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Spartina alterniflora, an aggressive invasive plant species at
the estuarine wetlands of China’s coasts, has become a major
threat to the natural ecosystems. To understand its potential
influence on nitrification processes, the community struc-
tures and abundance of ammonia-oxidizing archaea (AOA)
and ammonia-oxidizing bacteria (AOB) were investigated
using 454-pyrosequencing and quantitative real-time PCR
(qPCR) in S. alterniflora invading salt marsh sediments at
the Yangtze River estuary in Chongming island, Shanghai,
China. Copy numbers of archaeal and bacterial ammonia
monooxygenase subunit A (amoA) genes did not show ac-
cordant shifts with S. alterniflora invasion in the two sam-
pling sites. However, the copy numbers of archaeal amoA
gene were higher in summer than in spring. Phylogenetic
analysis indicated that more than 90% of the archaeal and
92% of the bacterial amoA gene sequences were closely re-
lated to marine group I.1a and the clusters 13 and 15 in
Nitrosospira lineage, respectively. The effect of different sea-
sons (spring and summer) was important for the abundance
variation of AOA, while different stages of S. alterniflora
invasion did not show significant effect for both AOA and
AOB. Variation of AOA community was significantly related
to total carbon (TC) and sulfate concentration (P < 0.05),
whereas the AOB community was significantly related to
sulfate concentration, total nitrogen (TN), TC and pH (P <
0.05). In conclusion, the abundance and diversity of am-
monia oxidizing microbial communities were not strongly
affected by S. alterniflora invasion.
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Introduction

Ammonia oxidation, the first step in the microbial oxidation
of ammonia to nitrate, plays a key role in the global nitro-
gen cycling and as source of environmental problems such as
greenhouse gas emission and nitrate pollution (Kowalchuk
and Stephen, 2001). This rate-limiting step in the nitrificat-
ion process is performed by aerobic lithotrophic nitrifiers
including bacterial and archaeal ammonia oxidizers. For a
long time, ammonia-oxidizing bacteria (AOB) that are af-
filiated to the P-Proteobacteria and y-Proteobacteria were
thought to perform ammonia oxidation exclusively until
ammonia-oxidizing archaea (AOA), categorized as Thau-
marchaeota (Pester ef al., 2011), were discovered from var-
ious environments (Venter et al., 2004; Konneke et al., 2005;
Treusch et al., 2005; Brochier-Armanet et al., 2008). Since
then, the two groups of ammonia oxidizers have been the
focus of studies in the nitrogen cycle. Naturally, the ammo-
nia monooxygenase subunit A (armoA) gene has been widely
used as a molecular marker to characterize AOB and AOA
communities in various environmental samples due to its
functional significance and conserved phylogeny (Rotthauwe
et al., 1997; Francis et al., 2005; Leininger et al., 2006; Caftrey
et al., 2007; Tourna et al., 2008; Bernhard and Bollmann,
2010).

Estuary and coastal wetlands, for instance the salt marshes,
provide many essential ecosystem services such as regula-
tion, habitat and production (Craft et al., 2008). As a result
of decomposition of various plants litter, sediments of salt
marshes are often rich in organic and mineral nitrogen and
carbon resources. Moreover, runoff from nearby agricul-
tural lands may deposit N-fertilizers in the sediments of the
salt marsh. In sediments of estuarine environments, micro-
organisms involving in the nitrogen cycle, particularly the
ammonia oxidizing microbes, may play an important role
in minimizing the amount of nitrogen that enters into the
sea. As estuarine and coastal wetlands are highly vulnerable
for invasion by exotic plant species, their ecosystem func-
tions can be easily altered (Williams and Grosholz, 2008).
At present, in salt marshes of the Yangtze River estuary, the
native plant (Phragmites australis) is being invaded by the
aggressive exotic Spartina alterniflora, which was introduced
into the country intentionally in 1979 for erosion control,
soil melioration and dike protection (Quan et al., 2007). As
a result of the extensive expansion of S. alterniflora, a num-
ber of studies have been conducted at this estuarine envi-
ronment to uncover its threat on the native ecosystem. For
instance, its role in altering greenhouse gas emission rates
(Cheng et al., 2007) as well as its influence on the above-
ground flora and fauna (Jiang et al., 2009) has been reported.



