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Abstract Mounting evidence suggests that Archaea are wide-
spread and abundant in aquatic and terrestrial habitats and
play fundamental roles in global biogeochemical cycles, yet
the pattern and its ecological drivers of biogeographic distri-
bution of archaeal community in estuarine ecosystem are still
not well understood. Here, we investigated planktonic and
benthic archaeal communities in the human-impacted Jiulong
River estuary (JRE), southern China by using real-time PCR
(RT-PCR) and Illumina 16S ribosomal RNA (rRNA)
amplicon sequencing. RT-PCR analysis indicated that Ar-
chaea accounted for an average of 0.79 and 5.31 % of pro-
karyotic biomass in water and sediment samples of the JRE,
respectively. The diversity of planktonic archaeal community
decreased gradually from the river runoff to seawater, whereas
that of benthic community did not show the similar pattern.
The results of taxonomic assignments indicated that
Thaumarchaeota (Nitrosopumilus and Cenarchaeum),
Methanocorpusculum, and Methanospirillum were signifi-
cantlymore abundant in planktonic than benthic communities,

whereas the relative abundances of Miscellaneous
Crenarchaeotic Group, Marine Benthic Group-B/-D, anaero-
bic methane-oxidizing Archaea -1/-2D, and South Africa
Gold Mine Euryarchaeotic Group 1 were higher in sediments
than in surface waters. Moreover, planktonic archaeal commu-
nity composition varied significantly at broad and finer-scale
taxonomic levels along the salinity gradient. Multivariate sta-
tistical analyses revealed that salinity is the main factor struc-
turing the JRE planktonic but not benthic archaeal community
at both total community and population level. SourceTrakcer
analysis indicated that river might be a major source of ar-
chaea in the freshwater zone of the JRE. Overall, this study
advances our understanding of the biogeographic patterns and
its ecological drivers of estuarine archaeal communities.
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Ecological driver

Introduction

The prokaryotes including Bacteria and Archaea, are the most
abundant organisms with versatile ecological functions
inhabiting the aquatic ecosystem and play the primary roles
in recycling organic matters and nutrients as well as microbial
food web [1]. Previous studies have investigated the diversity,
composition, and structure of bacterial communities as well as
their ecological function in estuarine environment as estuaries
provide ideal environments for performing comprehensive
studies inmicrobial ecology along sharp physicochemical gra-
dients (e.g., salinity, pH, oxygen, nutrient, dissolved, and par-
ticulate organic matter) [2–5]. They primarily found that sa-
linity is the major determinant of not only drastic changes in
bacterial community composition but also of succession in
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metabolic characteristics of bacterial community in the estua-
rine area [2–4]. However, there is limited information on the
abundance, diversity, and biogeographic distribution of Ar-
chaea in estuarine ecosystem despite their potential impor-
tance in biogeochemical cycling highlighted in recent years
[6, 7].

The Archaea domain mainly consists of three phyla,
Crenarchaeota, Euryarchaeota, and Thaumarchaeota, and
the lat ter was previous ly known as Bmesophi l ic
Crenarchaeota^ and was recently assigned as an independent
archaeal phylum based on comparative genomic analysis [8].
Although Archaea were only found to be present in harsh
environments during the early studies, subsequent molecular
studies have provided mounting evidence that members of the
Archaea are widespread in diverse natural environments, in-
cluding ocean, soil, and freshwater ecosystems, and majority
of them were distantly affiliated to the cultivated strains and
resistant to culture [9]. The quantitative analyses have demon-
strated that Archaea contribute up to 20 and 5 % of the total
prokaryotic abundance in sea water and soils, respectively
[10–12], and may represent 5–30 % of the total microbial
biomass in marine surface sediments [13]. Meanwhile, there
is growing evidence that some functional groups of Archaea,
such as ammonia-oxidizing Archaea (AOA; phylum
Thaumarchaeota) and methanogenic and anaerobic
me t h a n e - o x i d i z i n g A r c h a e a (ANME ; p hy l um
Euryarchaeota), play crucial roles in carbon and nitrogen bio-
geochemical cycles [7].

Given the considerable abundance of Archaea in natural
environments and their significance to global biogeochemical
cycles [6, 7], a detailed analysis of abundance, diversity, and
composition of estuarine archaeal community is essential to
gain an in-depth understanding on their ecological function.
However, compared with extensive studies on marine and soil
archaeal communities, there were only a few investigations
concerning the assembly of archaeal community in several
estuaries [14–18]. The available studies indicated that estua-
rine environments harbored multiple environmental sources
of archaeal lineages or phylotypes which may be due to the
combined influences of river and groundwater discharge,
coastal erosion, seawater intrusions, and resuspension events
in estuarine system [14, 16–18]. For example, marine group I
Thaumarchaeota (MGI; also named as group 1.1a) and ma-
rine group II Euryarchaeota (MGII) dominated in planktonic
archaeal communities of the marine-influenced region of the
estuary, while estuarine freshwater zone often contained high-
ly diverse archaeal assemblages associated with freshwater,
soil, and sediment environments [16–18]. Besides, some spe-
cific benthic archaeal lineages that included MGI, Miscella-
neous Crenarchaeotic Group (MCG), Marine Benthic Groups
A, B, and D (MBGA, B, and D), methanogens, ANME, etc.,
thrived in the estuarine sediments [15, 19]. The sharp change
in archaeal community composition and structure along the

salinity gradient in different estuaries suggest that salinity also
play an important role in shaping spatial distribution of estu-
arine archaeal community [14–18]. However, low-resolution
molecular methods used by most previous studies confine our
understanding on biogeographic pattern of estuarine archaeal
community and its critical ecological drivers [14, 15]. More-
over, none of the studies have simultaneously investigated
planktonic and benthic archaeal communities in an estuary.

