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Abstract

Eddy pumping drives a set of biogeochemical processes by lifting deep waters into the euphotic zone. To address the potential effect of such
physical processes upon the bacterial community, phylogenetic diversity was determined in two cold-core cyclonic eddies in the South China
Sea. 16S rDNA terminal restriction fragment length polymorphism analysis of the microbial communities through the whole water column
showed a wider depth range for the intermediate transition water mass at sites inside the eddies than for those outside. This water mass contained
a relatively more complex community than the euphotic and deep-water zones. Stratification of prokaryotic populations between the surface and
chlorophyll maximum layer of eddy-related sites versus homogeneity of communities in the euphotic zone of the reference site, revealed by
statistical analysis of 16S rDNA libraries, is most likely a reflection of isopycnal displacement induced by differing water movement inside and
outside eddies. Phylogenetic analysis revealed that eddy center sites were characterized by deep-water group Alteromonadales-affiliated clones,
the psychrophilic genus Octadecabacter cluster and the nitrogen-fixing phototrophic Rhodospirillaceae cluster, while Paracoccus, an important
functional group, abundantly existed at the reference site outside eddies. Our analysis revealed that bacterial community structure was

significantly influenced by cyclonic eddy perturbations.

© 2010 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Mesoscale eddies are ubiquitous in the ocean and introduce
spatial heterogeneity and temporal variability into a region. Eddy
pumping induces isopycnal displacements that lift nutrient-replete
waters into the euphotic zone, driving a set of biogeochemical
processes. These processes include recycling of nutrients within
the surface sunlit waters, physical transport of nutrients from
nutrient-rich deep waters, productivity of autotrophic organisms,
zooplankton grazing and the “biological pump”. Most studies
focus on these aspects (Benitez-Nelson et al., 2007; Benitez-
Nelson and McGillicuddy, 2008; McGillicuddy et al., 2007),
showing that biological and biogeochemical responses within
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eddies are quite complex due to a combination of variations in the
magnitude, timing and duration of nutrient input caused by
differences in eddy formation, intensity, age and movement
(Benitez-Nelson and McGillicuddy, 2008).

Microbial plankton are centrally involved in fluxes of energy
and matter and mediate all biogeochemical cycles in the oceans
(DeLong et al., 2006). Perturbations of physical processes such
as mesoscale eddy, upwelling and coastal jets usually modify
chemical features in a region and introduce new microbial
species, consequently probably modifying the function of the
microbial community in the ecosystem. Regarding microbial
responses to mesoscale eddies, recent studies report distinctly
elevated heterotrophic prokaryotic biomass and production
inside a cold-core eddy region compared to surrounding waters
(Baltar et al., 2010; Thyssen et al., 2005; Zhang et al., 2009).
Ewart et al. (2008) found an increase in prokaryotic heterotro-
phic production at the periphery of a cyclonic eddy relative to the
eddy center in the Sargasso Sea. Baltar et al. (2010) reveal
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different prokaryotic community structure between mesoscale
eddies and far-field stations in the epipelagic layer around the
Canary Islands.

The South China Sea (SCS) with its deep basin is one of the
largest marginal seas in the tropical Pacific Ocean. It is char-
acterized by the relatively frequent passage of eddies (Hwang
and Chen, 2000; Wang et al., 2003), which introduce spatial
and temporal variability in the productivity of the western
tropical Pacific Ocean. Here we report the phylogenetic diver-
sity of the bacterial community in two cold-core cyclonic eddies
in the SCS compared with reference sites at the eddy periphery
and outside the eddies. This study is a contribution to the
understanding of biological and biogeochemical consequences
of a mesoscale cyclonic eddy in the SCS.

2. Materials and methods
2.1. Eddy tracking

Near-real-time satellite altimetry (http://argo.colorado.edu/
~realtime/gsfc_global-real-time_ssh/) and shipboard
acoustic Doppler current profile data from R.V. Dongfanghong
#2 (14 August—14 September 2007) permitted accurate
tracking of the eddies throughout the cruise, and allowed for
high-resolution biogeochemical sampling across the eddies.
For this study, four stations were chosen (Fig. 1). At each
station, a vertical profile with nine or ten depths from surface
to deep waters was sampled. Two stations were located inside
cold-core cyclonic eddies (CE1 at 111.83° E, 14.25° N; CE2 at
111.03° E, 12.03° N), one station at the cold-core eddy
periphery (CEP at 113.00° E, 15.00° N), and another at the
Southeast Asia Time-Series Study station (SEATS at 115.96°

E, 18.03° N) (Fig. 1). The water depths of the four sites were
2844, 2418, 2778 and 3839 m, respectively.

2.2. Sample collection

Sample water was collected via a SeaBird CTD-General
Oceanic rosette sampler with Go-Flo bottles (SBE 9/17 plus,
SeaBird Inc., U.S.A.). Two- to five-liter seawater samples,
collected from 5 to 1500 m depths at CE1, CE2 and CEP and
to 3500 m at SEATS, were filtered through 47-mm diameter
0.2-um-pore-size polycarbonate filters (Whatman) at a pres-
sure < 0.03 MPa. Filtered samples were immediately frozen
and stored at —80 °C until DNA extraction.

2.3. Hydrographic parameters

Data for temperature, salinity, nutrients and chlorophyll-
a were provided by the GOE (Group of Excellence, NSF of
China) project. Samples for inorganic nutrients (nitrate + nitrite,
phosphate) were filtered through 0.45-um cellulose acetate filters
and measured immediately onboard using a flow injection
analyzer (Tri-223 autoanalyzer) and standard spectrophotometric
methods. Samples for chlorophyll-a analysis were collected on
0.7-pm pore-size GF/F filters (Whatman) and chlorophyll-a was
determined using a Turner-Designs Model 10 fluorometer.

