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Multiple anthropogenic disturbances to bacterial diversity have been investigated in coastal ecosystems, in which temporal vari-
ability in the bacterioplankton community has been considered a ubiquitous process. However, far less is known about the tem-
poral dynamics of a bacterioplankton community responding to pollution disturbances such as toxic metals. We used coastal
water microcosms perturbed with 0, 10, 100, and 1,000 p.g liter ! of cadmium (Cd) for 2 weeks to investigate temporal variabil-
ity, Cd-induced patterns, and their interaction in the coastal bacterioplankton community and to reveal whether the bacterial
community structure would reflect the Cd gradient in a temporally varying system. Our results showed that the bacterioplank-
ton community structure shifted along the Cd gradient consistently after a 4-day incubation, although it exhibited some resis-
tance to Cd at low concentration (10 pg liter '). A process akin to an arms race between temporal variability and Cd exposure
was observed, and the temporal variability overwhelmed Cd-induced patterns in the bacterial community. The temporal succes-
sion of the bacterial community was correlated with pH, dissolved oxygen, NO;~-N, NO,-N, PO,’>~-P, dissolved organic car-
bon, and chlorophyll 4, and each of these parameters contributed more to community variance than Cd did. However, elevated
Cd levels did decrease the temporal turnover rate of community. Furthermore, key taxa, affiliated to the families Flavobacteri-
aceae, Rhodobacteraceae, Erythrobacteraceae, Piscirickettsiaceae, and Alteromonadaceae, showed a high frequency of being asso-
ciated with Cd levels during 2 weeks. This study provides direct evidence that specific Cd-induced patterns in bacterioplankton
communities exist in highly varying manipulated coastal systems. Future investigations on an ecosystem scale across longer tem-

poral scales are needed to validate the observed pattern.

In the last decades, heavy metal concentrations have increased
significantly, reaching up to several mg liter ', in seriously pol-
luted estuaries or harbors (1, 2) as a consequence of industrial
discharge and river outflows. Cadmium (Cd) is one of the most
toxic metals frequently detected in the coastal areas of China, and
its presence exceeds the permissible environmental limit in several
bays, including Bohai Bay and Jiaozhou Bay (3, 4), which can
harm human health via seafood consumption because of its accu-
mulative and carcinogenic properties (3, 5, 6). One of the major
scientific challenges is to evaluate threats of pollution disturbances
to the biodiversity. Bacterioplankton plays crucial roles in the
mineralization of organic matter and nutrient cycling in marine
ecosystems (7, 8), and bacterioplankton community composition
(BCC) quickly responds to anthropogenic disturbances such as
chemical pollution, nutrient enrichment, and the introduction of
antibiotics and pathogens (9). Therefore, bacterioplankton com-
munities might be used to evaluate the ecological effect of pollu-
tion in a coastal environment.

The responses of marine macrobenthic communities to Cd
have been extensively revealed (10-12). Also, heavy metals such as
lead (Pb), copper (Cu), and Cd exhibited strong selective pres-
sures on microbial communities, shifting community composi-
tion to be dominated by metal-tolerant or -resistant taxa in sedi-
ments (13). But how the marine bacterioplankton community
responds to toxic metal exposure was poorly understood. A pre-
vious study indicated that Pb inhibited the growth of hetero-
trophic picoplankton (14); however, no further information
about the phylogenetic diversity and structure of bacterioplank-
ton communities affected by toxic metals has been revealed.

The temporal variability of bacterioplankton communities is
one of the fundamental issues in marine microbial ecology (15).
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Multiple environmental factors involved in the temporal dynam-
ics in BCC in experimental and natural coastal environments have
been reported, such as temperature (16), nutrient conditions (9),
phytoplankton succession (17), and predation (18). Bacterial
communities in surface seawater were shown to be highly diverse
and dynamic on a temporal scale (19). However, several recent
studies demonstrate repeatable and predictable patterns rather
than random distributions in BCCs across different temporal
scales (19-22). In other words, variation in BCC could reflect
multiple underlying environmental changes. The whole bacterio-
plankton community may change rapidly to maintain the com-
pleted ecological function in highly variable environments (23).
For example, high turnover and predictability of bacterioplankton
community succession were observed in seawater ponds during a
77-day shrimp cultivation using the similarity-time decay model
(21).
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In relatively stable systems like sediments, microbial assem-
blages showed a low temporal turnover rate (15), indicating that
specific patterns in the microbial community induced by pollu-
tion disturbances can be identified more easily. In ecosystems with
high temporal variability such as coastal water, in contrast, the
influence of toxic metals such as Cd on the diversity patterns of the
bacterial community may be difficult to separate from temporal
variation. Current knowledge on how and to what extent the
coastal bacterioplankton community responds to the competition
and interaction between toxic metals and temporal succession is
scarce. In addition, it is unclear whether bacterial assemblages
with robust temporal variability can be applied to reflect Cd pol-
lution in seawater, although several recent studies have found sig-
nificant correlations between the bacterial community and spe-
cific environment changes such as spatial and seasonal gradients,
nitrogen pollution, and outbreak of shrimp disease (19, 24, 25).

