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Abstract

An ecosystem is a community comprising living and nonliving components of the environ-
ment. Microbes are ubiquitous elements in each of these components. The dynamics of
microbiota formation in an ecosystem is important to elucidate, because how the different
components of a system exchange microbes, and how the microbes control ecological pro-
cesses remain unresolved. In this study, an abalone, Haliotis diversicolor, seed-nursing
pond was used as a model system. We first examined changes in bacterial communities
during the seedling cultivation of this herbivorous juvenile aquatic invertebrate animal.
Denaturing gradient gel electrophoresis (DGGE) and pyrosequencing were used to analyze
bacterial community dynamics and spatio-temporal interactions of different system compo-
nents: consumers (abalone), producers (algae or a substrate), and the environment (water).
DGGE fingerprints revealed that the developmental stages of abalone influences bacterial
communities of both the abalone and substrate. Although the communities in water fluctu-
ated daily, they could be divided into two clusters that coincided with abalone stages, reflect-
ing the transition from larva to juvenile at around day 21. Pyrosequencing showed that the
microbiota in the abalone and substrate had more operational taxonomic units in common
than that of either with water. The Bray-Curtis similarity index was used to quantify the for-
mation dynamics of microbiota among the various components of the system. The bacterial
communities in producers and consumers showed similar changes. These communities
were unstable at the beginning and then slowly stabilized over time. The environmental bac-
terial community was more stable than the bacterial communities in consumers and produc-
ers, and may have been the basis for stability in the system. Our research provides insights
into the dynamics of microbiota formation in various biotic elements of a system that will con-
tribute to predictive systems modeling.
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Introduction

An ecosystem is an interactive community composed of living organisms (plants, animals, and
microbes) and nonliving components of their environment (e.g., air, water, and mineral soil,
etc.). The complex network of interactions between organisms and between organisms and
their environment are the core concern in ecological studies. A network is controlled by exter-
nal and internal factors. External factors such as climate, the nature of the soil, and topography
control the overall structure and function of an ecosystem. In contrast, internal factors such as
species, competition, disturbances, succession, and decomposition not only control ecosystem
processes, but also are controlled by these processes [1].

An abalone seed-nursing pond is a simple aquatic system composed of three major constit-
uents: abalone, water, and an adherent substrate (plastic films with algae attached). In this sys-
tem, abalones are consumers living on the substrate and feeding on the algae attached to the
film. Water serves as the environment for the abalones and algae. The plastic film provides
the adhesive substrate for algae and accumulates the excrement of the consumers [2]. As the
system is established, abalone seedlings hatch, and the adhesive substrate is dominated by pre-
cultivated diatoms. Through time, abalone excrement gradually accumulates. Therefore,
adhered material is a mixture consisting mainly of abalone food at an early stage of abalone
development that slowly transitions to accumulated excrement at a later stage [3]. Because of
the simplicity of many aquacultures, they are good models to study the relationships between
different microbial communities in a system.

Although the three components of our selected system are very different from each other,
they have a common link: the microbes living in or on them. Microorganisms, the backbone
of all ecosystems, are ubiquitous. They play a variety of essential functions in each of the com-
ponents of the system. For example, water microbes can be decomposers, producers (e.g., cya-
nobacteria), or promoters of elemental cycling (e.g., carbon or nitrogen fixation). Their
presence promotes regular energy flow and cycling of nutrients in the system, improving the
efficiency of resource usage [4]. All man-made structures immersed in a marine environment
are quickly colonized by a variety of micro- and macroorganisms [5]. On plastic films, bacteria
establish close relationships with their neighbors in the phycosphere, a zone surrounding the
algae [6]. The interactions between algae and bacteria not only dynamically control the growth
of other bacteria [3,7], they also influence the settlement of marine invertebrate larvae [8]. The
population of microorganisms living in an animal body is called the microbiome or microbiota
[9]. The various functions of the gut microbiome of humans and other vertebrates, including
barrier functions, metabolic reactions, trophic effects, and maturation of a host’s innate and
adaptive immune responses, have been analyzed [10].

Although the roles of microbes in certain hosts or environmental niches have been exten-
sively studied, their roles and interactions in the system as a whole are largely unknown. Re-
vealing the factors and processes that shape the dynamics of host-associated microbiota under
natural conditions is important to understanding and predicting an organism’s response to a
changing environment [11]. As ubiquitous elements of both living and nonliving components
of an ecosystem, microbes are actively exchanged among parts of the ecosystem. Therefore,
microbes are most likely acting as internal factors that not only affect processes in the ecosys-
tem, but also provide stability between components of the system. However, how microbes are
exchanged between components of a system and, specifically, how producers, consumers, and
the environment influence each other’s microbial communities is still unknown. Using dena-
turing gradient gel electrophoresis (DGGE) and high-throughput sequencing, the composition
of a bacterial community can be determined based on 16S rRNA sequencing. In this study, we
collected time-series samples from three components of an abalone seed-nursing pond system.
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Profiling of the 16S rRNA was used to characterize bacterial communities. The Bray-Curtis
(BC) similarity index was used to quantify the dynamics of microbiota formation in different
organisms and the environment, thus defining their relationships system-wide.

Materials and methods
Sample collection

Abalone (Haliotis diversicolor Reeve, 1846) hatching was performed following the guidelines
outlined by You et al. [12] and Zhang et al. [2]. Three identical nursing ponds, 7m x 3 m x 1
m in size and with ~16 t of filtrated seawater, were used in this study. Polythene films were
added as a substrate for abalone larva and diatom attachment. Throughout the study period
(from day 0 to 41), water temperature, salinity, light intensity, and initial larval density were
maintained identically for all ponds. At the beginning, diatoms were pre-cultivated for 3 days
in static water before the larvae were added on day 0. The free-swimming larvae were lecitho-
trophic on days 1 and 2 and were collected with a 100-um mesh screen. The larvae started set-
tling on the films and fed on the attached algae at approximately day 3. On day 4, the running
water was introduced into the ponds, with two complete water exchanges per day. Because the
settled larvae could not be visibly distinguished from diatoms from day 3 to day 5, visible lar-
vae or early juveniles were carefully removed from the films with a brush beginning at day 6.
For substrate samples, three 100 x 100-mm films were excised at three different locations in
each pond every day. The above samples were stored at —80°C after they were rinsed in sterile
seawater. One-liter water samples from each pond were filtered through 0.22-um nitrocellu-
lose membrane filters every day, and filters were stored at —80°C.

