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The phylogenetic diversity of bacterial communities in response to environmental
disturbances such as organic pollution has been well studied, but little is known about
the way in which organic contaminants influence the acclimation of functional bacteria.
In the present study, tolerance assays for bacterial communities from the sediment
in the Pearl River Estuary were conducted with the isolation of functional bacteria
using pyrene and different estrogens as environmental stressors. Molecular ecological
networks and phylogenetic trees were constructed using both 16S rRNA gene
sequences of cultured bacterial strains and 16S rRNA gene-based pyrosequencing
data to illustrate the successions of bacterial communities and their acclimations to
the different organic compounds. A total of 111 bacterial strains exhibiting degradation
and endurance capabilities in response to the pyrene estrogen-induced stress were
successfully isolated and were mainly affiliated with three orders, Pseudomonadales,
Vibrionales, and Rhodobacterales. Molecular ecological networks and phylogenetic
trees showed various adaptive abilities of bacteria to the different organic compounds.
For instance, some bacterial OTUs could be found only in particular organic compound-
treated groups while some other OTUs could tolerate stresses from different organic
compounds. Furthermore, the results indicated that some new phylotypes were
emerged under stresses of different organic pollutions and these new phylotypes could
adapt to the contaminated environments and contribute significantly to the microbial
community shifts. Overall, this study demonstrated a crucial role of the community
succession and the acclimation of functional bacteria in the adaptive responses to
various environmental disturbances.

Keywords: pyrene, estrogens, functional bacteria, phylotypes, network

INTRODUCTION

Bacteria can adapt to a range of different habitats, including contaminated and extreme
environments, and they can perform a wide diversity of physiological activities (Dash et al.,
2013). In terms of pollution, bacteria can play both positive and negative roles in an ecosystem,
first by degrading organic waste and then by spreading the resultant dangerous contaminants.
They have been well acknowledged as central players in the health of all organisms and
ecosystems (Layeghifard et al., 2016). Considering their extensive capabilities for degrading organic
contaminants, bacteria have been widely considered for bioremediation in different polluted
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environments. For instance, Mishamandani et al. (2016)
investigated the bacterial community responses associated with
the cosmopolitan marine diatom (Skeletonema costatum) used
to counteract crude oil pollution. The results demonstrated
that hydrocarbonoclastic bacteria in the phycosphere of
phytoplankton could contribute significantly to biodegradation
of hydrocarbon contaminants in marine surface water. McDevitt-
Irwin et al. (2017) explained the roles of microbial communities
present in coral reefs and the way in which they behave or
respond in the presence of various stresses (such as climate
change, pollution, and overfishing) generated by the external
environment. It was observed that these stresses could lead to
a rise in disease-associated bacterial populations in the coral
environment. In another example of adaptation, microbial
strains under high-stress environments [polycyclic aromatic
hydrocarbon (PAH) and steroid contamination] began growing,
and were able to use these stress-producing substances as energy
and carbon sources (Haritash and Kaushik, 2009).

In the natural environment, microbial communities are not
only a simple collection of independent individuals but also
exhibit a complex interconnection between different microbial
taxa found in the vicinity. These complex inter-taxa interactions
make the collective microbiome more significant and effective
than the function of any individual constituent species (Rogers
et al., 2013; da Silva et al., 2014). It is observed that ecological
interactions within different microbial populations can easily
influence microbiome composition as well as host health
(Hansen et al., 2015). These ecologically interactive microbial
communities might compete for resources or exchange genetic
material with hosts (Stecher et al., 2012). In addition, some
of the inter-taxa interactions or relationships may be beneficial
for adapting different populations. One of them is microbial
synergism, which was reported to increase the antibiotic
resistance, biofilm development, tissue damage repairing, and
environmental adaptation (Dalton et al., 2011; Murray et al.,
2014). Previous studies have demonstrated that microbial
community composition related to ecosystem functioning
constitutes the relationship between phylogeny and functional
traits (Cadotte et al., 2008; Gravel et al., 2011). To illustrate
the complexity of relationships between different microbial
communities, molecular ecological network reconstruction can
be considered to represent and model the extent of the complexity
(Layeghifard et al., 2016). These reconstructions can be used
to explore the characteristics of these polymicrobial interactions
(Hacquard et al., 2015).