In this study, we assessed the effects of four levels of Cd expo-
sure (from no perturbation to strong perturbation) on bacterial
community phylogenetic composition, richness, and structure
over 2 weeks, using coastal water microcosms as a manipulated
system. Moreover, we expanded beyond beta-diversity patterns to
focus on the key taxa associated with Cd pollution level over time
and gleaned insights into their ecological roles in bacterial com-
munity responses to Cd pollution in coastal water. We hypothe-
sized that temporal succession of BCC fits the similarity-time de-
cay model and could be strongly correlated with the dynamic
changes of seawater variables. Therefore, we used amplicon pyro-
sequencing of 16S rRNA genes of seawater samples from micro-
cosms to achieve the following goals: (i) to investigate Cd-induced
patterns, temporal variability, and their interaction in the bacte-
rial community; (ii) to estimate the influence of Cd exposure on
the temporal turnover rate of the bacterial community; (iii) to
determine the factors shaping the temporal pattern in the bacterial
community and their relationships with Cd; (iv) to identify key
bacterial taxa associated with Cd pollution levels across the exper-
imental duration.

MATERIALS AND METHODS

Seawater collection and microcosm setup. Surface seawater samples
at a 0.5-m depth were collected at a coastal site (29°32'26.43"N,
121°45'41.53"E) located in Xiangshan Bay, East China Sea, on 2 May 2013
and then transported within 2 h to the laboratory to construct the exper-
imental microcosms. Acid (10% HCI)-washed 5-liter polyethylene
terephthalate bottles were filled with 4 liters unfiltered seawater and im-
mediately incubated at a constant room temperature of 20 = 2°C. Sixty-
eight microcosms were established in an illumination shelf under 16 treat-
ments (four replicates for each treatment) with four Cd levels (control, 10,
100, and 1,000 p.g liter ') combined with five incubation times (0 [orig-
inal status], 1, 4, 7, and 14 days). The Cd treatments were spiked with a
stock solution of CdCl,, which was prepared in 0.2-pm-filtered preauto-
claved original seawater. The microcosms were exposed to a 12 h/12 h
light/dark cycle with a light intensity of 650 Ix and manually shaken twice
per day.

Seawater sampling and environmental parameter analyses. On the
sampling days, pH and dissolved oxygen (DO) in seawater were quanti-
fied using a probe (YSI 550A; Instrumart, USA), and then the whole water
column in the microcosms was gently mixed. Dissolved organic carbon
(DOC) was quantified using an automated C/N analyzer (multi N/C 3100;
Analytik Jena, Germany). Total phosphorus (TP), PO 43 ~-P, NO; -N,
NH,*-N, and NO, -N were analyzed following the standard methods
(26). Chlorophyll a (Chl-a) was measured as described previously (21).
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DNA extraction. Approximately 500 ml of seawater from each of 68
microcosms was filtered onto a 0.2-pm polycarbonate membrane (Type
GTTP; Millipore, USA). Community DNA was extracted using a Power
Soil DNA isolation kit (MO BIO Laboratories, USA) according to the
manufacturer’s instruction. The DNA extracts were quantified with a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
USA) and stored at —80°C prior to amplification.

Bacterial 16S rRNA gene amplification and pyrosequencing. An ali-
quot of 50 ng purified DNA from each sample was used as the template for
amplification. The V4-V5 regions of bacterial 16S rRNA gene were am-
plified using the primer sets F515 (GTGCCAGCMGCCGCGG), with the
Roche 454 “A” pyrosequencing adapter and a unique 11-bp barcode se-
quence, and R907 (CCGTCAATTCMTTTRAGTTT), with the Roche 454
“B” sequencing adapter. Each sample was amplified in triplicate with a
50-pl reaction system under the following conditions: 30 cycles of dena-
turation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C
for 30 s, with a final extension at 72°C for 10 min. PCR products were
pooled, purified with a PCR fragment purification kit (TaKaRa, Japan),
and then quantified using a Quant-It Pico Green kit (Invitrogen, USA).
Equimolar amounts of PCR products for each sample were combined in a
single tube and run on a Roche FLX 454 pyrosequencing platform (Roche,
USA), producing reads from the forward direction (F515 with bar code).
The pyrosequencing service was provided by Majorbio Co., Shanghai,
China.