2.4. DNA extraction

The polycarbonate filters were cut into pieces under sterile
conditions. DNA extraction was performed using Mega Kit
extraction (MoBIO Laboratories, Inc.) and the protocol of the
manufacturer.
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Fig. 1. Map of the SCS showing sampling stations (stars) for analysis of microbial community diversity and function. The red dots show the transects (a, b and c) of
biogeochemical sampling across the eddies. Two dashed circles delineate the two cold-core cyclonic eddies observed during sampling. CE1: cold-core cyclonic
eddy #1; CE2: cold-core cyclonic eddy #2; CEP: cold-core cyclonic eddy periphery; SEATS: a time series station in the SCS. Temperature sections along (a) and
(b) transects are inlaid. Temperature section along (c) transect is shown elsewhere (J. Hu, submitted manuscript). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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2.5. PCR amplification and T-RFLP

Terminal restriction fragment length polymorphism (T-RFLP)
fingerprinting determinations were performed on all samples.
PCR conditions and chemicals were applied as described by
Moeseneder et al. (1999). The universal bacterial primers 8F-
FAM (5-AGAGTTTGATCATGGCTCAG-3') (Weisburg et al.,
1991) and 927R (5-ACCGCTTGTGCGGGCCC-3') (Amann
et al., 1995) were used. The PCR products were purified with
the agarose gel DNA purification kit (TaKaRa). Fluorescently
labeled PCR products were digested with the restriction enzyme
Rsal (TaKaRa) at 37 °C overnight according to the manufac-
turer’s protocol. Digested products were precipitated by adding
two volumes of 100% cold ethanol, centrifuged at 15,000 x g for
20 min at 4 °C and rinsed with 100 pL of 70% cold isopropanol.
After centrifugation, DNA pellets were dissolved in 20 pL of
ultra-pure water and mixed with 0.5 pL of the internal size
standard (ET ROX-900, Amersham). This mixture was denatured
for 2 min at 95 °C and immediately chilled on ice. Fluorescently
labeled fragments were separated and detected with a Mega-
BACE genetic analyzer (Amersham) operated in Genotyping
mode (Zhang et al., 2008). Replicates were run for all samples to
obtain a reproducible T-RFLP profile.

The electropherograms were analyzed using MegaBACE
Genetic Profiler software (Amersham) to determine the peak
height and area and for standardization using size markers. The
output was transferred to T-REX software (http://trex.biohpc.org/)
(Culman et al., 2009) for identification of true peaks over noise
and to construct a two-way data matrix. The matrix obtained was
further analyzed with the additive main effects and multiplicative
interaction model (AMMI) (Culman et al., 2009) to determine
similarities of the T-RFLP fingerprints between samples.

2.6. PCR amplification and clone library construction

A total of eight samples (from the 5 m depth and the
chlorophyll maximum layer at the four sites) were used to
construct clone libraries. PCR amplification and gel purifica-
tion of PCR products were conducted as described above. The
universal bacterial primers 27F and 1492R were used (Lane,
1991). The products were ligated into the pMDI18-T vector
(TaKaRa, Dalian, China) and then transformed into competent
cells of Escherichia coli DH5«. The ampicillin-resistant
clones were randomly picked and screened for inserts by
performing colony PCR with M13 primers (Invitrogen,
Shanghai, China) for the vector.

2.7. DNA sequencing and phylogenetic tree construction

A total of 767 clones with correct inserts (~ 1500 bp) were
directly sequenced. Sequencing was carried out on an ABI
model 3730 automated DNA sequence analyzer (Applied
Biosystems, Perkin—Elmer) using M13 primers. All nucleo-
tide sequences were manually checked for sequence quality
and putative chimeras using CHIMERA CHECK (http://rdp8.
cme.msu.edu/cgis/chimera.cgi?su=SSU) (Cole et al., 2003).
Six-hundred ninety-nine reliable sequences were grouped as

229 operational taxonomic units (OTUs) by 1% distance in the
DOTUR program (Schloss and Handelsman, 2005). Repre-
sentative sequences from each OTU were aligned using the
ARB aligner, and added to the universal parsimony tree using
“ARB parsimony” with a “positional variability by parsimony”
filter for bacteria (Pruesse et al., 2007). Sequences were also
compared to known 16S rDNA sequences in the database
using the BLASTN search (http://www.ncbi.nlm.nih.gov/
BLAST/). Around 180 reference sequences were retrieved,
together with our representative sequences from each OTU,
for phylogenetic reconstructions. Sequences were aligned and
compiled using the BioEdit program and phylogenetic trees
were constructed with the posterior probabilities algorithm
using MrBayes (Version 3.1) (Huelsenbeck and Ronquist,
2001). The MrBayes trees were built according to the
manual (http://mrbayes.csit.fsu.edu/manual.php). The General
Time Reversible (GTR) model of nucleotide evolution was
used. The program ran until the “average standard deviation of
split frequencies” became less than or extremely near to 0.01.
Then, the first quarter of the trees of the unstable generations
was “burnt in” using “half-compat”, and MrBayes consensus
trees were constructed.

2.8. a-Diversity and B-diversity analysis of the clone
libraries

a-Diversity (diversity within communities) was estimated
as the number of species in a community (species richness).
Sequences were assigned to major groups using BLAST
similarities and the RDP Classifier (http://rdp.cme.msu.edu/
classifier/classifier.jsp). Non-parametric coverage and phylo-
type richness estimators (ACE, Chaol, Shannon and Simpson)
were calculated using DOTUR software (Schloss and
Handelsman, 2005). B-Diversity (partitioning of diversity
among communities) was estimated based on the number of
shared species (Lozupone and Knight, 2008) using [-LIB-
SHUPFF software (Schloss et al., 2004).

2.9. Nucleotide sequence accession numbers

Clone sequences have been deposited in GenBank (http://
www.ncbi.nlm.nih.gov/Genbank/index.html) under accession
numbers GU061329 to GU062179.

