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Abstract: Change in temperature is often a major environmental factor in triggering
waterborne disease outbreaks. Previous research has revealed temporal and spatial patterns
of bacterial population in several aquatic ecosystems. To date, very little information is
available on aquaculture environment. Here, we assessed environmental temperature
effects on bacterial community composition in freshwater aquaculture system farming of
Litopenaeus vannamei (FASFL). Water samples were collected over a one-year period,
and aquatic bacteria were characterized by polymerase chain reaction-denaturing
gradient gel electrophoresis (PCR-DGGE) and 16S rDNA pyrosequencing. Resulting
DGGE fingerprints revealed a specific and dynamic bacterial population structure
with considerable variation over the seasonal change, suggesting that environmental
temperature was a key driver of bacterial population in the FASFL. Pyrosequencing
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data further demonstrated substantial difference in bacterial community composition
between the water at higher (WHT) and at lower (WLT) temperatures in the FASFL.
Actinobacteria, Proteobacteria and Bacteroidetes were the highest abundant phyla in the
FASFL, however, a large number of unclassified bacteria contributed the most to the
observed variation in phylogenetic diversity. The WHT harbored remarkably higher
diversity and richness in bacterial composition at genus and species levels when compared
to the WLT. Some potential pathogenenic species were identified in both WHT and WLT,
providing data in support of aquatic animal health management in the aquaculture industry.
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1. Introduction

The Pacific white shrimp Litopenaeus vannamei is the most widely cultured and productive alien
crustacean worldwide [1]. It is native to the western Pacific coast of Latin America, and introduced
commercially since 1996 into China and several countries in Asia [2]. In China, the yearly estimated
L. vannamei production was over one million tons during the past several years [1]. The freshwater
culture of L. vannamei has proven even more successful than brackish water culture conditions [2],
which play very important roles in the shrimp production in the southeast littoral provinces in China.
Along with the fast growing shrimp-production industry, however, aquatic animal diseases caused by
waterborne pathogens have also rapidly increased, which led to huge economic losses in the past
decades [3]. Previous culture-based studies have revealed that Vibrionaceae-related organisms, being
virtually ubiquitous in aquatic environments [4], were the major pathogens causing disease outbreaks
and mortality of early stage hatchery-reared shrimps including L. vannamei [5-9]. It is well known that
some pathogenic Vibrios are also serious human foodborne pathogens causing worldwide cholera
epidemics and diarrheal disease [10]. Recently, Streptococcosis in farmed L. vannamei was reported as
a new emerging bacterial disease of penaeid shrimp [11]. To elucidate the mechanism underlying the
emergence and resurgence of the waterborne pathogens, a complete understanding of the composition
and dynamics of microbial population in aquaculture ecosystems is required.

Recent significant development of metagenomic techniques has allowed for culture-independent
genomic fingerprinting of bacterial communities in the aquaculture environment [12]. Using the
DGGE technique, bacterial community structures have been investigated in various aquaculture
settings in different parts of the world, e.g., culturing the tropical rock lobster (Panulirus ornatus) in
Australia [13], the Pacific white shrimp (L. vannamei) in the USA [14], the Asian tiger shrimp
(Litopenaeus monodon) in Thailand [15], the Atlantic cod (Gadus morhua L.) in Norway [16],
the grass carp (Ctenopharyngodon idellus) in Zhangjiang, China [17], as well as the shrimp
(Penaeus vannamei, Penacus orientalis), abalone (Haliotis diversicolor) and reef cod
(Epinephelus diacanthus) in coastal mariculture ponds in Southeast China [18]. These studies have
proposed strong links between environmental variables (e.g., season, water flow rate and aeration)
and bacterial population structures in the aquaculture niches. Compared to the DGGE and
traditional Sanger sequencing of 16S rDNA clone libraries [19], the developed second-generation
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sequencing techniques significantly improved the researcher’s ability to achieve a more definitive
phylogenetic-based description of microbial communities in aquatic ecosystems, e.g., ocean [20], deep
sea [21], river [22], spring [23], drinking water [24] and wastewater [25]. Previous studies using the
approaches have revealed temporal [26-28] and spatial [29] patterns of bacterial communities in
marine, lake and river environments. Nevertheless, very little information is available to date for
microbial community dynamics in aquaculture ecosystems, despite their great significance in economy
and human health. In this study, we combined PCR-DGGE and 454-pyrosequencing techniques to
evaluate the influence of environmental temperature change on the structure, composition and diversity
of bacterial population in the FASFL in Shanghai, one of the major shrimp production regions in China.
Our data uncovered a temperature-driven substantial shift in bacterial population in the FASFL.
The information will facilitate better understanding of possible molecular mechanisms underlying
waterborne disease outbreaks and seasonal change.

2. Results and Discussion
2.1. DGGE-Based Bacterial Population Profiles in the FASFL

To gain an insight into the possible influence of temperature on bacterial population in the FASFL,
surface water samples were collected over a one-year period (see the Section 3), and aquatic bacteria
were characterized by PCR amplification of the V3 variable region of the bacterial 16S rRNA gene.
This analysis yielded clear PCR products from all the water samples (Figure not shown). Based on the
amplicons, DGGE fingerprints were obtained (Figure 1A), which strongly suggested that the FASFL
harbored a complex and specific bacterial community structure. Considerable variation in bacterial
composition was observed across the water temperature change (Figure 1B). Cluster analysis of the
DGGE fingerprints revealed three distinct groups, designated Group I, II and III (Figure 1C). Group I
contained the samples collected in the summer and early autumn (June to October 2012), whereas
Group III was comprised of the samples in the early spring (March to April 2013). The late autumn
and late spring samples fell into Group II (November 2012, May 2013), showing mosaic fingerprints
of the former two Groups. The similarity among the samples was observed in the range from 52% to
74% (Figure 1C), indicating significant difference of intergroup bacterial composition. The data provided
the first example of a dynamic bacterial population driven by water temperature in aquaculture
environment. Previous studies also revealed distinct seasonal patterns of bacterial population in other
freshwater habitats (e.g., river and lake) by PCR-DGGE analysis [27,28].