I 312 Xiaetal

Despite these investigations, very few reports have been
made about its influence on microbial communities, in the
sediments of the salt marshes at the Yangtze River estuary.

Previous studies have demonstrated that ammonia-oxi-
dizing microbial communities are influenced by many en-
vironmental factors such as pH, salinity, carbon, nitrogen
and temperature (Bernhard and Bollmann, 2010). The bio-
mass of S. alterniflora is denser than the native P. australis;
hence, its invasion could alter the sediment nutrition due to
the organic materials released through root exudates and
litter decompositions. Alteration of sediment nutrition may
induce a series of changes in various sediment characteri-
stics, which may have several implications for microbial com-
munities inhabiting the sediment (Fenchel, 2002). Although
many investigations have been conducted on ammonia-ox-
idizing communities in Chongming Island of the Yangtze
River estuary (Li et al., 2012; Zheng et al., 2012, 2014), as to
the best of our knowledge, few ones concerned about the
influence of S. alterniflora invasion on ammonia-oxidizing
communities (Zhang et al., 2011). In recent years, the S. al-
terniflora invasion is getting worse at the Chinese coastline
estuaries where the carbon and nitrogen contents of sedi-
ments could be altered by the invasion (Turner, 1993; Liao
et al., 2007; Page et al., 2010), and yet no information is avail-
able about its impact on the nitrogen cycling microorga-
nisms, particularly on the ammonia-oxidizing communities.
Despite a study showing the effects S. alterniflora invasion
on the abundance and composition of denitrifiers at the
Jiulong River estuary (Zhang et al., 2011), seasonal varia-
tions as well as the dynamic responses of denitrifying mi-
crobial communities at different stages of the invasion have
not been reported. In addition to the possible variation in
the responses of denitrifiers and ammonia oxidizers to S.
alterniflora invasion, the type of native plants, latitude and
geographical conditions of the Yangtze and Jiulong River
estuaries are different and hence the influence of S. alterni-
flora invasion on ammonia-oxidizing communities may vary.

Recently, the influence of different S. alterniflora invasion
stages on the methanogen and sulfate-reducing bacterial
communities in salt marshes of the Yangtze River estuary
was demonstrated (Zeleke et al., 2013). The invasion of S.
alterniflora notably increased the abundance of the metha-
nogen and sulfate-reducing microbial communities and de-
creased the diversity of methanogens, although its effects
on the ammonia-oxidizing communities have not been des-
cribed. In current work, the influence of different stages of
S. alterniflora invasion on the ammonia-oxidizing commu-
nities was investigated seasonally (before full growth and at
tull growth stage of S. alterniflora) using real-time quanti-
tative PCR (qPCR) and 454-pyrosequencing of the amoA
gene.

Table 1. Primers used for pyrosequencing and real-time qPCR

Materials and Methods

Sampling and soil parameters

Sediment samples were collected from the salt marsh of
Yangtze River estuary in Chongming Island, Shanghai,
China (Supplementary data Fig. S1). All detailed descrip-
tions of the sampling locations and processes as well as the
characteristics of sediments were reported before (Zeleke et
al., 2013). In brief, two replicate locations “a” and “b” with
60 meters apart were selected. For each location, three dis-
tinct sampling points with about 20 meters apart covered
by P. australis only (before invasion), both P. australis and
S. alterniflora (transition area, during invasion) and S. alter-
niflora only (after invasion) were chosen. For each sampling
point, five replica sediment samples (from surface to 5 cm
depth in about 2 m apart) were collected and then homo-
genized. Sediment samples were then sealed in polyethylene
bags and transported to the laboratory using an ice box for
further analysis. Throughout this report, samples from P.
australis and S. alterniflora invaded parts were respectively
represented by the letters “P” and “S”, whereas samples from
the transition area where both plant species were available
were represented by the letter “T”. On the other hand, “T”
and “II” represented the spring and summer samples, re-
spectively, and characters “a” and “b” represented the rep-
licate locations. The concentration of nitrate (NOs ) in the
sediments were determined from the respective supernatants
extracted using 2 M KCI solution (Hou et al., 2003) and
measured using an ion chromatograph (ICS-1100; Dionex).