DNA extraction and PCR-DGGE

We combined triplicate samples for DNA extraction to minimize random errors resulting
from sample differences. Abalone DNA was extracted using the E.Z.N.A. Bacterial DNA Kit
(Omega, Norcross, GA, USA) following the centrifugation protocol with minor modifications.
Abalone tissues (50-100 mg) were firstly homogenized in 100 uL TE buffer and 10 pL lyso-
zyme, and incubated at 37°C for 10 minutes. Then following operations are carried out accord-
ing to the instruction. The Omega E.Z.N.A. Water DNA Kit was used to extract bacterial DNA
from film and water samples. Fragments of 16S rDNA for the DGGE analysis were amplified
using a nested PCR method with first-round primers 8F/1492R (8F: 5'-AGAGTTTGATCCTGG
CTCAG-3';1492R: 5'-GGTTACCTTGTTACGACTT-3) [13] and second-round primers 341F-
GC/534R for the V3 hyper-variable regions (341F-GC: 5'-CGCCCGCCGCGCGCGGCGGGCGGG
GCGGGGGCACGGGGGGCCTAGGGGAGGCAGCAG-3, 534R: 5'-ATTACCGCGGCTGCTGG-3')
[14]. PCR was performed as described previously [3]. Amplified products were analyzed by
DGGE using a BioRad DCode Universal Mutation Detection System (BioRad, Hercules, CA,
USA) and applied to 8% w/v polyacrylamide gels with denaturing gradients that ranged from
55 to 75% with 1x TAE running buffer, and that were run at 60°C for 11 h at 100 V. Gels were
then stained with 1x SYBR Gold Nucleic Acid Gel Stain (Life Technologies, Carlsbad, CA,
USA) for 30 min. Photos were taken with a Tanon-2500 (Shanghai, China).

High-throughput sequencing of the 16S rDNA

PCR amplification, purification, pooling, and pyrosequencing were performed following the
procedure described by Liu ef al. [15], with minor modifications. The V1-V3 hyper-variable
region of the bacterial 16S rDNA was amplified with primers B-27F and A-533R (454 Life Sci-
ences, Branford, CT, USA). Sequencing starts from A-533R to B-27F (A and B represent the

PLOS ONE | https://doi.org/10.1371/journal.pone.0182590  August 7, 2017 3/18


https://doi.org/10.1371/journal.pone.0182590

@° PLOS | ONE

Abalone aquatic system bacterial communities

454 adaptors, where A contains the index sequences). PCR was carried out in triplicate 20-uL
reactions containing 100 nM of each primer, 10 ng of template, 0.25 mM dNTPs, and 1 U
polymerase (TransStart-FastPfu DNA Polymerase, TransGen Biotech, Beijing, China). The fol-
lowing thermal program was used for amplification: 95°C for 2 min, followed by 25 cycles of
95°C for 30's, 55°C for 30 s, and 72°C for 30 s, and then an extension at 72°C for 5 min. The
PCR products were pooled and purified. Equal amounts of the products from each sample
were combined in a single tube to be run from the A-end on a Roche Genome Sequencer
GS-FLX Titanium platform at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

Data processing and statistical analysis

The PCR-DGGE band signals were digitized using Quantity One software (Bio-Rad). The
Shannon-Wiener index of diversity (H) [16] was used to determine the diversity of taxa
present in different components of the system. A principal component analysis (PCA) was
conducted using Canoco for Windows 4.5 (Wageningen, Netherlands). A similarity matrix
was constructed by applying Dice’s similarity coefficient in SPSS software. Phylogenetic
trees were constructed using the unweighted pair group method with arithmetic averages
(UPGMA).

For the pyrosequencing data, only reads longer than 200 base pairs (bp), with an average
quality score greater than 25, and without any ambiguous base calls were included in the sub-
sequent analyses. The trimmed and unique sequences were used to determine operational tax-
onomic units (OTUs) at the 97% similarity level. Both the rare OTUs with only 1 or 2 mapped
reads and chimeric OTUs were discarded. The remaining OTUs were then subjected to a
BLAST search against the SILVA database (Version 111), and only prokaryotic sequences
were kept for further analysis. Relationships and distances between all of the sequenced sam-
ples in the community are shown in the phylogenetic tree (Jaccard index) and PCA. The statis-
tical distance between each pair of samples was determined using the weighted UniFrac metric
[17]. Except for the PCA, the above analyses were performed in Mothur [18].

A methodology, based on BC similarities, was used for the analysis of spatio-temporal inter-
actions between bacterial communities associated with different components of the system.
BC similarity is a statistic used to quantify the compositional similarity between two different
communities, based on counts of common species. The index of similarity is:

2C,

where Cj; is the sum of the lesser values for only those species (OTUs) in common between
two samples, and S; and S are the total number of species (OTUs) in each sample [19]. First,
two temporally close samples are defined as “n-1” and “n,” with “n-1” referring to the time
point before “n.” Taking abalone sample “A” as an example (Fig 1), the microbiome of “An” is
influenced mainly by five spatially and temporally adjacent samples and include spatially close
samples (“Sn” for substrate and “Wn” for water), temporally close samples (An-1), and spatio-
temporally close samples (Sn-1 and Wn-1). The BC similarity values between “Sn” and “An”
were termed BCg,,_a,; the BC value between “An-1” and “An” is named BC4,,_1_4,, and so on.
If the five spatially and temporally adjacent BC values together are considered 100%, the per-
centage of BCap.1.an (BCan.1.an%) would reflect the community stability (inner influence) of
“A,” whereas the values BCg,,_4,,% and BCg,,_1.2,% would reflect the external influences of the
“S” community on “A,” and BCy,,_,% and BCyyy_1.4,% would show the external influences
of “W” on “A.” To exclude the effects of different the sizes of sample datasets, data from the
above analyses were normalized, and data were processed in Excel.
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Fig 1. Schematic representation of the BC% analysis of the abalone seed-nursing ecosystem. “A,” “S,” and “W” represent different components of the
ecosystem with direct microbial exchanges. Comparisons of bacterial communities were only conducted for two samples that were spatially or temporally
adjacent, e.g., An-1&An, Wn-1&An, Sn&An. The microbiome of “An” is mainly influenced by five spatially and temporally adjacent samples: Wn-1, An-1, Sn-
1, Wn, and Sn. The influence of “W” or “S” was external and that of “An-1” was internal. When the BC values of “An” are considered 100%, the BC
percentage (BC%) reflects the strength of the influence on “An”. BC, Bray-Curtis similarity value; A, Abalone; S, Adherent substrate; W, Water; n - 1, Time

point prior to “n.”

