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Abstract Anaerobic ammonium oxidation (anammox) as an
important nitrogen removal pathway has been investigated in
intertidal marshes. However, the rhizosphere-driven anammox
process in these ecosystems is largely overlooked so far. In this
study, the community dynamics and activities of anammox bac-
teria in the rhizosphere and non-rhizosphere sediments of salt-
marsh grass Spartina alterniflora (a widely distributed plant in
estuaries and intertidal ecosystems) were investigated using
clone library analysis, quantitative PCR assay, and isotope-
tracing technique. Phylogenetic analysis showed that anammox
bacterial diversity was higher in the non-rhizosphere sediments
(Scalindua and Kuenenia) compared with the rhizosphere zone
(only Scalindua genus). Higher abundance of anammox bacteria
was detected in the rhizosphere (6.46 x 10°—
1.56 x 107 copies g '), which was about 1.5-fold higher in
comparison with that in the non-rhizosphere zone (4.22 x 10°~
1.12 x 107 copies g ). Nitrogen isotope-tracing experiments
indicated that the anammox process in the rhizosphere contrib-
uted to 12—14 % N, generation with rates of 0.43—
1.58 nmol N g ' h™!, while anammox activity in the non-
rhizosphere zone contributed to only 4-7 % N, production with
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significantly lower activities (0.28-0.83 nmol N g ' h™').
Overall, we propose that the rhizosphere microenvironment in
intertidal marshes might provide a favorable niche for anammox
bacteria and thus plays an important role in nitrogen cycling.

Keywords Anaerobic ammonium oxidation (anammox) -
Rhizosphere - Spartina alterniflora - Intertidal sediment -
Nitrogen cycle

Introduction

The massive acceleration of nitrogen cycling by human activ-
ities has led to many serious environmental issues, ranging
from eutrophication of aquatic and terrestrial ecosystems to
global acidification and hypoxia (Gruber and Galloway
2008; Diaz and Rosenberg 2008; Kim et al. 2014). Intertidal
wetlands are important conduits for reducing the excessive
load of reactive nitrogen from agricultural activities and other
terrestrial sources transported into marine environments, as
they are the direct connections between land and sea
(Pennings 2012). Of the nitrogen removal pathways, anaero-
bic ammonium oxidation (anammox), via oxidizing ammoni-
um (NH,") by reduction of nitrite (NO, ), can remove reactive
nitrogen permanently from aquatic ecosystems into the atmo-
sphere, as can denitrification (Strous et al. 1999; Hou et al.
2013). Nevertheless, knowledge on the dynamics of
anammox bacterial community and their potential role for
nitrogen removal in the rhizosphere zone of salt-marsh plants
remains scarce in the intertidal environments.

Rhizosphere is a complex environment which can be defined
as the zone around plant roots whereby sediment properties are
influenced by the presence and activity of the root (Richardson et
al. 2009). Spartina alterniflora, native to Atlantic and the Gulf
Coast of North America, was introduced to China in 1979 and

@ Springer


http://dx.doi.org/10.1007/s00253-016-7625-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-016-7625-2&domain=pdf

Appl Microbiol Biotechnol

has rapidly expanded since then and replaced native plants such
as Phragmites australis and Suaeda salsa, becoming one of the
dominant species in the coastal marsh ecosystems (Nie et al.
2009; Wan et al. 2009; Wang et al. 2010). S. alterniflora exhibits
high net primary production rate, reaching up to
3.2 kg em 2 year ', much of which was observed to occur be-
lowground (Giblin and Wieder 1992; Thomas et al. 2014).
Additionally, this salt-marsh grass possesses well-developed aer-
enchyma systems, which confers upon it the ability to transport
oxygen down to the belowground parts and establishes a typical
oxic-anoxic interface in intertidal sediments (Maricle and Lee
2002; Sousa et al. 2008). Thereby, it was hypothesized that this
redox gradient formed in the rhizosphere zone might be a hotspot
for anammox (Chu et al. 2015). Through pumping oxygen down
to the roots, S. alterniflora forms a particular sediment microen-
vironment where aerobic microorganisms can thrive (Brunea et
al. 2000). Aerobic ammonia and nitrite oxidizers might be active
in the oxygenated rhizosphere and produce NO, and NO; ,
respectively. Part of these nitrogen oxides would be expected to
diffuse from the oxygenated layer into the adjacent, oxygen-poor
rhizosphere zone where they would serve the anammox bacteria
as terminal electron acceptors and thereby stimulate the
anammox activity (Brunea et al. 2000). However, little is known
about the activity and dynamics of anammox community in the
rhizosphere or how it differs from its non-rhizosphere counter-
part. To extend the understanding, the Yangtze Estuary, one of
the largest estuaries in the world where S. alferniflora flourishes,
was selected as the study area in the present study.