Processing of pyrosequencing data. All sequences were run through
the QIIME v. 1.7.0 pipeline (27). The sequences were grouped into each
sample according to the bar codes and quality controlled using the
“split_libraries.py” script with default settings (minimum length, 200;
maximum length, 1,000; minimum mean quality score, 25; maximum
ambiguous bases, 0; maximum homopolymer length, 6; maximum
primer mismatch, 0). The remaining sequences were chimera detected
and removed using Usearch (28). Bacterial phylotypes were assigned to
operational taxonomic units (OTUs; 97% sequence similarity) using the
“pick_de_novo_otus.py” script with the Uclust method (29). The most
abundant sequence of each phylotype was selected as the representative
sequence and then was aligned in the Greengenes database (30) using
PyNAST (31) to identify the taxonomy of the phylotype. A phylogenic tree
was generated from the filtered alignment using FastTree (32). After this,
Archaea and chloroplast sequences were removed. The remaining clean
sequences of each parallel sample (as biological replicate) were used for
the subsequent analysis. To normalize the sequencing depth of each sam-
ple, we used a randomly selected subset of 3,380 sequences per sample for
downstream analysis, based on the sample with the least number of se-
quences.

Statistical analysis. Two-way analysis of variance (ANOVA) was ap-
plied to investigate the influences of Cd level, incubation time, and their
interaction on alpha-diversity metrics and the relative abundance of dom-
inant phyla/classes of the bacterial community using SPSS 16.0. Nonmet-
ric multidimensional scaling (NMDS) based on unweighted UniFrac
distance was applied to evaluate the overall differences in bacterial com-
munity structure. Two-way crossed analysis of similarity (ANOSIM) was
applied to investigate the influence of Cd level and incubation time on the
bacterial community using the Primer-E v5 software package (33). Per-
mutational multivariate analysis of variance (with ADONIS function)
based on unweighted UniFrac distance was applied for partitioning the
community variance constrained by incubation time, Cd level, and their
interaction. Constrained analysis of principal coordinates (CAP) was ap-
plied to identify the composition of seawater variables correlated with the
community variance based on unweighted UniFrac distance. Both
ADONIS and CAP were performed in the R environment (http://www.r
-project.org) using the “vegan” package (34). The bacterial community
similarity-time decay model (15) and temporal turnover rate of bacterial
community based on the Serensen index were determined with a contig-
uous sampling approach with the power law model (S = ¢T") as described
in our previous work (21). Here, the exponent w was considered an index
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TABLE 1 Two-way analysis of variance (ANOVA) for relative abundances of the dominant bacterial phyla and classes (>1%) in the microcosms

across different sampling days and Cd levels”

Time Cd Time X Cd

Taxon F P F P F P

Phyla
Unclassified 20.3 <0.001 1.30 0.287 2.73 0.012
Actinobacteria 417.3 <0.001 1.87 0.148 4.96 <0.001
Bacteroidetes 39.1 <0.001 11.9 <0.001 3.09 0.005
Cyanobacteria 4.20 0.010 1.69 0.181 1.49 0.180
Lentisphaerae 13.4 <0.001 1.20 0.320 1.20 0.315
Planctomycetes 20.7 <0.001 9.13 <0.001 8.39 <0.001
Proteobacteria 108.5 <0.001 7.76 <0.001 4.29 <0.001
Verrucomicrobia 53.8 <0.001 35.2 <0.001 39.5 <0.001

Classes
Acidimicrobiia 316.4 <0.001 2.34 0.085 3.77 0.001
Actinobacteria 222.0 <0.001 5.24 0.003 4.90 <0.001
Unclassified Bacteroidetes 21.2 <0.001 3.26 0.030 1.63 0.134
Flavobacteria 26.6 <0.001 20.9 <0.001 3.08 0.005
Sphingobacteria 32.2 <0.001 15.2 <0.001 3.22 0.004
Oscillatoriophycideae 3.75 0.017 2.32 0.087 1.96 0.066
Synechococcophycideae 4.44 0.008 1.27 0.294 1.14 0.354
Lentisphaeria 13.4 <0.001 1.20 0.320 1.20 0.315
Phycisphaerae 7.43 <0.001 27.8 <0.001 7.41 <0.001
Planctomycetia 17.0 <0.001 7.88 <0.001 8.08 <0.001
Alphaproteobacteria 36.0 <0.001 5.44 0.003 1.82 0.090
Betaproteobacteria 11.3 <0.001 1.85 0.151 1.04 0.425
Deltaproteobacteria 1.57 0.210 2.65 0.059 1.37 0.231
Gammaproteobacteria 13.3 <0.001 0.45 0.717 0.43 0.913
Opitutae 28.0 <0.001 18.8 <0.001 242 <0.001

“ Bold values represent significant influence of factors on metrics (P < 0.05).

of the temporal turnover rate of the bacterial community and estimated
directly with a linear regression based on the function expressed in log-log
scale: log,, S = log,, ¢ + w log,, T. The Serensen index was calculated
using PAST (palaeontological statistics program, V1.21).