https://doi.org/10.1371/journal.pone.0182590.g001

Results
DGGE analysis of bacterial communities

DGGE of each sample yielded hundreds of PCR bands (S1 Fig); that is to say, the samples were
appropriately prepared. Changes in the o-diversity (Shannon-Wiener indices) of each compo-
nent over time were plotted (Fig 2). Generally, bacteria in the substrate sample had the highest
diversity, followed by water, and then the lowest in abalone. It is worth mentioning that from
day 1 to day 21, the abalone bacterial indices showed an upward trend, followed by a down-
ward trend. The PCA analysis based on DGGE patterns revealed that the diversity of the aba-
lone microbiota was closely related to their developmental stages, and the distances between
different time points in the same developmental period were relatively close on the PCA map
(Fig 3). Interestingly, the substrate was also associated with abalone growth; samples of the
substrate that were collected during the same stage clustered together in the PCA analysis.
Even the water microbiota formed two clusters—one of samples collected before the 21st day
and one of samples collected after, which is when the abalone transitioned from the differenti-
ation stage to the juvenile stage. Three unweighted phylogenetic trees were constructed based
on DGGE profiles (S2 Fig). All three samples showed chronological clustering in the trees.
However, branching in the trees appeared to have no relationship with abalone developmental
stages. Based on the structure of the trees, 11 abalone, 10 substrate, and 11 water samples, col-
lected at the same time points, were selected for pyrosequencing (red branches).
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Fig 2. Changes in a-diversity (Shannon-Wiener indexes) of each component in the abalone seed-nursing system over time. Different
lengths of colored bars show different developmental stages of the abalone. Green, trochophore stage (0-2 days); Purple, creeping larva stage (2—
4 days); Yellow, peristomial shell larva stage (4—12 days); Red, differentiation stage (12—21 days); Blue, juvenile (> 21 days).

https://doi.org/10.1371/journal.pone.0182590.g002

A

Pyrosequencing of the bacterial communities

The bacterial communities in 32 samples obtained from three components of an abalone seed-
nursing system were profiled by pyrosequencing of the 165 rRNA V1-V3 hyper-variable
region. In total, 260,586 high-quality reads were generated, with an average length of 455 bp
and 8,143 reads per sample (S3 Fig and S1 Table). All sequences were deposited in the Gen-
Bank Short Read Archive (SRR1462395). With a similarity threshold of 97%, we identified a
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Fig 3. PCA plots based on bacterial denaturing gradient gel electrophoresis patterns of the three components in the abalone seed-
nursing system. Different colored dots indicate the different developmental stages of the abalone. Green, trochophore stage (0-2 days); Purple,
creeping larva stage (2—4 days); Yellow, peristomial shell larva stage (4—12 days); Red, differentiation stage (12—21 days); Blue, juvenile (> 21
days).
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Fig 4. Relative abundance of major bacterial genera recovered from the three components in the abalone seed-nursing system.
https://doi.org/10.1371/journal.pone.0182590.g004

total of 23,802 OTU sequences, with 12,096 for the abalone, 11,987 for the substrate, and 5,338
for the water. S4 Fig shows the rarefaction analysis results of all samples. The pyrosequencing
results showed that the predominant genus in abalone was Planctomycetaceae_uncultured, fol-
lowed by Hoeflea, Blastopirellula, and Bacillus (Fig 4). This is very similar to the bacterial pro-
files of the substrate. The above genera also accounted for a large proportion of the bacteria in
the substrate; however, Rhodobacteraceae_uncultured replaced Planctomycetaceae_uncultured
as the dominant genus. Rhodobacteraceae_uncultured and Owenweeksia were most abundant
in water, accounting for 40% of the total bacterial community. The other two genera present
in water were Synechococcus and Tenacibaculum, which accounted for less than 10% of the
microbiota present (Fig 4). S5 Fig shows the structure of the microbiota in each sample, listed
in chronological order. The changes in bacteria community structures in each components of
the system were not random, but slowly changed through time.

Relationships among three bacterial communities

To study the relationships between the three components, three analytical methods were used.
First, OTU reads that were shared between components were determined. In total, 783 (out of
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23,802) OTUs were present in all of the samples; these were defined as ASW (abalone, substrate,
water) OTUs. Abalone and substrate samples (AS) had 4,108 common OTUs in common,
whereas substrate and water (SW) shared 1,096 OTUs and abalone and water (AW) shared
1,171 OTUs. To exclude errors because of different sizes of sample datasets, OTU percentages
were calculated. AS OTUs accounted for 27.5% and 27.7% of OTUs in abalone and substrate,
respectively, which were much higher percentages than the 3.2% and 7.3% AW OTUs in aba-
lone and water, respectively, and 2.6% and 5.9% SW OTUs in substrate and water (Fig 5). Con-
sequently, the percentages of unique OTUs in abalone (62.7%) and the substrate (63.1%) were
both lower than that in water (72.2%) because of the higher percentage of AS OTUs.

A phylogenetic tree of all high-throughput sequencing samples was also generated. Abalone
and substrate samples were so similar that they did not segregate in two different branches, but
were mixed on one branch (Fig 6). More specifically, the earlier S samples (S2 and S7) clus-
tered with the earlier A samples (A2-A20), and the later S samples (S11-S33) clustered with
the later A samples (A23-37). However, the water samples were all on a separate branch, indi-
cating that there were differences between the bacterial communities in water and the other
two system components.