DNA extraction and gene amplification

Total genomic DNA was extracted from sediment samples
using PowerSoil DNA isolation Kit (Mo Bio Laboratories)
following the manufacturer’s instructions. For pyrosequen-
cing, the primer sets that targeted the 3-proteobacterial and
archaeal amoA genes along with the corresponding anneal-
ing temperatures are listed in Table 1. The polymerase chain
reaction (PCR) for each gene was conducted following the
2-step barcoded PCR method (Berry et al., 2011) with slight
modification, as described previously (Zeleke et al., 2013).
DNA from each sample was amplified in triplicate, and the
PCR products were pooled. Appropriate-sized fragments
of the PCR products were separated by agarose gel electro-
phoresis and purified using commercial gel purification kit
(Axygen). The purified DNA fragments were then quanti-
fied using ND3300 Fluorospectrometer (NanoDrop Tech-
nologies). Finally, the PCR products of each sample were
pooled in an equivalent concentration, and 454-pyrosequen-
cing was conducted with Roche/454 (GS FLX Titanium
System) according to the manufacturer’s protocols.

Primer Sequence (553) Target Ta (°C)* Reference
A-1F GGGGTTTCTACTGGTGGT - i
amo p Proteobacterlal angoA gene 55 Rotthauwe et al. (1997)
amoA-2R CCCCTCKGSAAAGCCTTCTTC (for pyrosequencingand qPCR)
CrenamoA23f ATGGTCTGGCTWAGACG Archaeal amoA gene
A 55 Tourna et al. (2008)
CrenamoA616r GCCATCCATCTGTATGTCCA (for pyrosequencing and qPCR)

* Annealing temperature

For 454-pyrosequencing, a barcode with 8 nucleotides (Parameswaran et al., 2007), adaptor A and B were added for the forward and reverse primers, respectively.



Real-time qPCR

Plasmid DNA containing the corresponding gene fragments
were extracted and then linearized with EcoRI restriction
enzyme (Fermentas) according to the instructions. Then,
the correct linear fragments were purified, and concentra-
tions were determined. Linearized plasmid DNA fragments
were then diluted serially to generate external standard curves.
SYBR Green-I based real-time qPCR was performed on an
Mx3000P real-time PCR system (Stratagene) using SYBR®
Premix Ex Taq™ (TaKaRa). The primer sets that were used
for quantification of the B-proteobacterial or archaeal amoA
genes are listed in Table 1. Results of qPCR were analyzed
using MxPro QPCR software version 3.0 (Stratagene). Con-
sistencies of the results were confirmed by the strong linear
relationship between the threshold cycle and the log value
of gene copy number (for AOA R?=0.99, amplification ef-
ficiency = 103%; for AOB, R* = 0.99, amplification efficiency
= 107%). The abundances of total bacterial and archaeal
16S rRNA genes were determined previously (Zeleke et al.,
2013).

Sequence data analyses

Analysis of the amoA sequence data was performed as de-
scribed previously for other functional genes (Zeleke et al.,
2013). Briefly, the raw pyrosequencing data of the func-
tional genes were trimmed using the sample-specific barc-
odes with Mothur software, version 1.8 (Schloss et al., 2009)
using the trim.seqs commend. After trimmed with quality
score of any base higher than 25 and the fragments length
more than 250 bp, 8610 archaeal and 4554 bacterial amoA
gene sequences were obtained. Then, the denoised sequence
reads were translated and corrected by the RDP’s func-
tional gene Pipeline tool FrameBot (Wang et al., 2013). After
the removal of amino acid sequences with stop codons or
uncertain amino acids, a total of 8281 archaeal and 3535
bacterial amoA gene sequences with high quality were ob-
tained. Then, the operational taxonomic units (OTUs) were
defined at 95% similarity (Francis et al., 2005) and were used
for the downstream analyses. After the sequence numbers
of each sample were normalized (284 archaeal amoA gene
sequences and 125 bacterial amoA gene sequences), the di-
versity indices (Shannon-Weiner), richness estimator (Chaol)
and the evenness index (ACE) were calculated for each sam-
ple using the Mothur. Principal component analysis (PCA)
and canonical correspondence analysis (CCA) were per-
formed using R, version 2.15.1 (R Development Core Team,
2004). The OTU representative sequences were edited and
translated into amino acid sequences using the BioEdit soft-
ware (Hall, 1999) and aligned with reference sequences using
ClustalX, version 2.1 (Larkin et al, 2007). Then, phyloge-
netic trees were constructed to determine the phylogenetic
positions of the obtained archaeal and bacterial amoA genes
using MEGA 5.0 software (Tamura et al., 2011) with the
neighbor-joining method with p-distance substitutions model
and relative confidence of tree topologies was evaluated by
performing 1,000 bootstrap replicates. The significance test
of abundance of archaeal and bacterial amoA genes were
performed by SPSS 19.0 package for Windows (SPSS Inc.),
where P < 0.05 was considered statistically significant.
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Sequence accession numbers