The Yangtze Estuary is situated at one of the most populated
as well as most heavily polluted regions of China. Annually,
high loads of nutrients from the Yangtze River and great
amounts of domestic sewage are discharged into the estuarine
and coastal environments, which have caused severely eutro-
phic status (Deng et al. 2015). Therefore, the biogeochemical
transformations of nitrogen are major concerns in the Yangtze
Estuary and its adjacent coastal areas. Although the importance
of anammox has been recognized, few studies have investigat-
ed the influence of salt-marsh roots on the dynamics of
anammox in the estuary (Hou et al. 2013). Therefore, the ob-
jectives of this study were to investigate the occurrence, diver-
sity, and abundance of anammox bacteria and their contribu-
tions to nitrogen removal in the rhizosphere zones of the salt-
marsh grass S. alterniflora in intertidal marshes. This work
improves understandings of the microbial nitrogen transforma-
tions in the vegetated environments.

Materials and methods
Sample collection

The study site is located at the Chongming eastern intertidal
flat, which is the largest and most extensively developed
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intertidal wetland in the Yangtze Estuary (Fig. S1). The total
area of the S. alterniflora community in the eastern intertidal
zone of the Chongming Island was up to 1000 hm?, which
accounted for more than 33 % of the total vegetation on the
tidal flats (Li et al. 2006; Wang et al. 2010). Field samples
were collected every 3 months from April 2014 to January
2015, which spanned the entire growing season. At each field
survey, rhizosphere and non-rhizosphere sediments were col-
lected using a five-point sampling method (Chu et al. 2015).
Briefly, 30 cm x 30 cm x 30 cm volume of sediments (with
plant individuals) was dug at each point of the sampling area
using a stainless steel spade. Rhizosphere samples (approxi-
mately the first 2 mm of sediments in the closest contact with
the root) were collected by eliminating the loosely attached
sediments, while the non-rhizosphere samples were taken in
20-30 mm distance from the root mats (Liu et al. 2014). All
samples were immediately put into sterile bags on ice and then
transported to the laboratory within 2 h. Upon return to the
laboratory, sediments from each of the five sampling points
were respectively homogenized, which resulted in five repli-
cates of both rhizosphere and non-rhizosphere samples. One
part of the sediment samples was preserved at 4 °C for sedi-
ment physiochemical analyses and anammox activity mea-
surement, while the remaining part of the samples was stored
at —80 °C for genomic DNA extraction and the subsequent
molecular analyses.

Determination of environmental parameters

Water content of the sediment was determined by the weight
loss of a certain amount of fresh sediment, which was dried
under 80 °C to a constant value. Temperature of the sediment
was in situ determined using a portable electronic thermome-
ter. The pH values and salinity were measured with pH meter
(Mettler-Toledo) and salinity meter (YSI Model 30), respec-
tively, after fresh sediments were mixed with deionized water
(CO,-free) at a ratio of 1:2.5 (volume ratio) (Zheng et al.
2014). Exchangeable NO, , NO;, and NH," were extracted
using 2 M KCl stock solution from fresh sediments and then
spectrophotometrically determined using a continuous-flow
nutrient analyzer (SAN plus, Skalar Analytical B.V., the
Netherlands) (Hou et al. 2007). Detailed information on envi-
ronmental parameters is given in Table S1.

DNA extraction and PCR amplification

Genomic DNA was extracted from approximate 0.25 g of each
replicate sediment using Powersoil™ DNA Isolation Kit
(MOBIO, USA) according to the instructions. 16S rRNA gene
of anammox bacteria was then amplified from pooled sedi-
ment DNA extracts using a nested PCR assay (Hou et al.
2013). Briefly, an initial PCR amplification was performed
using primer set PLA46f-1390r (Schmid et al. 2000) followed
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by a second PCR reaction with primer pair Amx368f—
Amx820r (Schmid et al. 2005) (Table S2). The appropriately
sized PCR products were purified with Gel Advance-Gel
Extraction system (Viogene, China) and then cloned with
TOPO-TA cloning kits (Invitrogen, USA). Clones were ran-
domly selected for further sequencing analyses.