Finally, PCA was conducted to define the relationships among samples in more detail. In
Fig 7A, water samples were shown to be cluster alone, whereas the A samples clustered with
the S samples, mirroring with the results of the phylogenetic analysis (Fig 6). When only the
AS samples were analyzed, a clearer relationship was observed (Fig 7B). Although the distance
between A and S on day 2 was long, A and S were closer together in the days that followed. In
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Water. Arabic numerals, sampling days. The phylogenetic tree was constructed using Jest (Jaccard coefficient using richness estimators) in
Mothur.

https://doi.org/10.1371/journal.pone.0182590.9006

conclusion, the above analyses indicated that the consumer and producer had a closer relation-
ship with one another than either with the environment.

Spatio-temporal interactions among the three bacterial communities

The spatial and temporal interactions between the three bacterial communities were quantified
using the BC% method (Fig 8). For the abalone samples, the inner BC5% was only 21.6% at
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+1)).

https://doi.org/10.1371/journal.pone.0182590.g007

the beginning of the formation of the microbiota, then it gradually rose to 55.1%, indicating
that the abalone gut microbiome stability increased as the whole system stabilized. In contrast,
external influences, indicated by BCs 4% (BCs-an% + BCsp.1.4n%) and BCyw 2% (BCwnan%
+ BCwan.1.an%), both declined from 67.2% to 41.4% and from 11.2% to 3.4% independently,
indicating that the effects of the substrate and water on these bacterial communities weakened.
As with the abalone, the inner BCs% of the adherent substrate experienced increased slightly
from 33.5% to 44.6%, and the external BCyy_s% declined from 13.7% to 4.5%, from the begin-
ning to the end of the experiment. However, the BC4__s% value was relatively stable at around
50% during the whole period. Conversely, the progression of the bacterial community in the
water differed from that of the abalone or substrate. First, the inner BCyy% was much higher
than both BC,% and BCg%, which was 71.0% at the beginning and increased to 91.5% on day
33. This indicated that the bacterial community in the environment was highly stable. Conse-
quently, the external BCg w% and BC, w% values were both low. Whereas BCs_ w% dropped
markedly from day 7 (19.6%) to day 33 (4.3%), BC,_w% dropped only slightly from 9.4% to
4.1%.

To better explain these results, an intuitive image of interactions in the abalone seed-nursing
system was generated (Fig 9). This figure illustrates the interactive patterns among different bac-
terial communities in a system. Diameters of the circles reflect the inner BC% (BCap,.1.4n%,
BCsn 1.5n% 01 BCwy 1_wn%). Larger diameters indicate higher stability or inner influence of a
community. Thicknesses of the arrows are determined by the external BC% (for example, the
arrow from S to A reflects the average value of BCgj, 1.4,% + BCs,_an%). Thicker arrows indi-
cate a higher external influence of a community. At an early stage in the system, the bacterial
community stabilities in abalone, substrate, and water were less (smaller circles) than those in
later stages; however, there were more interactions (thicker arrows) between the communities
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Fig 8. Effects of the three bacterial communities on each other in the abalone seed-nursing ecosystem based on a
Bray-Curtis similarity percentage (BC%) analysis. A, Abalone; S, Adherent substrate; W, Water; n — 1, time point prior to
“n.” Using the A sample as an example, the microbiome of A is influenced by two spatially (Sn-An and Wn-An), one temporally
(An-1-An), and two spatio-temporally (Sn-1-An and Wn-1-An) adjacent samples. Wn-1-An (light blue) indicates the BCyn-1-an
percentage in a total of five BCs of A; Wn-An (dark blue) indicates the BCyy,-an; Sn-1-An percentage (light green) indicates the
percentage of BCg-1-an; SN-An (dark green) indicates the percentage of BCs,,.an; and An-1-An (red) indicates the percentage
of BCan-1-an- This can be repeated for the additional samples. For details, please refer to Fig 1 and Material and Methods.

https://doi.org/10.1371/journal.pone.0182590.9008

associated with the different components. Over time, the stability of the three microbiota
increased (larger circles), exchanges between them decreased (thinner arrows), indicating stabi-
lization of the system.

Discussion
Analytical method

The BC% method is based on a method that is widely used for beta diversity studies, namely,
the BC similarity index. It is a statistical method used to quantify the compositional similarity
between two different communities, based on counts of common species, which correspond to
OTUs in this study [19]. BC values are bounded by 0 and 1, where 1 means the two sites have
the same composition, and 0 implies no sharing of any species [20]. BC similarity was used in
this study because it has two advantages. First, the numbers of OTUs were included in the
analysis, which is more accurate than a measure that only considers the presence or absence of
OTUs (e.g., the Jaccard index). Secondly, the BC value varies linearly between 0 and 1, so that

Initial Stage Stable Stage

Fig 9. Schematic representation of the microbial interactions in the abalone seed-nursing ecosystem. A, Abalone; S, Adherent substrate; W, Water.
The diameters of the circles reflect the inner BC% (BCan-1—an%, BCsn-1—sn%, or BCwn.1—wn%), and the thicknesses of the arrows reflect the external BC%
(for example, the arrow from S to A represents the average value of BCgp.1—an% and BCgn—an%).

https://doi.org/10.1371/journal.pone.0182590.g009
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the simple sum of different BC values can be used to calculate a certain BC% to indicate
strength of an influence. Although some other beta diversity indexes are also accurate and
widely used (e.g., UniFrac distance), simple sums or percentages cannot be used to show influ-
ence. However, different indexes usually highly related. To verify the similarities between dif-
ferent B diversity indexes, BC similarities were compared with weighted UniFrac distances.
Results from 149 pairs of data points from the abalone seed-nursing system samples revealed
that the two statistical methods were strongly negatively correlated, with an R* of 0.9194 (S6
Fig). As long as an appropriate data conversion is performed, the use of other indexes in a sim-
ilar analysis may be feasible.