The archaeal and bacterial amoA gene sequences recovered
in this study were deposited in the NCBI GenBank Short
Read Archive (SRA) under accession number SRP041169.

Results

Copy numbers of archaeal and bacterial amoA genes

The copy numbers of archaeal and bacterial amoA genes
showed little variation in the different stages of S. alterni-
flora invasion. In the sampling site “a”, copy number of
archaeal amoA genes slightly reduced from 2.04+0. 66><10

to 9.29 + 0.80x10" and 3.01 + 0.06x10’ to 1.58 + 0.12x10’

copies per g dry matter in spring and summer, respectively.
However, this trend was not observed in site “b”, where
copy numbers appeared to increase through the invasion
of S. alterniflora (Fig. 1A). In both seasons, ratios of arch-
aeal amoA to total archaeal 16S rRNA genes showed reduc-
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Fig. 1. Copy numbers of archaeal and bacterial amoA genes (A) and their
ratios to total archaeal and bacterial 16S rRNA genes (B). Error bars in-
dicate standard deviations of the mean (n=3). In the sample names, the
capital letters P, S and T represent the samples from P. australis, S. alter-
niflora and transition living zone sediments. “I” and “II” represent the
spring and summer samples, respectively, and characters “a” and “b” in-
dicate the replicate sampling locations, hereinafter inclusive. AOA and
AOB indicate ammonia-oxidizing archaea and bacteria, respectively; TA
and TB indicate the total archaea and bacteria, respectively. The copy
numbers of 16S rRNA genes of TA and TB were from the work published
previously (Zeleke et al., 2013).
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tions with S. alterniflora invasion (Fig. 1B), although the
reduction in site “a” was relatively higher. Consistent with
the abundance of archaea reported before for these sites
(Zeleke et al., 2013), t-tests indicated that the copy num-

bers of archaeal amoA genes in the two sampling sites were
higher in summer than in spring (P < 0.05); however, there
were no significant shifts across the different stages of S. al-
terniflora invasion (P > 0.05).
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Fig. 2. Neighbor-joining phylogenetic trees
of archaeal (A) and f-proteobacterial (B)
amoA genes. The phylogeny is based on
amino acid sequences. Bootstrap values grea-
ter than 50% of 1,000 bootstrap replicates
are shown near the nodes. The scales indi-
cate the number of amino acids substitutions
per site. In Fig. 2B Nm. is the abbreviation
of Nitrosomonas. GenBank accession num-
bers following the reference sequences are
from NCBI and other studies. Percentage
numbers following each OTU indicate the
percentage of sequences belonging to this
OTU from the total recovered sequences.
Only the OTUs containing more than 0.5%
of the total sequences were shown in the
phylogenetic tree.



«_»

In site “a”, the order of magnitude of bacterial armoA gene
copy numbers through the invasion appeared constant, al-
though slight reductions were observed from 5.70 + 0.42x10°
to 4.27 + 0.21x10° and 6.50 + 0.22x10” to 3.34 + 0.20x10’
copies per gram dry matter in spring and summer, respec-
tively. On the other hand, in site “b”, copy number of bac-
terial amoA genes increased through the S. alterniflora in-
vasion stages in spring and appeared constant in summer.
T-test showed that there was no significant difference of
bacterial amoA gene copies between samples from P. aus-
tralis and S. alterniflora invaded areas. The ratios of bacte-
rial amoA to total bacterial 16S rRNA genes in the two
sampling sites also decreased as the invasion of S. alterni-
flora (Fig. 1B) in both seasons with the exception of the
transition area of site “a”. Additionally, relatively higher
abundance of bacterial than archaeal amoA gene copies of
the two sampling sites were observed in spring (approxi-
mately 2.5 and 4 times higher in the P. australis and S. al-
terniflora living zones, respectively), whereas the copy num-
bers of archaeal and bacterial amoA genes in the two sam-
pling sites in summer were variable with no clear trend.
However, t-test showed that the ratios of archaeal to bacte-
rial amoA gene copies were significantly higher in summer
samples than in the spring samples (P < 0.05) (Supplementary
data Fig. S2). Moreover, the ratio of archaeal to bacterial
amoA gene copies was not affected by the invasion of S. al-
terniflora (P > 0.05) (Supplementary data Fig. S2).