In the current study, we aim to unravel the biogeographic
distribution pattern of archaeal communities in water and sed-
iments of the Jiulong River estuary (JRE), southern China,
using an integrated approach including environmental param-
eter measurement, real-time PCR (RT-PCR), Illumina 16S
ribosomal RNA (rRNA) amplicon sequencing, and multivar-
iate statistical analysis. The JRE is profoundly influenced by
its watershed—the Jiulong River Watershed which has a
catchment area of 1.47×104 km2 [20–22]. A previous nutrient
study of the JRE conducted by Yan et al. [20] estimated that
there was 34.3×103 ton dissolved inorganic nitrogen (DIN)
year−1, 0.63×103 ton soluble reactive phosphorus (SRP)
year−1, and 72.7×103 ton dissolved silicate (DSi)year−1

discharged from watershed into the JRE, which lead to eutro-
phication and algal blooms in the JRE and the adjacent Xia-
men Sea. The primary objectives of this study were (i) to
investigate the abundance, diversity, and composition of both
planktonic and benthic archaeal communities in the JRE and
(ii) to identify the critical factor (local or regional factors)
influencing biogeographic pattern of the JRE archaeal com-
munity at both community and population level. The possible
environmental sources of planktonic archaeal communities in
the JRE were also discussed based on SourceTracker analysis
[23].

Materials and Methods

Study Area

The JRE, situated in a subtropical monsoon zone, is a shallow
estuary (3–16 m in depth) of the northern South China Sea,
with a total length of approximately 21 km and a catchment
area of 100 km2 [20, 22] (Fig. 1). The JRE is strongly influ-
enced by semidiurnal tidal cycles with a tidal range of 2.7–4m
from the upper to the lower estuary. The estuarine water
comes from the Jiulong River, which consists of two major
tributaries, North River andWest River, and flows into the sea
mainly through the south bank [20, 22]. The flushing time of
river water in the JRE varied from 2 to 3 days [24]. The total
suspended matter concentration is highest in the freshwater
area and decreases quickly in the low salinity area [25]. The
coastlines of the lower salinity part of the JRE are boarded by
mangroves. Due to rapid economic development in this area in
the past 30 years, intensive human activities such as
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agricultural practices, livestock breeding, and urbanization
have great impacts on both river and estuary nutrient biogeo-
chemistry [21]. Recently, Yan et al. [20] have found the con-
centrations of NO3–N and SRP increased two to three times in
the upper/middle areas of the JRE since the 1990s, which is
the major cause resulting in eutrophication and algal blooms
in the JRE and the adjacent Xiamen Bay.

Sample Collection and Environmental Parameter
Analysis

Sampling was carried out during early April, 2011 under
normal hydrological condition (relative to wet or dry hy-
drological conditions, river discharge is under its average
condition) [20]. As shown in Fig. 1, a total of 12 sampling
sites were selected along the south bank from river to sea.
Sites A3–A6 were strongly influenced by the freshwater
plume from the Jiulong River, while sites JY0, JY1, JY3,
and KM4 were subjected to the influence of coastal cur-
rent. In addition, human activities of Xiamen area have an
impact on the quality of water in site W. Surface water
(∼0.5 m) samples were collected using 5-L Niskin bottles
(model QCCC-5, National Ocean Technology Center,
China). For molecular analysis, about 500 to 1000 mL
water samples were pre-filtered through 20 μm mesh
(Millipore, Billerica, MA, USA) and subsequently filtered
onto 0.22-μm pore-size polycarbonate filters (47 mm,
Millipore, USA), while sediments were collected from
six sites (Fig. 1). All samples were stored at −80 °C until
analysis.

Surface water temperature and salinity were determined in
situ using a YSI-6600 probe (YSI, Yellow Springs, Ohio,
USA). The concentration of dissolved oxygen (DO) in the

water wasmeasured using the standardWinkler titration meth-
od [26]. pH was determined in situ using a precision pH ana-
lyzer (Orion Star™, Thermo Electron Co., USA). Water sam-
ples for nutrient analysis (NH4–N, NO2–N, NO3–N, SRP, and
DSi) were filtered through 0.45-μmpore-size cellulose acetate
filters (Millipore, USA) and analyzed using an auto-analyzer.
The detailed information can be found in a previous study
[20].

Sediment samples were dried in a freeze-drier (Labconco,
Kansas City, MO, USA). Total organic carbon (OrgC), organ-
ic nitrogen (OrgN), and organic sulfur (OrgS) were analyzed
using a Vario Max CNS analyzer (Elementar, Hanau, Germa-
ny). pH was measured at a 1:2.5 sediment-to-water ratio
(w/vol). Inorganic nitrogen was extracted from 2 g dried sam-
ple with 2 M KCl, and the concentrations of NH4–N, NO2–N,
and NO3–N were determined using Lachat QC8500 Flow
Injection Auto-analyzer (Lachat Instruments, Loveland, CO,
USA) as described elsewhere [21].