Effects of bacterial communities on those of the substrate and
environment

Li et al. [5] found that the bacterial communities in biofilms varied on different substrata (i.e.,
glass, acrylic, steel, and hydrophobic glass), and they investigated the effects of bacterial com-
munities on the establishment of plantigrades of the mussel Mytilus coruscus. Our results
showed that the bacterial communities in abalone affected those of the substrate and water,
and especially the substrate. The main reason for this may be the continued accumulation

of abalone excrement on the substrate. Interestingly, the developmental stages of abalone
appeared to have an effect on the water body (Figs 2 and 3-water). This effect is associated with
the transition from differentiation to juvenile abalone stages, but this phenomenon was not
observed in the high-throughput sequencing results (Fig 7B). Therefore, further evidence is
needed to support this hypothesis. Water provides the living environment and material sup-
port for abalone and algae. It must be tolerant and stable to maintain the structure of a system.
This study revealed the stability of the bacterial communities in the water. Although the stabil-
ity of the environment was affected to some extent in early stages of community formation,
the BCy% value was still high. After external influences declined and bacterial exchanges sta-
bilized, the BC\y% remained very high (Fig 8). If this balance is interrupted, e.g., water deterio-
ration or pollution [21], the structure of the system might be destroyed. Therefore, the change
in the BC% of the environment should be considered a main factor in evaluating system
stability.

Changes in the abalone bacterial community

BC% values describe the spatio-temporal interactions between the components of system.
Using the consumer, abalone, as an example, the inner BC,% was quite low at the seedling
period, indicating that their gut microbiota were unstable. This is similar to observations made
in humans and other animals [22]. Development of the intestinal microbiota in infants is also
characterized by large rapid changes in microbial composition [10]. Within the first year of
life, the enteric microbiota is low in diversity, dominated by only a few bacterial genera and
species, but it is also highly dynamic [23,24]. This is likely because a series of barriers exert
potent selective pressures on bacteria that arrive in the digestive system during adulthood, but,
in the early stages of life, these barriers are low and temporarily allow non-gut-related bacteria
to enter the gut [25]. The intestinal microbiota of infants evolve rapidly until they reaches
homeostasis at around one year of age. Inter-individual differences then gradually diminish as
the microbiota become more complex with age [24], and the microbial population stabilizes
and resembles that of an adult [23]. This is similar to the progression in abalone. Because the
lifespan of an abalone is shorter than that of a human, the BC,% values in this organism
increase rapidly early in development (before day 11), which is much quicker than the 1 year
required for stabilization in an infant. However, regardless of the length of the unstable period,
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the gut microbiomes of humans and other animals eventually reach a mature homeostasis.
Interestingly, the bacterial population in abalone spat and juvenile (H. diversicolor) are
completely different from those in mature disk abalone (H. discus) [26]. This big difference
may stem from their different growth stages and the geographical habitat.

Substrate effects on the consumer

The development of abalone can be divided into five stages: the trochophore (0-2 days), creep-
ing larva (2-4 days), peristomial shell larva (4-12 days), differentiation (12-21 days), and juve-
nile (after 21 days) stages. From our data, the composition of bacterial communities in abalone
at different developmental stages were observed to be different, and, from day 0 to day 21, bac-
terial diversity gradually increased. A study on bacterial diversity in oysters also showed that
microbiota associated with the postlarvae stages and adults differed substantially, and that
postlarvae stages showed higher bacterial diversity and richness than that in adults of the same
species [27]. Because different animals have different diets, food may be one of the main rea-
sons for this difference [28]. At an early stage in development, when the abalone bacterial com-
munity was not completely established, and the bacteria in the phycosphere had a strong
influence on the consumer, the BCs_5% approached 70%. Even at a nearly stable stage, the
BCs_ % was still high (41.4%). There is increasing evidence that, although a consumer’s gut
microbial community can partially determine the nutritional value of food, food ultimately
shapes the gut microbiota and metagenome [29]. Milk from healthy mothers, which contains
up to 10° microbes/liter from different bacterial groups [30] is a continuous source of bacteria
for the infant gut [31]. The presence of identical strains in both the mothers’ breast milk and
their infants’ fecal samples suggests an important role for breast milk as a source of early gut
colonizers in infants [32,33]. A case study that followed the development of the microbiota in
an infant from birth to 2.5 years revealed the strong influence that diet had on changes in the
microbial community and the genes responsible for nutritional degradation and synthesis
[34]. Favier et al. [35] showed that breastfeeding status, weaning, and the successive introduc-
tion of different types of table foods all corresponded to rapid shifts in the pattern of bacteria
in infant guts. Of note, our PCA results (Fig 7) revealed that changes to the microbiomes of the
consumers occurred with changes to the microbiomes of their food (the producers), indicating
that the food we eat may instantly change our bacterial communities. However, this effect was
only observed inside of the host. With outer characteristics such as growth and health, the
effects of changes in food are gradual.

Environmental effects on the consumer

Lokmer et al. [36] found a high connectivity between seawater communities and the micro-
biota in the hemolymph of adult oysters. Variation in oyster microbiota is strongly influenced
by anatomical site and conditions of the immediate environment [11,27]. Environment may
have more influence at an early stage in bacterial community development, before inner stabil-
ity is achieved. The mode of delivery (vaginally or by cesarean section) of human infants repre-
sents the first environment of a newborn. Analysis of the bacterial communities of newborns’
meconiums revealed a strong correlation between the first communities in the digestive tract
and microbial communities of either their mothers’ vaginas, in the case of vaginal delivery, or
their mothers’ skin, in the case of cesarean section [33,37]. Consequently, samples from the
first few days of life often cluster with other very early samples and sometimes with samples
from anatomical sites in their mothers, for example, breast milk or vaginas [23]. Although the
seemingly chaotic progression in the early gut colonization of newborns was not observed in
this study, we observed an obvious decrease in BCyy_,% and BCyy_s% between days 7 and 11
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(Fig 8). If samples are sequenced during the early days of community establishment (e.g., day 1
or 2), the effects of the environmental microbiome on consumers and producers are likely to
be more pronounced than those from either consumers or producers. However, these species
may do not rely on particular bacteria because larvae do not reliably encounter the same bacte-
ria in the aquatic habitats that they develop in. The bacterial population that develops in the
initial stages of microbiome development is to a significant extent determined by the specific
bacteria to which a host happens to be exposed. Over time, the fitness advantages of communi-
ties that typically dominate the mature gut environment apparently overcome those of the
early-colonizing opportunists that are less well-adapted [23].