Selected dominant and distinct bands on the DGGE gel were subsequently sequenced and analyzed
(Figure 1A), and revealed phylogenetic diversity of bacterial population in the FASFL across different
sampling times (Table 1). The DGGE fingerprints of Group I samples were dominated by three major
bacterial bands: one (band 1) was affiliated closely with an uncultured Rickettsiales bacterium clone
FWB6C1-73; one (band 2) with an uncultured Micrococcineae bacterium clone D7N78; the other (band 3)
with an uncultured Methylophilus sp. clone JA127 2010-09-15 and Sphingomonas oligophenolica
strain R2ZA-AUG-EA-11. Interestingly, these bacteria appeared highly sensitive to lower temperature
since none of any corresponding bands was observed in Group III patterns, suggesting their
thermophilic property. Along with the dropping temperature, Group III fingerprints again changed
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largely where several bands were dominant in the profile. Almost all of these (band 4-9) were
affiliated closely with uncultured bacterium clone sequences belonging to Bacteroidetes, Actinobacteria
and Firmicutes (Table 1). These bacteria were absent from Group I samples, the majority of which
only occurred in the sample collected in March 2013 with the lowest water temperature, displaying
their psychrotolerent feature. In addition, one of the dominant sequences retrieved from Group II
patterns (band 10) showed 100% identity to an uncultured Intrasporangiaceae bacterium clone
M7N57 belong to Actinobacteria (Table 1).

Figure 1. PCR-DGGE analysis of bacterial community structures derived from the water
samples in the FASFL in different seasons. On the DGGE gel (A), Lane 6 to 11 and 3 to 5
represent the water samples collected from June to November in 2012, and from March to
May in 2013, respectively. The DNA bands marked with red boxes on the DGGE gel (A)
were individually excised and subjected for DNA sequencing. The numbers on the horizontal
axis of the temperature curve (B) and clustering profile (C) represent the sampling months
as correspondingly shown in the DGGE gel (A).
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Table 1. Phylogenetic identity of dominant bands on the DGGE profile.
Band Clustering Length Closest Relative and Database Identity Taxonomic
Group (bp) Accession Number (%) Description
Uncultured Rickettsiales bacteri
Bl 11 169 neuftured fckeltsates daceum 100%  o-Proteobacteria

clone FWB6C1-73, KF583165.1

Uncultured Micrococcineae bacterium
B2 111 174 100° Actinobacteri
’ clone DTN78, KC006224.1 0 ctinobacteria
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Table 1. Cont.

Band Clustering Length Closest Relative and Database Identity Taxonomic
Group (bp) Accession Number (%) Description
Uncultured Methylophilus sp. clone .
194 100% -Proteobact
JA127 2010-09-15, IN866934.1 o P-Protecbacteria
B3 m Sphingomonas oligophenolica
169 strain R2ZA-AUG-EA-11, 100% o-Proteobacteria

1X237432.1, KC836618.1
Pedi thanolid
B4 I 194 earococcus ethanondurans 100% Firmicutes
strain RU12-4

Uncultured Bacteroidetes bacterium,

o .
o I 189 FR647662.1 100% Bacteroidetes
Uncultured Cryomorphaceae bacterium
1 100¢ B 1
59 Clone Jab PLOW2HI2, HM486317.1 00% acteroidetes
B6 | 174 Actinobacterium MS-B-64, FJ460153.1 100% Actinobacteria

Uncultured Bacteroidetes bacterium
o .
B7 I 189 clone XSLJ052, KC246401.1 100% Bacteroidetes

Uncultured actinobacterium clone
0 . .
174 FF1G3, EUL17678.1 100% Actinobacteria

Uncultured actinobacterium clone
o . .
B8 1 174 B12-88, IN371245.1 100% Actinobacteria

Actinobacterium SCGC AAA043-A09
174 chinopbactertum *100%  Actinobacteria
HQ663377.1

Uncultured Micrococcineae bacterium
B I 174 1000 e .
’ ’ clone D7N78, KC006224.1 00% ctinobacteria

Uncultured Intrasporangiaceae
bacterium clone M7N57, KC006381.1

B10 11 174 100% Actinobacteria

2.2. Environmental Temperature and Bacterial Population in the FASFL

To assess the relationship between water temperature and bacterial composition in the FASFL, we
did redundancy analysis (RDA) of the DGGE data. As presented in Figure 2, the resulting RDA plot
clearly indicated that temperature was positively and closely associated with the bacterial population
retrieved from the WHT (=30 °C). In contrast, a negative correlation was observed for the bacterial
community of the WLT (<20 °C), which located in a completely opposite direction to the temperature
variable in the plot. This result was consistent with those of the cluster analysis and band sequencing.
Further analysis of similarity (ANOSIM) generated the R value of 0.75 (p < 0.05) between the WHT
and WLT, strongly suggesting a significant separation of the bacterial communities. Thus, the WHT
and WLT were subjected for deeper-sampling by pyrosequencing (see below).

Overall, our data highlighted a dynamic bacterial population existed in the FASFL, which was
directly and closely associated with the water temperature. The FASFL is a complex ecosystem where
microflora and aquatic animals coexist and interact. It has been reported that live feed is not a major
determinant of microbiota associated with cod larvae (Gadus morhua) [30]. Nevertheless, in this study,
we could not rule out possible influence of some other environmental variables such as total dissolved
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solids (TDS) on bacterial community in the niche analyzed, since the TDS values were observed

varying as seasonal change as well (data not shown).