Diversity in microbial communities could significantly
promote stability, productivity, and sustainability in an
ecosystem (MacArthur, 1955; Giller et al., 1997). In a steady-state
ecosystem, the microbial communities remain stable for a long
period of time (Faith et al., 2013), but even a small perturbation
(such as antibiotic treatment and/or diet change) can cause
considerable changes in the communities (Cho et al., 2012).
Obvious succession/shifts of the communities or populations can
be detected when their living environments change, especially
those subjected to the stresses induced by different organic
contaminant. The responses and functional traits of different
individuals in a community after an environmental change can

be used to predict composition shifts and subsequent effects on
the ecosystem (Garnier et al., 2004; Allison and Martiny, 2008;
Suding et al., 2008; Díaz et al., 2013). However, phylogenetic
changes in different functional bacterial populations with
respect to their adaptation processes in the presence of different
environmental conditions remain obscure.

In the present study, we aimed to investigate the changes
of bacterial communities and their acclimation to the different
organic compounds (pyrene and estrogens) as environmental
stressors. To this end, phylogenetic analysis and network
re-construction of three bacterial phylotypes, affiliated into
Pseudomonadales, Vibrionales, and Rhodobacterales, were
conducted by examining culturable bacterial communities in
cooperation with analyzing the next generation sequencing
(NGS) data. We hope the current study would enlighten a better
understanding of the bacterial acclimation to the changing
environments.

MATERIALS AND METHODS

Field Description and Sampling
Procedures
Bacterial strains were isolated from the subsurface sediments
collected from the estuary of the Pearl River (Longitude 113.7145
E, Latitude 22.1221 N) at a depth of 8 m during our summer
cruise trip (August 15, 2016). The estuary of the Pearl River was
selected for sampling due to the abundance of organic pollutants
in this region, which has been the result of industrialization and
urban development in conjunction with fishing and aquacultural
activities in the surrounding areas (Fu et al., 2003). Physiological
parameters of the bottom water were measured in situ, with a
value of 26.5◦C for water temperature, 21.6 g/L for salinity, and
7.9 for pH. All samples were kept in 4◦C coolers and transferred
to the laboratory immediately for further analyses.

Added Substrates
All organic pollutants used in the present study were of analytical
grade or better. A typical PAH pyrene and four different
estrogens consisting of estrone (E1), 17β-estradiol (E2), estriol
(E3), and 17α-ethinyl estradiol (EE2) were used as environmental
stresses (Supplementary Table S1). All of these chemicals were
purchased from Sigma–Aldrich, (Shanghai, China) and dissolved
in dichloromethane (OceanPAK, Sweden) for preparation of
stock solutions. The stock solutions of all organic hydrocarbons
and steroids were kept in amber glass vials at −20◦C for
further use.

Pyrene and Estrogen Stress Tolerance
Assay
The different microbial strains were isolated from the sediment
sample collected from the estuary of the Pearl River (Pearl River
Estuary). A total of 10 g of sediments were inoculated into
100 mL of mineral salt medium (MSM, 7.01 mM K2HPO4,
2.94 mM KH2PO4, 0.81 mM MgSO4·7H2O, 0.18 mM CaCl2,
1.71 mM NaCl) (Wang et al., 2016) and incubated in a
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constant-temperature shaker at 25◦C, 150 rpm. After sediment
inoculation in MSM, different organic pollutants, comprising
100 mg/L of pyrene and 20 mg/L of E1, E2, E3, and EE2,
were added individually as external environmental stresses.
Aliquots (100 µL) of liquid cultures at different incubation
time points (1, 2, 3, 6, 12, 18, 24, and 30 days) were diluted
serially 10-fold and an additional 100 µL of the three dilutions
(10−4, 10−5, and 10−6) were spread onto MSM agar plates
pretreated with pyrene or the different estrogens (E1, E2, E3,
or EE2). The MSM agar plates were prepared by adding 2% of
agar powder (BD Biosciences, United States) into MSM liquid
medium. All plates were incubated at 25◦C for the next 3 days
in order to examine microbial growth. The colonies having
different morphological features were streaked individually onto
MSM agar plates, pre-supplemented with the different organic
pollutants, and incubated again for another 3 days at 25◦C for
growth. A single colony of each isolate was further cultured in
marine broth 2216E (BD Biosciences, United States) overnight to
cultivate enough bacterial cells for cryopreservation (−80◦C with
addition of 30% glycerol) and DNA extraction. Genomic DNA
of each individual isolate was extracted by using an Ultra-Clean
microbial DNA isolation kit (MoBio Laboratories, Carlsbad,
CA, United States). The PCR amplification of each isolate’s 16S
rRNA gene was carried out using universal primers 27F and
1492R (Wang et al., 2012) and then sequenced at the Beijing
Genomics Institute (BGI). The 16S rRNA gene sequence of each
isolate was further analyzed by using the BLASTn tool [National
Center for Biotechnology Information (NCBI), United States]
and presumptively identified on the bases of the top BLAST
hits.

