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Abstract
Purpose The aim of this study was to elucidate the impact of
plant on the activity, abundance, and the community compo-
sition of the ammonia oxidizers, including both ammonia-
oxidizing archaea (AOA) and bacteria (AOB). Moreover, the
relationship between AOA and AOB in mangrove sediment
was also analyzed.
Materials and methods Sediment used for microcosm exper-
iments was collected in the mangrove wetland. The native
plant species Kandelia obovata and invasive species Spartina
alterniflora were selected. Nitrifying activity was determined
by assaying the potential nitrification rate (PNR). Abundances
of gene and transcript were measured via real-time quantita-
tive PCR (qPCR). Terminal restriction fragment length poly-
morphism (T-RFLP) was used to analyze the nitrifier commu-
nity structures. Clone libraries were constructed for further
phylogenetic analysis.
Results and discussion PNR and abundances of both AOA
and AOB were greatly enhanced in the vegetated sediments.
S. alterniflora showed a greater promoting effect on nitrifica-
tion activity, indicating the potential of exotic invasion on
perturbing the nitrogen balance. Abundance of AOB tran-
script was hundreds of times higher than that of AOA. More-
over, ammonia-oxidizing communities were distinctly
grouped responding to vegetation with two plant species.

Along with direct impact of plants, these variations are as well
related to the different sediment properties. Phylogenetic anal-
ysis revealed that both AOA and AOB communities formed
apparent clusters. The latter contained two Nitrosomonas and
Nitrosospira clusters. The Nitrosomonas genus is predomi-
nant overNitrosospira genus, which might be due to the better
adaption ofNitrosomonas to the flooded habitats in sediments.
Conclusions Wetland plants were found to influence the ac-
tivity, abundance, and community structure of ammonia oxi-
dizers. Moreover, AOB is suggested to be more significant
than AOA in nitrogen cycling in mangrove wetlands.

Keywords Ammonia oxidation . Ammonia-oxidizing
archaea (AOA) . Ammonia-oxidizing bacteria (AOB) .

Mangrove . Plant

1 Introduction

Mangrove ecosystems are natural intertidal wetlands widely
distributed along estuaries in the tropical and subtropical re-
gions, serving as breeding, growing, refuge, and feeding zones
for many oceanic organisms (Holguin et al. 2001). Microor-
ganisms, specifically bacteria, play dominant roles in all of the
principal nitrogen transformation processes (Purvaja et al.
2008). Nitrification, as part of the nitrogen cycling, is a two-
step aerobic process in which ammonia is stepwise oxidized to
nitrate. The produced nitrate could be used bymicroorganisms
through denitrification, a process reducing nitrate to gaseous
products and returning nitrogen to the atmosphere. Nitrifica-
tion–denitrification processes are responsible for nitrogen re-
moval in wetlands, thus can prevent eutrophication (Angeloni
et al. 2006).
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Ammonia oxidation is the first and rate-limiting step of
nitrification and is conducted by members of both bacteria
and archaea. For a long time, only chemolithoautotrophic
AOB were considered to be the driver for ammonia
oxidization until the discovery and isolation of the
ammonia-oxidizing Crenarchaeote Nitrosopumilus maritimus
(Könneke et al. 2005). AOB are mainly composed of the β-
proteobacteria genera Nitrosomonas and Nitrosospira (Head
et al. 1993; Purkhold et al. 2003) and the γ-proteobacteria
genus Nitrosococcus (Ward and O'Mullan 2002). AOA be-
longs to the phylum Thaumarchaeota (Alves et al. 2013).
The catalytic subunit of ammonia monooxygenase (AMO) is
encoded by the amoA gene which has been widely used to
study the distribution and diversity of AOA and AOB (Francis
et al. 2005; Schleper et al. 2005).

The relationship between AOA and AOB for ammonia
oxidation remains unclear, and limited information is avail-
able on how these two groups respond and interact with each
other in the nitrogen transformation processes. It is generally
recognized that AOA predominate among ammonia-
oxidizing prokaryotes in soil ecosystems (Leininger et al.
2006), particularly in acidic soils (Gubry-Rangin et al. 2010;
Yao et al. 2011; Zhang et al. 2012). However, many recent
studies have found that AOB are more abundant than AOA in
agricultural soil (Jia and Conrad 2009), grassland soil (Di et al.
2009), and mangrove sediment (Li et al. 2011). These studies
suggest that relationship between AOA and AOB varies in
different environments. Nevertheless, the relationship be-
tween AOA and AOB is still limited in wetland ecosystems
when compared with upland soils. It is therefore necessary to
differentiate the roles of AOA and AOB in regulating biogeo-
chemical nitrogen cycling in wetland ecosystems.

In wetlands, nitrification is mainly related to the sedi-
ment and other submersed surfaces (Purvaja et al. 2008;
Ruiz-Rueda et al. 2009) and as well in the micro-oxic zones
created by the diffusion of oxygen via aerenchyma to the
plant roots and surrounding sediments (Philippot et al.
2009). Plant roots can also exude low molecular weight
compounds serving as carbon sources for microorganisms
(Philippot et al. 2013a). However, wetland plants also com-
pete with microbes for nutrients since most of them are able
to assimilate ammonium, nitrate, urea, and amino acids as
nitrogen sources (Skiba et al. 2011), which indicates the
potential of plants in regulating the nitrification process.
A case study in mangrove sediments revealed that the effect
of mangrove plants on abundances and community struc-
tures of AOA and AOB is species dependent (Li et al.
2011). Moreover, Laanbroek et al. (2012) showed that soil
chemical properties associated with vegetation densities af-
fected community structures of AOB, while an earlier study
suggested that variations of nitrification potential between
different soils were related to vegetation type rather than the
soil physiochemical properties (Wedin and Tilman 1990).