Figure 2. The relationship between environmental variable and bacterial community
composition derived from different water samples in the FASFL. DGGE banding scores
were plotted using the program CANOCO (Version 4.5). Tm represents the environmental
variable of the water temperature. The open closed circles and numbers 3 to 11 indicate
different sampling months as described in Figure 1, while the numbers B1 to B52 represent
the DNA bands on the PCR-DGGE gel analyzed by the CANOCO, respectively.
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2.3. Overall Bacterial Community Composition in the FASFL
2.3.1. Bacterial Richness and Diversity

Aquatic bacteria derived from the WHT and WLT were determined by high-throughput
454-pyrosequencing of the 16S rDNA to achieve a detailed phylogenetic-based description of the
bacterial compositions. This analysis yielded a total of 18,427 high quality sequences with an average
sequence length of 414 bp after the implementation of the quality control criteria as described in
Section 3. Of these, 12,802 sequences were retrieved from the WHT, while 5625 sequences were
retrieved from the WLT. A large number of operational taxonomic units (OTUSs) at the species level
were identified using the MOTHUR software, which underlined a highly diverse bacterial community
composition in the FASFL analyzed in this study (Table S1).

On the basis of the identified OTUs, bacterial richness was examined by the rarefaction analysis. As
shown in Figure S1, the rarefaction curves for the WHT and WLT extended to the horizontal at a
phylogenetic distance of 0.20, indicating that almost all of the bacterial diversity at the phyla level was
revealed by the pyrosequencing-based analysis, which gave the Good’s coverage of 99.6% and 99.8%,
respectively. This result was consistent with the predicted values of OTUs by Chaol richness
calculation (Table S1). However, at phylogenetic distances of 0.05 and 0.03, the identified OTUs
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derived from the WHT represented 49.0%-54.5% of those estimated by Chaol analysis
(Table S1), implying that more sequencing efforts will be put into this sample in the future to cover
the full taxonomic diversity at the genus and species level. Lower bacterial richness assessed by
rarefaction analysis than by Chaol and ACE estimator has also been observed at phylogenetic distances
below 5% in previous studies (e.g., [31]). For the WLT, 98.3% and 97.2% coverage of bacterial
richness was achieved at the distances below 5%. Moreover, the number of identified OTUs derived
from the WLT was ca. 6-fold lower than that encountered in the WHT. These results highlighted
distinct richness of the bacterial community between the WLT and WHT.

Bacterial diversity of the samples was also assessed by Shannon diversity indices. At the three
different phylogenetic distances analyzed in this study, the values of Shannon index ranged
from 5.79 to 3.45 for the WHT, which were higher than those encountered in the WLT (4.64 to 3.29)
(Table S1). These data revealed a higher degree of bacterial diversity in the WHT when compared to
the WLT.

2.3.2. Bacterial Community Composition

Phylum level affiliations of the sequences retrieved from the samples revealed distinct differences
in phylum-level community composition in the FASFL in different seasons. As presented in Figure 3,
out of the twelve phyla and candidate phyla identified in this study, the dominant phyla in the bacterial
community derived from the WHT were Actinobacteria, unclassified bacteria, Proteobacteria
and Bacteroidetes, representing 53.5%, 22.4%, 18.8% and 4.32% of all classified sequences
from this sample, respectively. Four phyla were present in lower relative abundance, including
Cyanobacteria/Chloroplast (0.289%), Firmicutes (0.265%), Gemmatimonadetes (0.203%) and
Acidobacteria (0.109%), whereas Fibrobacteres, Fusobacteria, Spirochaetes and Verrucomicrobia
were found in extremely low abundance at a percentage abundance of 0.0078%, 0.0055% 0.0078%,
0.0078%, respectively. For the WLT, all sequences were affiliated to eight phyla, the dominance of
which was Actinobacteria (41.80%), Proteobacteria (39.52%) and Bacteroidetes (17.29%). The lower
abundant members included Cyanobacteria/Chloroplast (0.195%), Deferribacteres (0.04%),
Firmicutes (0.05%) and Gemmatimonadetes (0.017%). Distinct from the WHT, only 1.07% of the
sequences retrieved from the WLH fell into the unclassified bacteria group.

Comparison of the phylum-level community composition reinforced the temperature-driven
bacterial diversity variation in the aquatic niche analyzed in this study, which lead to three major
phylogenetic snapshots. Actinobacteria was the most dominant phylum shared between the two
samples, followed by Proteobacteria and Bacteroidetes, which constituted a large proportion of the
microflora in the FASFL. These bacteria are also the highest abundant phyla in water samples
originated from both aquaculture and freshwater ecosystems, playing important roles in the processes
of nutrient cycling and mineralization of organic compounds (e.g., [22,32,33]). Nevertheless, the
unclassified bacteria contributed the most to the observed phyla-level diversity variation since ca.
21-fold increase in the percentage abundance was observed in the WHT when compared to the WLT.
Secondly, three phyla present in lower relative abundance were distributed in the two samples,
including Cyanobacteria/Chloroplast, Firmicutes, Gemmatimonadetes, but their relative abundance
diminished largely in the WLT. Finally, Acidobacteria, Fibrobacteres, Fusobacteria, Spirochaetes,
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and Verrucomicrobia were only found in the WHT, whereas Deferribacteres showed an opposite
pattern. Due to DGGE sensitivity limitations when dealing with low target abundance samples
from natural environments [18], some phyla revealed in this study were not reported in previous
DGGE-based studies on aquaculture settings.

Figure 3. Change in bacterial community composition at the phylum level in the WHT (A)
and WLT (B) samples from the FASFL. Phylum level affiliations of the 454-pyrosequencing
sequences retrieved from the samples were performed using the MOTHUR software at a
phylogenetic distance of 0.20.
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At the genus level, comparison of the phylogenetic profiles provided further evidence for
the temperature-shifted variation in bacterial community composition in the FASFL. As shown in
Figure 4, the most abundant genus in the bacterial community derived from the WHT was llumatobacter
representing 5.300% of the classified sequences, followed by Mycobacterium (1.523%), Conexibacter
(1.055%), Hydrogenophaga (0.922%), Rhodobacter (0.609%) and Polynucleobacter (0.601%).
Ilumatobacter was commonly isolated from the sediments of aquatic habitats (e.g., [34]). The
land-based FASFL may serve as an explanation for the observed result. For the WLT, a distinct pattern
was revealed, where Limnohabitans, Hydrogenophaga, Humatobacter, Rhodobacter, Algoriphagus,
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Flavobacterium, Mycobacterium and Fluviicola were the most responsible for the diversity difference
at the genus level, displaying a relative abundance of 6.418%, 4.018%, 3.538%, 3.022%, 2.453%,
2.044%, 2.009% and 1.102%, respectively. These genera comprised ca. 23% of the WLT bacterial
community. Among the dominant genera shown in Figure 4, Dyadobacter was only observed in the
WLT, whereas the relative abundance of Limnohabitans, Herbaspirillum, Pedobacter, Hyphomonas,
Leucobacter, Flavobacterium, Algoriphagus and Fluviicola was increased by ca. 10-100-fold in
the WLT compared to the WHT. However, lower temperature greatly reduced the total number of
observed genera, and significantly diminished the relative abundance of a large number of bacteria,
such as Methylocystis, Conexibacter, Gemmatimonas and Sediminibacterium (Figure 4). In addition,
the dominant genera distributed in the two samples were [lumatobacter, Mycobacterium,
Hydrogenophaga, Rhodobacter and Polynucleobacter, which have also been reported in various aquatic
ecosystems. Taken together, our data revealed an extremely diverse community composition with
lower relative abundance at the species level in the WHT when contrasted to the phylogenetic profile
of the WLT.