Conclusion

In this study, we identified changes of bacterial communities during seedling cultivation of an
herbivorous juvenile aquatic invertebrate animal. We found that the microbiota of abalone at
different developmental stages differed significantly, and the community in water might also
have been affected to some extent. Further, we spatio-temporally analyzed the microbiota
between the plant-feed host and the surrounding water. First, bacterial populations of the
consumer and producer were more closely to each other than to that of the environment, as
foods can quickly affect the gut microbiota of a host. Second, the spatio-temporal interactions
between different ecological components were interpreted by BC% analysis. Consumers and
producers showed similar changes in their inner stabilities and responses to external influ-
ences. However, the environment, as a nonliving component of the system, had a much more
stable inner BCyy% than either the consumer or producer, demonstrating the importance of
environmental stability to an ecosystem. Based on the results of this study, the BC% method
was shown to be a good quantitative analytical method. This method can be applied to other
ecological studies, such as the evaluation of disease processes in closed ecosystems, optimizing
artificial breeding or aquaculture protocols, supporting studies on feed additives or probiotics,
and analyzing the effects of invasive species on a system.

Supporting information

S1 Fig. Denaturing gradient gel electrophoresis profiles of all samples in the abalone seed-
nursing system. Results of 8% w/v polyacrylamide gels with denaturing gradients that ranged
from 55 to 75%, with 1x TAE running buffer and run at 60°C for 11 h at 100 V. Gels were
stained with 1x SYBR Gold Nucleic Acid Gel Stain (Life Technologies, Carlsbad, CA, USA) for
30 min.

(TIF)

S2 Fig. Unweighted phylogenetic trees showing bacterial in all samples in the abalone
seed-nursing system based on their denaturing gradient gel electrophoresis profiles. Trees
were constructed using the unweighted pair group method with arithmetic averages
(UPGMA).

(TIF)

S3 Fig. Sequence length distribution in pyrosequencing data from the abalone seed-nurs-
ing system.
(TIF)

S4 Fig. Rarefaction analysis result of all samples.
(TIF)
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S5 Fig. Relative abundance of major bacterial genera recovered from each sample in the
abalone seed-nursing system.

(TIF)

S6 Fig. Correlations between Bray-Curtis similarity indexes and weighted UniFrac metrics.

Plot i
(TIF)

s based on 149 pairs of data points from the abalone seed-nursing system samples.

S1 Table. Statistics of sample reads.
(DOCX)

Author Contributions

Conceptualization: Jing-Zhe Jiang, Guang-Feng Liu.

Data

curation: Jing-Zhe Jiang, Wang Zhao.

Formal analysis: Jing-Zhe Jiang, Wang Zhao.

Funding acquisition: Jing-Zhe Jiang, Jiang-Yong Wang.

Investigation: Jing-Zhe Jiang, Wang Zhao, Jiang-Yong Wang.

Methodology: Jing-Zhe Jiang, Wang Zhao, Guang-Feng Liu.

Project administration: Jing-Zhe Jiang, Jiang-Yong Wang.

Resources: Wang Zhao, Guang-Feng Liu, Jiang-Yong Wang.

Supervision: Jiang-Yong Wang.

Validation: Jing-Zhe Jiang.

Visualization: Jing-Zhe Jiang, Wang Zhao.

Writing - original draft: Jing-Zhe Jiang.

Writing - review & editing: Jing-Zhe Jiang.

References

1.

Chapin FS, Matson PA. PA, Vitousek PM. PM, Stuart Chapin F. lii, Matson PA. PA, Vitousek PM. PM.
Principles of terrestrial ecosystem ecology. Principles of Terrestrial Ecosystem Ecology. 2012; https:/
doi.org/10.1007/978-1-4419-9504-9

Zhang GF, Que HY, Liu X, Xu HS. Abalone mariculture in China. J Shellfish Res. 2004; 23:947-950

Zhao W, Jiang JZ, Wang JY, Chen T, Liu GF, Wang R X et al. Analysis of the bacterial community in
the phycosphere of the attachment substances of larval abalone (Haliotis diversicolor Reeve) by PCR-
DGGE. J Fish Sci China. 2013; 20:1225-1233

Bowler C, Karl DM, Colwell RR. Microbial oceanography in a sea of opportunity. Nature. 2009;
459:180—184. https://doi.org/10.1038/nature08056 PMID: 19444203

Li YF, Chen YR, Yang JL, Bao WY, Guo XP, Liang X, et al. Effects of substratum type on bacterial com-
munity structure in biofilms in relation to settlement of plantigrades of the mussel Mytilus coruscus. Int
Biodeterior Biodegrad. 2014; 96: 41-49. https://doi.org/10.1016/).ibiod.2014.08.012

Bell W, Mitchell R. Chemotactic and growth responses of marine bacteria to algal extracellular products.
Biol Bull. 1972; 143: 265-277. https://doi.org/10.2307/1540052

Amin S a S, Parker MSM, Armbrust EV. Interactions between diatoms and bacteria. Microbiol Mol Biol
Rev. 2012; 76: 667—684. https://doi.org/10.1128/MMBR.00007-12 PMID: 22933565

Campbell AH, Meritt DW, Franklin RB, Boone EL, Nicely CT, Brown BL. Effects of age and composition
of field-produced biofilms on oyster larval setting. Biofouling. 2011; 27: 255-65. https://doi.org/10.1080/
08927014.2011.560384 PMID: 21360359

PLOS ONE | https://doi.org/10.1371/journal.pone.0182590  August 7, 2017 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182590.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182590.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182590.s007
https://doi.org/10.1007/978-1-4419-9504-9
https://doi.org/10.1007/978-1-4419-9504-9
https://doi.org/10.1038/nature08056
http://www.ncbi.nlm.nih.gov/pubmed/19444203
https://doi.org/10.1016/j.ibiod.2014.08.012
https://doi.org/10.2307/1540052
https://doi.org/10.1128/MMBR.00007-12
http://www.ncbi.nlm.nih.gov/pubmed/22933565
https://doi.org/10.1080/08927014.2011.560384
https://doi.org/10.1080/08927014.2011.560384
http://www.ncbi.nlm.nih.gov/pubmed/21360359
https://doi.org/10.1371/journal.pone.0182590

