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ABSTRACT

Ammonia-oxidizing archaea (A0A) and ammonia-oxidizing bacteria (AOB) play an important role in nitrogen transformation in
freshwater sediment. However, it is still unclear to what extent the distribution patterns of these microorganisms are affected by the
freshwater sediment across a large geographical scale. This study was designed to gain insight into the heterogeneity distribution of
AOA and AOB in freshwater sediments from the macrophyte or algae dominated regions. Real-time quantitative PCR (qPCR) combined
with the terminal restriction fragment length polymorphism (T-RFLP) were employed to characterize the abundance, diversity, and
community structure of the AOA and AOB across eight freshwater lakes in sediments from Jiangsu of China. AOA and AOB were ubiq-
uitous in all sediments, and archaeal amoA far outnumbered bacterial amoA in sediments with the lower concentration of organic mat-
ters. The abundance of AOA and AOB did not vary with the freshwater ecological type (macrophyte dominated region and algae
dominated region). Based on the T-RFLP of an amoA gene, this research found that the concentration of organic matters in pore water
rather than other factors affect the AOA community structure in sediments, while the AOB were not significantly different in the fresh-
water sediments. Phylogenetic analysis showed that all archaeal amoA sequences fell within either the Crenarchaeotal Group (CG)
1.1b or the CGI.1a subgroup, and all AOB clustered with genus Nitrosomonas or Nitrosospira. The data obtained in this study elucidates

the role of ammonia-oxidizing archaea and ammonia-oxidizing bacteria in the nitrogen cycle of freshwater ecosystems.
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INTRODUCTION

Nitrification in coupled denitrification is a key stage
in nitrogen cycling and removal (Herrmann ez al., 2011).
This process is oxidation of ammonia to nitrite, which is
catalyzed by two groups of prokaryotes, the ammonia-ox-
idizing bacteria (AOB) and the recently recognized am-
monia-oxidizing archaea (AOA). For both groups, the
gene encoding the alpha-subunit of ammonia monooxy-
genase (amoA) has been widely used as a functional
marker to analyze their community compositions. Recent
studies demonstrated the wide distribution of AOA in
aqueous environments by its existence in members of the
Thaumarchaea 1.1a (also named Marine Group I) or I.1b,
showing the AOA predominance over AOB in a broad
range of environments (Herrmann et al., 2009; Reed et
al., 2010; Cao et al., 2011; Isobe et al., 2012). Environ-
mental elements such as pH, ammonia and dissolved oxy-
gen (DO) concentrations, are important factors which
define the differences between AOA and AOB in distinct
ecological niches (Altmann et al., 2004; Erguder et al.,
2009; Herrmann et al., 2011; Bouskill et al., 2012; Vissers
et al., 2013). Of particular interest to these researchers
was the determination of key environmental factors con-
trolling the abundance and distribution of AOA and shap-
ing of distinct ecological niches of AOA and AOB. The
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factors regulating the microbial community composition
are usually complex involving multiple environmental
variables. Understanding the spatial distribution of AOA
and AOB in relation to different lake sediment is impor-
tant, especially in sediment because it is main place for
nitrogen transformation in lake ecosystems.

Up to now, because of these concerns and the role of
ammonia oxidizers in nitrogen cycling in general, it is
still argued that the geographical distribution of AOA and
AOB must be delineated to understand their relationship
or effect on different lakes sediment. From oligotrophic
lakes to mesotrophic lakes, the diversity of AOA and
AOB increases, especially in eutrophic lake sediment
where the abundance and community of AOB are greater
than that in oligotrophic lake sediment (Chen et al., 2009;
Herrmann et al., 2009; Hou et al., 2013; Hugoni ef al.,
2013). In Lake Taihu sediment, AOA outnumbered AOB
in lake zones dominated with algal bloom. No significant
differences in the relative abundance or the community
composition of AOA and AOB appeared in sediments or
freshwater between algae type (A) and macrophyte type
(M) zones (Wu et al., 2010; Auguet and Casamayor,
2013). However, due to the complexity of the lake
ecosystem and the lack of geochemical information, most
of these previous investigations focused on a limited
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number of freshwater sediment samples or lakes; there-
fore, it was still not known if the niche separations be-
tween AOA and AOB held true across large-scale
freshwater ecosystems. A different type of ecological re-
search needed to be conducted to understand the distri-
bution of ammonia-oxidizing prokaryotes and their
dynamics and impaction factors.

This study was designed to gain insight into the het-
erogeneity distribution of AOA and AOB in freshwater
sediment from 3 distinct ecological types (algae type,
transitional type and macrophyte type). To address these
aims, the sediment sample of eight lakes, each with a dif-
ferent ecosystem when compared to the others, were cho-
sen to investigate the relationships of ecological type and
physicochemical factors as they relate to the distribution
of ammonia-oxidizing archaeca and ammonia-oxidizing
bacteria. Characterized respectively by real-time quanti-
tative PCR (qPCR) and the terminal restriction fragment
length polymorphism (T-RFLP), the abundance, commu-
nity composition and diversity of ammonia-oxidizing
prokaryotes were analyzed to extend our knowledge about

the heterogeneity distribution of AOA and AOB in fresh-
water sediments from different ecological types.