Diversity of AOA and AOB community

Diversity indices were calculated after normalization of the
number of amoA gene sequences in each sample (284 for
archaea and 125 for bacteria). The average number of OTUs
defined for the AOA community showed noticeable reduc-
tion with the progress of S. alterniflora invasion in both
seasons (Table 2). For instance, in spring, the average OTU
number of AOA community in P. australis living sediments
was 38, which was decreased to 31 in S. alterniflora invaded
sediments. Although Shannon-Weiner index of AOA com-
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munity did not show noticeable variation, Chaol index was
relatively higher at the transition zones in both seasons. On
the other hand, the average number of OTUs for the AOB
community increased in spring from about 14 in P. aus-
tralis living sediments to about 23 in S. alterniflora invaded
sediments. In summer, almost no variation was observed
in the S. alterniflora and P. australis covered sediments, al-
though the lowest was observed in the transition zones.
Similar to the AOA community, Shannon-Weiner index did
not show clear trends for the AOB community. However,
the average Chaol index for AOB community was con-
sistent with the trend in number of OTUs, particularly in
summer, where the index values increased from about 22
in P. australis living sediments to about 13 in S. alterniflora
covered sediments (Table 2). The ACE indices of AOA and
AOB communities varied with different stages of S. alterni-
flora invasion, seasonal variation and the sampling sites. In
general, the ACE indices of the AOA community were rel-
atively higher in spring than in summer, although there was
no notable trends were observed for the AOB community.

Phylogenetic analysis of AOA and AOB phylotypes

More than 90% of the total archaeal amoA gene sequences
were closely related to marine group I.la (Fig. 2A), sug-
gesting a significant role of marine group L1la in the salt
marsh sediment. Archaeal amoA gene sequences closely re-
lated to the group I.1b comprised less than 5% of the total
sequences. There were no sequences belonging to the ThAOA
cluster (Fig. 2A). OTU1 and OTU2, the most abundant OTUs
defined for the AOA community, represented about 80%
percent of archaeal amoA sequences in each sample. With
the progress of S. alterniflora invasion, there were no sig-
nificant shifts in the proportions of these main OTUs (Fig.
3A). Representing about 41.4% of the total archaeal amoA
sequence, OTUI was closely related to the Nitrosopumilus
maritimus SCM1 (Konneke et al., 2005), whereas OTU2,
OTU4, and OTUS5 were clustered together with marine sedi-
ment Crenarchaeota clone MX 6-7 (Francis et al., 2005).

Table 2. Diversity indices calculated for ammonia-oxidizing microbial communities in the sediments of salt marshes in the Yangtze River estuary

Season Sample Z b - A0A - AOB
No." Shannon’ Simpson Chaol ACE  Coverage No. Shannon Simpson Chaol ACE  Coverage
Pla° 55 1.5 0.35 43 87 0.95 14 1.7 0.23 11 12 0.98
PIb 21 1.6 0.33 25 27 0.98 15 1.8 0.26 43 40 0.94
. TIa 40 1.6 0.31 48 105 0.95 23 1.7 0.29 17 19 0.96
Spring TIb 32 1.7 0.31 67 79 0.94 14 1.7 0.28 17 19 0.96
Sla 41 1.7 0.28 30 48 0.97 23 1.8 0.22 16 24 0.96
SIb 21 1.7 0.29 28 41 0.97 24 1.8 0.26 34 58 0.93
PIla 41 1.5 0.35 40 57 0.95 24 1.8 0.24 16 17 0.97
PIIb 19 1.5 0.34 23 28 0.98 19 1.6 0.31 29 43 0.94
TIIa 20 1.6 0.31 45 38 0.97 21 1.8 0.25 29 59 0.92
Summer -y, 24 13 0.41 ) 39 0.95 11 14 0.28 12 17 0.97
Slla 27 1.7 0.29 31 38 0.96 19 1.5 0.29 10 11 0.98
SIIb 23 1.5 0.35 48 59 0.96 24 1.8 0.23 17 19 0.96

*Number of OTUs clustered at 5% difference of nucleotide sequence.