To determine the composition of cultured bacterial
communities without environmental pressure, marine broth
2216E (BD Biosciences, United States) was used to isolate pure
cultures from original sediments using the procedures described
above, except that original sediments were enriched in marine
broth 2216E for 1 day without the addition of organic pollutants,
instead of the MSM medium.

To detect the degrading ability of cultured bacteria with the
stress of pyrene, representative bacterial strains were selected
different bacterial phylotypes based on phylogenetic analysis.
Selected bacterial strains were, respectively, inoculated into
100 mL MSM medium with the supplement of 100mg/L
pyrene and incubated in a constant-temperature shaker at 25◦C,
150 rpm. Three experimental setups were stopped for culturing at
different incubation time points (10, 16, and 21 days, respectively)
and used for extract residual pyrene while other experimental
setups were kept incubation. Residual pyrene was extracted by
dichloromethane analyzed by GC-MS (Agilent 7890-5975c) as
the method described before (Wang et al., 2016).

NGS and Taxonomic Classification
Aliquots (0.25 g) of original sediments and 1.5 ml of liquid
cultures at different incubation time points (1, 2, 3, 6,
12, 18, 24, and 30 days) under the stress of pyrene were
collected. Genomic DNA was extracted using an Ultra-Clean
PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA,
United States). DNA concentrations and purity were measured

using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, United States). A total amount of 100 ng (with
a concentration of 10 ng/µl) of each sample were sent for
sequencing by Illumina HiSeq 2500 platform at the BGI. For
the analysis of NGS data, Metaxa2 (Bengtsson-Palme et al.,
2015) was used to identify and classify the taxonomies. The
16S rRNA gene sequences of the three functional bacteria
groups, Pseudomonadales, Vibrionales, and Rhodobacterales, were
selected from all sequencing for the following analysis.

Clustering of Different Bacterial
Phylotypes
Genetic diversity in a specific microbial community can be
determined using a common strategy such as the clustering of
16S rRNA sequences into operational taxonomic units (OTUs)
based on sequence similarities (Chen et al., 2013). In the
present investigation, bacterial isolates were mostly found to be
affiliated with three orders (Pseudomonadales, Vibrionales, and
Rhodobacterales) and the reference sequences downloaded from
the NCBI for these three orders were further clustered into
different OTUs by using the clustering algorithm, CD-HIT (Li
and Godzik, 2006). The selected NGS data was also used CD-
HIT to cluster different OTUs. The OTU cutoff value for these
sequences used to construct phylogenetic trees was designated
as 0.99.

Analysis of Bacterial Interaction and
Community Succession
Bacterial interactions and community succession were analyzed
by network-based analytical approaches. These approaches
can disentangle complex polymicrobial and microbe–host
interactions (Layeghifard et al., 2016). In the present study,
the network was constructed using Cytoscape software1 (Kohl
et al., 2011). Bacterial OTUs clustered by CD-HIT were
selected as source interaction elements and different substrates,
including pyrene, estrogens, and 2216E, were regarded as
target interactive elements when the networks were constructed.
Node sizes represented different OTU contributions. Heatmap
profiling showed successions of bacterial communities based on
OTU presence/absence. Non-metric multidimensional scaling
(a multivariate ordination technique, NMDS) based on different
OTUs from NGS data was performed to analyze the major shift
in structure and composition of bacterial communities.