3. Results
3.1. Cyclonic eddy perturbation

Two well-developed cold-core cyclonic eddies (CE1 and CE2)
were identified and their development was tracked. The eddies
were 100—150 km in diameter at the surface and their cores were
located at approximately 112.5° E, 13.5° N and 111° E, 12° N.
The acoustic Doppler current profile data documented counter-
clockwise currents of 0.7 ms ' and 1.1 m s~ at maximum speed
in CE1 and CE2 respectively (J. Hu, unpublished data). Both the
seasonal and permanent thermocline shoaled, causing negative
sea-level anomaly (Zhang et al., 2009). Their altimetric history
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suggested intensification of CE1 between 14 and 30 August and
of CE2 between 26 August and 12 September. Observations were
conducted during the intensification phases as samples were
taken at CE1 on 26 August, at CEP on 28 August, at CE2 on 5
September and at SEATS on 13 September.

Eddies lifted isopycnals into the euphotic zone (Fig. 1 and
Table 1), injecting nutrients into the nutrient-depleted surface
waters that were rapidly utilized, resulting in the accumulation of
phytoplankton biomass and organic matter. The subsurface
waters at stations CEl and CE2 exhibited lower temperature
(Fig. 1), higher salinity, higher nutrient concentrations, higher
chlorophyll-a concentrations and lower dissolved oxygen (Zhang
et al., 2009) than at stations CEP and SEATS. Elevated hetero-
trophic prokaryotic biomass and production at CE1 and CE2 have
been reported elsewhere (Zhang et al., 2009). The CEP station
was located at the cold-core eddy periphery and hence, potentially
influenced by the mesoscale features, whereas the SEATS station
is located far outside the two eddy systems and is a representative
outside-eddy station (Zhang et al., 2009).

3.2. Bacterial community composition analysis through
the whole water column based on T-RFLP fingerprinting

T-RFLP patterns of the bacterial communities revealed, in
total, 246 OTUs on the 16S rDNA level ranging from 57 to
939 bp fragments. Only six of the 246 OTUs (57, 77, 312, 313,
421 and 449 bp fragments) were present in more than 80% of
all samples. The cluster plot generated by AMMI analysis of
the T-RFLP fingerprints indicated three distinct clusters, a
euphotic cluster, a deep-water cluster and an intermediate cl-
uster (Fig. 2a). The intermediate layer as indicated by T-RFLP
fingerprinting was wider at the CE1 and CE2 sites (100—800 or
1000 m depth) than the CEP (200—450 m depth) and SEATS
sites (200 m depth) (Fig. 2b).

3.3. a-Diversity and B-diversity analysis of 16S rDNA
clone libraries in the euphotic zone

A total of 699 reliable sequences from eight clone libraries
(Table 2) were used for diversity analysis. These cloned
sequences were designated as Site-Layer-n, in which n repre-
sents the number of the clone. Sequences were clustered into
groups of defined sequence variation of <1% (or 3%) using
DOTUR. These clusters served as OTUs for generating rare-
faction curves and for making calculations with a-diversity
indices, the Shannon and Simpson diversity indices (Magurran,

Table 1
Hydrographic characteristics of the different sites sampled in the SCS.
Descriptions of stations are as in Fig. 1.

CEl CE2 CEP SEATS
Depth of mixed layer (m) 25 15 30 40
Nitracline depth (m) ~20 ~10 ~45 ~70
Depth of chlorophyll-a 45 20 60 75
max (DCM) (m)
Chlorophyll-a at 0.46 0.49 0.27 0.26
DCM (mg m )

1988), the abundance-based coverage estimator ACE (Chao and
Lee, 1992; Chao et al., 1993) and the Chaol (Chao, 1984)
estimator of species diversity (Table 2). Rarefaction curves
described higher levels of microbial complexity for the samples
at the chlorophyll maximum layers than at the surface layers
except at site CE1 (Supplementary Fig. S1). The lowest diversity
indices and the rarefaction curve in the surface water of CE2
indicated that its microbial community was composed of a few
phylotypes, while in the surface water of CE1, the diversity
indices showed a higher level of species richness. Table 2 also
shows that, for both CE1 samples, the species diversity estimates
obtained with ACE and Chaol at the 1% distance level were
almost twice as great as at the 3% distance level.

The partitioning of bacterial diversity among communities,
analyzed using f -LIBSHUFF software, revealed that there
were no significant differences in phylogenetic composition
between the surface waters of CE2 and CEP, nor between the
surface water and the chlorophyll maximum layer of SEATS
(Supplementary Table S1). The dendrogram which was con-
structed based on the AC,y values (data not shown) derived
from the f -LIBSHUFF analysis, revealed an interesting par-
titioning of bacterial diversity responding to environmental
variations. The analysis using the unweighted pair group
method with arithmetic mean joined the surface samples of
CEl, CE2 and CEP and the chlorophyll maximum layer
samples of CE1 and CE2 together in separate clusters, while
both SEATS samples were joined together into another cluster
(Fig. 3).

3.4. Bacterial community composition analysis of 16S
rDNA clone libraries

The species composition of the clone libraries is shown in
Fig. 4. All of our sequences fell into the nine major lineages of
the bacterial domain: Alpha-, Gamma-, Delta- and Betapro-
teobacteria; Cyanobacteria; Bacteroidetes; Actinobacteria;
Planctomycetes and Verrucomicrobia, as well as some clones
originating from eukaryotic chloroplasts or plastids. The
percentage of 16S rDNA sequences of each group in the total
microbial rDNA pool indicated that the Cyanobacteria domi-
nated the surface and the chlorophyll maximum layer of CE2
and the surface water of CEP (50—73%), while Alphapro-
teobacteria dominated the surface and the chlorophyll
maximum layer of SEATS, the chlorophyll maximum layer of
CEP and the surface water of CE1 (41—76%). The chlorophyll
maximum layer of CEl was codominated by Cyanobacteria
(42%) and Alphaproteobacteria (36%) (Fig. 4). For the
microbial communities dominated by Alphaproteobacteria,
Rhodobacterales was the major group at SEATS, while SAR11
was the major group at other eddy-related sites. Gammapro-
teobacteria, Actinobacteria and Bacteroidetes also occurred in
all of the samples but were not abundant. Deltaproteobacteria
were not detected at the SEATS site nor in the surface water of
CE2, and only very few Betaproteobacteria were detected at
the CE2 site and in the chlorophyll maximum layer of the CEP
site. Planctomycetes and Verrucomicrobia were also detected
as minor groups in a few of the samples.
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Fig. 2. Cluster plot (a) generated by AMMI analysis of the data matrix of presence/absence distribution of all individual bacterial OTUs. Descriptions of stations
are as in Fig. 1. Numbers following stations indicate depth (meter). ‘(2)’ indicates T-RFLP determination from the duplicate seawater sample. Stations and depths
corresponding to white, gray and black squares in (a) are shown in (b). Diagonally hatched in (b) indicate no sample taken.