Phylogenetic analysis

The selected clones were sequenced with an ABI Prism ge-
netic analyzer (Applied Biosystems, Canada). The qualified
sequences with more than 97 % identities were defined as one
operational taxonomic unit (OTU) with software mothur (ver-
sion 1.35.1, USA) by the furthest neighbor method. The
anammox bacterial 16S rRNA gene clones and their relatives
picked from NCBI were aligned with ClustalX 2.1
(Thompson et al. 1997). MEGA 5.03 software was then used
for the construction of phylogenetic trees with neighbor-
joining approach (Tamura et al. 2007). Topological confi-
dence of the phylogenetic tree was assessed by conducting
1000 bootstrap replicates. The unique clone sequences ac-
quired in the present study were deposited in GenBank:
KU232995 to KU233184.

Quantitative PCR assay

Quantitative PCR (qPCR) analyses were conducted with
primer pair AMX-808-F-AMX-1040-R (Hamersley et al.
2007) using SYBR green method on an ABI 7500 Sequence
Detection System (Applied Biosystems, Canada) (Table S2).
Plasmid Mini Preparation Kit (Tiangen, China) was used to
extract the plasmids carrying anammox bacterial 16S rRNA
gene. Subsequently, Nanodrop-2000 Spectrophotometer
(Thermo, USA) was used to determine the concentrations of
the extracted plasmids. Standard curves were then obtained
through gradient dilutions of the plasmids containing 16S
rRNA gene of anammox bacteria with known copy numbers.
Negative controls were performed in all experiments to detect
any possible contaminations. Melting curve analyses and gel
electrophoreses were further conducted to confirm the speci-
ficity of the qPCR amplification. Based on the above con-
structed standard curves, gene abundances were calculated
and then converted into copies per gram of sediment, assum-
ing the extraction efficiency of DNA was 100 %.

Determination of nitrogen transformation rates

Potential rates of anammox and denitrification were deter-
mined through sediment slurry experiment in combination
with nitrogen isotope-tracing method (Risgaard-Petersen
et al. 2004; Engstrom et al. 2005). Briefly, slurries were pre-
pared with helium-purged tidal water and fresh sediments at a
ratio of 5:1 (volume ratio). Subsequently, they were

transferred into the 12-ml glass vials (Exetainer, Labco,
High Wycombe, Buckinghamshire, UK) and pre-incubated
for over 24 h to exhaust residual oxygen, NO; , and NO,
under in situ temperature. These vials were divided into three
groups after the pre-incubation. Each group was then spiked
with helium-purged solutions of (1) ">’NH," ("N at 99.6 %),
(2) '"NH," + ""NO;7, and (3) ">’NO5~ ("°N at 99 %), respec-
tively, with the final ">N concentrations of about 100 pM in
each vial. The incubations were inhibited by injecting 300 pl
of 50 % ZnCl, solution after 8 h (Hou et al. 2013; Deng et al.
2015). Concentrations of the °N, and *°N, produced during
the incubation period were determined by membrane inlet
mass spectrometry (MIMS) (An and Gardner 2002; Yin
et al. 2014). Anammox and denitrification rates could there-
fore be quantified based on the previously developed methods
(Thamdrup and Dalsgaard 2002; Trimmer et al. 2003; Hou
et al. 2013).

Statistical analyses

The biodiversity indices (Simpson and Shannon-Wiener) and
species richness estimator (Chao1) were estimated for the con-
structed clone libraries with mothur 1.35.1 (Schloss et al.
2009). Coverages of the clone libraries were calculated by
the percentages of the observed OTU number in each clone
library divided by Chaol estimator (Mohamed et al. 2010).
Community classifications were conducted by principal coor-
dinates analysis (PCoA) with software Qiime 1.9.0 (Caporaso
et al. 2010). The distances between clone libraries were cal-
culated by UniFrac test, and the P value has been corrected by
Bonferroni correction (Lozupone et al. 2011).