Phylogenetic Relevance Analysis
Bacterial isolates belonging to orders Pseudomonadales,
Vibrionales, and Rhodobacterales were used to construct
phylogenetic trees. These bacterial isolates could account for
almost 100% of the isolated bacterial strains. The 16S rRNA
gene sequences of strains belonging to these three orders, and
reference strains having the highest similarity downloaded
from the NCBI database, were then used for phylogenetic tree
construction. Neighbor-joining trees were constructed with
the Jukes–Cantor correction and bootstrap iteration method

1http://www.cytoscape.org/
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(n= 1000) (Mishamandani et al., 2016) with reference to Bacillus
sp. JBS-28, Acinetobacter venetianus RMR 1, and Photobacterium
ganghwense SX1 as outgroups.

RESULTS

Composition of Culturable Functional
Strains
The sediment samples were added to MSM, and incubated
for 30 days with pyrene and estrogens. It was observed
that pyrene was almost completely degraded within 30 days
of incubation (Supplementary Figure S1). A total of 111
bacterial strains were successfully isolated from MSM media
pretreated with pyrene (63 strains at different time intervals
over 30 days) and estrogens (48 strains at different time
intervals over 30 days, which included 17, 15, 6, and 10
strains from E1, E2, E3, and EE2, respectively). On the other
hand, 37 strains were isolated from 2216E medium suspended
with sample sediment without the addition of any organic
pollutants. A total of 148 strains (63, 48, and 37 from pyrene,
estrogen supplemented MSM, and normal 2116E medium,
respectively) were characterized by 16S rRNA gene sequencing
and aligned with the NCBI website to yield the top BLAST
hits corresponding to almost the full length of the 16S rRNA
gene sequences. The BLAST results revealed that all of these
148 bacterial isolates were mainly affiliated with seven different
orders, including Pseudomonadales, Vibrionales, Rhodobacterales,
Alteromonadales, Bacillales, Rhizobiales, and Sphingomonadales
(Figure 1). A large number of significant structural differences
among all of the cultured bacterial isolates that were isolated
from different experimental setups with the addition of different
organic pollutants and normal 2216E medium were observed.
The number of bacterial strains belonging to the order
Pseudomonadales and Vibrionales significantly increased under
stress conditions (presence of pyrene and estrogens), whereas
they were relatively low in proportion comparing to the whole
cultured community found in simple 2216E medium (without
any organic pollutants). In contrast, bacteria from the Bacillales
order showed a sharp quantitative decrease under pyrene- and
estrogens-treated incubation conditions.

A total of 78 bacterial strains (39, 8, 6, 4, and 4 from
pyrene, E1, E2, E3, and EE2 stress environments, respectively,
and 17 from normal 2216 E medium) were selected for

FIGURE 1 | Bacterial community compositions and properties of three orders,
Pseudomonadales, Vibrionales, and Rhodobacterales, were listed in the
figure. (A) pyrene/estrogen-treated samples and (B) 2216E-enriched samples.

further investigation in the present study, on the basis of
both their potential degradation/toleration capabilities and their
large proportions in bacterial communities. These strains were
affiliated with three orders, including Pseudomonadales (mainly
the genus Pseudomonas and Acinetobacter), Vibrionales (mainly
the genus Vibrio and Photobacterium), and Rhodobacterales.
The 16S rRNA gene sequences of these strains have been
deposited in GenBank under accession numbers MF948916–
MF948993. These selected bacterial isolates (78 isolates) were
further successfully divided into different 37 OTUs using CD-
HIT software (cutoff value = 0.99) (Supplementary Table S2).
The resulting OTUs were used for diversity, composition, and
richness estimations of the whole bacterial community.

Representative bacterial strains based on phylogenetic
analysis, including strains PrVl099 and PrVr101, affiliated into
the order Vibrionales; strains PrPl070 and PrPl084 affiliated into
the order Pseudomonadales; and strains PrRy136 and PrRr052
affiliated into the order Rhodobacterales were used to test the
capability of degrading pyrene (Supplementary Figure S2).
The results showed that all cultured isolates from the three
orders showed great pyrene-degrading capabilities from 31.98 to
43.90%. The bacterium strain PrVl099 was detected to have the
greatest degrading efficiency with the value of 43.90%.

Characterization of Ecological Diversity
and Responses to Different Pollutants
To illustrate the responses and successions of functional bacterial
phylotypes to pyrene- and estrogens-induced stress and non-
stress environments (2216E medium), molecular ecological
network (Figure 2) and heatmap (Figure 3) analyses were done.