To find representative phylotypes associated with the Cd levels, a sim-
ilarity percentage (SIMPER) analysis was first applied to screen OTUs
primarily responsible for the overall dissimilarity (contributing more
than 0.7% dissimilarity each) in the bacterial communities along the Cd
gradient at each time point using PAST. Then, the driving OTUs with
abundance significantly correlated with Cd level (P < 0.05) were screened.
Pearson’s correlation coefficients (r) between the Cd level and the relative
abundances of the OTUs were analyzed using SPSS 16.0. The representa-
tive sequences of these OTUs were aligned in the EzTaxon database (35) to
find the closest-matched type strains as a supplement for taxonomic iden-
tification. The representative OTUs of each time point were extensively
validated at the other time points to reveal their frequency of correlation
with Cd level across the whole duration. Heat maps of average relative
abundances of the key phylotypes, with high frequency (=3 time points)
of correlation with Cd level, were made in the R environment using the
“pheatmap” package.

Nucleotide sequence accession number. The sequence data gener-
ated in this study were deposited in the DDBJ Sequence Read Archive and
are available under the project number DRA001855.

RESULTS

Dynamic changes of seawater chemical characteristics. The
chemical variables were monitored at each sampling day to inves-
tigate the dynamic changes of environmental conditions in the
microcosms (see Table S1 in the supplemental material). All
the measured parameters were temporally changed (P < 0.05).
The concentrations of DOC, Chl-a, PO,>”-P,NO;-N, NH,*-N,
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and NO, -N were also significantly influenced by Cd level. Fur-
thermore, the interactions of time and Cd level significantly influ-
enced DO, DOC, Chl-g, PO,*>”-P, and NH, *-N.

Taxon distribution and alpha diversity of bacterial commu-
nity. The full data set (n = 68) after quality control procedures
and removing Archaea and chloroplast sequences yielded 12,329
OTUs comprising 396,452 clean reads (mean reads per sample,
5,830). About 99.2% of those sequences can be classified at the
phylum level. The abundances of primary dominant phyla/classes
(relative abundance, >5%), including Actinobacteria, Bacte-
roidetes, Alphaproteobacteria, Gammaproteobacteria, and Plancto-
mycetes, showed obvious temporal variability across the experi-
mental duration (see Fig. S1 in the supplemental material). At day
1, BCC was stable across all the Cd levels compared with the orig-
inal status. However, BCC shifted a lot later, during days 4 to 14,
with a great decrease in the abundance of Actinobacteria. Linear
increase and decrease were observed in the abundances of Bacte-
roidetes and Alphaproteobacteria, respectively, along the Cd gradi-
ent at both day 4 and day 7. The increase in the abundance of
Planctomycetes at day 14 reflected the specific pattern of BCC,
except for the Cd3 level. Two-way ANOVA showed the abun-
dances of all the dominant phyla and classes (relative abundance,
>1%), except for Deltaproteobacteria, which were significantly
changed over time (Table 1). On the other hand, the Cd level
significantly influenced the abundances of Bacteroidetes, Plancto-
mycetes, Proteobacteria, and Verrucomicrobia. Most bacterial
classes affected by Cd addition were affiliated to these phyla.

Opverall, the alpha diversity of the bacterial community was
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FIG 1 (a) Nonmetric multidimensional scaling (NMDS) plots of community
dissimilarities based on unweighted UniFrac distance (OTU 0.03 level) across
different sampling days and Cd levels. CK represents control microcosms;
Cd1, Cd2, and Cd3 represent 10, 100, and 1,000 g liter "' Cd-spiked micro-
cosms, respectively. (b) Boxplots of unweighted UniFrac distance between
communities within each sampling day. Lines at the top, bottom, and middle
of the box correspond to the 75th, 25th, and 50th percentiles (median), respec-
tively. Whiskers at the top and bottom of the box represent * standard devi-
ations (SD). The asterisk in the box represents the mean value, and means with
different letters are significantly different based on least significant difference
(P <0.05).

significantly influenced by time, Cd level, and their interaction
(P < 0.05; see Table S2 in the supplemental material). All the
alpha-diversity metrics exhibited similar trends across different
sampling days along the Cd gradient. In general, they remained
similar across different Cd levels at days 1, 7, and 14; however, an
acute increase was found in Cd2 and Cd3 microcosms compared
with the control and Cd1 ones at day 4.