DNA Extraction and Real-Time PCR Assay

DNA from environmental samples was extracted in duplicate
following protocols established in our lab [21]. For quantifi-
cation of bacterial and archaeal 16S rRNA genes, RT-PCR
reactions were performed in triplicates using an Applied
Biosystems 7500 Real-Time PCR system (Life Technologies,
Forster City, CA, USA) with SYBR green method [27]. The
abundance of bacterial and archaeal 16S rRNA genes were
determined using Bacteria-specific primers 341F/518R [28]
and Archaea-specific primers A364aF/A934b [29], respec-
tively. Melting curve analysis and gel electrophoresis were
performed after each run to confirm the specificity of RT-
PCR.

Fig. 1 Location of sampling
stations in the JRE.Water samples
were collected from all stations,
and sediment samples were also
collected from six of them (gray
circles)

324 A. Hu et al.



Illumina 16S rRNA Amplicon Sequencing

The hypervariable V6 region of the archaeal 16S rRNA gene
was amplified using the primer pair: Illumina sequencing
adaptor-linker (AG)-8 bp barcode-958F (5′-AAT TGG ANT
CAACGCCGG-3′) and an equal mixture of 1048Rmajor (5′-
CGR CGG CCA TGC ACC WC-3′) and 1048R minor (5′-
CGR CRG CCA TGY ACC WC-3′) [30]. Each sample was
amplified in triplicate, pooled, and purified using the
MinElute Gel Extraction Kit (Qiagen, Valencia, CA, USA).
The concentration of amplicon was measured in duplicate
using Quant-iT dsDNA HS assay kit (Life Technologies,
Carlsbad, USA). All amplicons were mixed in equimolar con-
centration and sent to the Beijing Genomics Institute
(Shenzhen, China). Paired-end sequencing (2×91 bp) was
performed on a HiSeq 2000 device (Illumina Inc., San Diego,
CA, USA). The raw sequence data were deposited into the
NCBI short reads archive (SRA) database under accession
number SRP029700.

Processing of Illumina Sequencing Data

The raw paired-end reads were assembled following the
barcoded Illumina PE sequencing (BIPES) pipeline to im-
prove the sequencing accuracy of the reads [31], and then
the clean data were analyzed using Mothur v1.31 [32] and
QIIME v1.7.0 [33]. Briefly, the reads shorter than 50 bp
or longer than 90 bp were discarded, and any reads con-
taining ambiguous bases (N), incorrect barcode, or primer
sequences were excluded from further analysis. The po-
tential sequencing errors were corrected using Mothur
command BPre.cluster^ allowing 1 bp difference between
sequences. The chimeras were removed using the
UCHIME algorithm [34]. The remaining high-quality
reads were clustered into operational taxonomic units
(OTUs) at 98 % identity using a UCLUST-based [35]
open-reference OTU picking pipeline using Greengenes
v13_08 as reference database. Singletons were discarded
in order to improve the quality of sequence analysis as
recommended by a previous study [36]. Finally, the
high-quality sequences were classified to taxonomic rank
using RDP classifier with a 50 % bootstrap confidence
threshold. Taxonomy was also assigned to each represen-
tative sequence using the Global Alignment for Sequence
Taxonomy (GAST) algorithm [30] retrained on the
Greengenes v13_08 database. Indicator taxa were identi-
fied within each sample category using LEfSe software
[37].

To identify putative AOA occurrence in the JRE, 16S
rRNA sequences of 20 thaumarchaeal isolates belonging to
Nitrosopumilus, Nitrosotalea, Nitrososphaera, and
Nitrosocaldus lineages were retrieved from GenBank (as at
30th April 2014) (Fig. S1) [38–47]. The sequences were

aligned with the CLUSTALW, and a neighbor-joining tree
was constructed using MEGA 6.05 [48]. Tree topology was
evaluated by 1000 bootstrap resamplings. The representative
sequence of each OTU was assigned to thaumarchaeal line-
ages by comparing it with sequences of thaumarchaeal isolates
using the BLASTN algorithm with an e value of 1×10−10, at
least 98 % identity and 100 % coverage.

The newly developed SourceTracker software, which em-
ploys a Bayesian approach to identify the potential sources
and proportions of microorganism to a sink community, has
recently been applied in microbial surveys [23]. In the present
study, potential sources we examined included global soil ar-
chaeal communities from 146 soils obtained from North and
South America and Antarctica [49] and the planktonic and
benthic archaeal communities sampled from the Jiulong River
during 16th–19th October 2011 [21] (Fig. S2) (our unpub-
lished data, SRA accession number SRX527142). A OTU
table combined with source communities (soil, river plankton-
ic, and benthic Archaea) and sink communities (JREArchaea)
was used as input for analysis by the SourceTracker algorithm.