These studies emphasize the importance of plant and plant
species in driving the microbial nitrification process,
resulting in variations in the abundances and community
structures of corresponding nitrifiers in the vicinity of plant
roots. Additionally, only a research group from the Univer-
sity of Hong Kong has comprehensively assessed the nitri-
fication process with respect to both AOA and AOB in
mangrove wetland (Cao et al. 2011; Li et al. 2011; Li and
Gu 2013). However, these studies have not fully answered
how the activities, abundances, and community structures
of AOA and AOB respond to wetland plants. Hence, inves-
tigations on the relationship between ammonia oxidizers
and mangrove plants are required.

Over the last few decades, the exotic plant Spartina
alterniflora has largely invaded eastern China since their
first introduction from North Carolina to China in 1979
(An et al. 2007). S. alterniflora has formed single hab-
itat in the Jiulong River estuary in Fujian Province,
which has threatened to the native mangrove ecosystems
(Zhang et al. 2011). In this Mangrove Nature Reserve,
several field studies have been conducted to investigate
the response of biogenic elements and microorganisms
to the invasion of S. alterniflora with comparison to the
native mangrove species Kandelia obovata (Zhang et al.
2011; Yu et al. 2014). However, it is somehow difficult
to intuitively understand the role of single environmen-
tal factor in an open field study. Hence, in the present
study, we performed microcosm experiments to investi-
gate the shifts of the activities, abundances of both
functional genes and their transcripts, and community
structures of AOA and AOB in bulk and vegetated
mangrove sediments. The invasive species S. alterniflora
and native species K. obovata were selected for better
understanding the invasive disturbance on the sediment
nitrogen cycling. This study further aims to elucidate
the impact of plant and plant species on the nitrification
process in the mangrove wetland, thus providing new
insights into the relationship between plants and
ammonia-oxidizing microorganisms.

2 Materials and methods

2.1 Experiment setup

Sediment was sampled in the mangrove wetland located in the
mud flat of Jiulong River estuary in Fujian Province, China
(24° 23′ to 24° 30′ N; 117° 45′ to 118° 05′ E). The sediment
used for microcosm was collected from 0 to 50 cm in the
unvegetated area and homogenized evenly after collection.
The seedlings (embryonic axis) of K. obovata hanging on
the tree were also collected for cultivation, and S. alterniflora
seedlings were from seeds germinated in the lab. An aliquot of
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4 kg fresh sediment was added to each PVC container (height
25 cm; volume 5 L), and then, four similar seedlings of
K. obovata (KO treatment) and S. alterniflora (SA treatment)
were planted in the corresponding container, respectively. The
containers without plants were considered as the control (bulk
treatment). Each treatment contained at least three replicates,
and all the treatments were cultivated for 2 months under the
same conditions in the greenhouse. The air temperature in the
greenhouse was kept around 30 °C in the day time and around
20 °C in the night.

2.2 Sediment sampling and analysis of physicochemical
properties

Three containers in which the plant growths were in a
similar condition for each treatment were selected, and
surface sediment (0–10 cm) for each container was sam-
pled. For the vegetated treatments, the sediments were
collected in the vicinity of the plant roots. Roots and
gravel were removed using sterile tweezers. Samples for
DNA extraction were frozen immediately in liquid nitro-
gen and kept at −80 °C for further study. However, RNA
was extracted immediately from fresh sediment and kept
at −80 °C until analysis. RNA analysis was finished with-
in 1 month. Sediment moisture was determined gravimet-
rically by drying the soil at 105 °C for 12 h. The salinity
in pore water was measured by the MASTER-S/MillM
salinity refractometer (ATAGO, Japan). For the pH, sedi-
ments were freeze-dried and sieved (<2 mm) and then
measured with a XL60 pH meter (Fisher Scientific,
USA) in a dry sediment to H2O proportion of 1/2.5
(g/mL). Sediment was further sieved (<0.15 mm) for the
determination of total carbon (TC) and total nitrogen (TN)
by using a Vario MAX CNS elemental analyzer
(ELEMENTAR, Germany). Ammonium (N-NH4

+), ni-
trate, and nitrite (N-NOx

−) concentrations were analyzed
using 2 M KCl extracts with a fresh sediment to KCl
solution ratio of 1:10 (g/mL), which were further mea-
sured by a FIA QC8500 continuous flow injection analyz-
er (LACHAT, USA).

2.3 Potential nitrification rate (PNR)

The PNR was determined as accumulated nitrate in a short
incubation according to Hart et al. (1994). Briefly, 100 mL of
phosphate buffer (1.0 mM) with ammonium sulfate (1.5 mM)
at pH 7.2 was added to 15 g fresh sediment followed by
incubation at 25 °C for 24 h on a rotatory shaker at 180 rpm.
Aliquots of 10-mL subsample were collected at 2, 4, 22, and
24 h after the start of the incubation. The samples were filtered
(0.22 μm), and the nitrate concentration was measured by an
ion chromatography (Dionex ICS-3000, USA). The

nitrification rates were calculated by linear regression of the
accumulated NO3

−-N g−1 dry weight sediment versus time.