@° PLOS | ONE

Abalone aquatic system bacterial communities

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

The NIH HMP Working Group. The NIH Human Microbiome Project. Genome Res. 2009; 19: 2317-
2323. https://doi.org/10.1101/gr.096651.109 PMID: 19819907

Matamoros S, Gras-Leguen C, Le Vacon F, Potel G, de La Cochetiere MF. Development of intestinal
microbiota in infants and its impact on health. Trends Microbiol. 2013; 21: 167—173. https://doi.org/10.
1016/j.tim.2012.12.001 PMID: 23332725

Lokmer A, Goedknegt MA, Thieltges DW, Fiorentino D, Kuenzel S, Baines JF, et al. Spatial and tempo-
ral dynamics of pacific oyster hemolymph microbiota across multiple scales. Front Microbiol. 2016; 7:
1-18. https://doi.org/10.3389/fmicb.2016.01367 PMID: 27630625

You WW, Ke CH, Luo X, Wang DX. Divergent selection for shell length in two stocks of small abalone
Haliotis diversicolor. Aquac Res. 2010; 41: 921-929. https://doi.org/10.1111/j.1365-2109.2009.02376.
X

Buchholz-Cleven BEE, Rattunde B, Straub KL. Screening for Genetic Diversity of Isolates of Anaerobic
Fe(ll)-oxidizing Bacteria Using DGGE and Whole-cell Hybridization. Syst Appl Microbiol. 1997; 20:
301-309. https://doi.org/10.1016/S0723-2020(97)80077-X

Muyzer G, Waal EC De, Uitierlinden AG. Profiling of complex microbial populations by denaturing gradi-
ent gel electrophoresis analysis of polymerase chain reaction-amplified genes coding for 16S rRNA.
Appl Environ Microbiol. 1993; 59: 695—700. https://doi.org/0099-2240/93/030695-06$02.00/0 PMID:
7683183

LiudJ, SuiY, YuZ, Shi Y, Chu H, Jin J, et al. High throughput sequencing analysis of biogeographical
distribution of bacterial communities in the black soils of northeast China. Soil Biol Biochem. 2014; 70:
113-122. https://doi.org/10.1016/j.s0ilbio.2013.12.014

Krebs C. Ecology: The Experimental Analysis of Distribution and Abundance. New York: Harper and
Row. 1978

Lozupone CA, Knight R. UniFrac: a New Phylogenetic Method for Comparing Microbial Communities
UniFrac: a New Phylogenetic Method for Comparing Microbial Communities. Appl Environ Microbiol.
2005; 71: 8228-8235. https://doi.org/10.1128/AEM.71.12.8228-8235.2005 PMID: 16332807

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur: Open
—Source, Platform—Independent, Community—Supported Software for Describing and Comparing
Microbial Communities. Appl Environ Microbiol. 2009; 75: 7537—7541. https://doi.org/10.1128/AEM.
01541-09 PMID: 19801464

Bray RJ, Curtis JT. An ordination of the upland forest communities of southern Winsconin. Ecol Monogr.
1957; 27: 325-349. https://doi.org/10.2307/1942268

Bloom SA. Similarity indices in community studies: potential pitfalls. Mar Ecol Prog Ser. 1981; 5:125-
128. https://doi.org/10.3354/meps005125

Thomas JC, Wafula D, Chauhan A, Green SJ, Gragg R, Jagoe C. A survey of deepwater horizon
(DWH) oil-degrading bacteria from the Eastern oyster biome and its surrounding environment. Front
Microbiol. 2014; 5. https://doi.org/10.3389/fmicb.2014.00149 PMID: 24782841

Ingerslev HC, von Gersdorff Jargensen L, Lenz Strube M, Larsen N, Dalsgaard |, Boye M, et al. The
development of the gut microbiota in rainbow trout (Oncorhynchus mykiss) is affected by first feeding
and diet type. Aquaculture. 2014; 12: 032. https://doi.org/10.1016/j.aquaculture.2013.12.032

Palmer C, Bik EM, DiGiulio DB, Relman DA, Brown PO. Development of the human infant intestinal
microbiota. PLoS Biol. 2007; 5: 1556—73. https://doi.org/10.1371/journal.pbio.0050177 PMID:
17594176

Yatsunenko T, Rey FE, Manary MJ, Trehan |, Dominguez-Bello MG, Contreras M, et al. Human gut
microbiome viewed across age and geography. Nature. 2009; 486: 222—-227. https://doi.org/10.1038/
nature07540.A

Morelli L. Postnatal Development of Intestinal Microflora as Influenced by Infant Nutrition. J Nutr. 2008;
https://doi.org/138/9S-11/1791S PMID: 18716188

Lee MJ, Lee JJ, Han YC, Sang HC, Kim BS. Analysis of microbiota on abalone (Haliotis discus hannai)
in South Korea for improved product management. Int J Food Microbiol. 2016; 234: 45-52. https://doi.
org/10.1016/j.iffoodmicro.2016.06.032 PMID: 27371902

Trabal Fernandez N, Mazén-Suastegui JM, Vazquez-Juarez R, Ascencio-Valle F, Romero J. Changes
in the composition and diversity of the bacterial microbiota associated with oysters (Crassostrea corte-
ziensis, Crassostrea gigas and Crassostrea sikamea) during commercial production. FEMS Microbiol
Ecol. 2014; 88: 69-83. https://doi.org/10.1111/1574-6941.12270 PMID: 24325323

McFrederick QS, Thomas JM, Neff JL, Vuong HQ, Russell KA, Hale AR, et al. Flowers and Wild Mega-
chilid Bees Share Microbes. Microb Ecol. 2017; 1: 13. https://doi.org/10.1007/s00248-016-0838-1
PMID: 27592345