Statistical Analysis

Principal components analysis (PCA) was used to display
main gradients in the physicochemical variables. The pat-
tern of archaeal community structures was analyzed by
principal coordinate analysis (PCoA) based on unweight-
ed and weighted UniFrac distance matrices using QIIME
v1.7.0 [33]. The permutational multivariate analysis of
variance (PERMANOVA) analysis was used to test the
significant difference between bacterial community com-
positions from different environmental categories of sam-
ples [50]. The Mantel test was performed to determine the
relationship between environmental variables (e.g., geo-
graphic distance and physicochemical parameters) and ar-
chaeal community structures, whereas a partial Mantel
test examines the correlation between local environmental
variables and archaeal community structures controlling
for the effects of geographic distance or salinity. Prior to
performing multivariate statistical analyses, highly corre-
lated environmental variables were removed if the vari-
ance inflation factor for independent variables is more
than 10 [21]. The redundancy analysis (RDA) and partial
RDA were used to distinguish the effects of space
(dispersal) and environmental factors (environmental fil-
tering) on archaeal community variation in the JRE. For
RDA analysis, the spatial structure was represented by a
set of spatial variables generated using the principal coor-
dinates of the neighbor matrices algorithm (PCNM) ap-
proach [51, 52]. A forward selection with a double stop-
ping criterion was performed to select significant environ-
mental and spatial variables [53]. The significance of
RDA models was determined with 999 Monte Carlo
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permutations, and the adjusted R2 value of RDA models
was calculated using BRsquareAdj^ in the package vegan
[54]. Multivariate statistical analyses were performed
using R v2.14 with the packages vegan [54], PCNM
[52], and packfor [53].

Results

Characterization of Environmental Variables

The main physicochemical parameters of water and sedi-
ment samples collected from the JRE are summarized in
Tables S1 and S2 in the Supplemental Materials, respec-
tively. For surface water samples, temperature, salinity,
DO, and pH ranged from 14.41 to 18.44 °C, 0.14 to
30.98 ‰, 6.12 to 8.83 mg L−1, and 7.16–8.02, respective-
ly (Dr. Weidong Zhai, unpublished data). The nutrient
concentrations including NH4–N, NO3–N, NO2–N, SRP,
and DSi were highest at the freshwater site and decreased
along the salinity gradient (Table S1), indicating anthro-
pogenic input from the Jiulong River. PCA analysis indi-
cated that salinity was highly correlated with other phys-
icochemical variables, and the axis 1 explained 95.5 % of
the total variation among the environmental variables
(Fig. S3). The surface water samples of the JRE could
be divided into three groups, freshwater-oligosaline (sa-
linity, 0.14–1.53‰), mesosaline (8.38–15.53‰), and
polysaline groups (22.7–30.98‰), on the basis of salinity
(Fig. S3). For sediment samples, sediment pH ranges from
6.92 to 8.05. The sediment from freshwater zone (A4s and
A5s) contained the highest concentration of NH4–N and
dissolved inorganic nitrogen (DIN), also demonstrating
serious nutrient loading to the JRE. The proportions of
OrgC, OrgN, and OrgS ranged from 0.35 to 1.28 %,
0.04 to 0.14 %, and 0.12 to 0.93 % respectively, while
the sediment OrgC/OrgN ratios were constant and ranged
from 10.46 to 12.65.

Abundance of Bacterial and Archaeal 16S rRNA Genes

RT-PCR results demonstrated that the abundance of bac-
terial and archaeal 16S rRNA genes in surface waters of
the JRE ranged from 1.16×107 to 2.70×108 and 5.38×
104 to 8.29 × 105 copies ng DNA−1, respectively
(Fig. 2). In the sediment samples, the abundance of
bacterial 16S rRNA genes compared with those occur-
ring in waters of the corresponding stations, ranged
from 6.12×108 to 1.44×108 copies ng DNA−1, whereas
archaeal 16S rRNA gene abundances were significantly
higher than those in water samples (Wilcoxon test,
P<0.05) (Fig. 2). Statistical analysis indicated that the
abundance of archaeal 16S rRNA genes were

significantly lower than those of bacteria (Wilcoxon test,
P<0.001), and relative abundances of archaeal 16S
rRNA gene to total archaeal and bacterial 16S rRNA
genes were averaged at 0.79 and 5.31 % in JRE water
and sediment samples, respectively.

α-Diversity of the JRE Archaeal Communities

To identify the diversity and composition of archaeal
communities in the JRE, 12 water and 6 sediment samples
were collected from the JRE along the salinity gradient
for Illumina 16S rRNA amplicon sequencing (Fig. 1), and
a total of 8,522,645 high-quality reads were obtained. Af-
ter randomly resampling 300,000 reads per sample, 23,
803 OTUs were clustered at the 98 % identity level using
open-reference picking OTU approach (Table S3). The
majority of OTUs (96.9 %) did not match representative
sequences of the Greengene v13_08 database (OTUs fail
to match the reference if they exhibit <98 % sequence
identity with representative sequences), although single-
tons were discarded to insure analysis quality. α-
diversity indices were also calculated on the basis of
300,000 sequences randomly resampled from each sample
(Table S3). The Shannon index of planktonic archaeal
communities ranged from 2.45 to 5.25 and decreased
gradually from the river runoff to seawater (Fig. 3a),
whereas benthic archaeal community did not show a sim-
ilar pattern (Fig. 3b). This pattern was also shown by
other α-diversity indices (Table S3). Statistical analysis
indicated that there was no significant difference between
diversity, richness, and evenness of planktonic and ben-
thic archaeal communities (Wilcoxon test, P>0.05).