Bacterial community structure. Nonmetric multidimensional
scaling (NMDS) plots showed that the samples were phylogeneti-
cally segregated by incubation time (Fig. 1a). At the initial stage of
incubation (day 1), the bacterial community structure seemed
relatively stable along the Cd gradient compared with original
samples. With the growth of incubation time, a gradual variation
in the community along the Cd gradient at each sampling day was
clearly observed. The repeatability of parallel samples in each Cd
level is visualized in Fig. 1a. In general, significantly more similar-
ity between communities from parallel samples than between
those with different Cd levels was observed at each time point (see
Fig. S2 in the supplemental material), thus indicating repeatability
of parallel samples to a certain extent. The mean unweighted Uni-
Frac distance between communities at each time point reached its
peak at day 4 and showed a decreasing trend later (Fig. 1b), indi-
cating that the bacterial communities under elevated Cd levels
tended to converge at days 7 and 14. Two-way crossed ANOSIM
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TABLE 2 Two-way crossed analysis of similarity (ANOSIM) of
bacterioplankton community structure (based on the occurrences of
bacterial OTUs) from four treatments with different Cd levels across 14
days

Factor R P

Time
Global ANOSIM 0.914 0.001
1 day versus 4 days 0.958 0.001
1 day versus 7 days 1.000 0.001
1 day versus 14 days 1.000 0.001
4 days versus 7 days 0.503 0.001
4 days versus 14 days 1.000 0.001
7 days versus 14 days 0.934 0.001

cd’
Global ANOSIM 0.618 0.001
CK€ versus Cd1 0.031 0.352
CK versus Cd2 0.375 0.001
CK versus Cd3 0.941 0.001
Cd1 versus Cd2 0.393 0.001
Cd1 versus Cd3 0.917 0.001
Cd2 versus Cd3 0.906 0.001

“ Significant P values are given in bold.

b Cd1, Cd2, and Cd3 represent 10, 100, and 1,000 pg liter ' Cd-spiked microcosms,
respectively.

¢ CK, control microcosms.

indicated that time and Cd level were both significant factors in
shaping the BCC (Table 2), and time (global R = 0.914, P = 0.001)
showed greater influence on community variation than Cd did
(global R = 0.618, P = 0.001). Furthermore, pairwise ANOSIM
comparisons showed significant differences in communities be-
tween any two time points. Similar results were found for each
pair of Cd levels except CK versus Cdl. Accordingly, ADONIS
analysis showed that incubation time constrained 56.5% of com-
munity variance, which is much more than Cd did (13.6%), and
their interaction constrained an additional 11.5% of community
variance (Table 3).

We applied the linear function to build the linkage between
NMDS axis 1 (as a proxy for the bacterial community dissimilar-
ity) and Cd levels in each time point after the initial stage to answer
the following question: is there any specific Cd-induced pattern in
the beta diversity of bacterial community under robust temporal
variation? A significant Pearson’s correlation (P < 0.01) between
NMDS axis 1 and Cd level was observed at each time point (Fig. 2).
A similar trend of the linear model in three time points indicated
a consistent Cd-induced pattern in bacterial community varia-
tion. Moreover, the absolute value of slope decreased over time,
corresponding to the converging trend of communities among
different Cd levels during days 4 to 14.

TABLE 3 Quantitative effects of incubation time, Cd level, and their
interaction on the bacterial community variance by permutational
multivariate analysis of variance (with ADONIS function) based on
unweighted UniFrac distance

Time Cd Time X Cd
R* P R? P R? P
0.563 <0.001 0.136 <0.001 0.115 <0.001

“ R? values represent the proportion of variance constrained by factors.
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regression slopes of the linear relationships are shown. Refer to Fig. 1 for
treatment notation. d, days.

Similarity-time relationships along the Cd gradient. A signif-
icant time-similarity decay was observed across all the Cd levels
(P <0.01) (Fig. 3), with the turnover rate ranging from —0.220 to
—0.343. In general, there was an obvious decreasing trend in bac-
terial community turnover under elevated Cd levels, especially at
the higher Cd levels (Cd2 and Cd3). However, well-overlapped
linear regression curves of control and Cd1 treatments indicated
that a slight level of Cd exposure did not influence the temporal
succession of bacterial community.

Linking bacterial community succession to seawater vari-
ables. Constrained analysis of principal coordinates (CAP), a use-
ful method to constrain environmental factors to community
variation based on any distance/dissimilarity metrics (36), was
applied to link the phylogenetic structure of the bacterial commu-
nity with Cd level and seawater variables, listed in Table S1 in the
supplemental material. Eight parameters showing significant cor-
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FIG 3 Similarity-time decay models of bacterial communities. The power-law
exponent w was estimated directly with a linear regression (log-log space ap-
proach) fit between the average Serensen similarity values and days between
observations. Refer to Fig. 1 for treatment notation.
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FIG 4 Constrained analysis of principal coordinates (CAP) of detected OTUs
and the selected seawater parameters. The percentage of variation explained by
each axis is shown. Refer to Fig. 1 for treatment notation.

relation (P < 0.05) were selected to make the biplot, with the
correlation coefficient (represented by the relative length of the
arrow) changed in the following order: Chl-a > DO > PO, ~-P >
pH >NO; -N > DOC > NO, -N > Cd (Fig. 4). The combina-
tion of these parameters constrained 44.3% of the community
variance.