Figure 4. Change in bacterial community composition at the genus level in the WHT and
WLT samples from the FASFL. Genus level affiliations of the 454-pyrosequencing
sequences retrieved from the samples were performed using the MOTHUR software at
a phylogenetic distance of 0.05. The resulting top twenty abundant genera were extracted
and their relative abundance was compared.
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Species-level affiliation of the sequences retrieved from the WHT revealed a total of 2562
phylotypes at a phylogenetic distance of 0.03, while 406 phylotypes were identified from the WLT. Of
these, a core species containing 115 phylotypes was observed, representing 4.03% of all the richness in
the FASFL, regardless of the temperature change (Figure 5).
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Figure 5. Venn diagram showing the change in bacterial composition at the species level
in the WHT and WLT samples from the FASFL. The 454-pyrosequencing sequences
retrieved from the samples were analyzed using the MOTHUR software at a phylogenetic
distance of 0.03.
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2.3.3. Potential Pathogenic Bacteria

Base on the pyrosequencing datasets, a search of major bacterial pathogens to aquaculture animals
and human revealed different potential risks between the WHT and WLT (Table 2). A total of
25 sequences, representing 0.1357% of all the analyzed sequences, were affiliated closely to seven
genus and eleven pathogenetic species that have been reported in the literature [35-37]. The following
potentially pathogenic species were detected in the WHT sample: Aeromonas hydrophila,
Aeromonas caviae, Bacillus anthracis, Mycobacterium marinum, Pseudomonas anguilliseptica,
Mycobacterium avium and Mycobacterium fortuitum. Among these, A. caviae, M. marinum and
M. avium were higher temperature-associated and absent from the WLT sample. 4. caviae is one of the
most common pathogens related with aquaculture including shrimp, while M. marinum is also a major
pathogen in fish aquaculture. M. avium exists in various environments including freshwater and
can cause human Mycobacterium avium complex disease. Distinct from the WHT, four potential
pathogens were detected from the WLT, including Aeromonas veronii, Flavobacterium johnsoniae,
Serratia marcescens and Vibrio cholerae, all of which are known as human pathogens previously
detected in diverse environments in nature. In addition, 4. hydrophila, B. anthracis, M. fortuitum and
P. anguilliseptica appeared to more adaptable to temperature change in the FASFL compared to the
other pathogens, since they were detected in both WHT and WLT samples. 4. hydrophila is one of the
major pathogens in aquaculture, while the other three known as human pathogens contributed the most
to the observed potential pathogen enrichment in the FASFL.
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Table 2. Bacterial pathogens identified in the WHT and WLT samples from the FASFL.
Source RAS (%) "
Bacterial Pathogen * Disease
Environment Main Hosts WHT WLT
] Motile aeromonads . . . Catfish, carp, trout,
Aeromonas hydrophila ) ] . Freshwater, brackish water, biosolid o 0.0109 0.0054
septicaemia, cholangitis eel, sturgeon, tilapia, bass
) Speticaemia, gastroenteritis, Freshwater, brackish water, soil, . .
Aeromonas caviae » . . ] Fish, shrimp, frog, soft-shelled turtle 0.0054 0
cholangitis biosolid, agricultural products,
B Speticaemia, gastroenteritis, . . )
Aeromonas veronii » Freshwater, biosolid Human, mosquitos, leeches 0 0.0054
cholangitis
) ) Natural and processed
Bacillus anthracis Anthrax . ) Human 0.0054 0.0054
water sources, sewage, biosolid
Flavobacterium johnsoniae False columnaris Natural water sources, fish cultures Barramundi 0 0.0054
Mycobacterium avium Mycobacterium avium complex Natural water sources, soil, biosolid Human, farm animals, birds 0.0054 0
) ) . River, lake, tap water, .
Mycobacterium fortuitum Osteomyelitis . . . Human, cattle, frog, other animals 0.0217 0.0163
soil, dust, biosolid
Mycobacterium marinum Mycobacteriosis Natural water sources, fish cultures Atlantic salmo, Seabass, turbot 0.0054 0
Conjunctivitis, keratitis,
Serratia marcescens endophthalmitis, Natural water sources, soil, biosolid Human, plants, animals 0 0.0109
tear duct infections
Pseudomonas . . .
- ] Pseudomonadiasis, Winter disease Natural water sources, fish cultures Human, seabream, eel, turbot, ayu 0.0163 0.0109
anguilliseptica
Human, croaker fish, puffer fish, grouper,
o L Natural water sources, cod, shrimp, big-scale sand smelt,
Vibrio cholerae Vibriosis 0 0.0054

fish cultures, biosolid

flounder, abalone, seabream, salmon,

sweetfish, sheatfish, catfish

* The bacterial pathogens were reported in literature [35-37]; ® Relative abundance of sequence.
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3. Experimental Section
3.1. Sample Collection and Bacterial Genomic DNA Extraction