Fig. 2 Abundance of bacterial and archaeal 16S rRNA genes in the water
and sediment samples obtained from the JRE. The numbers in
parentheses after the site name indicated salinity of surface water of the
JRE
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Composition of the JRE Archaeal Communities

In order to guarantee the accuracy of taxonomic identification,
the RDP and GAST classification approaches, which were
based on the Bayesian and Bnearest-neighbor^ algorithm re-
spectively, were applied in this study. Generally, the taxonom-
ic results at all classification levels based on RDP Classifier
were generally similar to those generated by GAST algorithm
(Fig. S4) (Spearman correlation analysis, r>0.68, P<0.05).
Hence, only the results of RDP taxonomic assignment were
demonstrated in the following text. In general, the majority of
high-quality reads obtained from the JRE could be assigned
into three archaeal phyla, i .e . , Thaumarchaeota ,
Crenarchaeota, and Euryarchaeota (Fig. 3c, d). The plank-
tonic archaeal community composition shifted along the sa-
linity gradient. For example, MCG and methanogenic Ar-
chaea (Methanomicrobiales , Methanosarcinales ,
Methanocellales, Methanobacteriales, etc.) were dominant
phylotypes or lineages in freshwater-oligosaline sites, whereas
the relative abundances of Cenarchaeales (most belong to

MGI) and Thermoplasmata (most belong to MGII) were high
in polysaline waters (Fig. 3c). The benthic archaeal commu-
nity composition was significantly different from that of
archaeaplankton communities (PERMANOVA, pseudo-F=
3.001, P=0.009). Several typical benthic archaeal lineages,
such as MCG (55.19 % of all sequences from sediments),
MBGB (also known as Deep Sea Archaeal Group (DSAG);
5.00%), MBGD (also named as Deep Sea Hydrothermal Vent
Euryarchaeal Group 1 (DHVEG-1); 7.91 %), and ANME-1
(1.39 %) were found abundant in sediment samples (Fig. 3d).
Moreover, a concordant taxonomic composition pattern was
obtained based on Silva 111 rRNA database [55] (Fig. S5).

Archaeal Community Structure and Indicator Taxa

UniFrac-based PCoA analysis was used to reveal the distribu-
tion pattern of the JRE archaeal community structure. Consis-
tent with the results of taxonomic composition analysis, PCoA
analysis demonstrated that, generally, the JRE archaeal com-
munities formed two groups based on habitat types, water and

Fig. 3 Shannon index of
planktonic (a) and benthic (b)
archaeal community and the
taxonomic composition of
planktonic (c) and benthic (d)
archaeal community in the JRE.
Minor phyla accounting for
<0.5 % of total sequences and
unclassified Archaea are
summarized in the group BOther
and unclassified Archaea.^ The
arrows under the site names
represent an increase in surface
water salinity
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sediment (Fig. 4a), although 40.5 % of OTUs were shared
between them (Fig. S6), suggesting that water and sediments
of the JRE harbored unique archaeal taxa.Moreover, while the
PC1 axis separated archaeaplankton communities of
freshwater-oligosaline and mesosaline sites from planktonic
polysaline communities (Fig. 4a), the sediment samples ob-
tained from freshwater-oligosaline and mesosaline-polysaline
sites were separated along the third principal coordinate axis
(Fig. 4b). In addition, PCoA analyses of three dominant ar-
c h a e a l l i n e a g e s (MCG , T h e rmo p l ama t a a n d
Thaumarchaeota) revealed that their population structures al-
so shifted along the salinity gradient (Fig. 4c–e), implying
again that salinity might be the most important factor influenc-
ing the distribution of the JRE archaeal communities.

To identify indicator taxa associated with different habitat
types, i.e., (1) freshwater-oligosaline vs polysaline environ-
ments (sediment samples were excluded since sediment sam-
ple sizes were not large enough to perform comparative anal-
ysis.) and (2) water vs sediment, we used LEFSe software to
determine taxa which significantly enriched in each habitat
type. Across all taxonomic levels, 43 and 23 indicators were

identified for freshwater-oligosaline and polysaline groups,
respectively (Fig. 5). Some lineages belonged to
Crenarchaeota such as MCG, B10 (MCG), pGrfC26
(MCG), and Terrestrial Hot Springs Crenarchaeotic Group
(THSCG) and Euryarchaeota, Class Methanobacteria,
Methanococci, and Methanomicrobia, and MBGD, were sig-
nificantly higher in freshwater-oligosaline waters, while ma-
rine Thaumarchaeota and Euryarchaeota groups,
Cenarchaeum (Thaumarchaeota) , Nitrosopumilus
(Thaumarchaeota), andMGII were identified as potential bio-
markers for polysaline waters. Meanwhile, we observed that
terrestrial Thaumarchaeota lineages including AK31 and
Nitrososphaera were enriched in the freshwater-oligosaline
group.