FIGURE 2 | A molecular ecological network construction based on
operational taxonomic units (OTUs) generated after treatment with pyrene,
estrogens (E1, E2, E3, and EE2), and normal 2216E media. Pink nodes
represent the pyrene treatment at different time points, blue nodes represent
four different estrogens on day 30 (E1, E2, E3, and EE2), and green nodes
represent different bacterial OTUs. Arrow lines between different nodes
represent co-occurrences and interactions between different substrates and
different bacterial OTUs.
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FIGURE 3 | Heatmap profile showing changes in bacterial OTUs after various pollutant-induced stresses (pyrene-treated samples at different time points and four
estrogen-treated samples on day 30). Yellow rectangles represent the presence of OTUs in the different substrate treatments.

The correlation interpretation between functional groups
of different organic compounds without considering the
abundance of different bacterial phylotypes was carried out
using molecular ecological network analysis. The pyrene-treated
samples appeared to generate more OTUs compared to the
estrogen-treated samples. Some OTUs showed an obvious
bias to the different substrates. For instance, OTUs 12 and
16 (Acinetobacter spp. and Pseudomonas spp., respectively)
were found only in the pyrene-treated groups, while OTU5
(Vibrio spp.) was detected only in the E1-treated samples.
Other estrogen-treated (E2) samples also had their own specific
OTUs (OTU37, Donghicola spp.). Nevertheless, some functional

bacterial species also exhibited extensive interactions with
different pollutants, which indicated a positive response from
these bacterial species toward the different organic pollutants,
and hence they might play a significant role in the degradation
of different pollutants. For example, OTUs 1 and 15 (Vibrio spp.
and Pseudomonas spp., respectively) were found to be common in
both pyrene- and estrogens-treated samples. OTUs 1, 15, and 26
(Vibrio spp., Pseudomonas spp., and Labrenzia spp., respectively)
were shared by pyrene- and E1-treated samples. In addition,
the OTUs under pyrene tolerance were different from those
isolated from MSM plates with added estrogens. For example,
OTU15 (Pseudomonas spp.) could only be detected after E1
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and E3 treatments. The heatmap profile analysis indicated that
quantitative changes in different bacterial phylotypes in pyrene-
and estrogens-treated samples had occurred. Results from the
analysis indicated that some of the functional bacteria emerged in
both pyrene- and estrogens-treated groups. The presence of some
new bacterial phylotypes was also observed in pyrene-treated
samples after 30 days of incubation. Results from the above
analysis indicated that, during ecological diversity investigation,
certain specific functional phylotypes should also be considered
along with whole local communities.

The NMDS (Figure 4) analysis of the OTUs from NGS
data demonstrated that the continuous shift in pyrene-degrading
community structure. The NMDS plots showed that relatively
large changes in bacterial communities occurred at 12 and
24 days, while small community changes were observed before
6 days. The initial large changes in bacterial community at
12 days could be attributed to adaptation of the seeded bacterial
communities to the stress environment. The community profiles
from 12 days were most widely dispersed and distantly located
from the profiles from the early communities. This seemed
to be mainly affected by the maintenance of highly dominant
Alteromonadales populations and the decrease of Vibrionales and
Desulfobacterales until the end of incubation (Supplementary
Figure S3). Metaxa2 (Bengtsson-Palme et al., 2015) was used
to select sequences affiliating into orders Pseudomonadales,
Vibrionales, and Rhodobacterales from the entire NGS sequencing
data. And 2041 OTUs, 8863 OTUs and 5267 OTUs for each
bacterial group (Supplementary Table S3) were generated by CD-
HIT software. In the presence of pyrene, the number of the OTUs
affiliated into Pseudomonadales, Vibrionales, and Rhodobacterales
showed dramatical increase at the first 6 days (Figure 5). An
obvious decrease of OTUs was observed after 12 days for all
three bacterial groups which might due to the redundancy
reduction. Like composition of culturable bacterial communities,
the bacterial communities after 12 days revealed by NGS were

FIGURE 4 | NMDS showing shifts in the quantitative structure of pyrene-
degrading communities. Each point was labeled with the corresponding
incubation time.

also dominated by key functional OTUs, such as OTU P50
(Acinetobacter spp.), OTU V0 (Photobacterium spp.), and OTU
R1 (Ruegeria spp.). Moreover, the molecular ecological network
based on NGS data (Supplementary Figure S4) showed that the
variant density of functional OTUs and the appearance of new
phylotypes at different time points.