Water samples were collected from a typical aquaculture farming base for L. vannamei, located in
Fengxian district (N30°51'-E121°23"), Shanghai, China. Each closed and land-based culture pond is
about 80 m long and 40 m wide with an average water depth of ca. 1.5 m. The ponds are equipped
with aerating systems running twice daily to maintain moderate oxygen levels. Water quality was
maintained approximately at pH 7.9-8.6 and 0.4%0—2.1%0 salinity during the study period. Water
temperature (Wt) in the shrimp ponds is naturally adjusted by the local climate. Sampling was carried
out three times monthly from June 2012 to May 2013, except December 2012 to February 2013 when
the shrimp aquaculture was annually suspended due to colder weather. Wt was determined using a
HACH sensIONS5 conductivity Meter (HACH Company, Loveland, CO, USA). Surface water was
collected at three different sites in each pond using 10 L sterile plastic bottles, and immediately
transferred on ice to the laboratory at Shanghai Ocean University in Shanghai, China. Bacterial cells
were separated by standard sequential filtration techniques: each water sample was filtered though
8-um qualitative filter paper to remove large suspended particles, and 1.0 L filtrate was subsequently
filtered through polycarbonate membranes with 0.8- and 0.22-um pore size (47 mm diameter,
Millipore, Corcaigh, Ireland), respectively. DNA was extracted from three filters of each sample
using the QIAamp DNA Stool Mini Kit (QIAGEN Biotech Co. Ltd., Hilden, Germany) according to
the manufacturer’s instruction. The concentration of DNA in the samples was determined using a
multi-mode microplate reader BioTek Synergy™ 2 (BioTek Instruments, Inc., Winooski, VT, USA).

3.2. PCR-DGGE and Data Analysis

The V3 variable regions of bacterial 16S rRNA genes were amplified by PCR using the primer pair P3
(5'-GCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGGGAGGCAGCAG-3Y)
and P2 (5'-ATTACCGCGGCTGCTGG-3") as described previously [38]. The expected length of
amplified PCR products is 193 bp with a GC clamp attached to their 5'-termini [38]. Oligonucleotide
primers were synthesized by Shanghai Sangon Biological Engineering Technology and Services Co.,
Ltd. (Shanghai, China). The PCR amplification was performed in a 20 pL reaction volume as
described previously [39]. Amplification was performed in a MastercyclerW pro PCR thermal cycler
(Eppendorf, Hamburg, Germany) with a touch down PCR protocol [38]. A sample (5 puL) of each
PCR product was analyzed by agarose gel electrophoresis with a 1.5% agarose gel. Amplified DNA
fragments were visualized and imaged by Molecular Imager® Gel Doc™ XR + System (Bio-Rad
Laboratory, Hercules, CA, USA).

The vertical DGGE was performed using a DCode™ Universal Mutation Detection System
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. Each sample (400-500 ng)
combined from three independent amplicons was loaded per well onto a 8% polyacrylamide gel
(acrylamide:bis-acrylamide, 37.5:1) with a liner denaturing gradient range of 45%—-55% formed with
7 M urea and 40% (v/v) deionized formamide. The denaturing gradient gel was run at 60 V for 16 h
with a constant temperature of 60 °C in 1x TAE buffer (40 mM Tris base, 20 mM acetic acid, 1.0 mM
Na,-EDTA, pH 8.0). Following electrophoresis, the gel was stained three times with 6 mL of 0.01%
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SYBR® Green I Nucleic Acid Gel Stains (Invitrogen, Carlsbad, CA, USA) for 10 min according to
the manufacturer’s instructions, rinsed and imaged by Molecular Imager® Gel Doc™ XR System
(Bio-Rad, Hercules, CA, USA). The DGGE profiles were analyzed using the Quantity One® 1-D
Analysis software (version 4.6.2; Bio-Rad, Hercules, CA, USA). DNA banding patterns were
compared using pairwise similarity matrices calculated with the Dice’s coefficient [27], and cluster
analysis was performed using the unweighted pair group method with arithmetic mean (UPGMA)
via the software. The PRIMER (Version 5.2.8, PRIMER-E Ltd., Ivybridge, Devon, UK) was used
for analysis of similarity (ANOSIM) [40]. The statistical significance of differences in microbial
community composition was determined by IBM SPSS Statistics (Version 19) with one-way ANOVA
(IBM, Armonk, NY, USA). The RDA analysis was performed using the CANOCO Version 4.5 [41].

3.3. Sequencing and Phylogenetic Analysis

Distinct DNA bands on the DGGE gels were individually excised and re-amplified
using the primer pair 341f (5-CCTACGGGAGGCAGCAG-3") (without GC clump) and 534r
(5'-ATTACCGCGGCTGCTGG-3") according to the method described previously [38,42]. The PCR
product was purified using AxyPrep DNA Gel Extraction Kit (Axygen, Union City, CA, USA), and
ligated into the pGM-T cloning vector (TianGen Biotech Co., Ltd., Beijing, China) according to the
method described previously [43]. Ligated DNA transformation and positive colony identification
were performed as described previously [44]. The E. coli TOP10 (genotype: F mcrAA
(mrr-hsdRMS-mcrBC) w80 lacZAM15AlacX 74 recAl araD139A (ara-leu) 7697 galU galK rpsL(Str")
endAl nupG), (TianGen Biotech Co., Ltd., Beijing, China) was used as a host strain for DNA cloning.
Plasmid DNA was prepared using the MiniBEST Plasmid DNA Extraction Kit Ver.2.0 (Japan TaKaRa
BIO, Dalian Company, Dalian, China).

Automated DNA sequencing was carried out using ABI 3730XL capillary sequencer (Applied
Biosystems, Foster City, CA, USA) and BigDye® terminator Version 3.1 cycle sequencing kit
(Perkin-Elmer, Maltham, MA, USA) at the China Human Genome Centre (Shanghai, China).
Sequencing reads were checked for chimera formation with the Ribosomal Database Project (RDP,
http://rdp.cme.msu.edu/), and inferred for the closest relative using the Basic Local Alignment Search
Tool (BLAST) (http://www.ncbi.nlm.nih.gov/BLAST). The sequence data was deposited in the NCBI
Sequence Read Archive under SAMNO02698684-97.