®The calculation of all the indices was based on the same sequences in each sample with 284 archaeal amoA gene sequences and 125 bacterial amoA gene sequences in each sam-

ple, respectively.

“ The capital letters P, S and T represent the samples from P. australis, S. alterniflora and transition zones. “I” and “II” represent the spring and summer samples, respectively,

and characters “a” and “b” indicate the replicate locations.



I 316 Xiaefal

OTU7, OTUS, and OTU12 were closely related to the arch-
aeal amoA gene fragment obtained from Black Sea sedi-

Variations in ammonia-oxidizing microbial communities

Variations in ammonia-oxidizing microbial communities

ment (Francis et al., 2005).

All of the bacterial amoA gene sequences recovered in the
current study were affiliated to two p-proteobacterial AOB:
the Nitrosomonas and Nitrosospira (Fig. 2B). Interestingly,
more than 90% of the sequences were closely related to the
Nitrosospira lineage, whereas sequences associated to the
Nitrosomonas lineage represented very small proportion in
each sample (Fig. 3B). Sequences belonging to the lineage
of Nitrosospira were related to clusters 13 and 15, clusters
of Nitrosospira described elsewhere (Avrahami and Conrad,
2003; Dang et al., 2010). OTU1, OTU3, OTU4, OTU5, OTUs,
OTU8, OTUY, and OTUL11 (representing approximately 64%
of the total sequences) were related to cluster 15 reported
from estuarine and coastal sediments (Fig. 2B). OTU?2, ac-
counting for approximately 27.9% of the total sequences,
was closely related to cluster 13 that was detected in the
Hawaii coral reef sediment (Fig. 2B). Only 3.8% of the total
sequences were represented by the OTUs that belong to the
Nitrosomonas lineage with OTU7 and OTU12 were related
to Nitrosomonas sp. Nm143 lineage and OTU10 was re-
lated to Nitrosomonas communis lineage (Fig. 2B).

in the sample were analyzed using PCA. For AOA microbial
community, the first two components represented 61.63%
of the total variance. Although there were no clear clusters
of the AOA communities in the samples from different stages
of the S. alterniflora invasion (Fig. 4A), with few exceptions
(PIa, PIb, PIla, and TIIb), the samples from different sea-
sons were roughly clustered together along PC1 axis (Fig.
4A). This result was also demonstrated by the cluster tree
of unweighted pair-group method with arithmetic means
(UPGMA) (Supplementary data Fig. S3A). In the UPGMA
cluster tree, with the exception of the samples PIla, SIIa, and
PIb, the AOA communities in the samples from different
seasons were clustered separately. For the AOB community,
the first two components represented 60.94% of the total
variance. Similar to the AOA community, AOB commun-
ities from the different stages of S. alterniflora invasion were
not clustered together (Fig. 4B); however, the UPGMA clus-
ter tree (Supplementary data Fig. S3B) showed that the AOB
communities in the spring samples were separately clus-
tered from the summer samples, although there were few
exception (TIIa, SIIa, Pla, and SIa).

(A) 100%- Fig. 3. Proportions of major phylotypes of

archaeal (A) and P-proteobacterial amoA
(B). In Fig. 3B Nm. is the abbreviation of
Nitrosomonas and the OTU numbers were
the same with the phylogenetic trees in
Fig. 2. The sample names are the same as
in Fig. 1.
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(A) (B) Fig. 4. Principal component analysis (PCA)
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Relationships of ammonia-oxidizing microbial community
with different environmental parameters