Results
Community dynamics of anammox bacteria

Anammox bacterial communities in the non-rhizosphere and
rhizosphere regions of the salt-marsh grass S. alterniflora in
the Yangtze Estuary were successfully observed with nested
PCR assay (Fig. S2). In this study, 462 qualified clones were
successfully sequenced from the eight constructed clone li-
braries. Sequence analysis showed that these retrieved se-
quences were all related to the known anammox bacterial
16S rRNA genes. In each clone library, 6 to 8 rhizosphere
OTUs and 9 to 11 non-rhizosphere OTUs occurred, based
on <3 % nucleotide divergence (Table 1). According to
Shannon-Wiener and Simpson indicators, diversity of the
anammox communities in the rhizosphere was lower than that
in the non-rhizosphere (Table 1), and this result was in agree-
ment with the rarefaction analyses (Fig. 1). The estimated
coverages of the clone libraries were between 94.7 and
100 %, showing that greater than 90 % of the anammox
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Table 1 Diversity characteristics

of the anammox bacterial 16S Sampling Time  No.of OTUs* Chaol®  Shannon- 1/Simpson®  Coverage (%)°
rRNA gene clone libraries position clones Wiener®
Rhizosphere Apr. 57 6 6.0 1.11 231 100
Jul. 57 8 83 1.38 2.87 97.0
Oct. 62 7 73 1.10 223 96.6
Jan. 60 6 6.0 1.20 249 100
Non-rhizosphere ~ Apr. 59 9 9.5 1.87 5.88 94.7
Jul. 56 9 9.0 1.88 5.81 100
Oct. 56 11 11.0 2.10 7.44 100
Jan. 55 11 11.0 2.13 7.50 100

Apr. April, Jul. July, Oct. October, Jan. January

#OTUs are defined at 3 % nucleotide acid divergence

" Nonparametric statistical predictions of the total richness of OTUs

¢ Shannon-Wiener diversity index. A higher value represents higher diversity

4 Reciprocal of Simpson’s diversity index. A higher value represents higher diversity

¢ Calculated by the percentage of the observed number of OTUs divided by Chaol estimator

bacterial 16S rRNA gene diversity was captured in each clone
library, and the gradually flatting rarefaction curves further
proved this point (Fig. 1).

Phylogenetic analysis indicated that two known anammox
bacterial genera including Candidatus Scalindua and
Candidatus Kuenenia were detected in this study (Fig. 2). In
the phylogenetic tree, 79.9 % of the sequences obtained in this
study were affiliated with Scalindua with 92.3-96.5 % se-
quence identity, while only 20.1 % of the sequences showed
the closest evolutionary relation (95.6-97.3 %) with the 16S
rRNA gene of Kuenenia. Results also showed that anammox
community in the rhizosphere of S. alterniflora was restricted
to Scalindua at different growing stages of the year, while the
non-rhizosphere anammox community was co-dominated by
Scalindua and Kuenenia (Fig. 2).
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Fig. 1 Rarefaction curves of the anammox bacterial clone libraries.
OTUs are defined at 3 % divergence in nucleotides. Apr. April, Jul.
July, Oct. October, Jan. January
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Additionally, community compositions of anammox bac-
teria between the rhizosphere and non-rhizosphere zones were
statistically compared based on the constructed UniFrac dis-
tance matrix (Table 2). Results indicated that the anammox
communities acquired from the rhizosphere (April, July, and
January) were significantly different from those obtained from
the non-rhizosphere sites (April, July, October, and January)
(P < 0.05; Table 2), which was consistent with the results of
the phylogenetic analysis (Fig. 2). Furthermore, PCoA analy-
sis showed that the anammox bacterial assemblages were di-
vided into two distinctive groups: the rhizosphere group and
the non-rhizosphere group (Fig. 3). However, the seasonal
variations of anammox communities in both the non-
rhizosphere and rhizosphere zones were not significant
(P > 0.05), showing that the anammox community composi-
tions were relatively stable in different microecological niches
in intertidal marshes.