3.4. Pyrosequencing and Data Analysis

Pyrosequencing was carried out using the 454/Roche GS-FLX Plus System (Roche Diagnostics,
Basel, Switzerland) at the Hanyu Biotech Co., Ltd., the China Human Genome Centre (Shanghai,
China), according to the standard protocols of the manufacturer. The V3—V4 variable regions of
bacterial 16S rRNA genes were amplified by PCR using the universal bacterial primers with an 8-bp
barcode and a GS-FLX sequencing adaptor (not shown). The MOTHUR Ver.1.32.0 software was
employed for most of the sequence processing and analyses [45]. Raw sequence data were
pre-processed to remove primers and barcodes, poor quality reads (>1% sequencing error rate), and the
reads less than 200 bp in length. Chimeric reads were detected using the UCHIME software [46].
Silva/Greengenes database was used to remove non-targeted sequence contamination [47]. Qualified
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sequences were clustered into OTUs in MOTHUR at 0.03, 0.05 and 0.20 phylogenetic distance
threshold, defined at species, genus and phylum level, respectively [44]. For read level taxonomic
analysis, the RDP Classifier 2.2 of the RDP was used at a confidence threshold value of 80% [48].
Bacterial Chaol richness [49], Shannon diversity index [50], Good’s coverage, rarefaction curves,
Venn diagram were calculated and created using the MOTHUR based on the OTUs clustering data.
The sequence data was deposited in the NCBI Sequence Read Archive under the SAMNO02699090-91.

4. Conclusions

This study constitutes the first investigation of temperature influence on bacterial community
composition in freshwater aquaculture system farming of Litopenaeus vannamei. Water samples
were collected over one year period, and aquatic bacteria were characterized by PCR-DGGE
and pyrosequencing of the 16S rDNA. The results revealed a specific and dynamic bacterial
population structure with considerable variation over the seasonal change. Phylogenetic analysis of
the 18,427 sequences substantiated that the WHT harbored remarkably higher diversity and richness
in bacterial composition when compared to the WLT. A large number of unclassified bacteria
contributed the most to the observed variation in the system, albeit Actinobacteria, Proteobacteria and
Bacteroidetes constituted a major proportion of the microflora in the FASFL. Three phyla present in
lower relative abundance were distributed in WHT and WLT, including Cyanobacteria/Chloroplast,
Firmicutes and Gemmatimonadetes. In addition, Acidobacteria, Fibrobacteres, Fusobacteria,
Spirochaetes and Verrucomicrobia were only found in the WHT in extremely low abundance, whereas
Deferribacteres showed an opposite pattern. At the genus level, phylogenetic analysis also revealed
distinct profiles: [llumatobacter, Mycobacterium, Conexibacter, Hydrogenophaga, Rhodobacter
and Polynucleobacter were the highest abundant genus in the WHT, whereas Limnohabitans,
Hydrogenophaga, Humatobacter, Rhodobacter, Algoriphagus, Flavobacterium, Mycobacterium and
Fluviicola were the most responsible for the diversity difference. At the species level, a total of
2562 phylotypes were identified in the WHT, while 406 phylotypes were found in the WLT. A core
species containing 115 phylotypes was observed, representing 4.18% of all the richness in the FASFL.
Eleven potential pathogenetic species were identified with different phylogenetic patterns in the WHT
and WLT. It will be interesting to characterize these bacteria in future research. Our data demonstrated
a temperature-driven substantial shift in bacterial population in the FASFL. The results provide
guidance for aquatic animal disease control in shrimp aquaculture, and also constitute an important
step in extending our knowledge of microbial ecology in aquaculture ecosystem, particularly
waterborne pathogenic bacteria mediated by climate change.

Acknowledgments

This work was supported by a Grant No. QXJK201207 from the Shanghai Key Laboratory of
Meteorology and Health, a Grant No. B-9500-10-0004 from the Shanghai Municipal Education
Commission, and a Grant No. 31271830 from the National Natural Science Foundation of China.



Int. J. Mol. Sci. 2014, 15 13677

Author Contributions

Shilu Tong, Jianguo Tan, Haizhen Mu, Li Peng, Dandan Yang and Lanming Chen planned and
coordinated the research. Shilu Tong, Jianguo Tan, Haizhen Mu and Lanming Chen participated in the
design and discussion of the study. Yuyi Tang carried out the major experiments. Yuyi Tang,
Peiying Tao and Lanming Chen analyzed the data. Lanming Chen wrote the manuscript. All authors
read and approved the final manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Food and Agriculture Organization of the United Nations. FAO Yearbook 2010: Fishery and
Aquaculture Statistics; FAO: Rome, Italy, 2012.

2. Liao C.; Chien Y.-H. The Pacific white shrimp, Litopenaeus vannamei, in Asia: The world’s most
widely cultured alien crustacean. In The Wrong Place-Alien Marine Crustaceans: Distribution,
Biology and Impacts; Galil, B.S., Clark, P.F., Carlton, J.T., Eds.; Invading Nature-Springer Series
in Invasion Ecology: Dordrecht, The Netherlands, 2011; Volume 6, pp. 489-519.

3. Food and Agriculture Organization of the United Nations. FAO Yearbook 2009: Fishery and
Aquaculture Statistics; FAO: Rome, Italy, 2011.

4. Thompson, F.L.; lida, T.; Swings, J. Biodiversity of Vibrios. Microbiol. Mol. Biol. R. 2004, 68,
403-431.

5. Lavilla-Pitogo, C.R.; Leano, E.M.; Paner, M.G. Mortalities of pond-cultured juvenile shrimp,
Penaeus monodon, associated with dominance of luminescent Vibrios in the rearing environment.
Aquaculture 1998, 164, 337-349.

6. Sung, H.-H.; Hsu, S.-F.; Chen, C.-K.; Ting, Y.-Y.; Chao, W.-L. Relationships between disease
outbreak in cultured tiger shrimp (Penaeus monodon) and the composition of Vibrio communities
in pond water and shrimp hepatopancreas during cultivation. Aquaculture 2001, 192, 101-110.