In comparison with water and sediment samples, 7 and 16
archaeal lineages were determined as potential biomarkers for
water and sediment groups, respectively (Fig. S7). Typical
benthic or terrestrial archaeal lineages such as MCG, MBGB,
MBGD, ANME-1, ANME-2D, and South Africa gold mine
euryarchaeotic group (SAGMEG)-1 were significantly more
abundant in benthic than planktonic communities, whereas the

Fig. 4 PCoA analysis of community structures of total Archaea (a),
MCG (Crenarchaeota) (b), Thermoplasmata (Euryarchaeota) (c), and
Thaumarchaeota (d) in the JRE using unweighted UniFrac distances.
Upper triangles and squares indicated planktonic and benthic
communities, respectively. Figures colored with green indicate the

freshwater-oligosaline sites, orange indicate the mesosaline sites, and
blue indicate the polysaline sites. All sediment samples were removed
from analysis of thaumarchaeal population structure because few se-
quences were obtained from those samples
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relative abundances of Thaumarchaeota, Nitrosopumilus,
Cenarchaeum, Methanocorpusculum, and Methanospirillum
were higher in surface waters than in sediments.

Distribution of Putative AOA in the JRE

To explore the distribution of putative AOA in the JRE, we
retrieved 20 nearly full-length 16S rRNA sequence of AOA
isolates from GenBank. A phylogenetic tree of AOA isolates
was constructed with the sequences of the V6 region of 16S
rRNA gene. The result demonstrated that V6 region of archae-
al 16S rRNA gene distinguish between different AOA line-
ages (Nitrosopumilus (MGI), Nitrosotalea (SAGMGC-1),
Nitrososphaera (Soil Thaumarchaeota group 1.1b), and
Nitrosocaldus lineages) very well (Fig. S1). The pairwise se-
quence comparison indicated that different AOA lineages
shared <98 % identity of V6 region sequence except for
Nitrosotenuis uzonensis and Nitrosoterreus chungbukensis
MY2 (Table S4). Although these two species formed a unique
cluster close to Nitrosopumilus lineage, they shared 98.4 %
identity with Nitrosopumilus species. Hence, the reads that
within a 98 % identity of the sequences of known AOA iso-
lates were considered as putative AOA lineages. Then, a
pairwise sequence comparison was performed to ensure
whether the sequences belong to Nitrosopumilus lineage.
Overall, 25 of 1402 thaumarchaeal OTUs, which represented
about 74.77 % of total thaumarchaeal population, were iden-
tified as putative AOA. Of them, 13 OTUswere classified into

Nitrosopumilus lineage, while three and nine OTUs had
≥98 % identity with the sequences of Nitrosotalea and
Nitrososphaera lineages, respectively. The distribution of pu-
tative AOA OTUs in water and sediment samples of the JRE
was shown in Fig. 6. It is clear that, with a few exceptions, the
relative abundance of Nitrosopumilus-like OTUs in water
samples decreased with the increased salinity, whereas
Nitrosotalea- and Nitrososphaera-like OTUs show an oppo-
site trend. In sediment samples, moreover, Nitrosotalea- and
Nitrososphaera-like OTUs had higher relative abundance
than that of Nitrosopumilus-like OTUs, but all of them did
not have a salinity-related distribution pattern.

Linking Environmental and Spatial Factors to Archaeal
Community Structure

Mantel test analysis generally supported the results of PCoA
analyses, indicating that the community structures of plank-
tonic Archaea, MCG, Thermoplasmata, and Thaumarchaeota
significantly correlated with salinity (r≥0.618, P<0.001)
(Table 1). However, sediment NH4–N but not salinity was
found to significantly correlated with benthic archaeal and
MCG community structures (r≥0.731, P<0.05), and no envi-
ronmental factors have shown a correlation with MBGB and
MBGD population structures (Table 1). Although Mantel test
analyses demonstrated that there were significant correlation
between geographic distance and planktonic community
structures (r≥0.506, P<0.01), the correlation disappeared

Fig. 5 Indicator archaeal taxa were identified as significantly different abundance between freshwater-oligosaline and polysaline communities using
LEfSe analysis
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when controlling for the effect of salinity except for plankton-
ic Archaea, as shown by partial Mantel tests (Table 1). More-
over, geographic distance did not have correlation with ben-
thic archaeal community structures (Table 1). Furthermore,
consistent with the results of partial Mantel test analyses,
RDA analyses indicated that the selected environmental fac-
tors explained significant variance (adjust R2 ranged from
0.262 to 0.762) of both planktonic and benthic archaeal com-
munity structures except for benthic Archaea and MBGB,
while none of PCNM variables were significant (P>0.05) to
include in the RDA model (Table 1).

Discussion

It is well known that Archaea are a persistent component in
marine and soil environments [10, 49], but limited information
is available regarding the archaeal diversity and distribution in
freshwater and estuarine habitats. Well et al. [56] observed an
elevated archaeal abundance in waters of the Makenzie River,
which was correlated with particle concentration, suggesting
that a portion of archaeal cells in coastal waters of Beaufort
Sea could be from the river. A large number of particle matters
are also discharged from the Jiulong River to the JRE, and the

Fig. 6 A heatmap of the
distribution of putative AOA in
water and sediments of the JRE.
The sequence number of each
OTU was transformed into Z-
score. The arrows represent an
increase in surface water salinity

Table 1 The results of Mantel, partial Mantel tests, and RDA analysis

Environmental factorsa Planktonic communities (n=12) Benthic communities (n=6)

Archaea MCG Thermoplasmata Thaumarchaeota Archaea MCG MBGB MBGD
Sal Sal Sal Sal sNH4–N sNH4-N sNH4–N sNH4–N, SRP

Mantel test (r)