2.4 Nucleic acid extraction and quantification of amoA gene
and transcript

Total DNA was extracted from 0.5 g fresh sediment
using the FastDNA SPIN Kit for Soil (MP Biomedicals,
Santa Ana, CA, USA) according to the manufacturer’s
instructions. Total RNA was extracted from 5-g fresh
sediment with the RNA PowerSoil Total RNA Isolation
Kit (MO BIO, Carlsbad, USA) according to the manu-
facturer’s instructions. Concentration and purity of the
extracted DNA and RNA were determined by a UV–
vis spectrophotometer ND-1000 (NanoDrop, USA). The
extracted RNA was treated with DNase I (RNase free)
(Thermo Scientific, MA, USA) to remove the residual
DNA. Then, cDNA was synthesized by reverse tran-
scription with RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific) using the same amount of RNA
from each sample. Transcription system without tran-
scriptase was conducted as a control to ensure that
DNA was completely removed in the extracted RNA.
Both of the synthesized cDNA and controls were stored
at −80 °C and used for qPCR.

The primer pairs of Arch-amoAF/Arch-amoAR (Francis
et al. 2005) and amoA-1F/amoA-2R (Rotthauwe et al.
1997) were used for amplifying the archaeal amoA gene
and the β-proteobacteria amoA gene, respectively. A
20-μL of PCR mixture contained 10 μL of 2× SYBR Pre-
mix Ex Taq II, 0.4 μL of 50× ROX Reference Dye II
(Takara, Japan), 0.2 μM of each primer, 2 μL of DNA or
cDNA (20 ng), and 0.2 μL of 0.1 % bovine serum albumin
(BSA) (Takara). Reactions were conducted on an Applied
Biosystems 7500 Real-Time PCR System (USA). For
AOA, the condition was 1 cycle of 94 °C for 8 min and
then 40 cycles of 94 °C for 45 s, 61.5 °C for 1 min, and
72 °C for 1 min. For AOB, the condition was 1 cycle of
94 °C for 3 min and then 40 cycles of 94 °C for 30 s, 55 °C
for 30 s, and 72 °C for 45 s. The fluorescence was recorded
during each cycle at 72 °C. Standard curves were obtained
using serial dilutions of standard plasmids containing ar-
chaeal amoA gene and β-proteobacterial amoA gene with
known copy numbers. Standard plasmids were extracted
from positive clones obtained by ligating the gel-purified
PCR products into the pMD19-T Vector (TAKARA, Japan)
and using ligation products to transform Escherichia coli
DH5α competent cells. Negative controls without DNA
template were included for each amplification. Each sample
was quantified in three parallel qPCR reactions to ensure
the correct amplification. Inhibition was eliminated by
highly diluting the DNA extracts. Only the reactions with
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efficiencies above 90 % and correlation coefficients (r2)
above 0.99 were accepted.

2.5 PCR amplification, clone libraries, and phylogenetic
analysis

Twenty microliters of PCR reaction mixture consisted of
about 10 to 20 ng of DNA, 0.4 μM of each primer, 0.25 μL
of 0.1 % BSA, 0.32 mM of dNTP, 2.5 μL of 10× PCR buffer
(Mg2+ Plus), and 1 U rTaq (Takara). PCR conditions of AOA
were 1 cycle of 95 °C for 3 min, then 35 cycles of 94 °C for
1 min, 53 °C for 45 s and 72 °C for 1 min, and 72 °C for
10 min. For β-AOB, the condition was 1 cycle of 95 °C for
3 min, then 35 cycles of 94 °C for 1 min, 55 °C for 45 s and
72 °C for 1 min, and 72 °C for 10 min. PCR products of
replicates were pooled for cloning. Briefly, three AOA and
three AOB amoA clone libraries representing three different
vegetation types were constructed. For sequencing, 60 clones
for each library were selected. Operational taxonomic unit
(OTU) was picked at 97 % similarity level using Mothur
1.19 (Schloss et al. 2009). The DNA sequences representative
to each OTU were blasted against reference sequences form
the GenBank database for identification. Then, these DNA
sequences were deduced to amino acid to construct the
neighbor-joining phylogenetic trees using MEGA 6.06 soft-
ware with 1,000 times bootstrap.

The GenBank accession numbers for the AOB and AOA
amoA sequences were KJ778204-KJ778376 and KJ778377-
KJ778553, respectively.

2.6 Terminal restriction fragment length polymorphism
(T-RFLP) analysis

T-RFLP was used to determine the composition of the nitrify-
ing communities. The forward primers were fluorescently la-
beled at the 5′ end with 6-carboxyfluorescein (FAM). PCR
products were verified through an electrophoresis on a 1 %
agarose gel. The expected fragments (631 and 491 bp for
AOA and AOB amoA, respectively) were excised from the
gel and purified with Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, USA). Purified products were
digestedwithRsaI andMspI (New England BioLabs, Beverly,
MA) for AOA (Boyle-Yarwood et al. 2008) and RsaI and
HhaI (New England BioLabs) for AOB (Jin et al. 2010). All
the digestions were performed at 37 °C for 3 h in 20 μL of
reaction mixtures according to the instructions. The digestions
were terminated in an 80 °C water bath for 20 min.