3.5. Phylogenetic analysis of gene sequences of 16S
rDNA clone libraries

The highest diversity of phylotypes was found within the
Alphaproteobacteria cluster, with a total of 280 sequences
(40%), assigned to 105 OTUs, dominated by SAR11 sequences
(50 OTUs, 125 clones). The SARI11 cluster was found in almost
all samples we examined, except for the chlorophyll maximum
layer sample of CE2 (Fig. 5a). The second most abundant cluster
belonged to the Rhodobacterales. They were clustered with the
genera Paracoccus, Roseobacter, Sulfitobacter, Octadeca-
bacter, and Hyphomonas. The Paracoccus cluster was assigned
to six OTUs and all the clones were from the SEATS site,
especially in the surface water, where more than 50% of total
sequences were classified as Paracoccus (Fig. 5a). They were
clustered tightly with Paracoccus denitrificans, Paracoccus
zeaxanthinifaciens and P. sp. 88/2-4 strains. PCR, cloning and

Table 2

sequencing analysis of the replicate sample revealed a similar
species composition (Supplementary Fig. S2) and confirmed
that Paracoccus was a major component in the surface water of
SEATS. The Octadecabacter cluster was assigned to three
OTUs and all 23 clone sequences were from both layers of CE1
and the chlorophyll maximum layer of SEATS. The third most
abundant cluster belonged to the Sphingomonadaceae, domi-
nated by the sequences belonging to the genus Erythrobacter.
Additionally, five clone sequences, assigned to five OTUs,
which were obtained from site CE1 were affiliated with the
Rhodospirillaceae cluster in ARB (Fig. 5a). Eight clones were
classified into the Rickettsiales in ARB. Only one clone was
grouped into the Hoeflea genus. Seventeen other clones,
assigned to nine OTUs, were related to unidentified alpha-
affiliated sequences.

A total of 68 sequences (31 OTUs) were clustered into the
Gammaproteobacteria. Most of these clones (52%) were

Similarity-based OTUs and species richness estimates. Descriptions of stations are as in Fig. 1. DCM: depth of chlorophyll-a max. Simpson index is 1-D form.

Sample ID No. of clones DNA sequence dissimilarity
0.03 0.01
ACE Chaol Shannon Simpson ACE Chaol Shannon Simpson

CE1-5m 92 114 88 3.14 0.94 207 158 3.58 0.97
CE1-DCM 86 65 73 2.84 0.93 106 136 3.33 0.96
CE2-5m 92 30 23 1.31 0.48 39 33 1.61 0.57
CE2-DCM 85 133 114 2.47 0.83 133 102 3.01 0.91
CEP-5m 88 49 59 1.99 0.77 85 52 2.71 0.86
CEP-DCM 80 69 65 2.94 0.93 79 78 3.67 0.98
SEATS-5m 89 51 56 2.25 0.76 83 89 2.39 0.77
SEATS-DCM 87 140 121 3.19 0.94 132 111 3.69 0.98
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Fig. 3. The dendrogram constructed using the unweighted pair group method
with arithmetic mean (MEGA software) based on the AC,y values derived
from f -LIBSHUFF analysis. Descriptions of stations are as in Fig. 1. DCM:
depth of chlorophyll-a max. Scale bar indicates the proportion of samples
changing along each branch.

related to unidentified gamma-affiliated sequences (Fig. 5b),
suggesting that many not previously recognized bacterial
groups exist in the SCS. The second dominant group (19
clones) was closely affiliated with the Alteromonadales or
Alteromonadales-like cluster, and all clones were from both
layers of CE1 and also the chlorophyll maximum layer of CE2
(Fig. 5b). The remaining clone sequences were grouped into
the Legionellales (seven clones), Halomonas (three clones),
Acinetobacter (two clones) and Vibrio (two clones).

A total of 203 clones (29%) classified into 25 OTUs were
affiliated with the Cyanobacteria, in which 11 sequences were
Prochlorococcus, and the others were Synechococcus. The
clones affiliated with Prochlorococcus obtained from the
surface waters of the four sites were most similar to the high-
light-adapted ecotype Prochlorococcus strain, while others
obtained from the chlorophyll maximum layers were most
closely related to the low-light-adapted ecotype strains
(Fig. 5¢). A total of 53 clones classified into 12 OTUs were
affiliated with the Actinobacteria. Most of them (57%) were
related to unidentified Actinobacteria sequences. A total of 20
clones were affiliated with the Bacteroidetes, but a higher
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Fig. 4. Percent abundance of bacterial phylotypes as determined by 16S rDNA
clone library statistics and phylogenetic analysis. Descriptions of stations are
as in Fig. 1. DCM: depth of chlorophyll-a max.

diversity of phylotypes was found within this cluster with 16
OTUs. These clones were obtained from all the samples and
some were closely related to functionally important bacteria,
such as the predatory bacterium Saprospira grandis (Lewin,
1997) and the cohering bacterium Lewinella cohaerens
(Fig. 5¢). The remaining clones were grouped into the Del-
taproteobacteria (12 clones/nine OTUs), the Betaproteobac-
teria (three clones/three OTUs), the Planctomycetales (six
clones/four OTUs) and the Verrucomicrobia (11 clones/four
OTUs). Clones originating from eukaryotic chloroplasts or
plastids (43 sequences classified into 20 OTUs) are not shown
in Fig. 5.