Abundance of anammox bacteria

A significant linear relationship (R* = 0.9989) was obtain-
ed between the log;y value of the plasmid copy number
(2.2 x 10'-2.2 x 107 copies ul™") and the threshold cycle
(Ct), with a high amplification efficiency of 96.1 %. In the
present study, anammox bacterial 16S rRNA gene abun-
dance was detected between 6.46 x 10° and
1.56 x 107 copies g ' (dry weight, similarly hereinafter)
in the rhizosphere and between 4.22 x 10° and
1.12 x 107 copies g ' in the non-rhizosphere (Fig. 4).
During the four sampling seasons, anammox bacterial
abundance was always higher in the rhizosphere zones
than in the non-rhizosphere (Student’s ¢ test, P < 0.05).
Relatively higher anammox bacterial numbers were ob-
served in the warmer seasons (July and October,
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OTU14 Non-rhizosphere ( 1,9,1)

OTU13 Non-rhizosphere ( 8)

—_—

0.05

Fig. 2 Neighbor-joining phylogenetic tree based on the 16S rRNA gene
of anammox bacteria. Bootstrap values higher than 50 % are shown.
GenBank accession numbers of the sequences from other studies are
given. Data in parentheses followed each OTU represent the number of

8.65 x 10°-1.56 x 107 copies g ') in comparison with the
cooler seasons (January and April, 4.22 x 10°-
8.23 x 10° copies g '). Additionally, Pearson correlation
analysis further revealed that the abundance of anammox
bacteria was positively related to the changes of tempera-
ture (R = 0.799, P = 0.017), as compared with other mea-
sured environmental parameters (Table S1).

OTU9Y Rhizosphere ( 1); Non-rhizosphere (8,4,5,7)
Xinyi River sediment DQ647431
OTU10 Rhizosphere (1,1,1); Non-rhizosphere (1,2,2,3)
South China Sea sediment HQ665922
OTUS8 Rhizosphere ( 3,2,2,5); Non-rhizosphere (7,1,6)
71 Soledad Basin OMZ KM987376
OTU1 Rhizosphere ( 14,13,15,12)
Gullmarsfjorden seawater DQ386151
Namibian OMZ EU478631
Golfo Dulce seawater DQ386152
9L Candidatus Scalindua sorokinii AY257181
OTU6 Non-rhizosphere ( 1,2)
Estuarine sediment KP329519
OTUS Rhizosphere ( 2,5,3); Non-rhizosphere (5,2,2,4)
Cape Fear River Estuary sediment FJ490132
63| 83~ OTU4 Rhizosphere (35,31); Non-rhizosphere (4,8,12,6)
OTU3 Rhizosphere ( 1,39,36); Non-rhizosphere (16,10,2,6)
68 Candidatus Scalindua wagneri EU478692
7_4|: OTU15 Rhizosphere (1); Non-rhizosphere (2)
Jiaojiang estuarine sediment JN051581
OTU7 Rhizosphere ( 2,2,2,3)
Jiaojiang estuarine sediment INO51518
93 Manantial del Toro hypersaline groundwater JE747633
Candidatus Scalindua brodae AY254883
81 |: OTU2 Rhizosphere (2,2); Non-rhizosphere (3,2)

Yangtze Estuary sediment JX243520
OTU12 Non-rhizosphere ( 2,3,5,2)
OTU11 Non-rhizosphere (15,18,13,16)
Candidatus Kuenenia stuttgartiensis AF375995

100 Cape Fear River Estuary sediment FJ490112
Westlake freshwater sediment HQ540378

Candidatus Brocadia fulgida EU478693
Candidatus Brocadia anammoxidans AF375994

Scalindua

 Rhizosphere ® Non-rhizosphere

Kuenenia

= Rhizosphere  ® Non-rhizosphere

Candidatus Anammoxoglobus propionicus DQ317601
Candidatus Jettenia asiatica DQ301513
Planctomyces EU360295

sequences retrieved from the rhizosphere and (or) non-rhizosphere of salt-
marsh grass S. alterniflora. Green: April, red: July, violet: October; blue:
January

Anammox activity and contribution to N, production

Slurry experiments were performed in combination with a '°N
tracer assay to estimate anammox rates and the potential role
of anammox in total N, production in the non-rhizosphere and
rhizosphere sediments. The results revealed that the anammox
bacterial activities in the rhizosphere were 0.43—
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Table 2 The unweighted