Correlations of the AOA and AOB communities with various
environmental parameters were analyzed via CCA using R
software. For AOA community, the first two axes represented
70.89% of the total variance of the relationship of archaeal
amoA composition and environment (Fig. 5A). Total carbon
(TC) and sulfate concentration contributed significantly (P
< 0.05, 1,000 Monte Carlo permutations) to the relation-
ship between archaeal amoA gene sequences composition
and the environmental factors. Total nitrogen (TN) and con-
ductivity also contributed to the relationship of archaeal
amoA genotype and environment (p = 0.06, 1,000 Monte
Carlo permutations). For the AOB community, the first
two CCA dimensions showed 70.16% of the total variance
in the relationship of B-Proteobacterial amoA composition
and environmental factors (Fig. 5B). Sulfate concentration,
TN, TC, and pH were significantly correlated with changes
in ammonia oxidizing bacterial community (P < 0.05, 1,000
Monte Carlo permutations).

Discussion
The abundance and community composition of AOA and

AOB were evaluated to provide insights into the response
of ammonia-oxidizing microbial communities as the native

(A

=
_

o
-

PC 1 (42.77%)

P. australis was being replaced by the exotic S. alterniflora
in the salt marshes of Yangtze River estuary. The influence
of different S. alterniflora invasion stages on the copy num-
bers of archaeal and bacterial amoA genes appeared to be
limited in the current study. A previous study conducted at
the same sampling sites demonstrated that the abundances
of methanogens and sulfate-reducing bacteria were increased
with the S. alterniflora invasion, likely due to the increase
of the sulfate concentration and substrate stimulations of
methanogens and sulfate-reducing bacteria in the salt marsh
sediments by the exotic S. alterniflora (Zeleke et al., 2013).
As the concentration of nitrate in the sediments did not vary
in the different invasion stages of S. alterniflora invasion
(Supplementary data Table S1), it might not cause signifi-
cant variation on ammonia-oxidizing microbial communities.

In both sampling sites, the relatively higher copy numbers
of archaeal amoA gene in summer than in spring (P < 0.05)
indicated the effects of seasonal variations on AOA com-
munity. This result was consistent with our previous study
(Hu et al., 2014) where the greater impacts of seasonal var-
iation on the abundance of AOA than AOB community
were demonstrated. The year-round stable abundance of AOA
community in subtropical estuarine sediment in Australia
where less dramatic seasonal temperature differences occur
(Abell et al., 2009) and larger than 100 folds” seasonal vari-
ation of the abundance of AOA in the SE USA coastal wa-
ters (Hollibaugh et al., 2014) and in salt marshes of Yangtze

Fig. 5. Canonical correspondence analysis
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community compositions with the environ-
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positions- environmental parameters rela-
tionship are shown in the CCA ordination.
Soil. T, TC and TN represent soil temper-
ature, total carbon and total nitrogen, res-
pectively. Numbers on the axes represent
the variance explained of the total variance.
Only the OTUs that contained more than
0.5% of the total sequences are shown in the
ordination plot. The concentrations of nit-
rate used in the analysis are shown in Supple-
mentary data Table S1. Sample names are
the same as in Fig. 1.
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River estuary, China (Hu et al., 2014) where seasonal temper-
ature difference is magnificent might suggest temperature
to be the primary seasonal factor affecting the abundance
of AOA microbial community. The variations in the abun-
dance of archaeal and bacterial amoA genes in estuarine
sediments have been indicated by a number of studies (Dang
et al., 2010; Lage et al., 2010; Zheng et al., 2012). The abun-
dances of archaeal and bacterial amoA genes are dependent
on physical and chemical characters of sediments (Fenchel,
2002; Yao et al., 2013). In the current study, the variations
in the copy numbers of archaeal and bacterial amoA genes,
even at the two sampling sites of the same plant (e.g. copy
number of bacterial amoA gene in spring) (Fig. 1A) might
signify the effects of microenvironments’ variation of dif-
ferent sampling sites.

