showed that gut-microbiota specificity between fish species
is significantly correlated with environmental food-sources
and feeding habit of fishes [11]. Considering the feeding
habit of tilapia, our results indicated a comparative dif-
ference in bacterial evenness between the gut microbiota of
O. niloticus and the same growth environment. Although,
the tilapia is known to have varying diet preferences and
feeding behaviors in their natural environments, majority
of which have microbial association within a balanced
ecosystem, but our results was limited to the cultivable-
bacterial flora irrespective of the Viable-But-Not-Cul-
tivables (VBNCs) and slow growing bacterial components
of the two examined consortia.

The feeding habit of tilapia is omnivorous and detri-
tivorous, feeding on phytoplankton, zooplankton, nema-
tode, and detritus [21]. As all the tilapia samples used in
this study were > 112 + 3.2 g they were likely consuming
phytoplankton, zooplankton, and detritus as their main diet
within the natural environment, and therefore allowing
diverse bacterial flora associated with food to colonize their
gut [22]. Although stomach content was not analyzed in
this study, our results potentially reflect these diet
differences.

Nevertheless, the concept of “forward microbiomics”
implies the regulation of gut flora for the advancement of
animal health, which of course is very crucial in
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aquaculture [6, 24]. The relevance of the microbiota on its
host has a plentitude of functional significance on behavior
and functional physiology. It was acknowledged that the
characterization of fish-gut associated microbiota [23]
showed some remarkable specificity for fish species
[11, 15], meanwhile, some members of the microbiota have
been shown to produce bioactive substances that subdue
opportunistic pathogens [4, 9, 22]. Moreover, previous
studies have indicated the microbiota diversity in fish gut
relative to diet preferences and feeding behaviors with
increased diversity from carnivores to omnivores to her-
bivores in mammals [8, 10, 14, 18]. However, our study
indicated a significant number of OTUs associated with
herbivory and detritivory [23, 24]; consequently, species
proportionality was higher in the GIT as compared to the
ambient water.

The 16S rRNA gene sequencing identified differences
between the ambient water and fish-gut microbiota in terms
of bacterial abundances at each taxonomic level. The
phylum Proteobacteria was the main component of the
consortia followed by Firmicutes. Previous studies have
shown Proteobacteria as dominant member of the gut
microbiota of freshwater fishes [4, 6, 18, 23, 24]. Gener-
ally, the representative OTUs identified by our results
indicated an obvious difference in bacterial flora. Never-
theless, the microbial structure of a particular ecological
niche is moderated by factors, such as salinity, temperature,
organic matter, and pH. However, the constant modifica-
tion in water quality as a result of anthropogenic or natural
events might cause the microbial structure to change and
ultimately influence the gut microbiota of resident fish
fauna repeatedly. Thus, the gut-microbiota of inhabitant
fish fauna may continue to respond by the recruitment of
specific microbial taxa in correspondence to the effective
distribution of both abundant and rare niche microbiota
[15]. Additionally, the fish-gut can be segmented into three
components, thus, fore-gut, mid-gut (stomach), and hind-
gut, which is believed to influence gut selectivity during
fish-gut colonization relative to the of gastric fluids in each
section of the gut.

Related sequences of Bacilli and y-proteobacteria
dominated both microbial consortia, suggesting that such
bacterial communities are more resilient to environmental
stress. However, the availability of sequences closely
related to the functional groups of Rhodococcus, Pe-
dobacter, Rhizobium, Aminobacter, and Aquamicrobium
suggested their usefulness in the nitrogen cycles and
biosynthesizing of protein from indirect sources of protein
within the environment and gut of fishes. Similarly, the
availability of Rhodococcus, Bacillus, Acinetobacter, and
Paenibacillus suggested their usefulness in biodegradation
and fermentation activities. To some extent, some of these
microbes could be actively performing principal ecosystem
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services, particularly, nutrient cycling, bioremediation, and
maintaining good water quality [9, 18, 24].

Notably, closely related sequences classified as the y-
proteobacteria featured potential pathogenic isolates (i.e.
Providencia, Pseudomonas, Klebsiella, Plesiomonas, But-
tiauxella, Enterobacter, Aeromonas, and Vibrio). The
pathogenic relatives of these isolates are ubiquitous and
could associate with different disease conditions in aquatic
and terrestrial animals. The pathogenicity of Aeromonas,
Vibrio, and Pseudomonas is well known in aquaculture,
however, during outbreaks or mass mortalities, unauthorize
or unregulated use of antibiotics [2] could trigger the
development of antibiotic development among these
microbial communities which ultimately might induce
different zoonotic and multi-drug resistant conditions [3]
among different consumers.

However, some of these seems to be a normal compo-
nent of the fish-gut microbiota, but the coexistence of
pathogens (Vibrio, Klebsiella, Plesiomonas, Pseudomonas,
Aeromonas, Enterobacter, and Providencia) amidst medi-
cally bioactive bacteria (Rhodococcus, Acinetobacter, and
Paenibacillus) suggested a kind of complex interplay of
microbial activities that could competitively, sequentially,
or symbiotically regulate pathogenic actions and ultimately
reduce disease incidences [7, 12]. Even though several
studies were done on fish-gut and environmental micro-
biomes [6, 13—15], which is serving as the lead guide for
choosing probiotics candidates [6, 25], this is the first study
to focus on cultivable bacterial consortia concurrently
between the ecological niche and GIT of resident teleost.

In conclusion, this is the first concurrent study to char-
acterize the culturable bacterial microbiota between the
environment and GIT of an economically important teleost
(O. niloticus). Despite the high proportional taxonomic
differences observed between ambient water and GIT of
resident tilapia species, a good proportion of same bacterial
genera in microbiota composition was shared, sparking a
myth about microbial cohabitation impact of these bacterial
isolates in fish gut. Prospective studies are scheduled to
ascertain the cohabitation impact of these bacterial isolates
towards the selection of potential probiotic candidates and
for further application studies in aquaculture.
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