Digests were then precipitated by ethanol with sodium ac-
etate and dissolved in 10 μL sterilized MilliQ water. Purified
digests labeled with fluorescence were detected using a
3730×l DNA Analyzer (Applied Biosystems, USA) by
Invitrogen Biotechnology Corporation (Guangzhou, China).
GS-ROX500 and GS-LIZ1200 were used as internal

standards for AOA and AOB digests, respectively. The size
and relative abundance of terminal restriction fragments (T-
RFs) were analyzed using GeneMapper software (version 4.1,
ABI, USA). T-RFs with a size ≥50 bp were chosen for cluster
analysis. T-RFs with relative abundance below 1 % of sum of
all peak areas were excluded, and T-RFs within 2 bp were
combined together and considered as one T-RF.

2.7 Statistical analysis

Nonmetric multidimensional scaling (nMDS) was performed
for T-RFLP data to determine the effect of plant on the com-
munity composition. The similarity matrix used for nMDS
analysis was calculated from the T-RF relative abundances
using the Bray-Curtis coefficient. The analysis of similarity
(ANOSIM) based on the Bray-Curtis similarity matrix was
used to assess the variations between treatments. The similar-
ity percentages (SIMPER) routine was performed to identify
the T-RFs responsible for variations between different treat-
ments or for the major contribution in a single treatment.
nMDS, AOSIM, and SIMPER were performed in Primer
v5.2.9 software (Primer-e, Plymouth, UK). Diversity indices
were analyzed by R software v3.0.2 (R Foundation for Statis-
tical Computing, Vienna, Austria) with the vegan and MASS
packages.

Analysis of variance (ANOVA) was performed on the sed-
iment physiochemical properties, abundances, and transcripts
of AOA and AOB amoA genes, as well as the diversity indi-
ces. Pearson correlations were performed between the sedi-
ment physiochemical properties and potential nitrification ac-
tivity, amoA abundances, the diversity indices and the values
of nMDS axes. One-way ANOVA and Pearson correlation
tests were performed using SPSS v19.0 software (IBM,
USA), and significance was accepted at the 0.05 level
(P<0.05). Data failing to meet the assumptions of ANOVA
were log transformed or analyzed by Dunnett’s post hoc test.

3 Results

3.1 Physiochemical properties of sediments and potential
nitrification rate

The physiochemical properties of sediments in different treat-
ments are presented in Table 1. Salinity was significantly
higher in the vegetated treatments compared to the bulk treat-
ment (P<0.05). In contrast, ammonium concentration and pH
were higher in the bulk sediment than in the vegetated sedi-
ments (P<0.05). However, other properties showed no signif-
icant variation between vegetated and bulk sediments. In ad-
dition, no obvious difference was observed between the two
plant species for all properties.
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The nitrification rates were 0.21±0.07, 0.90±0.01, and
1.26±0.16 mg NO3

− kg−1 dry weight sediment h−1 in bulk,
KO, and SA sediment, respectively (Table 1). The nitrification
rates in vegetated treatments were four to six times of the bulk
treatment. And the nitrification rate in the SA treatment was
significantly higher than that in the KO treatment (P<0.05).

3.2 Abundances of amoA gene and transcript

The abundances of amoA genes for AOA and AOB ranged
from 1.79×106 to 1.26×107 and 7.11×106 to 3.84×107 copies
g−1 dry sediment, respectively (Fig. 1a). Transcript abun-
dances of AOA and AOB ranged from 3.76×104 to 8.89×
104 and 1.80×107 to 3.73×107 copies ng−1 RNA, respectively
(Fig. 1b). By calculating the ratios of bacterial to archaeal
amoA gene copy numbers and transcripts, it was obvious that
the abundance of AOB was significantly higher than AOA
abundance, specifically at the mRNA levels where the AOB
transcript abundance was about 480 times higher than that of
AOA (Fig. 1). In addition, amoA gene abundance for AOB
was significantly higher in the vegetated sediments compared
to the bulk sediment (Fig. 1a). However, for AOA, there is no
significant difference between KO and bulk treatments, while
abundance was significantly higher in the SA treatment com-
pared to the bulk treatment (Fig. 1a). Transcript abundance for
AOA in both vegetated treatments was higher when compared
to the bulk treatment, while no obvious difference was ob-
served between plant species (Fig. 1b). For AOB, only the
SA treatment showed a higher abundance when compared to
the bulk treatment (Fig. 1b). Abundances of both AOA and
AOB amoA genes and transcripts in the SA treatment were
significantly higher than those in the bulk sediment, which
thereby presented a stronger promoting effect of S. alterniflora
when compared with K. obovata.