Representative phylotypes associated with Cd pollution
level. Twenty-five representative phylotypes (OTUs) correlated
with Cd level were separated into positive and negative groups
according to the correlation coefficients across the whole duration
(see Table S3 in the supplemental material). The closely matched
type strains provide additional information on taxonomic identi-
fication of some OTUs (see Table S4 in the supplemental mate-
rial). Nine key phylotypes in the positive group, affiliated to the
families Flavobacteriaceae (members of genera Tenacibaculum,
Winogradskyella, Sediminicola, and Algibacter and an unclassified
one), Rhodobacteraceae (a member of genus Pseudoruegeria),
Erythrobacteraceae (a member of the genus Erythrobacter), Pis-
cirickettsiaceae, and Alteromonadaceae (a member of the genus
Glaciecola), showed high frequency (3 to 4 times) of positive cor-
relation with the Cd level across the whole duration (Fig. 5a).
Generally, the abundances of these phylotypes were greater at
higher Cd levels (Cd2, Cd3). Most phylotypes in the negative
group were from the families Flavobacteriaceae, Saprospiraceae,
and Rhodobacteraceae. However, only one phylotype from the ge-
nus Anaerospora (OTU3392), affiliated to Rhodobacteraceae,
showed a negative correlation with the Cd level at three time
points (Fig. 5b).

DISCUSSION

Temporal variability overwhelms Cd-induced patterns in the
bacterial community. In this study, high temporal variation in
BCC was observed regardless of Cd level (see Fig. S1 in the sup-
plemental material), and incubation time exhibited a more-exten-
sive influence on dominant taxa than did the Cd level (Table 1).
Accordingly, a similar trend in the beta diversity of the bacterial
community was observed (Fig. 1a). Cd-induced patterns were ob-
scured by temporal variability among time points and could be
detected only within individual days. This is confirmed by the
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FIG 5 Heat maps of average relative abundances of key taxa positively (a) and negatively (b) associated with Cd level across the whole duration. At each time
point, significance (Sig.) is noted as follows: **, significant Pearson’s correlation (P < 0.01); *, significant Pearson’s correlation (P < 0.05); ns, not significant (n =
16). Taxonomy of the OTUs was identified in the Greengenes database. Refer to Fig. 1 for treatment notation.

variation partitioning analysis indicating that temporal variability
contributed more to bacterial community variance than Cd did
(Table 3). Although the bacterial community structure shifted
along the Cd gradient consistently from day 4, a slight Cd distur-
bance (10 g liter ") did not shift the community structure, sug-
gesting that the response of the bacterioplankton community to
Cd is dose dependent. This is in line with results from a previous
study focusing on the response of bacterial community to penta-
chlorophenol (PCP) in tree hole microcosms (37).

Incubation time showed more-significant influences (P =
0.01) on observed richness, Chaol richness index, and phyloge-
netic diversity than Cd level did (P < 0.05; see Table S2 in the
supplemental material). Cadmium pollution did not cause a de-
crease in the overall alpha diversity; on the contrary, we found an
increase in all the metrics of bacterial communities in Cd2 and
Cd3 microcosms at day 4. Actually, high diversity and evenness
seemed to be common features in marine microbial communities
of many chemically polluted environments (9), probably because
pollution disturbance generated conditions for the proliferation
of rare taxa with stress resistance. According to the widely re-
ported metal resistance of bacteria (38—40), the acute response of
the bacterial community to the higher Cd levels at the early stage
might be due to the proliferation rate of resistant taxa being higher
than the extinction rate of sensitive taxa. However, this trend dis-
appeared later, indicating that the temporal succession over-
whelms Cd-induced patterns in the alpha diversity of bacterial
community.