4. Discussion

Apparently, isopycnal displacement (Table 1) induced by
different water mass movements inside and outside the
cyclonic eddies leads to distinct temperature (Fig. 1), salinity,
nutrient and chlorophyll characteristics (Zhang et al., 2009)
and consequently, different hydrological and nutrient condi-
tions modified the microbial community composition.

The composition patterns of the bacterial communities
revealed by T-RFLP were classified into three distinct clusters,
a euphotic cluster, a deep-water cluster and an intermediate
cluster (Fig. 2a). Numerous reports show stratified microbial
populations from euphotic to bathypelagic zones in the
Atlantic and Pacific Oceans (DeLong et al., 2006; Fuhrman
and Davis, 1997; Gordon and Giovannoni, 1996). Here, our
comparative results between the sites revealed a wider inter-
mediate zone at the sites inside rather than outside the cyclonic
eddies (Fig. 2b), although a depth-related distribution pattern
of bacterial communities through the whole water column was
determined at all the sites. It is suggested that eddy-induced
upwelling might widen the depth range of the intermediate
transition water mass. Generally, the number of bacterial
OTUs was almost twice as high in the intermediate layers
(50 £ 10 OTUs) as in the euphotic (28 = 10 OTUs) and deep-
water layers (30 £ 7 OTUs), reflecting a higher level of
microbial complexity for the intermediate transition water
mass. Heterogeneity of available organic substrates potentially
introduced by the export of both particulate and dissolved
organic matter in combination with solubilization of sinking
particles (Azam and Long, 2001; Azam and Malfatti, 2007)
within the mesopelagic zone may have contributed to the
greater diversity we observed in the bacterial community of
the intermediate layers (Treusch et al., 2009).

Given that eddy perturbations usually introduce consider-
able spatial heterogeneity into the upper ocean due to the
introduction of new nutrients into the euphotic zone from
nutrient-rich deep waters (Becher and Rappe, 2006), our study
focused on the bacterial community in the euphotic zone.
Eight clone libraries from the 5 m and the chlorophyll
maximum layers of the four sites were constructed in order to
compare the phylogenetic diversity of the community in the
upper ocean both inside and outside the eddies. Agreeing with
previous studies (DeLong et al., 2006; Ma et al., 2009), the
higher levels of microbial complexity at the chlorophyll
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maximum layers than in the surface layers were revealed by
rarefaction curves and diversity indices (Shannon, Simpson,
ACE and Chaol) (Table 2 and Supplementary Fig. S1), except
at site CE1, where the heterogeneity of available substrates
and species introduced by cold eddy upwelling could have led
to a higher diversity in the surface microbial community.
However, at the other eddy center site CE2, the overwhelming
cyanobacterial dominance (73%) (Fig. 4) led to quite low
diversity in the surface bacterial community (Table 2). This
was consistent with the higher surface chlorophyll concen-
tration observed at site CE2 than at the other three sites (Zhang
et al., 2009). The different responses of the phytoplankton and
bacterial communities of the surface water between the two
eddies could be explained by variations in the magnitude,
timing and duration of nutrient input caused by differences in
eddy formation, intensity, age and movement. In this study,
CE2 was a more intense cyclonic eddy with greater current
speed than CE1 and, therefore, more nutrient input supported
more phytoplankton growth at CE2 (Table 1) (Zhang et al.,
2009).

Interestingly, distinct partitioning of microbial diversity
among all eight communities responding to environmental
variations was revealed by [-LIBSHUFF analysis of the clone
libraries (Fig. 3). The stratification of prokaryotic populations
which existed between the surface and chlorophyll maximum
layers of the eddy-related sites, compared to the homogeneity
of communities in the euphotic zone of the reference site, was
most likely a reflection of isopycnal displacement led by water
upwelling inside the eddies. Cyclonic eddy isopycnal uplift
resulted in shoaling of the mixed layer and the nitracline
(Table 1) introducing a deep-water mass into the euphotic
zone, and consequently separating the surface and chlorophyll
maximum layers into different environments.

Phylogenetic analysis of gene sequences of 16S rDNA
clone libraries revealed a difference in bacterial community
composition inside and outside the eddies. The surface and the
chlorophyll maximum layer of site SEATS were dominated by
Alphaproteobacteria (76% and 41% respectively) (Fig. 4) with
the major group being the Rhodobacterales (Fig. 5a). All 49
Paracoccus-affiliated clones were limited to the SEATS site,
mainly at the surface, and closely related to functionally
important bacteria, such as the nitrate-reducing lithotroph
P. denitrificans (Ludwig et al., 1993) and the zeaxanthin-
producing P. zeaxanthinifaciens (Berry et al., 2003) (Fig. 5a).
Previous studies (and our unpublished studies) also show that
Paracoccus strains are frequently isolated from the SCS (Du
et al., 2006; Liu et al., 2008). These results indicated that
Paracoccus might be an important functional group existing in
the SCS.