3.3 Phylogenetic analysis of AOA and AOB

Totally, 177 and 173 sequences were obtained for AOA and
AOB phylogenetic analysis, respectively. For AOA clones, 25
OTUs were obtained which formed two major clusters

(Fig. 2). Most of the obtained sequences were related to the
clones obtained from mangrove and river sediment, while the
others were related to the clones from marine and estuarine
sediment. Moreover, several OTUs were also related to the
cultured archaea genera of Nitrososphaera, Cenarchaeum,

Table 1 Potential nitrification rate (PNR) and physicochemical properties of the sediments in different treatments

Treatment PNR (mg
NO3

−/DW kg/h)
Moisture
content (g H2O/g)

Salinity (‰) pH Total
carbon (%)

Total
nitrogen (%)

C/N Ratio NH4
+

concentration
(μg/DW g)

NOx
−

concentration
(μg/DW g)

Bulk 0.21±0.07C 0.52±0.02A 14.50±0.87B 7.26±0.03A 1.44±0.03A 0.18±0.01A 7.87±0.10A 84.15±9.73A 9.07±1.68A

KO 0.90±0.01B 0.55±0.04A 21.33±1.61A 6.48±0.06B 1.48±0.03A 0.19±0.01A 7.87±0.25A 15.56±3.38B 9.94±0.72A

SA 1.26±0.16A 0.53±0.02A 22.17±1.44A 6.39±0.02B 1.43±0.06A 0.18±0.01A 7.82±0.39A 13.93±0.43B 9.22±0.43A

Values are given as mean±standard deviation (n=3). The different uppercase letters indicate significant differences (P<0.05)

Bulk bulk sediment, KO Kandelia obovata, SA Spartina alterniflora, DW dry weight

Fig. 1 Abundances of archaea and bacteria amoA genes (a) and
transcripts (b) in different vegetation treatments. Error bars represent
standard deviation of the mean (n=3), and different letters above the
bars indicate significant differences between three different treatments
for AOA and AOB, respectively. The ratios of bacterial to archaeal
amoA gene copy numbers and transcripts are shown in boxes above the
bars. Bulk, bulk sediment; KO, Kandelia obovata; SA, Spartina
alterniflora; dw, dry weight
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and Nitrosopumilus (Fig. 2). OTU1 and OTU2 were the dom-
inant OTUs which occupied about 22 and 41 % of the total
clone sequences, respectively.

For AOB clones, 31 OTUs were obtained and could be
divided into three distinct clusters, affiliating to genera of
Nitrosomonas and Nitrosospira (Fig. 3). Most of the AOB
clones were related to the Nitrosomonas genus, indicating a
predominance of Nitrosomonas over Nitrosospira in
sediments.

3.4 T-RFLP analysis of AOA and AOB

The relative abundance of T-RFs in a T-RFLP profile
was used to analyze the differences between samples
(Fig. 4). There were 9 and 17 T-RFs with a relative
abundance above 1 % for AOA and AOB amoA genes,
respectively. The lowest AOA and AOB richness both
occurred in the SA treatment, which was consistent with
the values of Shannon and Simpson indices (Table 2).
The AOB evenness values showed a similar trend to
richness. However, the AOA evenness was significantly

higher in the bulk treatment than in the vegetated
treatments.

SIMPER analysis showed that the dominant AOA T-
RFs in the bulk, KO, and SA treatments were 298, 56,
and 56 bp, contributing about 29.1, 49.6, and 74.1 %,
respectively. For AOB, T-RF of 97 bp dominated in all
treatments, accounting for 48.7, 46.6, and 79.2 % in the
bulk, KO, and SA treatments, respectively.

nMDS analysis showed that both AOA and AOB
community compositions formed three distinct groups
with three replicates comprising of the three vegetation
types: bulk, KO, and SA (Fig. 5). ANOSIM revealed
that treatments significantly differed in community com-
position for both AOA and AOB (AOA, global R=
0.992, significance level=0.004; AOB, global R=0.827,
significance level=0.004). SIMPER results pointed to
the fact that the T-RF of 56 bp was the major contrib-
utor to the variations for AOA communities, while it
was 64 and 97 bp T-RFs that contributed most to the
AOB communities.

Fig. 2 Neighbor-joining phylogenetic tree based on the archaeal amoA-
deduced amino acid sequences (black up-pointing triangle, bulk
sediment; black circle, Kandelia obovata; black square, Spartina
alterniflora). Numbers after the symbols represent the numbers of
sequences in each treatment. Bootstrap values above 50 % are shown

Fig. 3 Neighbor-joining phylogenetic tree based on the bacterial amoA-
deduced amino acid sequences (black up-pointing triangle, bulk
sediment; black circle, Kandelia obovata; black square, Spartina
alterniflora). Numbers after the symbols represent the numbers of
sequences in each treatment. Bootstrap values above 50 % are shown
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3.5 Correlations of environmental factors with PNR, gene
copies and transcripts, diversity, and structure of ammonia
oxidizer communities

Pearson’s correlation analysis was performed to find out
whether there were some important environmental factors
influencing the PNR, abundances, and community structures
of AOA and AOB (Table 3). Results showed that salinity, pH,
and ammonium were the main factors affecting nitrifying pro-
cess in the sediment, since they were significantly correlated
with PNR (P<0.01), amoA transcripts of both AOA and AOB
(P<0.01), Simpson index and evenness of AOA (P<0.05),
axis 1 of AOA (P<0.01), and axis 2 of AOB (P<0.05)
(Table 3). However, it seemed that other properties had no
strong correlation with these determined parameters. Further-
more, PNR was also significantly and positively correlated
with amoA transcripts of both AOA (P<0.01) and AOB

(P<0.001) (Table 3). However, PNR was only correlated with
nMDS axis 1 of AOA (P<0.001) (Table 3).