Phylogenetic Relevance Analysis
Comparative phylogenetic studies based on neighbor-joining
phylogenetic tree (Figures 6–8 and Supplementary Figure S5)
construction were applied to investigate the phylogenetic
relevance among different bacterial strains under the stress of
different organic contaminants. The 16S rRNA gene sequences
(> 1300 bp) amplified from bacterial strains enriched in pyrene-
and estrogens-treated culture were used for phylogenetic tree
construction.

The phylogenetic tree analysis revealed that the strains
PrPc078 and PrPy107 were affiliated with two new OTUs
(OTUs 22 and 13) in the genus Pseudomonas (Figure 6). These
strains were regarded as emerging phylotypes, because of their
phylogenetic distance from other strains in the tree and their
absence in bacterial communities enriched in 2216E medium
without any organic pollutant (Figure 6). In general, some of the
emerged phylotypes were not easily identified from phylogenetic
tree analysis, but could be easily discovered with the help of
CD-HIT software in the present study. For instance, OTUs 24
and 13, including strains PrPf083 and PrPl085 were identified
as emerging taxonomies through the CD-HIT analysis. Based on
phylogenetic analysis, certain new phylotypes were also explored
in the genus Acinetobacter, such as OTU12 (PrPc066, PrPf068,
PrPl071), OTU11 (PrPl070), OTU18 (PrPb063 and PrPb064),
and OTU21 (PrPf067) (Figure 6 and Supplementary Figure S5).

Emerging phylotypes were also observed in the tree of the
order Vibrionales (Figure 7); these phylotypes included OTUs 2
and 6 (PrVf089 and PrVy104, respectively). OTUs representing
Photobacterium spp. (OTUs 2 and 10) and Vibrio spp. (OTUs 6
and 8) were detected; these might have been induced by the stress
of pyrene and EE2. The order Rhodobacterales also exhibited
some new phylotype OTUs [for example, OTU30 (PrRf056), and
OTU33 (PrRx057 and PrRx058); Figure 8]. It was also observed
that certain microbial strains belonging to the genus Yangia
were present in the pyrene-treated incubations but absent in
estrogen-treated cultures.

DISCUSSION

OTU Profiles in Response to Different
Contaminants Stress
In this study, phylogenetic analysis and network re-construction
of cultured bacteria communities demonstrated that different
organic carbon sources could result in phylogenetic dispersion
of functional bacteria. The theory of complex relationships
between the genetic diversity of microbial communities, and
the functions and stability of microbial systems has been well
defined (Tilman, 1996; Girvan et al., 2005). Our experimental
results fully supported this theory. The stability of the
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FIGURE 5 | Successions of bacterial communities affiliated into Pseudomonadales, Vibrionales, and Rhodobacterales based on NGS data. (A) The OTUs count of
functional bacteria; (B) The relative abundance of functional bacteria.

bacterial community could be negatively influenced by a
reduction of genetic diversity and environmental fluctuations.
For instance, our results indicated that bacterial species in the
order Rhodobacterales positively responded to pyrene, but not
estrogens. Rhodobacterales were acknowledged to be capable
of degrading aliphatic and low-molecular-weight aromatic
hydrocarbons (Zhang et al., 2004; Harwati et al., 2007). Bacterial

strains belonging to the order Rhodobacterales were also proved
to exhibit less capability for E1 degradation, even at low
concentrations (Thayanukul et al., 2010).