Most (> 90%) of the archaeal amoA gene sequences detected
in the present study were related to marine group I.1a. This
group was widely detected in the marine water column
(Mincer et al., 2007; Beman et al., 2010), marine sediments
(Park et al., 2010) and estuarine sediments (Beman and
Francis, 2006; Seyler et al., 2014) as well as in salt marsh
sediments (Nelson et al., 2009), suggesting the global dis-
tribution of this group of AOA. Only a small portion of
archaeal amoA gene sequences affiliated to the group I.1b,
which is considered as a soil group (Hatzenpichler et al,
2008). The group 1.1b has been reported from agricultural
soil (Kim et al., 2012), grassland soil (Damsté et al., 2012)
and forest soil (Hansel et al., 2008; Kim et al., 2014). Indeed,
the estuarine sediments could harbor both marine and soil
groups of AOA as it was demonstrated by a number of
studies (Beman and Francis, 2006; Mosier and Francis, 2008;
Bernhard et al., 2010). On the other hand, all of the 3-pro-
teobacterial amoA gene sequences detected in the current
study were grouped within the Nitrosospira and Nitrosomo-
nas lineages, which have been demonstrated to be the domi-
nant AOB in estuarine sediments (Purkhold et al., 2000;
Mosier and Francis, 2008). Containing more than 90% of
the sequences detected, the Nitrosospira lineage was also
reported to be dominant in the salt marsh sediments of es-
tuarine ecosystems (Moin et al., 2009; Lage et al., 2010).
Contained in Nitrosospira lineages, clusters 13 and 15 were
also detected by other studies in meadow soils and estuary
sediments (Avrahami and Conrad, 2003; Dang et al., 2010).
Cluster 13 may indicate an amoA sequence group from
coastal and deep sea marine sediments (Hayashi et al., 2007),
and Cluster 15, accounting for more than 60% of the total
sequences detected in the current study, may indicate an
estuarine and coastal group (Bernhard et al., 2005; Wankel
et al., 2011). The main OTUs of the AOA and AOB com-
munities seemed not affected by the invasion of S. alterni-
flora (Fig. 3) while the community of sulfate-reducing bac-
teria was notably affected by the invasion of S. alterniflora
(Zeleke et al., 2013). The structure of ammonia-oxidizing
microbial community was typically regulated by tempera-
ture, pH, salinity and organic loading and the net primary
productivity (NPP) (Bernhard and Bollmann, 2010), sug-
gesting a multi-factorial drivers of ammonia-oxidizing com-
munities (Yao et al., 2013).

CCA results indicated that the ammonia-oxidizing com-
munity structures in the salt marsh were largely affected by

sulfate concentration, TN and TC, which was consistent with
many other investigations (Zhang et al, 2009; Szukics et
al., 2010; Bai et al., 2013). Previous study conducted at the
same sampling sites demonstrated that the sulfate concen-
tration was increased with the invasion of S. alterniflora in
the salt marsh sediments (Zeleke et al., 2013), and sulfate
reduction may reduce the oxygen in microenvironments to
affect the community of AOA and AOB. The changing of
nutrition of the sediments could affect the microbial com-
munity structure in soils or sediments (Bais et al., 2006;
Haichar et al., 2008), especially for the ammonia-oxidizing
community, which has long been considered as the auto-
trophic organisms. A group of AOA was considered as het-
erotrophic or mixotrophic catabolism (Ingalls et al., 2006;
Jia and Conrad, 2009; Seyler et al., 2014) with some of ma-
rine groups were found to have preference for particular
carbon sources (Seyler et al., 2014). In the current study,
the invasion of S. alterniflora increased the TN and TC of
the sediments (Zeleke et al., 2013), as a result, the structure
of AOA community might be amended where certain group
of AOA could be enhanced by the change in the TN and TC
contents of sediments in the salt marsh. Similar to AOA, it
has been demonstrated that the structure of AOB was also
significantly correlated with TC and TN (Jia and Conrad,
2009; Fan et al., 2011; Seyler et al., 2014).

In conclusion, with S. alterniflora invasion, the trends of
shifts for the abundance of AOA and AOB, as inferred from
the respective amoA gene copy numbers, were not strongly
associated. However, the abundance of AOA was higher in
summer than in spring. The archaeal and bacterial amoA
gene sequences were dominated by sequences closely re-
lated to marine group I.1a and the Nitrosospira lineage clus-
ter, respectively. TC and sulfate concentrations appeared to
be the main factors affecting the structure AOA commun-
ity as sulfate concentration, TN, TC, and pH were the main
factors affecting the AOB community. Overall, seasonal vari-
ations and soil parameters appeared to be more important
than the effect of S. alterniflora invasion for affecting the
abundance and structure of ammonia oxidizing microbial
communities.
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