UniFrac distance matrix of the R _Apr. R _Jul R Oct. R Jan. N_Apr. N Jul. N_Oct. N_Jan.
anammox bacterial clone libraries
R _Apr. 0.00 0.28 0.45 0.20 0.57** 0.54* 0.66%** 0.62%*
R Jul. 0.28 0.00 0.23 0.15 0.54%* 0.51%** 0.52%* 0.48**
R Oct. 045 0.23 0.00 0.32 0.44 0.40 0.40 0.38
R Jan. 0.20 0.15 0.32 0.00 0.51* 0.48 0.61* 0.57*
N _Apr. 0.57** 0.54%* 0.44 0.51* 0.00 0.16 0.19 0.14
N Jul 0.54* 0.51%* 0.40 0.48 0.16 0.00 0.32 0.27
N Oct. 0.66%* 0.52* 0.40 0.61* 0.19 0.32 0.00 0.06
N _Jan. 0.62%* 0.48%* 0.38 0.57* 0.14 0.27 0.06 0.00

Data show the unweighted UniFrac distances between each pair of clone libraries

Single asterisk indicates the libraries are drawn from significantly different communities at P = 0.05; double
asterisks indicate statistical significance at 7 = 0.01. P values have been corrected by Bonferroni correction

R rhizosphere, N non-rhizosphere, Apr. April, Jul. July, Oct. October, Jan. January

1.58 nmol N g ' h™' and contributed 12-14 % to total N,
production. In the non-rhizosphere sediments, however, the
anammox bacteria exhibited lower activities (0.28-
0.83 nmol N g ' h™'; Student’s ¢ test, P < 0.05) and contrib-
uted only 4-7 % to total N, production (Fig. 5). The anammox
bacteria both in the non-rhizosphere and rhizosphere zones
were more active in warmer seasons (July and October,
0.60-1.58 nmol N g~ h™") than in cooler seasons (January
and April, 0.28-0.85 nmol N g h™"). Although differences
were detected in denitrification activity between the rhizo-
sphere (3.06-11.21 nmol N g' h™') and non-rhizosphere
(4.88-14.80 nmol N g ' h™") sediments, denitrification still
played a main role in N, production in the intertidal marshes

PCoA- PCl1 vs PC2

(86—88 % in the rhizosphere, 93-96 % in the non-rhizosphere)
(Fig. 5). In this study, the cell-specific anammox activities
were estimated based on the detected anammox activity and
anammox bacterial numbers, assuming each cell exhibited
equal activity and only contained one copy of 16S rRNA
gene. The calculated cell-specific anammox rates ranged be-
tween 1.6-2.5 fmol N d”' in the rhizosphere microenviron-
ment, while they varied from 1.5-2.0 fmol N d"' in the non-
rhizosphere region (Fig. S3). Overall, the isotope-tracing ex-
periments revealed that the contribution of anammox process
to total N, production in the rhizosphere (12-14 %) was ap-
proximately twofold higher than that in the non-rhizosphere
sediment (4-7 %), suggesting high dissimilarity in nitrogen
removal between these two microenvironments in the intertid-
al marshes.

7
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I Non-rhizosphere
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Fig. 3 The unweighted UniFrac PCoA analysis of anammox bacterial
communities obtained from the rhizosphere and non-rhizosphere regions
of the salt-marsh grass S. alterniflora. The first two principal coordinate
axes (PCI and PC2) are shown
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Fig. 4 Anammox bacterial abundance based on 16S rRNA gene in the
rhizosphere and non-rhizosphere sediments of S. alterniflora. Vertical
bars represent standard error (n = 5). Single asterisk represents statistical
significance at P = 0.05, double asterisks represent statistical significance
at P=0.01
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Fig. 5 The rates of anammox and denitrification and their contributions
to total N, production. Vertical bars indicate standard error (n = 5)

Discussion

According to our knowledge, the present study is the first
report about the community composition, abundance, and ac-
tivity of anammox bacteria, as well as their potential contri-
butions to total N, production in the rhizosphere zone of S.
alterniflora in intertidal marshes. The findings in this study
might shed light on anammox process in salt marshes and
indicate that small-scale environmental heterogeneities are
important in shaping the abundance, diversity, and potential
activity of anammox bacteria.