Fig. 4 Average relative
abundances of AOA (a) and AOB
(b) amoAT-RFs. The relative
abundance of T-RFs is given as a
percentage of total peak area.
Bulk, bulk sediment; KO,
Kandelia obovata; SA, Spartina
alterniflora

Table 2 Diversity of archaeal and bacterial amoA genes based on T-
RFLP analysis

amoA
gene

Treatment Number
of T-RFsa

Shannon
index

Simpson
index

Evenness

AOA Bulk 6 1.54±0.06A 0.76±0.06A 0.92±0.03A

KO 9 1.53±0.07A 0.70±0.04A 0.72±0.04B

SA 5 0.87±0.27B 0.48±0.08B 0.73±0.09B

AOB Bulk 11 1.70±0.21AB 0.74±0.05A 0.76±0.05A

KO 10 1.73±0.22A 0.75±0.06A 0.79±0.06A

SA 9 1.21±0.32B 0.51±0.14B 0.58±0.12B

Values are given as mean±standard deviation (n=3). Different uppercase
letters indicate significant differences (P<0.05). Shannon-Wiener’s index
(H′)=−∑ (pi) (ln pi), Simpson’s index=1−∑ pi2, where pi=T-RF abun-
dance divided by total abundance in a profile. Pielou’s evenness=H′/
log(S), where S equals to number of total T-RFs

Bulk bulk sediment, KO Kandelia obovata, SA Spartina alterniflora
a The value represents the total number of T-RFs in a treatment (including
three replicates)

Fig. 5 Nonmetric multidimensional scaling (nMDS) plots of AOA (a)
and AOB (b) amoAT-RFs
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4 Discussion

4.1 Sediment properties as potential drivers
for ammonia-oxidizing process

In this study, plants significantly altered the sediment sa-
linity, pH, and ammonium concentration (Table 1), which
are important factors in shaping the ecological niches of
AOA (Erguder et al. 2009) and as well influencing the
diversity and abundance of AOB (Li et al. 2011; Zhang
et al. 2012; Li and Gu 2013). Our results are in agreement
with these studies given the salinity, pH, and ammonium
concentration were all correlated to the PNR, amoA tran-
script numbers, and community diversities and structures
of ammonia-oxidizing microorganisms (Table 3). This in-
dicated the potential roles of these properties in driving
the ammonia oxidation. Also, mechanisms on how plants
affected these properties have been commendably ex-
plained by previous studies (Berg and Smalla 2009;
Philippot et al. 2009, 2013a). It is demonstrated that root
uptake may lead to the fluctuation of ammonium and ni-
trate concentrations in the rhizosphere. Salinity in the rhi-
zosphere is possibly changed by the plant root activities.
The release and assimilation of ions by roots and the fact
that root exudates usually include compounds such as or-
ganic acids and amino acids could result in the change of
pH. Furthermore, if sufficient oxygen is introduced by the
plants, reduced sulfur compounds might be oxidized to
sulfuric acid, thus leading to a lower pH in the vegetated
sediments. Moreover, these changing environmental fac-
tors, in turn, will influence the abundances and composi-
tions of bacteria and archaea, the final driving force for
the nitrification activity. In this study, variations in the

nitrification activity were most probably due to changes
in the transcript abundance of ammonia oxidizers as re-
vealed by correlation analysis (Table 3). However, com-
munity structure showed a minor effect on the activity
even though AOA axis 1 was significantly correlated with
PNR (Table 3). Hence, we suggest that the shifts on the
abundances and community structures of ammonia oxi-
dizers could be associated with changes of these impor-
tant properties caused by plants, and variations in the
abundances further resulted in the shifts of nitrification
activity.

4.2 Activities and abundances of ammonia oxidizers
promoted by plants

Results of PNR measurements and quantification of amoA
gene and transcript indicated that the existence of plants could
stimulate nitrifying activity and ammonia oxidizer abun-
dances in mangrove sediments (Table 1 and Fig. 1). In line
with our results, several studies have revealed the promoting
effect on nitrification by vegetation as shown by the enhance-
ment of nitrifying activities or AOA and AOB abundances in
wetland and rice paddy soils which are both under flooded
conditions (Briones et al. 2002; Ruiz-Rueda et al. 2009; Li
et al. 2011). Being subject to daily tidal changes, mangrove is
under prolonged flooding conditions which may restrain the
decomposition of soil organic carbon, leading to high carbon
storage. This carbon sequestration may benefit the microbial
activities in sediments, and this benefit may be further ampli-
fied by plants due to their strategies to transport oxygen to the
roots and surrounding environments (Philippot et al. 2009).
However, this benefit might be offset in other upland soils, as
revealed by some other studies reporting the negative effects

Table 3 Pearson’s correlations between physiochemical properties and PNR, amoA copies and transcripts, and diversity index and nMDS axes