Specific Cd-induced patterns of bacterial community in sys-
tems with high temporal variability. Since marine bacterioplank-
ton communities generally show high temporal and spatial vari-
ability (19, 41, 42) and less is known about the temporal dynamics
of BCC under heavy metal pollution, we used here the manipu-
lated microcosm experiment as a pilot study to explore the tem-
poral trend of coastal BCC responding to Cd pollution level. Tem-
poral succession of bacterial communities fit well with the
similarity-time decay model (Fig. 3), which is consistent with our
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hypothesis. Here, the bacterial community turnover was much
higher than those in marine environments in situ with gradual
variability (15). This can be explained partly by the robust dynam-
ics of environmental variables in a small water body (see Table S1
in the supplemental material) and further by the short duration of
this study (15). Particularly, we found that elevated Cd levels de-
creased the temporal turnover rate (significant in Cd2 and Cd3
microcosms), meaning that Cd addition made the succession of
bacterial community come about slowly. Relatively low temporal
dynamics of microbial communities were observed in environ-
ments with high selective pressure such as wastewater treatment
systems (43). Here, it seems that Cd showed a certain selective
pressure to the temporal variability of BCC. Since the temporal
turnover rate of microbial community was likely not correlated
with taxon richness (15) and the Cd dose (at 0.01 mM) seemed not
to decrease the abundance of bacterioplankton as previously re-
ported (44), the Cd-induced trend in temporal turnover of BCC
could result from the relatively high and stable evenness (pre-
sented by the greater mean value and lesser coefficient of variation
[CV])of Pielou’s ] index over time at higher Cd levels [Cd2 and
Cd3; datanot shown]), leading to a more-stable bacterial commu-
nity structure (15). Moreover, the Cd-induced inhibition of pro-
tozoan growth (45) leading to the decrease in predation pressure
to bacterioplankton might contribute to this pattern. These points
should be addressed in depth to reveal the mechanisms behind
this pattern in future work.

A comprehensive study concluded that determining the tem-
poral variability of microbial communities could provide a base-
line for community changes to separate these processes from de-
terministic responses (15). Although a high temporal variability in
the bacterial community compared with those previously re-
ported in coastal ecosystems in situ (15) was observed, we can find
similar Cd-induced patterns of communities at each time point
from day 4 (Fig. 2), meaning that temporal variability did not
mask the selective pressure of Cd on BCC. Particularly, the Cd-
induced pattern of community structure showed some extent of
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predictability. The resilience of microbial communities to distur-
bances has been frequently reported (46, 47) and can be defined by
the fact that the community presents a certain degree of recovery
when the disturbance disappears or the disturbance intensity
tends to decrease. For example, Ager et al. found that both the
alpha diversity and the beta diversity of a bacterial community
recovered due to the great dissipation rate of PCP after 4 days (37).
Metals cannot be degraded and are supposed to influence the bac-
terial community more persistently. In this study, the alpha diver-
sity tended to be uniform across Cd levels in the later stage of
incubation (7 to 14 days; see Table S2 in the supplemental mate-
rial). Also, phylogenetic beta diversity of bacterial communities
among different Cd levels tended to converge during days 4 to 14
(Fig. 1b). Moreover, the slope of the NMDS axis 1-Cd linear
model became less negative over time (Fig. 2). These results re-
flected the fact that the differences in community diversity along
the Cd gradient became smaller in the later stage of the experiment
than they were in the early stage, thus indicating some adaption of
the bacterial community to Cd exposure. Another possible expla-
nation could be the decrease in the concentrations of soluble Cd in
the later duration due to the sorption of Cd to small particles (48).

Environmental variables involved in the interaction of tem-
poral variability and Cd-induced patterns in bacterial commu-
nity. Robust temporal dynamics in seawater variables indicated
that the system is highly unstable. Similar results have been doc-
umented in some ex situ microcosm/mesocosm studies (16, 23),
possibly due to the higher metabolic rate in the smaller water body
(23), in which the available nutrients could almost be transformed
from local fractions rather than from the source at catchment.
Moreover, the lack of sediment might also alter the chemical equi-
librium and buffering capacity of the system (49, 50). We moni-
tored the dynamic changes of the chemical variables to find key
factors correlated with temporal variation of BCC. A number of
studies have demonstrated that BCC can reflect biotic and abiotic
processes over time (17, 19, 21, 47). In this study, Chl-a and DO
showed the strongest correlations with community variation and
shared a similar shaping direction (Fig. 4). Overall, a gradual van-
ishing of phytoplankton biomass over time was observed, while
there was a slight decrease in DO in the later stage of incubation
(see Table S1 in the supplemental material). The importance of
phytoplankton and DO in shaping the marine bacterioplankton
community has been confirmed before (51-53), as were other
driving factors here (7, 16, 24). Phosphate and Cd share a similar
direction in shaping the bacterial community (Fig. 4). The pattern
might be due to the enhanced microbial transformation rate of
PO,*” resulting from the higher requirement of bioavailable
polyphosphates by bacterioplankton cells for Cd detoxification
(54), as indicated by generally higher concentrations of PO,’~-P
at higher Cd levels. Remarkably, Cd showed weaker correlation
with community variation than any of the other driving variables
did. Moreover, all these variables changed temporally (see Table
S1 in the supplemental material), thus partly explaining why tem-
poral variability overwhelms Cd-induced patterns in the BCC
variation.