An adaptive response was expressed in the microbial strains
isolated under the stresses of the organic pollutants. This
adaptive feature in certain microbial strains provided them with
a superior status in a local ecological environment compared
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FIGURE 6 | Rooted neighbor-joining phylogenetic tree of partial 16S rRNA gene sequences of bacterial strains (the order Pseudomonadales) isolated from estrogen-
(purple), pyrene- (red), and 2216E-enriched samples (white) and their corresponding reference strains downloaded from the National Center for Biotechnology
Information (NCBI) database. The tree generation and OTU clustering were carried out by MEGA 6 and CD-HIT software, respectively. Bootstrap confidences > 60%
were shown at the nodes. Bacillus sp. JBS-28 was used as the outgroup.
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FIGURE 7 | Rooted neighbor-joining phylogenetic tree of partial 16S rRNA gene sequences of bacterial strains (the order Vibrionales) isolated from estrogen-
(purple), pyrene- (red), and 2216E-pretreated samples (white) and their corresponding reference strains downloaded from NCBI database. The tree generation and
OTU clustering were carried out by MEGA 6 and CD-HIT software, respectively. Bootstrap confidences > 60% were shown at the nodes. Acinetobacter venetianus
RMR 1 was used as the outgroup.
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FIGURE 8 | Rooted neighbor-joining phylogenetic tree of partial 16S rRNA gene sequences of bacterial strains (the order Rhodobacterales) isolated from estrogen-
(purple), pyrene- (green), and 2216E-pretreated samples (white) and their corresponding reference strains downloaded from the NCBI database. The tree generation
and OTU clustering were carried out by MEGA 6 and CD-HIT software, respectively. Bootstrap confidences > 60% were shown at the nodes. Photobacterium
ganghwense SX1 was used as the outgroup.
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to non-adaptive strains and from being eliminated from the
ecosystem under stress conditions (Atlas et al., 1991; Girvan
et al., 2005). In our experimental results, OTUs 1 and 15 (Vibrio
spp. and Pseudomonas spp.) were isolated from the pyrene- and
the estrogen-treated samples. The sample analysis at different
exposure time intervals was considered as a key factor in
microbial adaptation to the different organic contaminants. It
was well known that bacterial species belonging to the genera
Pseudomonas and Vibrio have efficient capabilities for degrading
various organic compounds, including crude oil and estrogens
(Kanaly and Harayama, 2000; Yu et al., 2005; Anuar et al., 2013;
Lamendella et al., 2014; Burgos-Aceves et al., 2016).

The results also indicated that new phylotypes could
emerge in the bacterial community adaptation process in
the stress environments. In addition to bacterial strains that
originally showed degradation capabilities, the residual cultured
community might also mutate in order to adapt to the
changing environment, thus generating new phylotypes. The
most interesting discovery from the present study was that
of OTU functional redundancy accompanied by phylogenetic
changes in some bacterial phylotypes. The results of molecular
ecological network and heatmap analyses revealed that there
were no obvious changes in OTU amounts even when different
substrates were used. The presence of new OTUs in samples with
the addition of different organic compounds suggests an adaptive
response in the surviving groups (Diaz-Ravina and Baath, 1996;
Bååth et al., 1998). For instance, the functional population
Vibrio fluvialis mainly included one phylotype (OTU1) before
being co-incubated with EE2, while two new OTUs (OTUs
6 and 8) emerged under EE2-induced stress. Similarly, two
new phylotypes (OTUs 13 and 24) affiliated to Pseudomonas
pseudoalcaligenes were also detected after the addition of the
organic pollutants, while only OTU15 was identified in the
original samples. These new phylotypes were capable of tolerating
or degrading the additional organic pollutants and acted as a
substitute for those phylotypes, which were unsuitable to the
changing environment, thus led to a community shift. This
shift of ecological diversity could be attributed to physiological
changes in the community or to the indirect effects on other
members of the community (Bååth et al., 1998). Due to the
new phylotypes, the ecological diversity of the population and
community could remain stable.

Next generation sequencing provided more information of the
successions of bacterial communities under the stress of pyrene.
Sequences affiliated into the three cultured bacterial orders,
Pseudomonadales (0.03–3.46%), Vibrionales (0.21–26.22%), and
Rhodobacterales (0.45–4.02%), were abundant and showed
dramatic degrading efficiency to pyrene. However, the dominant
bacterial sequences at different time points were all affiliated into
another bacterial order, Alteromonadales. Bacteria in this order
were anticipated to have potential function for metabolizing
different hydrocarbons (Jin et al., 2012). Considering the
dramatic increase of this order, these bacteria were believed to
play important roles in degrading pyrene. Unfortunately, bacteria
in this order were not successfully isolated in this study. This
might ascribe that the majority (> 99%) of microorganisms from
the environment was uncultivated in the laboratory (Kaeberlein

et al., 2002). In addition, bacteria in the order Alteromonadales
were often associated to nutrient-rich environments (López-
Pérez and Rodriguez-Valera, 2014). However, the refractory
organic compound, pyrene, was provided as the sole carbon
source in the MSM medium.