Properties PNR amoA copies amoA transcripts Shannon
index

Simpson
index

Evenness Axis 1 Axis 2

AOA AOB Ratio AOA AOB Ratio AOA AOB AOA AOB AOA AOB AOA AOB AOA AOB

MC 0.29 0.12 0.13 0.11 −0.04 0.20 0.19 −0.02 −0.18 −0.07 −0.16 −0.35 −0.19 −0.27 0.04 −0.24 −0.52
Salinity 0.92c 0.40 0.60 0.26 0.83b 0.87b −0.15 −0.53 −0.33 −0.68a −0.40 −0.79a −0.30 −0.95c −0.37 −0.08 −0.67a

pH −0.96b −0.53 −0.72a −0.22 −0.82b −0.90b 0.17 0.54 0.40 0.69a 0.46 0.86b 0.37 0.95c 0.38 0.11 0.74a

TC 0.05 −0.13 0.03 0.36 −0.41 0.10 0.73a 0.15 0.13 0.11 0.10 0.08 0.13 −0.87 0.36 −0.13 −0.60
TN 0.55 −0.25 −0.04 0.57 0.11 0.08 0.07 0.42 0.47 0.27 0.46 −0.40 0.56 −0.24 0.46 −0.46 −0.57
C/N 0.01 0.06 0.05 −0.05 −0.51 0.04 0.70a −0.16 −0.21 −0.09 −0.24 0.38 −0.28 0.81 0.04 0.20 −0.21
N-NH4

+ −0.94c −0.49 −0.68a −0.25 −0.82b −0.84b 0.27 0.49 0.37 0.64 0.42 0.87b 0.33 0.92c 0.33 0.21 0.73a

N-NOx
− 0.12 −0.01 −0.02 0.06 −0.10 −0.19 −0.24 0.04 0.09 −0.02 0.03 −0.30 −0.11 −0.24 0.16 −0.62 −0.38

PNR 1 0.66 0.73a −0.04 0.82b 0.93c −0.11 −0.75a −0.62 −0.86b −0.68a −0.78a −0.60 −0.96c −0.61 0.12 −0.65

a Correlation is significant at the 0.05 level (two-tailed)
b Correlation is significant at the 0.01 level (two-tailed)
c Correlation is significant at the 0.001 level (two-tailed)
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on nitrification in the rhizosphere (Lensi et al. 1992; Norton
and Firestone 1996; Priha et al. 1999; Herman et al. 2006),
given that relative lack of organic sources could result in the
competition between plants and microbes. Higher nitrification
rates, in addition to root uptake, may lead to the decrease of
ammonium concentration, which would in turn limit the am-
monia oxidizers. Ammonia oxidation was promoted by plants
even though a distinct decrease of ammonium concentration
was observed in the vegetated sediments compared to the bulk
sediment (Table 1), which suggests that wetland plants could
stimulate the nitrification in conditions where nitrogen is not
limited.

In the present study, S. alterniflora showed a greater
promoting effect on nitrification rates than K. obovata. This
might be due to the difference in root physiology that
S. alterniflora belongs to the grass family with developed
root system which can extend to as deep as 100 cm in the
sediment, while K. obovata is a kind of tree whose brace
root or buttress root is less developed owing to their adap-
tion to the living environment by rooting superficially
(Wang et al. 2006; Pi et al. 2009). S. alterniflora is believed
to be inclined to flooding as its shoot growth was stimulated
when waterlogging was imposed in addition to salinity
(Colmer and Flowers 2008). Species with higher tolerance
of waterlogging tend to form deeper roots and possess
higher root porosity (Colmer 2003), which can produce
sufficient oxygen to the rhizosphere. Another study re-
vealed that S. alterniflora invasion significantly enhanced
the organic carbon and total nitrogen levels in the soil com-
pared with bare flat and native plant communities in a costal
wetland (Yang et al. 2013). Oxygen and nutrient sources are
augmenters for ammonia oxidizers; hence, higher nitrifica-
tion rate was observed in SA treatment in this study. Owing
to the various physiology of different plants, previous stud-
ies also observed the difference in nitrification rates with
different plant species (Reddy et al. 1989; Wheatley et al.
1990; Steltzer and Bowman 1998; Tsiknia et al. 2013).
Moreover, abundance of ammonia oxidizers was found to
be different with eight biological wastewater treatment
plants (Gao et al. 2013). It is, however, yet poorly under-
stood on the principles of the plant species in differentiating
the niche of ammonia oxidizers in mangrove wetlands.
Nevertheless, the present study still provides strong evi-
dence on the microbe–nutrient–plant relationship in man-
grove systems as revealed by Holguin et al. (2001). Addi-
tionally, S. alterniflora is considered to be highly invasive
around the world (An et al. 2007) and to strongly impact the
diversities and abundances of AOA and AOB in salt marsh
sediment (Moin et al. 2009). Given that S. alterniflora
might significantly disturb the nitrogen balance in the field
taking plant coverage into account, we therefore suggest
that how this invasive plant drives the microbial processes
should come into notice in future studies.