A combination of the key factors can only explain 44.3% of
community variation, and thus some unmeasured factors could
contribute to the unexplained variation. For example, the preda-
tion pressure of flagellates in shaping BCC through the size selec-
tion in bacterial communities has been frequently reported (23,
55). In addition, bacterial adherence to the bottle’s inner surface
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could be considered a formation process of biofilm on an artificial
surface, where a unique bacterial community composition was
often observed compared with that in the surrounding water col-
umn (56, 57). But the influence of this process on the BCC in the
water column was rarely revealed, which might also be a shaping
force in bacterioplankton. The Cd-induced pattern referred to
here was the community variation caused by the Cd addition,
which could be directly induced by Cd stress (toxicity) and also
could be due to its influence on the growth of phytoplankton (58)
and protozoa (45). Furthermore, the interaction of Cd level and
incubation time in seawater variables (see Table S1 in the supple-
mental material) could explain their interaction in the variation of
BCC (Table 3). In conclusion, the variation of BCC could be an
integrated reflection of the complicated interactions among time,
Cd, and environmental factors (including both biotic and abiotic
ones).

The purpose of this pilot study is to provide insight into the
existence of specific Cd-induced patterns in BCC temporal varia-
tion in coastal water. However, the results from small-scale studies
like microcosm experiments usually cannot be directly extrapo-
lated to an in situ ecosystem because of inadequate or absent con-
sideration of whole communities, sediment/air-water interac-
tions, physical phenomena like wind and water renewal, and
temporal events like seasonality (59). The 4-liter manipulated sys-
tem here did not include sediment, which could influence the
Cd-induced pattern of BCC variation through bacterial dispersal
(60), release of nutrient (61), and interactions of Cd and sediment
particles (62) during sediment-water exchange. Moreover, the
weaker physical mixing, limited source of nutrient, and lack of
activities of wide-ranging higher organisms in the bottles could
also contribute to a reduced complexity compared to that of a
coastal ecosystem (59). Therefore, the differentiation in the vari-
ation of BCC in coastal ecosystems compared with the micro-
cosms here could be not only the lower temporal turnover but also
the shaping forces in temporal patterns of bacterioplankton (19,
41, 42) and their interactions with Cd, suggesting the nondeter-
minacy and complexity in the Cd-induced pattern of BCC varia-
tion on an ecosystem scale. However, using 16S pyrosequencing
technique, recent studies reported repeatable and predictable pat-
terns in BCC across different temporal scales (15, 19, 21), as ob-
served in this study. Therefore, the temporal dynamics of BCC
responses to Cd exposure in coastal water in situ might show a
trend similar to the one that we observed here. Future investiga-
tions on larger scales with more-complete components of whole
ecosystems like mesocosm studies in situ or even ecosystem-scale
experiments across longer temporal scales are needed to validate
this observed pattern.

Key taxa associated with Cd pollution level on a temporal
scale. Recent studies have focused on screening key taxa associ-
ated to pollutants (63) and the health status of humans/animals
(21, 64). A comprehensive study suggested that if a certain taxon
could be consistently and repeatedly detected at great abundance
in a location, there would be a high possibility that this taxon is
environment specific rather than a transient passer-by (19). We
extend this conception to propose that if a taxon shows frequent
and stable correlation with Cd level, it is possible that this taxon
plays an important ecological role in response to Cd exposure.
Metal resistance of bacteria affiliated to various species has been
widely reported in soils (65), sediments (66), and aquatic environ-
ments (39). Five of nine key taxa positively associated with Cd
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level were from Flavobacteriaceae, including a member of the ge-
nus Tenacibaculum (Fig. 5). A recent study reported the mercury
resistance of a member of Tenacibaculum from marine Flavobac-
teriaceae (67). Moreover, flavobacteria made up 70% of a Cd-
resistant bacterial community in soil amended with sewage sludge
(68) and have not been extensively studied but could be major
components of the bacterial community in metal-polluted marine
environments (67). We also found a key taxon (OTU4028) from
the genus Erythrobacter (Fig. 5; see also Table S4 in the supplemen-
tal material), and some members of this genus have genes encod-
ing metal efflux proteins associated with metal resistance (69).
However, the members of Rhodobacteraceae, Piscirickettsiaceae,
and Alteromonadaceae were not associated with metal resistance
in previous reports. In conclusion, these nine taxa significantly
contributed to the Cd-induced pattern in the BCC variation over
time, and high temporal variability of BCC did not suppress the
characteristics of their responses to Cd exposure. On the other
hand, most taxa in the negative group showed a one-time negative
correlation with Cd level, except for a member of the genus An-
aerospora (OTU3392), which showed a high frequency of correla-
tion with the Cd level. The underlying functional roles that these
taxa play in Cd-polluted coastal water should be considered in
further works.
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