PLOS ONE | https://doi.org/10.1371/journal.pone.0182590  August 7, 2017 17/18


https://doi.org/10.1101/gr.096651.109
http://www.ncbi.nlm.nih.gov/pubmed/19819907
https://doi.org/10.1016/j.tim.2012.12.001
https://doi.org/10.1016/j.tim.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23332725
https://doi.org/10.3389/fmicb.2016.01367
http://www.ncbi.nlm.nih.gov/pubmed/27630625
https://doi.org/10.1111/j.1365-2109.2009.02376.x
https://doi.org/10.1111/j.1365-2109.2009.02376.x
https://doi.org/10.1016/S0723-2020(97)80077-X
https://doi.org/0099-2240/93/030695-06$02.00/0
http://www.ncbi.nlm.nih.gov/pubmed/7683183
https://doi.org/10.1016/j.soilbio.2013.12.014
https://doi.org/10.1128/AEM.71.12.8228-8235.2005
http://www.ncbi.nlm.nih.gov/pubmed/16332807
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
https://doi.org/10.2307/1942268
https://doi.org/10.3354/meps005125
https://doi.org/10.3389/fmicb.2014.00149
http://www.ncbi.nlm.nih.gov/pubmed/24782841
https://doi.org/10.1016/j.aquaculture.2013.12.032
https://doi.org/10.1371/journal.pbio.0050177
http://www.ncbi.nlm.nih.gov/pubmed/17594176
https://doi.org/10.1038/nature07540.A
https://doi.org/10.1038/nature07540.A
https://doi.org/138/9S-II/1791S
http://www.ncbi.nlm.nih.gov/pubmed/18716188
https://doi.org/10.1016/j.ijfoodmicro.2016.06.032
https://doi.org/10.1016/j.ijfoodmicro.2016.06.032
http://www.ncbi.nlm.nih.gov/pubmed/27371902
https://doi.org/10.1111/1574-6941.12270
http://www.ncbi.nlm.nih.gov/pubmed/24325323
https://doi.org/10.1007/s00248-016-0838-1
http://www.ncbi.nlm.nih.gov/pubmed/27592345
https://doi.org/10.1371/journal.pone.0182590

@° PLOS | ONE

Abalone aquatic system bacterial communities

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI. Human nutrition, the gut microbiome and the
immune system. Nature. 2011; 474: 327-336. https://doi.org/10.1038/nature10213 PMID: 21677749

WEST PAHEWITT JH, MURPHY OM. The Influence of Methods of Collection and Storage on the Bac-
teriology of Human Milk. J Appl Bacteriol. 1979; 46: 269-277. https://doi.org/10.1111/j.1365-2672.
1979.tb00820.x PMID: 572360

Martin R, Jiménez E, Heilig H, Fernandez L, Marin ML, Zoetendal EG, et al. Isolation of bifidobacteria
from breast milk and assessment of the bifidobacterial population by PCR-denaturing gradient gel elec-
trophoresis and quantitative real-time PCR. Appl Environ Microbiol. 2009; 75: 965-969. https://doi.org/
10.1128/AEM.02063-08 PMID: 19088308

Martin V, Maldonado-Barragan a., Moles L, Rodriguez-Banos M, Campo RD, Fernandez L, et al. Shar-
ing of Bacterial Strains Between Breast Milk and Infant Feces. J Hum Lact. 2012; 28: 36—44. https://doi.
org/10.1177/0890334411424729 PMID: 22267318

Penders J, Thijs C, Vink C, Stelma FF, Snijders B, Kummeling |, et al. Factors Influencing the Composi-
tion of the Intestinal Microbiota in Early Infancy. Pediatrics. 2006; 118: 511-521. https://doi.org/10.
1542/peds.2005-2824 PMID: 16882802

Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R, et al. Succession of microbial con-
sortia in the developing infant gut microbiome. Proc Natl Acad Sci U S A. 2011; 108: 4578—-4585.
https://doi.org/10.1073/pnas.1000081107 PMID: 20668239

Favier CF, Vaughan EE, De Vos WM, Akkermans ADL. Molecular monitoring of succession of bacterial
communities in human neonates. Appl Environ Microbiol. 2002; 68: 219-226. https://doi.org/10.1128/
AEM.68.1.219-226.2002 PMID: 11772630

Lokmer A, Kuenzel S, Baines JF, Wegner KM. The role of tissue-specific microbiota in initial establish-
ment success of Pacific oysters. Environ Microbiol. 2016; 18: 970-987. https://doi.org/10.1111/1462-
2920.13163 PMID: 26695476

Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer N, et al. Delivery mode
shapes the acquisition and structure of the initial microbiota across multiple body habitats in newborns.
Proc Natl Acad Sci U S A. 2010; 107: 11971-11975. https://doi.org/10.1073/pnas.1002601107 PMID:
20566857

PLOS ONE | https://doi.org/10.1371/journal.pone.0182590  August 7, 2017 18/18


https://doi.org/10.1038/nature10213
http://www.ncbi.nlm.nih.gov/pubmed/21677749
https://doi.org/10.1111/j.1365-2672.1979.tb00820.x
https://doi.org/10.1111/j.1365-2672.1979.tb00820.x
http://www.ncbi.nlm.nih.gov/pubmed/572360
https://doi.org/10.1128/AEM.02063-08
https://doi.org/10.1128/AEM.02063-08
http://www.ncbi.nlm.nih.gov/pubmed/19088308
https://doi.org/10.1177/0890334411424729
https://doi.org/10.1177/0890334411424729
http://www.ncbi.nlm.nih.gov/pubmed/22267318
https://doi.org/10.1542/peds.2005-2824
https://doi.org/10.1542/peds.2005-2824
http://www.ncbi.nlm.nih.gov/pubmed/16882802
https://doi.org/10.1073/pnas.1000081107
http://www.ncbi.nlm.nih.gov/pubmed/20668239
https://doi.org/10.1128/AEM.68.1.219-226.2002
https://doi.org/10.1128/AEM.68.1.219-226.2002
http://www.ncbi.nlm.nih.gov/pubmed/11772630
https://doi.org/10.1111/1462-2920.13163
https://doi.org/10.1111/1462-2920.13163
http://www.ncbi.nlm.nih.gov/pubmed/26695476
https://doi.org/10.1073/pnas.1002601107
http://www.ncbi.nlm.nih.gov/pubmed/20566857
https://doi.org/10.1371/journal.pone.0182590