7. Israngkura, A.; Sae-Hae, S. A review of the economic impacts of aquatic animal disease. In
Primary Aquatic Animal Health Care in Rural, Small-Scale, Aquaculture Development;
Arthur, J.R., Phillips, M.J., Subasinghe, R.P., Reantaso, M.B., MacRae, [.H., Eds.; FAO Fish.
Tech.: Rome, Italy, 2002; Volume 406, pp. 253-286.

8. Bourne, D.G.; Young, N.; Nicole Webster, N.; Payne, M.; Salmon, M.; Demel, S.; Hall, M.
Microbial community dynamics in a larval aquaculture system of the tropical rock lobster,
Panulirus ornatus. Aquaculture 2004, 242, 31-51.

9. Zhou, J.; Fang, W.; Yang, X.; Zhou, S.; Hu, L.; Li, X.; Qi, X.; Su, H.; Xie, L.A. Nonluminescent
and highly virulent Vibrio harveyi strain is associated with “Bacterial White Tail Disease” of
Litopenaeus vannamei shrimp. PLoS One 2012, 7, €29961.

10. Wilcox, B.A.; Colwell, R.R. Emerging and reemerging infectious diseases: Biocomplexity as an
interdisciplinary paradigm. EcoHealth 2005, 2, 244-257.



Int. J. Mol. Sci. 2014, 15 13678

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hasson, K.W.; Wyld, E.M.; Fan, Y.; Lingsweiller, S.W.; Wiener S.J.; Cheng, J.; Varner, P.W.
Streptococcosis in farmed Litopenaeus vannamei: A new emerging bacterial disease of penaeid
shrimp. Dis. Aquat. Organ. 2009, 86, 93—106.

Metzker, M.L. Sequencing technologies-the next generation. Nat. Rev. Genet. 2010, 11, 31-46.
Payne, M.S.; Hall, M.R.; Sly, L.; Bourne, D.G. Microbial diversity within early-stage cultured
Panulirus ornatus phyllosomas. Appl. Environ. Microbiol. 2007, 73, 1940—1951.

Johnson, C.N.; Barnes, S.; Ogle, J.; Grimes, D.J. Microbial community analysis of water, foregut,
and hindgut during growth of Pacific white shrimp, Litopenaeus vannamei, in closed-system
aquaculture. J. World Aquacult. Soc. 2008, 39, 251-258.

Sakami, T.; Fujioka, Y.; Shimoda. T. Comparison of microbial community structures in intensive
and extensive shrimp culture ponds and a mangrove area in Thailand. Fish. Sci. 2008, 74,
889-898.

Van der Meeren, T.; Brunvold, L.; Sandaa, R.-A.; Bergh, O.; Castberg, T.; Thyrhaug, R.;
Mangor-Jensen, A. Water quality and microbial community structure in juvenile Atlantic cod
(Gadus morhua L.) cultures. Aquaculture 2011, 316, 111-120.

Zhang, X.; Fu, L.; Deng, B.; Liang, Q.; Zheng, J.; Sun, J.; Zhu, H.; Peng, L.; Wang, Y.; Shen, W_;
et al. Bacillus subtilis SC02 supplementation causes alterations of the microbial diversity in grass
carp water. World J. Microbiol. Biotechnol. 2013, 29, 1645-1653.

Zeng, Y.; Ma, Y.; Wei, C.; Jiao, N.; Tang, K.; Wu, Z.; Jian, J. Bacterial diversity in various
coastal mariculture ponds in Southeast China and in diseased eels as revealed by culture and
culture-independent molecular techniques. Aquacult. Res. 2010, 41, e172—e186.

Youssef, N.H.; Couger, M.B.; Elshahed, M.S. Fine-scale bacterial beta diversity within a complex
ecosystem (Zodletone Spring, OK, USA): The role of the rare biosphere. PLoS One 2010,
5, el2414.

Han, D.; Kang, I.; Ha, H.K.; Kim, H.C.; Kim, O.-S.; Lee, B.Y.; Cho, J.-C.; Hur, H.-G.; Lee, Y .K.
Bacterial communities of surface mixed layer in the Pacific sector of the western Arctic ocean
during sea-ice melting. PLoS One 2014, 9, e86887.

Sogin, M.L.; Morrison, H.G.; Huber, J.A.; Welch, D.M.; Huse, S.M.; Neal, P.R.; Arrieta, J.M.;
Herndl, G.J. Microbial diversity in the deep sea and the underexplored “rare biosphere”.
Proc. Nat. Acad. Sci. USA 2006, 103, 12115-12120.

Vaz-Moreira, I.; Egas, C.; Nunes, O.C.; Manaia, C.M. Culture-dependent and culture-independent
diversity surveys target different bacteria: A case study in a freshwater sample. Anton. Leeuw. Int.
J. G. 2011, 100, 245-257.

Miller, S.R.; Strong, A.L.; Jones, K.L.; Ungerer, M.C. Bar-coded pyrosequencing reveals shared
bacterial community properties along the temperature gradients of two alkaline hot springs in
yellowstone national park. Appl. Environ. Microbiol. 2009, 75, 4565—-4572.

Revetta, R.P.; Pemberton, A.; Lamendella, R.; Iker, B.; Santo Domingo, J.W. Identification of
bacterial populations in drinking water using 16S rRNA-based sequence analyses. Water Res.
2010, 44, 1353-1360.

Shanks, O.C.; Newton, R.J.; Kelty, C.A.; Huse, S.M.; Sogin, M.L.; McLellan, S.L.. Comparison of
the microbial community structures of untreated wastewaters from different geographic locales.
Appl. Environ. Microbiol. 2013, 79, 2906-2913.



Int. J. Mol. Sci. 2014, 15 13679

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Beleneva, I.A.; Zhukova, N.V. Seasonal dynamics of cell numbers and biodiversity of marine
heterotrophic bacteria inhabiting invertebrates and water ecosystems of the Peter the Great Bay,
Sea of Japan. Microbiology 2009, 78, 369-375.