E 0.910*** 0.618*** 0.897*** 0.785*** 0.738* 0.731* 0.022 0.4

S 0.866*** 0.512*** 0.731*** 0.506** −0.046 −0.168 −0.121 −0.082
Partial Mantel (r)

E controlled by S 0.669*** 0.404** 0.764*** 0.771*** 0.754* 0.740* ND ND

S controlled by E 0.446*** −0.021 −0.101 −0.456 −0.23 0 ND ND

RDA model (adjust R2)

E 0.730*** 0.367*** 0.762*** 0.689*** 0.160 0.262* 0.013 0.297*

S NS NS NS NS NS NS NS NS

a Environmental factors were selected following the procedure in the BMaterials and Methods^

Sal salinity, sNH4–N sediment NH4–N, SRP soluble reactive phosphorus, E environmental factors, S space, ND not determined, NS not significant

***P≤0.001; **P≤0.01; *P≤0.05
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concentration decreases rapidly along the estuarine salinity
profile [25]. However, the abundance of archaeal 16S rRNA
gene in JRE waters did not vary significantly across the estu-
ary, while we found that the archaeal 16S rRNA gene abun-
dance in sediments slightly decreases from freshwater to ma-
rine zone (Fig. 2). The latter result is in accordance with the
investigation of Xie et al. [15], who observed that the highest
abundance of archaeal 16S rRNA gene in the sediment of
Pearl River was affected by anthropogenic pollution (high
concentration of NH4–N in pore water). Nevertheless, our
results are within the range of the quantitative estimations
published elsewhere, which generally showed that Archaea
are usually a minor component of a microbial assemblage in
surface water or surface sediments [10, 13, 19, 56]. However,
because different primers targeting different region of 16S
rRNA gene were used for determining the abundance of bac-
terial (341F/518R) and archaeal (A364aF/A934b) 16S rRNA
genes, differences in primer efficiency and amplicon length
for these two primer pairs may cause some bias in estimating
the relative abundance of Archaea in prokaryotic community.
Thus, further study combined with multiple methods such as
rRNA slot blot hybridization, catalyzed reporter deposition
FISH, and RT-PCR is needed to provide more accurate results.

Despite that the abundance of planktonic archaeal 16S
rRNA gene was constant across all sites we surveyed, α-
diversity analysis indicated that the diversity (H′) and richness
(Chao1) of planktonic archaeal communities decreased from
freshwater zone tomarine zone (Fig. 3a; Table S3), which well
supports the earlier findings of the investigations on estuarine
archaeaplankton [17, 18, 57]. For instance, Galand et al. have
reported the highest archaeaplankton diversity in the Macken-
zie river when comparing with archaeaplankton communities
from the Beaufort Sea [17, 18], while a study of the spatial-
temporal dynamics of archaeal communities in the Tomoe
River Mouth and Suruga Bay found that the Shannon diver-
sity of river archaeaplankton was threefold higher than that in
coastal waters [57]. This finding may be due to the input of
allochthonous archaeal populations from multiple sources in-
cluding terrigenous-fluvial supply, mangrove input, and estu-
arine sediment suspension, which may lead to high diverse
planktonic archaeal communities assembling in the freshwater
zone of the JRE [17]. In fact, the various environmental ori-
gins of chromophoric dissolved organic matter in the low-
salinity region of the JRE were validated by a previous study
[22], thereby supporting our hypothesis. Another explanation
for the observed diversity trend could be that a phylogeneti-
cally rich diversity of archaeal assemblage tended to occur in
the heterogeneous freshwater habitats [58]; however, most of
which were not reported for archaeal ecology. In contrast, α-
diversity pattern of benthic archaeal communities of the JRE
was clearly different from that of planktonic communities
(Fig. 3b; Table S3), reflecting the influence of the complex
properties of sediments [21]. However, we did not observe a

relationship between α-diversity index of benthic communi-
ties and sediment environmental parameters, which may be
owing to the limited number of sediment samples. More stud-
ies are required to reveal the real diversity pattern of the JRE
benthic archaeal communities.

Taxonomic analysis indicated that the overall composition
of planktonic archaeal communities changed significantly
over the salinity gradient, as previously demonstrated for es-
tuarine bacterioplankton [2–5, 59] and archaeaplankton com-
munities [14, 16–18]. The prevalence ofMGI andMGII in the
marine zone of the JRE is concordant with previous observa-
tions, where it was found that MGI and MGII are ubiquitous
and abundant in the water column of the world ocean [10, 27,
30, 60]. MGII are often discovered to be more abundant than
MGI in oligotrophic oceanic surface waters [10], yet some
studies surveying estuarine archaeal communities reported
that MGI could be in the ascendant in coastal waters of estu-
aries [57, 61]. Strikingly, MCG and diverse methanogenic
Archaea, which were frequently recovered from anaerobic
habitats including marine and estuarine sediments, anaerobic
wastewater reactors, landfill leachate, and a certain type of
soils [62, 63], predominated in the freshwater zone of the
JRE (Fig. 3c). High concentrations of particles suspended in
freshwaters of the JRE may provide suitable anaerobic
microniches for these populations [64]. However, owing to
the short hydraulic residence time in the JRE (2–3 days), it
seems not possible to develop an autochthonous planktonic
archaeal communities in the freshwater region of this estuary,
and therefore may represent allochthonous inputs of river pop-
ulations [5]. Although this finding is unexpected, it is in line
with the results of previous works which observed MCG and
methanogens in oxygen-rich water of lakes [11, 64–66] and
rivers [57, 67–69], suggesting that these two archaeal popula-
tions may have a more cosmopolitan distribution than conven-
tional observations. Indeed, we also observed that MCG and
some groups of methanogens are consistent components of
archaeal communities in water and sediments of the Jiulong
River (our unpublished data).