Mechanisms of Bacterial Acclimation
There were several hypotheses to explain the absence or presence
of bacterial phylotypes with the treatment of different organic
compounds. First, it was due to methodological flaws or
primers biases (Donachie et al., 2007). This could be effectively
avoided by using pure culture in this study. Second, some
“rare” microbes being insensitive to prevailing environmental
conditions (Sun et al., 2013) could be selected, which was
important in response to the changing environments (organic
compounds in this study) (KleinJan et al., 2017). These rare
functional bacteria could be neglected by the insufficient
sequencing or insufficient culture time (Skopina et al., 2016).
These rare bacteria could serve as a “seed bank” (Pedrós-
Alió,, 2012), which contributed to the stabilization of bacterial
communities (Jousset et al., 2017). Other hypothesis based on
current results could be that the occurrence of new phylotypes
was caused by evolutionary responses of culturable bacterial
communities to the stresses of environmental pollutions. Genetic
adaptation provided a means for bacteria adapting or responding
to various stresses. The genetic adaptation process comprises
three mechanisms: (1) induction and depression of enzymes;
(2) genetic changes; and (3) enrichment selection (Leahy and
Colwell, 1990).

In the phylogenetic tree analysis of the orders
Pseudomonadales and Vibrionales, novel and long branches
were observed, whereas these were absent in the phylogenetic
tree of the order Rhodobacterales (Figures 6–8). For instance,
these novel branches represent OTUs 12, 18, and 21 in the
order Pseudomonadales and OTUs 2, 8, and 10 in the order
Vibrionales, respectively. The evolutionary changes shown in
the phylogenetic trees could influence population dynamics,
species interactions, and even ecosystem functioning (Post and
Palkovacs, 2009; Schoener, 2011; Pfennig and Pfennig, 2012;
Matthews et al., 2014). The present results were consistent
with previous studies in which wide variations among the
strains of Acinetobacter, Vibrio, and others were illustrated
after considering their ability to use different carbon substrates
(Sarma et al., 2004; Keymer et al., 2007; Vieira et al., 2011). The
role of evolution was well acknowledged in community studies
(Weber et al., 2017). The phylogenetic relevance analysis could
effectively reveal evolutionary changes among these functional
culturable bacteria. Phylogenetic changes were believed to be
necessary for the maintenance of the local ecology, especially
under extreme environmental conditions. Furthermore, for
the relevant comparative phylogenetic studies, there must be
proper interplay between ecology and evolution (Weber et al.,
2017). The results also indicated that the rapid evolution of
functional bacteria responding for changing environments
(such as the evolutionary responses of phytoplankton)
appeared to be very important for their survival (Padfield
et al., 2016).

Frontiers in Microbiology | www.frontiersin.org 11 February 2018 | Volume 9 | Article 225

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-00225 February 15, 2018 Time: 15:31 # 12

Wang et al. Acclimation of Bacteria to Organic Compounds

CONCLUSION AND PERSPECTIVES

In the present communication, organic contaminants (estrogens
and pyrene) were used as environmental disturbances or
stresses for the analysis of bacterial acclimation. The results
revealed that the organic pollutant-induced stresses could
significantly influence the bacterial community composition,
as well as the acclimation of functional bacteria in these
communities. The appearance of new phylotypes under these
stress conditions was favorable for community stability as well
as for the remediation of the polluted environment. The overall
results indicated that the acclimation of functional bacteria
was crucial for the adaptation of bacterial communities to
environmental disturbances. Considering the finite number of
pure cultures and limited information 16S rRNA gene based
NGS, this study could not provide a complete picture of the
acclimation of bacterial communities to changing environments.
The future work could be addressed by (i) analyzing the
genomic changes of specific bacterial species to illustrate the
mechanism of their capabilities of biodegradation or tolerance;
(ii) revealing the co-acclimation and co-evolution of bacterial
communities based on metagenomic, metatranscriptomic, and
metaproteomic data; and (iii) isolating “uncultivable” functional
bacteria in pure culture for comprehensively revealing the
function of bacterial community under the press of organic
compounds.
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