4.3 Community structures of ammonia oxidizers shaped
by plants

This study revealed the influence of plants on AOA and AOB
community structures. Our result compares favorably with
earlier observations. It has been demonstrated that vegetation
influenced the community structure of nitrifying and
denitrifying bacteria in the root zone sediments in constructed
wetlands, but the plant species effect was limited to ammonia-
oxidizing bacteria community (Ruiz-Rueda et al. 2009). In the
Mai Po mangrove wetland, Li et al. (2011) suggested that it
was AOB not AOA communities that were grouped by dis-
tances between sampling sites and mangrove trees, which
indicated the effect of mangrove trees on AOA and AOB
community structures. In a black mangrove in the USA,
Laanbroek et al. (2012) showed that AOB community struc-
tures were shaped by vegetation coveragewith which different
mangrove habitats were formed. Furthermore, the plant spe-
cies effect on ammonia-oxidizing community structures was
observed in grassland soils as well (Patra et al. 2006). These
plant-dependent effects might result from specific linkages
between plants and microbes with respect to their preferences
to each other. By this way, specific microenvironment was
created and specific microorganisms were selected, as shown
in this study that AOAT-RF 56 and AOB T-RF 97 flourished
in vegetated and S. alterniflora sediment, respectively (Fig. 4).
In addition, denitrifier communities were also convinced to be
easily shifted by these two wetland plants in mangrove sedi-
ment in our previous study (Wang et al. 2014). Consequently,
plant exhibited a great capacity to shape the niches of mi-
crobes involved in nitrogen cycling as well the potential in
affecting the nitrogen balance. The plant effect also occurred
with the change of sediment properties. However,
disentangling mechanism and linkage between different plant
species and these microbes is a challenging task that warrants
further investigations.

Phylogenetic analysis showed that most of the AOA clone
sequences were related to the uncultured archaea clones, and
hence, information is limited on how these microbes respond
to the environmental factors. This suggests that isolation and
characterization of cultivable archaeal nitrifiers are still re-
quired in the near future. The predominance of Nitrosomonas
over Nitrosospira genus for AOB clones might be due to the
better adaption of Nitrosomonas to the flooded habitats. This
was demonstrated by Laanbroek and Speksnijder (2008).
They showed that theNitrosomonas oligotropha lineage dom-
inated in the habitats which were more frequently flooded and
active in relation to ammonium oxidation in tidal freshwater
wetlands, while the Nitrosospira lineage was more abundant
in less frequently flooded and less active nitrifying habitats.

In this study, S. alterniflora decreased the community di-
versities of ammonia oxidizers but still showed a promoting
effect on nitrification activity and nitrifier abundances. In
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contrast to our study, Philippot et al. found that diversity loss
lowered potential denitrification rate involved in nitrogen cy-
cling, whereas the abundances of corresponding denitrifying
genes showed no variations (Philippot et al. 2013b). The dif-
ferent results might be due to the fact that microbes with
strong nitrification activity had been selected by plants in this
study, while dilution method as applied by Philippot et al.
could only select microbes by chance.

4.4 Relative importance of AOA and AOB in mangrove
sediment

The relative contribution of AOA and AOB to soil nitrifica-
tion remains a matter of debate. It is believed that soil pH has a
considerable effect on the ecology of ammonia oxidizers (Yao
et al. 2011). The community and phylogeny of ammonia ox-
idizers have been related to a soil pH gradient (4.9–7.5), with a
decrease of archaeal amoA gene and transcript abundance and
an increase of bacterial amoA gene transcripts with increasing
soil pH (Nicol et al. 2008). Studies suggest that archaea is able
to survive under extreme pH and salinity and even low am-
monia availability (Erguder et al. 2009; Martens-Habbena
et al. 2009). Hence, their strong adaption to the environment
may lead to their flourishment in highly acidic soils and other
major ecosystems. It is, however, possible that AOA might
lose these competitive advantages in some certain environ-
ments, such as grassland soil, nitrogen-rich agricultural soil,
and mangrove sediment. Surveys in the Mai Po mangrove
wetland have revealed the dominance of AOB over AOA in
sediments (Li et al. 2011; Li and Gu 2013); here, we exhibit
stronger evidence on this dominance as the transcript abun-
dance of AOB was exponentially greater than that of AOA.
The neutral or slightly acidic condition and the available am-
monia in the sediment might be more inclined to the growth of
AOB. Nevertheless, few studies have detected the ammonia
oxidizers on mRNA levels which could provide more useful
and accurate information. Hence, our study reiterates the im-
portance of the relationship between AOA and AOB and em-
phasizes the role of AOB in driving biogeochemical nitrogen
cycling in the coastal wetlands.

5 Conclusions

The present study reveals the significant impact of plant on the
ammonia-oxidizing process in the mangrove sediment. Plants
could promote the nitrifying activities and abundances of both
amoA gene and transcript. It was further demonstrated that
vegetation along with two plant species significantly shaped
the communities of AOA and AOB. These shifts on nitrifying
process are associated with the variations of important sedi-
ment properties caused by the plants. It was therefore sug-
gested that plant could be the key factor in controlling the

nitrogen balance in mangrove systems. AOB was found to
be dominant in mangrove wetlands, indicating their signifi-
cant role on the global nitrogen cycling. However, information
about the relationship between ammonia oxidizers and other
microbes in mangrove sediment is still limited. Most of the
researches, including this one, studying the ecology of ammo-
nia oxidizers in mangrove have been limited in Southeast
Asia. Hence, further studies should focus on the nitrogen
transformation in mangroves from various regions worldwide,
thus better understanding the spatial distribution and variation
of microbes involved in biogeochemical cycling at global
scale.
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