In order to evaluate the contribution of allochthonous ar-
chaeal communities to JRE planktonic archaeal communities,
a SourceTracker analysis was performed (The detailed infor-
mation is shown in the BMaterials and Methods^) [23]. The
results indicated that 4.83 to 58.53 % and 0 to 20.71 % of the
sequences in JRE water samples may derive from water and
sediments of the Jiulong River, respectively, with the relative
contribution to JRE planktonic archaeal communities decreas-
ing along the estuarine salinity gradient (Fig. 7), supporting
our speculation (above) that Jiulong River might be a major
source of archaea in freshwaters of the JRE. The little contri-
bution of the soil archaeal communities might be ascribed to
the fact that the relatively low sequencing effort (<1500 reads
per sample) in the work of Bates et al. [49] may not unravel
the full archaeal diversity in global soils. Previous studies
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have demonstrated that some typical soil archaeal lineages
such as group 1.1b, which was also retrieved from JRE plank-
tonic communities (Fig. 3c), have a patchy distribution in
freshwater plankton [11, 14, 16, 67]. In addition, it is very
likely that JRE sediments and surrounding mangroves are
important sources of archaeaplankton in the freshwater zone
of the JRE, because a high proportion of OTUs was found to
share between planktonic and benthic archaeal communities
(Fig. S6), and the indicator taxa for freshwater-oligosaline
group were widely recovered from estuarine sediments and
mangroves [15, 19, 70].

Previous surveys based on the amoA gene, encoding the
key enzyme—ammonia monooxygenase responsible for am-
monia oxidation, demonstrated that AOA community compo-
sition and structure in estuaries are highly variable in spatial
and temporal scales due to the steep environmental gradients
[71–72]. Although we investigated JRE archaeal communities
by analysis of 16S rRNA gene rather than the functional amoA
gene, our results may provide some clues on biogeographic
distribution of AOA in this estuary because many sequences
(22.18 % of total sequences) were assigned into
Thaumarchaeota (Fig. 3c, d), which were tentatively consid-
ered to be the principal members of AOA [6]. In addition, an
increasing amount of cultured AOA strains [38–47] provide
an opportunity for us to study the diversity and distribution of
AOA in the JRE at finer taxonomic level (Fig. 6). Consistent
spatial distribution of Thaumarchaeota in the JRE was found
either at broad or finer taxonomic levels. The relative abun-
dance of Nitrososphaerales or the OTUs affiliated to
Nitrosotalea (SAGMAGC-1) and Nitrososphaera (group

1.1b) lineages in surface water of the JRE decreased with
increasing salinity and nearly disappeared in polysaline water,
while that of MGI or Nitrosopumilus-like OTUs showed the
opposite trend across the salinity gradient (Figs. 3c and 6). It is
reasonable because numerous studies have shown that MGI
and group 1.1b are restrictedly distributed in marine and ter-
restrial environments, respectively [12], but accumulating ev-
idences suggest that many MGI phylotypes are also wide-
spread in soil and freshwater environments [11, 14, 49, 67].

It has been suggested that salinity is the major deter-
mining factor in structuring the estuarine bacterial com-
munities although other abiotic and biotic factors such as
DO, pH, nutrients, concentration and quality of organic
matter, and phytoplankton community may have certain
impacts on spatial distribution of bacterial communities
in estuaries [2–5]. Similar to these studies, two indepen-
dent studies have recently shown that spatial biogeogra-
phy of planktonic and sediment archaeal communities in
the Pearl River Estuary was mainly influenced by the
salinity gradient [14, 15]. Analogously, multivariate sta-
tistical analyses including PCoA analysis, partial Mantel
test and RDA analysis showed that salinity is the most
significant environmental variable in shaping planktonic
archaeal community structure in the JRE. This finding,
together with analysis of taxonomic classification and
SourceTracker discussed above, provided convergent evi-
dence that salinity is a primary barrier in preventing the
spread of freshwater and marine microorganisms to each
other’s habitat [73]. The ultra high-throughput sequencing
data presented here provides insights into understanding
the mechanism governing estuarine archaeal community
assembly not only at total community level but also at
population level (Table 1; Fig. 4). Especially, to the best
of our knowledge, our result provided for the first time
evidence that population structure of planktonic MCG
was controlled by salinity, whereas sediment NH4–N
may have an effect on spatial distribution pattern of ben-
thic MCG population in the JRE (Table 1). Kubo and
colleagues have conducted a comprehensive analysis of
biogeographical distribution of MCG in various types of
marine sediments, in which they found that MCG are the
dominant archaeal population in anoxic, low-activity sub-
surface sediments [62]. However, the factor controlling
the distribution of MCG in natural environments is still
unclear. Although our work opens a window on that issue,
further studies with the use of newly emerging molecular
tools such as meta- and single-cell genomics are needed to
shed light on biogeographic pattern and its ecological
drivers of estuarine archaeal community and population.
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