Located within two cold-core cyclonic eddies, the CE1 site
was dominated by Alphaproteobacteria, while the CE2 site
was dominated by Cyanobacteria (Fig. 4). However, both of
them were characterized by Alteromonadales-affiliated clones.
As the second abundant group of gamma-affiliated sequences,
Alteromonadales and Alteromonadales-like clusters were only
limited to the two eddy center sites (Fig. 5b). The organisms
within the Alteromonadales are prevalent in different oceanic
regions (Biers et al., 2009; Ivars-Martinez et al., 2008), but
seem to be more frequent in deep waters. Numerous studies
report that many members of the Alteromonadales are often
from deep waters (Bowman and McMeekin, 2005; DeLong
et al., 2006; Garcia-Martinez et al., 2002). Furthermore, this
group is reported to be capable of adapting to the relatively
phosphate-depleted marine environment (Long and Luo,
2009), which is consistent with the enhanced N:P ratio
(>>16:1) observed within cyclonic eddies (M. Dai, personal
communication). It is possible that heterogenous species were
brought up from deep-water by cold eddy upwelling and
adapted to the modified environment. In addition, most of the
Octadecabacter-affiliated clones were also found to be limited
to the CE1 site and a few were from the chlorophyll maximum
layer of the SEATS site (Fig. 5a), members of which are
obligate psychrophiles (Gosink et al., 1997), probably
reflecting the response of microbial populations to relatively
low temperature environments. Notably, Rhodospirillaceae-
affiliated clones were limited only to the CEl site (Fig. 5a).
This family is the non-sulfur purple photosynthetic bacteria,
and nitrogen-fixing ability is found in almost all species
(Ludden and Roberts, 1995; Madigan et al., 1984). Studies
suggest that the highest potential for nitrogen fixation occurs
during the summer monsoon in the SCS (Loick et al., 2007),
when the highest rates are measured (Voss et al., 2006).
However, these bacterial nitrogen-fixing activities could be
low during the cyclonic eddy, since dissolved inorganic
nitrogen could be replenished in the subsurface layers through
upwelling. Overall, considerable spatial heterogeneity in the
bacterial community composition was apparent inside and
outside the cold-core cyclonic eddies of the SCS.

As a result of cyclonic eddy perturbations in the SCS, the
vertical water movement widened the mesopelagic zone
characterized by a more complex community and, further-
more, brought deep-water into the upper ocean, causing a shift
in the microbial community in the euphotic zone in response
to environmental changes, such as nutrients and temperature.
However, eddy perturbations are quite complex dynamic
processes (Benitez-Nelson and McGillicuddy, 2008). To better
understand the role of microbes in marine biogeochemical
processes, we need more intensive microbial measurements

Fig. 5. Phylogenetic trees generated from alignments of 16S rDNA sequences from the SCS samples and representative references retrieved from the SILVA
database of the ARB program and GenBank. The root was determined using 16S rRNA gene sequences of Nitrosopumilus maritimus SCM1 (DQ085097) and
uncultured Crenarchaeote (EF597682) as an outgroup reference. Some groups in the trees were compressed using the ARB program with vertical height and
horizontal width of the triangles representing OTU abundance and degree of divergence, respectively, within a given group. Clones from this study are indicated in
boldface and designated as CE1-5m (or CE1-DCM, CE2-5m, CE2-DCM, CEP-5m, CEP-DCM, S-5m and S-DCM) -n, in which n represents the number of
different clones. Accession numbers are shown in parentheses. Numbers following the symbols (CE1-5m 4, CE1-DCM A, CE2-5m ¥, CE2-DCM V¥, CEP-5m
%, CEP-DCM @, S-5m @, S-DCM @) indicate occurrence frequency of OTUs in corresponding libraries. Values at each node indicate the posterior possibility.
Scale bars represent the nucleotide substitution percentage. (a) Alphaproteobacteria. (b) Gammaproteobacteria. (c) Others.
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using new technologies, e.g. (meta)genomic, (meta)tran-
scriptomic, (meta)proteomic approaches and more effective
coupling of the biological, physical and chemical processes.

Acknowledgments

The authors thank M. Dai, the chief scientist of the GOE
project and cruises, for providing the sampling opportunity,
background data and the comments that have improved the
manuscript. We thank J. Hu for providing temperature data. We
also thank the captain and crew of the RV Dongfanghong #2 and
our colleagues who participated in the GOE-2 cruise. Professor
John Hodgkiss is thanked for his assistance with English. Y.K.
Tam is thanked for her assistance with T-RFLP measurements.
This work was supported by the NSFC Project 40806052, the
NSFC GOE Projects 40521003 and 40821063, the NSFC ESKL
Project 41023007, the NSFC Key Project 91028001 and the 973
Project 2007CB815904.

Appendix. Supplementary material

The supplementary data associated with this article can be
found in the on-line version at doi: 10.1016/j.resmic.2010.12.006.

References

Amann, R.I., Ludwig, W., Schleifer, K.H., 1995. Phylogenetic identification
and in situ detection of individual microbial cells without cultivation.
Microbiol. Rev. 59, 143—169.

Azam, F, Long, R.A., 2001. Oceanography - sea snow microcosms. Nature
414, 495—498.

Azam, F., Malfatti, F., 2007. Microbial structuring of marine ecosystems. Nat.
Rev. Microbiol. 5, 782—791.

Baltar, F., Aristegui, J., Gasol, J.M., Lekunberri, 1., Herndl, G.J., 2010.
Mesoscale eddies: hotspots of prokaryotic activity and differential
community structure in the ocean. ISME J. 4, 975—988.

Becher, J.W., Rappe, M.S., 2006. Mesoscale to microscale: molecular
microbial ecology within cyclonic eddies in the lee of the Hawaiian
Islands. Eos Trans. AGU 87 (Suppl) OS26E-20.

Benitez-Nelson, C.R., Bidigare, R.R., Dickey, T.D., Landry, M.R., Leonard, C.
L., Brown, S.L., Nencioli, F.,, Rii, Y.M., Maiti, K., Becker, J.W., Bibby, T.
S., Black, W., Cai, W.-]., Carlson, C.A., Chen, F., Kuwahara, V.S.,
Mahaffey, C., McAndrew, PM., Quay, P.D., Rappé, M.S., Selph, K.E.,
Simmons, M.P., Yang, E.J., 2007. Mesoscale eddies drive increased silica
export in the subtropical Pacific Ocean. Science 316, 1017—1021.

Benitez-Nelson, C.R., McGillicuddy, D.J., 2008. Mesoscale physical-biolog-
ical-biogeochemical linkages in the open ocean: an introduction to the
results of the E-Flux and EDDIES programs. Deep-Sea Res. II 55,
1133—1138.

Berry, A., Janssens, D., Hiimbelin, M., Jore, J.P.M., Hoste, B., Cleenwerck, 1.,
Vancanneyt, M., Bretzel, W., Mayer, A.F., Lopez-Ulibarri, R.,
Shanmugam, B., Swings, J., Pasamontes, L., 2003. Paracoccus zeax-
anthinifaciens sp. nov., a zeaxanthin-producing bacterium. Int. J. Syst.
Evol. Microbiol. 53, 231—238.