In this study, communities of anammox bacteria had dis-
tinctive spatial heterogeneity between the rhizosphere and
non-rhizosphere zones (Figs. 2 and 3). In the rhizosphere sed-
iments, anammox bacterial community was restricted to
Scalindua, while the non-rhizosphere anammox community
was co-dominated by Scalindua (account for 59 %) and
Kuenenia (account for 41 %), which were the two dominant
anammox genera in estuarine and intertidal sediments (Wang
etal. 2012; Hou et al. 2013). Salinity has been implicated to be
an important factor regulating anammox bacterial community
compositions (Dale et al. 2009; Fu et al. 2015). However,
previous studies also showed that anammox bacteria have a
high ability to tolerate changes in salinity (Boran et al. 2006).
Thus, correlations between anammox bacterial community
and salinity might not be linked to salinity itself, but to other
environmental factors affected by salinity, such as the sub-
strate availability (Koop-Jakobsen and Giblin 2009). Indeed,
no significant changes in salinity was observed between the
rhizosphere and non-rhizosphere regions in the present study
(Student’s ¢ test, P > 0.05), which confirmed that the changes
in anammox bacterial communities was not caused by salinity.
The observed anammox bacterial differences in this study
imply that salt-marsh plant roots might influence anammox
bacteria by establishing specific rhizosphere microecology
(Lee 2003). Previous studies showed that S. alterniflora roots

can modify the physico-chemical properties and biological
compositions of the rhizosphere through oxygen diffusion,
rhizodeposition, nutrients uptake, proton extrusion, and exu-
dates release (Richardson et al. 2009; Liu et al. 2014), thereby
attributing to the change of anammox bacterial community in
the rhizosphere in comparison with the non-rhizosphere
zones. However, the underlying mechanisms causing the ab-
sence of Kuenenia genus in the rhizosphere need to be further
explored.

The detected anammox bacterial abundance in the rhizo-
sphere (6.46 x 10°-1.56 x 107 copies g ') was significantly
higher than that in the non-rhizosphere sediments (4.22 x 10°—
1.12 x 107 copies g ). These numbers of anammox bacteria
in this study were in the same range as those retrieved from the
paddy soil (Zhu et al. 2011; Nie et al. 2015), Barents marine
sediment (Schmid et al. 2007), Pear River riparian sediment
(Wang et al. 2012), and the Cape Fear River estuarine sedi-
ment (Dale et al. 2009). Anammox bacterial numbers tended
to be higher in July and October (8.65 x 10°—
1.56 x 107 copies g ') compared with in January and April
(4.22 x 10°-8.23 x 10° copies g ). The seasonal fluctuations
of anammox bacterial abundance might result from tempera-
ture changes (Table S1). It has been reported that the
anammox bacterial community size was greatly affected by
temperature (Hou et al. 2013). In warmer seasons, anammox
bacterial growth and anammox activity are stimulated by sub-
strate NO, which is generated from the enhanced denitrifica-
tion and nitrification activities (Fig. 5 and Fig. S4). This might
also suggest that NO,  serves as a limiting factor in the devel-
opment and activity of anammox bacteria in the marsh sedi-
ments (Zhu et al. 2013; Hou et al. 2013; Nie etal. 2015). In the
rhizosphere, the abundance of anammox bacteria was approx-
imately 1.5 times higher in comparison with the non-
rhizosphere zone, suggesting that the rhizospheric microenvi-
ronment provides a suitable niche for anammox bacterial
community.