Zhang, M.; Yu, N.; Chen, L.; Jiang, C.; Tao, Y.; Zhang, T.; Chen, J.; Xue, D. Structure and
seasonal dynamics of bacterial communities in three urban rivers in China. Aquat. Sci. 2012, 74,
113-120.

Rosel, S.; Allgaier, M.; Grossart, H.-P. Long-term characterization of free-living and
particle-associated bacterial communities in lake Tiefwaren reveals distinct seasonal patterns.
Microb. Ecol. 2012, 64, 571-583.

Jing, H.; Xia, X.: Suzuki, K.; Liu, H. Vertical profiles of bacteria in the tropical and subarctic
oceans revealed by pyrosequencing. PLoS One 2013, 8, €79423.

Bakke, 1.; Skjermo J.; Vo, T.A.; Vadstein, O. Live feed is not a major determinant of the
microbiota associated with cod larvae (Gadus morhua). Environ. Microbiol. Rep. 2013, 5,
537-548.

Nacke, H.; Thiirme, A.; Wollherr, A.; Will, C.; Hodac, L.; Herold, N.; Schoning, I.; Schrumpf, M.;
Daniel, R. Pyrosequencing-based assessment of bacterial community structure along different
management types in German forest and grassland soils. PLoS One 2011, 6, ¢17000.

Martins, P.; Cleary, D.F.R.; Pires, A.C.C.; Rodrigues, A.M.; Quintino, V.; Calado, R.;
Gomes, N.C.M. Molecular analysis of bacterial communities and detection of potential pathogens
in a recirculating aquaculture system for Scophthalmus maximus and Solea senegalensis.
PLoS One 2013, 8, e80847.

Dworkin, M.; Falkow, S.; Rosenberg, E.; Schleifer, K.H.; Stackebrandt, E.; (Eds.). The Prokaryotes:
A Handbook on the Biology of Bacteria; Springer-Verlag: New York, NY, USA, 2006; pp. 3-37.
Matsumoto, A.; Kasai, H.; Matsuo, Y.; Omura, S.; Shizuri, Y.; Takahashi, Y. Ilumatobacter
fluminis gen. nov., sp. nov., a novel actinobacterium isolated from the sediment of an estuary.
J. Gen. Appl. Microbiol. 2009, 55, 201-205.

Bibby, K.; Viau, E.; Peccia, J. Pyrosequencing of the 16S rRNA gene to reveal bacterial pathogen
diversity in biosolids. Water Res. 2010, 44, 4252-4260.

Toranzo, A.E.; Magarifos, B.; Romalde, J.L. A review of the main bacterial fish diseases in
mariculture systems. Aquaculture 2005, 246, 37-61.

Pridgeon, J.W.; Klesius, P.H. Major bacterial diseases in aquaculture and their vaccine development.
CAB Rev. 2012, 7, 048.

Muyer, G.; de Waal, E.C.; Uitterlinden, A.G. Profiling of complex microbial populations by
denaturing gradient gel electrophoresis analysis of polymerase chain reaction-amplified genes
coding for 16S Rrna. Appl. Environ. Microbiol. 1993, 59, 695-700.

Zhang, T.; Pan, Y.; Li, B.; Ou, J.; Zhang, J.; Chen, Y.; Peng, X.; Chen, L. Molecular cloning and
antimicrobial activity of enterolysin A and helveticin J of bacteriolysins from metagenome of
Chinese traditional fermented foods. Food Control 2013, 31, 499-507.

Clarke, K.R.; Green, R.H. Statistical design and analysis for a “biological effects” study.
Mar. Ecol. Prog. Ser. 1988, 46, 213-226.



Int. J. Mol. Sci. 2014, 15 13680

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Ter Braak, C.J.F.; Smilauer, P. CANOCO reference manual and CanoDraw for Windows user’s
guide: Software for canonical community ordination (version 4.5). In Section on Permutation
Methods. Microcomputer Power; Ithaca: New York, NY, USA, 2002.

Schabereiter-Gurtner, C.; Maca, S.; Rolleke, S.; Nigl, K.; Lukas, J.; Hirschl, A.; Lubitz, W.;
Barisani-Asenbauer, T. 16S rDNA-based identification of bacteria from conjunctival swabs by
PCR and DGGE fingerprinting. Investig. Ophthalmol. Vis. Sci. 2001, 42, 1164—1171.

Shi, Y.; Pan, Y.; Li, B.; He, W.; She, Q.; Chen, L. Molecular cloning of a novel bioH gene from
an environmental metagenome encoding a carboxylesterase with exceptional tolerance to organic
solvents. BMC Biotechnol. 2013, 13, 13.

Song, Y.; Yu, P.; Li, B.; Pan, Y.; Zhang, X.; Cong, J.; Zhao, Y.; Wang, H.; Chen, L. The mosaic
accessory gene structures of the SXT/R391-like integrative and conjugative elements derived
from Vibrio spp. isolated from aquatic products and environment in the Yangtze River estuary,
China. BMC Microbiol. 2013, 13, 214.

Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.;
Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.; Robinson, C.J.; et al. Introducing mothur:
Open-source, platform-independent, community-supported software for describing and comparing
microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537-7541.

Edgar, R.C.; Haas, B.J.; Clemente, J.C.; Quince, C.; Knight, R. UCHIME improves sensitivity
and speed of chimera detection. Bioinformatics 2011, 27, 2194-2200.

DeSantis, T.Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.;
Dalevi, D.; Hu, P.; Andersen, G.L. Greengenes, a chimera-checked 16S rRNA gene database and
workbench compatible with ARB. Appl. Environ. Microbiol. 2006, 72, 5069-5072.

Maidak, B.L.; Olsen, G.J.; Larsen, N.; Overbeek, R.; McCaughey, M.J.; Woese, C.R. The
Ribosomal Database Project (RDP). Nucleic Acids Res. 1996, 24, 82—-85.

Chao, A.; Bung, J. Estimating the number of species in a stochastic abundance model. Biometrics
2002, 58, 531-539.

Shannon, C.E.; Weaver, W. The mathematical theory of information. AT&T Tech. J. 1949, 27,
379-423.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