Biers, E.J., Sun, S., Howard, E.C., 2009. Prokaryotic genomes and diversity in
surface ocean waters: interrogating the global ocean sampling meta-
genome. Appl. Environ. Microbiol. 75, 2221-2229.

Bowman, J.P., McMeekin, T.A., 2005. Order X. Alteromonadales ord. nov.
In: Brenner, D.J., Krieg, N.R., Staley, J.T., Garrity, G.M., Boone, D.R.,
Vos, P.D., Goodfellow, M., Rainey, F.A., Schleifer, K.H. (Eds.),

Bergey’s Manual of Systematic Bacteriology, vol. 2. Springer Publishing
Inc., New York, pp. 443—491.

Chao, A., 1984. Non-parametric estimation of the number of classes in
a population. Scand. J. Stat. 11, 265—270.

Chao, A., Lee, S.M., 1992. Estimating the number of classes via sample
coverage. J. Am. Stat. Assoc. 87, 210—217.

Chao, A., Ma, M.C., Yang, M.C.K., 1993. Stopping rules and estimation for
recapture debugging with unequal failure rates. Biometrika 80, 193—201.

Cole, J.R., Chai, B., Marsh, T.L., Farris, R.J., Wang, Q., Kulam, S.A.,
Chandra, S., McGarrell, D.M., Schmidt, T.M., Garrity, G.M., Tiedje, J.M.,
2003. The Ribosomal Database Project (RDP-II): previewing a new
autoaligner that allows regular updates and the new prokaryotic taxonomy.
Nucleic Acids Res. 31, 442—443.

Culman, S.W., Bukowski, R., Gauch, H.G., Cadillo-Quiroz, H., Buckley, D.H.,
2009. T-REX: software for the processing and analysis of T-RFLP data.
BMC Bioinformatics 10, 171. doi:10.1186/1471-2105-1110-1171.

DeLong, E.F,, Preston, C.M., Mincer, T., Rich, V., Hallam, S.J., Frigaard, N.-U.,
Martinez, A., Sullivan, M.B., Edwards, R., Brito, B.R., Chisholm, S.W.,
Karl, D.M., 2006. Community genomics among stratified microbial
assemblages in the ocean’s interior. Science 311, 496—503.

Du, H.L., Jiao, N.Z., Hu, Y.H., Zeng, Y.H., 2006. Diversity and distribution of
pigmented heterotrophic bacteria in marine environments. FEMS Micro-
biol. Ecol. 57, 92—105.

Ewart, C.S., Meyers, M.K., Wallner, E.R., McGillicuddy, D.J., Carlson, C.A.,
2008. Microbial dynamics in cyclonic and anticyclonic mode-water eddies
in the northwestern Sargasso Sea. Deep-Sea Res. II 55, 1334—1347.

Fuhrman, J.A., Davis, A.A., 1997. Widespread Archaea and novel bacteria
from the deep sea as shown by 16S rRNA gene sequences. Mar. Ecol. Prog.
Ser. 150, 275—285.

Garcia-Martinez, J., Acinas, S.G., Massana, R., Rodriguez-Valera, F., 2002.
Prevalence and microdiversity of Alteromonas macleodii-like microor-
ganisms in different oceanic regions. Environ. Microbiol. 4, 42—50.

Gordon, D.A., Giovannoni, S.J., 1996. Detection of stratified microbial pop-
ulations related to Chlorobium and Fibrobacter detected in the Atlantic and
Pacific Oceans. Appl. Environ. Microbiol. 62, 1171—1177.

Gosink, J.J., Herwig, R.P,, Staley, J.T., 1997. Octadecabacter arcticus gen. nov., sp.
nov., and O. antarcticus, sp. nov., nonpigmented, psychrophilic gas vacuolated
bacteria from polar sea ice and water. Syst. Appl. Microbiol. 20, 356—365.

Huelsenbeck, J.P., Ronquist, F., 2001. MRBAYES: Bayesian inference of
phylogenetic trees. Bioinformatics 17, 754—755.

Hwang, C., Chen, S.-A., 2000. Circulations and eddies over the South China Sea
derived from TOPEX/Poseidon altimetry. J. Geophys. Res. 105, 23943—23966.

Ivars-Martinez, E., Martin-Cuadrado, A.-B., D’ Auria, G., Mira, A., Ferriera, S.,
Johnson, J., Friedman, R., Rodriguez-Valera, F., 2008. Comparative geno-
mics of two ecotypes of the marine planktonic copiotroph Alteromonas
macleodii suggests alternative lifestyles associated with different kinds of
particulate organic matter. ISME J. 2, 1194—1212.

Lane, D.J., 1991. 16S/23S rRNA sequencing. In: Stackebrandt, E.,
Goodfellow, M. (Eds.), Nucleic Acid Techniques in Bacterial Systematics.
John Wiley & Sons Publishing Inc., New York, pp. 115—176.

Lewin, R.A., 1997. Saprospira grandis: a Flexibacterium that can catch
bacterial prey by "ixotrophy". Microb. Ecol. 34, 232—236.

Liu, Z.-P,, Wang, B.-J., Liu, X.-Y,, Dai, X., Liu, Y.-H., Liu, S.-J., 2008. Par-
acoccus halophilus sp. nov., isolated from marine sediment of the South
China Sea, China, and emended description of genus Paracoccus Davis
1969. Int. J. Syst. Evol. Microbiol. 58, 257—261.

Loick, N., Dippner, J., Nhu-Doan, H., Liskow, L., Voss, M., 2007. Pelagic
nitrogen dynamics in the Vietnamese upwelling area according to stable
nitrogen and carbon isotope data. Deep-Sea Res. I 54, 596—607.