In addition to higher anammox bacterial abundance, higher
anammox activities in the rhizosphere (0.43-
1.58 nmol N g ' h™") were also observed in comparison with
the non-rhizosphere zone (0.28-0.83 nmol N g™' h™"). The
anammox process also played a more important role in total
nitrogen removal in the rhizosphere zone (12—-14 %) than in
the non-rhizosphere sediments (4—7 %). These results showed
that anammox activity in the rhizosphere might be an impor-
tant but overlooked pathway for nitrogen removal from inter-
tidal marshes. According to previous studies, NO, produc-
tion was a key factor in determining anammox activity in
waterlogged ecosystems (Zhu et al. 2013; Hou et al. 2013;
Nie et al. 2015). In intertidal sediments, wetland plants could
release oxygen through the roots and thus oxygenate the rhi-
zosphere (Armstrong et al. 2000). Therefore, this particular
oxygenated microenvironment might allow aerobic microor-
ganisms to thrive. This was confirmed by the studies showing
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that the activity and abundance of both ammonia-oxidizing
archaea and bacteria were greatly enhanced in the S.
alterniflora-vegetated sediments (Zhang et al. 2011; Wang et
al. 2015). Also, significantly higher (over 3.5 times higher)
nitrification rates were observed in the rhizosphere sediments
than in the non-rhizosphere sediments in the present study
(Student’s ¢ test, P < 0.05; Fig. S4). Consequently, the avail-
ability of NO, was greatly enhanced in the oxygenated rhi-
zosphere zone. Part of the substrate would be expected to
diffuse from the oxygenated layer into the adjacent, oxygen-
poor rhizosphere layer where they would serve the anammox
bacteria as terminal electron acceptors and stimulate the
anammox activity in the rhizosphere zone (Brunea et al.
2000; Koop-Jakobsen and Giblin 2009). It should also be
noted that plant roots could influence nitrogen availability in
the rhizosphere via nutrient assimilation and thus might com-
pete NO, with anammox bacteria (Brunea et al. 2000; Liu
et al. 2014). However, both anammox bacterial abundance
and activity were enhanced in the rhizosphere (Figs. 4 and
5), indicating that despite the potential competitions, the
anammox process still benefited from the NO, produced by
ammonia oxidizers in the oxygenated rhizosphere (Fig. S4).

The cell-specific anammox rates were estimated to be higher
in the rhizosphere microenvironment (1.6-2.5 fmol N d )
where anammox bacterial community was restricted to
Scalindua than in the non-rhizosphere region (1.5—
2.0 fmol N d ') where anammox community was co-
dominated by Scalindua and Kuenenia (Fig. S3). The difference
of cell-specific anammox activity between the rhizosphere and
non-rhizosphere zones might be caused by the availability of
NO, provided in different regions (Hou et al. 2013; Nie et al.
2015). Moreover, this difference might also be related to the
half-saturation constant (Kj) of different anammox bacteria. It
has been reported that the K value for nitrite and ammonium of
Scalindua was lower than that of Kuenenia and other known
anammox bacteria (Awata et al. 2013). Therefore, Scalindua has
advantages over other anammox genera in competing substrates,
which might consequently result in the relatively higher cell-
specific activity of Scalindua and the relatively higher cell-
specific anammox rate in the rhizosphere where Scalindua was
more abundant in comparison with the non-rhizosphere zone
(Awata et al. 2013). Previous studies also revealed that
Kuenenia may perform anaerobic respiration of manganese
and iron oxides (Strous et al. 2006) and may even grow hetero-
trophically and perform dissimilatory nitrate reduction to ammo-
nium (DNRA) (Kartal et al. 2008; Humbert et al. 2010). Thus,
whether Kuenenia observed in the non-rhizosphere indeed per-
forms the classical anammox activity still remains to be
explored.

Although denitrification activity was relatively higher (ap-
proximately 1.4 times higher) in the non-rhizosphere, which
could also provide NO, substrate for anammox bacteria
(Meyer et al. 2005; Koop-Jakobsen and Giblin 2009; Hou

@ Springer

et al. 2013), it cannot compete with the NO,  generated by
nitrification in the rhizosphere. Thus, the rhizosphere micro-
environment provides a more favorable habitat with higher
substrate availability for anammox bacteria. As similar NO; ™
concentrations were detected in both regions (Table S1), the
possible reason for the relatively lower denitrification rates in
the rhizosphere might be the presence of oxygen. It is in
agreement with previous studies that denitrification activity
is more sensitive to oxygen than anammox and declines sharp-
ly at nanomolar oxygen concentrations (Dalsgaard et al.
2014). Although the observed denitrification rates were differ-
ent between non-rhizosphere and rhizosphere zones, the re-
sults from this study confirmed that denitrification still played
a major role in nitrogen removal in intertidal marshes (86—
88 % in the rhizosphere and 93-96 % in the non-rhizosphere).

In the present study, our data showed that the diversity,
abundance, activity, and role of anammox bacteria were great-
ly affected by the rhizosphere redox gradient developed by the
salt-marsh grass S. alterniflora in intertidal marshes. This re-
dox gradient existing in the rhizosphere is quite common for
most of the wetland plant type (Pedersen et al. 1998;
Armstrong et al. 2000; Lee and Dunton 2000). Thus, the find-
ings in this study might have wide general significance. Taken
together, we proposed an anammox hotspot in the rhizosphere
microenvironment in intertidal marshes.
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