Long, R.A., Luo, H., 2009. Marine bacterial alkaline phosphatase genes
a proxy for P-stress. Fourth Annual, DOE Joint Genome Institute, User
Meeting. Walnut Creek. In: Genomics of Energy & Environment, p. 38.

Lozupone, C.A., Knight, R., 2008. Species divergence and the measurement of
microbial diversity. FEMS Microbiol. Rev. 32, 557—578.

Ludden, P.W., Roberts, G.P., 1995. The biochemistry and genetics of nitrogen
fixation by photosynthetic bacteria. In: Blankenship, R.E., Madigan, M.T.,
Bauer, C.E. (Eds.), Anoxygenic Photosynthetic Bacteria. Kluwer
Academic Publishing Inc., Dordrecht, pp. 929—947.


http://dx.doi.org/doi:10.1016/j.resmic.2010.12.006

Y. Zhang et al. / Research in Microbiology 162 (2011) 320—329 329

Ludwig, W., Mittenhuber, G., Friedrich, C.G., 1993. Transfer of Thiosphaera
pantotropha to Paracoccus denitrificans. Int. J. Syst. Bacteriol. 43, 363—367.

Ma, Y., Zeng, Y., Jiao, N., Shi, Y., Hong, N., 2009. Vertical distribution and
phylogenetic composition of bacteria in the Eastern Tropical North Pacific
Ocean. Microbiol. Res. 164, 624—633.

Madigan, M., Cox, S.S., Stegeman, R.A., 1984. Nitrogen fixation and nitrogenase
activities in members of the family Rhodospirillaceae. J. Bacteriol. 157, 73—78.

Magurran, A.E., 1988. Ecological Diversity and Its Measurement, first ed.
Princeton University Press, New Jersey.

McGillicuddy, D.J., Anderson, L.A., Bates, N.R., Bibby, T., Buesseler, K.O.,
Carlson, C.A., Davis, C.S., Ewart, C., Falkowski, P.G., Goldthwait, S.A.,
Hansell, D.A., Jenkins, W.J., Johnson, R., Kosnyrev, V.K., Ledwell, J.R.,
Li, Q.P, Siegel, D.A., Steinberg, D.K., 2007. Eddy/wind Interactions stim-
ulate extraordinary mid-ocean plankton blooms. Science 316, 1021—1026.

Moeseneder, M.M., Arrieta, J.M., Muyzer, G., Winter, C., Herndl, G.J., 1999.
Optimization of terminal-restriction fragment length polymorphism analysis for
complex marine bacterioplankton communities and comparison with dena-
turing gradient gel electrophoresis. Appl. Environ. Microbiol. 65, 3518—3525.

Pruesse, E., Quast, C., Knittel, K., Fuchs, B.M., Ludwig, W., Peplies, J.,
Glockner, F.O., 2007. SILVA: a comprehensive online resource for quality
checked and aligned ribosomal RNA sequence data compatible with ARB.
Nucleic Acids Res. 35, 7188—7196.

Schloss, P.D., Larget, B.R., Handelsman, J., 2004. Integration of microbial
ecology and statistics: a test to compare gene libraries. Appl. Environ.
Microbiol. 70, 5485—5492.

Schloss, P.D., Handelsman, J., 2005. Introducing DOTUR, a computer
program for defining operational taxonomic units and estimating species
richness. Appl. Environ. Microbiol. 71, 1501—1506.

Thyssen, M., Lefevre, D., Caniaux, G., Ras, J., Fernandez, C.I., Denis, M.,
2005. Spatial distribution of heterotrophic bacteria in the northeast Atlantic
(POMME study area) during spring 2001. J. Geophys. Res. 110, C07S16.
doi:10.1029/2004JC002670.

Treusch, A.H., Vergin, K.L., Finlay, L.A., Donatz, M.G., Burton, R.M.,
Carlson, C.A., Giovannoni, S.J., 2009. Seasonality and vertical structure of
microbial communities in an ocean gyre. ISME J. 3, 1148—1163.

Voss, M., Bombar, D., Natalie, L., Dippner, J.W., 2006. Riverine influence on
nitrogen fixation in the upwelling region off Vietnam, South China Sea.
Geophys. Res. Lett. 33 (L07604), 07601—07604.

Wang, G., Su, J., Chu, P.C., 2003. Mesoscale eddies in the South China Sea
observed with altimeter data. Geophys. Res. Lett. 30, 2121. doi:10.1029/
2003GL018532.

Weisburg, W.G., Barns, S.M., Pelletier, D.A., Lane, D.J., 1991. 16S ribosomal
DNA amplification for phylogenetic study. J. Bacteriol. 173, 697—703.
Zhang, R., Thiyagarajan, V., Qian, P.Y., 2008. Evaluation of terminal-restric-
tion fragment length polymorphism analysis in contrasting coastal envi-

ronments. FEMS Microbiol. Ecol. 65, 169—178.

Zhang, Y., Sintes, E., Chen, J.N., Zhang, Y., Dai, M.H., Jiao, N.Z., Herndl, G.J.,
2009. Role of mesoscale cyclonic eddies in the distribution and activity of
archaea and bacteria in the South China Sea. Aquat. Microb. Ecol. 56,
65—79.



	Phylogenetic diversity of bacterial communities in South China Sea mesoscale cyclonic eddy perturbations
	Introduction
	Materials and methods
	Eddy tracking
	Sample collection
	Hydrographic parameters
	DNA extraction
	PCR amplification and T-RFLP
	PCR amplification and clone library construction
	DNA sequencing and phylogenetic tree construction
	α-Diversity and β-diversity analysis of the clone libraries
	Nucleotide sequence accession numbers

	Results
	Cyclonic eddy perturbation
	Bacterial community composition analysis through the whole water column based on T-RFLP fingerprinting
	α-Diversity and β-diversity analysis of 16S rDNA clone libraries in the euphotic zone
	Bacterial community composition analysis of 16S rDNA clone libraries
	Phylogenetic analysis of gene sequences of 16S rDNA clone libraries

	Discussion
	Acknowledgments
	Supplementary material
	References