METHODS
Sampling site description and sample collection

Lake sediment samples were taken from four
mesotrophic lakes (Lake Luoma, Lake Baima, Lake
Gaoyou, Lake Gucheng) and four eutrophic lakes (Lake
Taihu, Lake Shijiu, Lake Xuanwu and Lake Hongze) in
Jiangsu Province, China (Fig. 1). Based on previous de-
scriptions (Qin, 2009) and the data from our survey on the
ratio of submersed plants and phytoplankton in different
seasons from each of the different lakes, all sites could be
clearly characterized as algae type zones (with an average
ratio below 1) or transitional type zones (with an average
ratio between 1 and 100) and macrophyte type zones (with
an average ratio above 100) in the different lakes (Tab. 1;
Supplementary Tab. 1).

Sediment cores were collected during May 20-21,
2012 (spring samples) using a beaker-type sampler, and
the surface sediment of 1 cm was transferred to a sterile

Tab. 1. Physicochemical characteristics of pore water from the surface lake sediment.

pH NO, N NH,"-N DIP TOC C:N Type
(mg/kg) (mg/kg) (mg/kg) (mg/kg)
LMI 7.18 0.18 8.09 0.04 127.83 15.46 T
LM2 7.20 0.20 7.01 0.04 114.83 15.93 T
LM3 7.26 0.26 9.15 0.04 117.83 12.52 T
BMI 7.12 1.44 8.54 0.02 254.70 25.52 T
BM3 7.14 222 14.24 0.02 294.55 17.89 M
GCl 6.87 0.86 9.94 0.03 176.50 16.34 T
GC3 7.10 0.29 16.68 0.04 83.65 493 T
GY1 6.98 0.58 11.70 0.05 83.30 6.78 T
GY2 7.42 0.46 10.07 0.14 51.45 4.89 T
GY3 7.05 0.41 9.08 0.05 167.10 17.61 M
XW1 7.33 0.16 7.49 0.06 91.73 11.99 A
XW2 7.14 0.36 10.12 0.02 113.73 10.85 A
XW3 7.14 0.26 8.32 0.02 95.58 11.14 A
Sl 6.61 2.06 18.65 0.01 162.85 7.86 A
SJ2 6.87 0.35 11.20 0.01 91.13 7.89 A
SJ3 7.17 0.35 13.62 0.02 90.25 6.46 A
T 7.11 2.29 29.12 0.11 4833 1.54 A
T4 7.38 0.44 14.37 0.02 19.82 1.34 A
TS 7.49 0.81 12.97 0.02 47.95 3.48 A
T8 7.39 1.20 9.77 0.01 22.19 2.02 T
T10 6.92 1.59 16.17 0.03 64.45 3.63 M
S2 7.41 1.13 8.89 0.05 25.60 255 T
S4 7.39 0.41 11.07 0.04 35.90 3.13 A
HZ!1 7.65 0.32 6.78 0.00 59.28 8.35 A
HZ3 7.87 0.25 10.44 0.05 33.10 3.10 A
HZ6 7.73 0.22 7.77 0.07 53.40 6.68 A
Hz7 7.56 0.29 13.99 0.03 27.20 1.90 A
HZ8 7.69 0.82 12.80 0.00 43.05 3.16 A
HZ9 7.71 1.05 16.40 0.01 69.78 4.00 A

DIP, Dissolved inorganic phosphorus; TOC, total organic carbon; C:N means the ratio of total dissolve organic matters to nitrogen (NO;-Nplus NH, -N);
T, transitional-type zone; M, macrophyte-type zone; A, algae-type zone; the ecological type of the lake zones could be divided by the average ratio of
submerged plants to phytoplankton according to the Supplementary Tab. 1.
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tube. The sediment samples were transported on ice to the
laboratory, and one part was used for chemical analysis,
while another was stored at -80°C until measurement
could be taken.

Chemical analysis of pore water quality in sediment

The chemical matter concentrations were measured in
pore water of centrifuged sediments passed through 0.45
pm mixed-fiber membrane. Total organic carbon (TOC)
contents in pore water of sediment were analyzed by SHI-
MADZU TOC-5000A. Dissolved inorganic phosphorus
(DIP) was determined by persulfate oxidation and spec-
trophotometry using a Shimadzu UV 2450 spectrophotome-
ter. The aqueous NO;N and NH,*-N concentrations were
detected by UV-spectrophotometry, N-(1-naghthyl)-1,
2-diaminoethane dihydrochloride spectrophotometry and
Nessler’s Reagent Spectrophotometry.

DNA extraction and amplification of archaeal and
bacterial amoA

Total DNA was extracted from 0.25 g of lyophilized
sediment using a Power DNA Extracted Kit (Mo Bio,
Carlsbad, CA, USA) following the manufacturer protocol.
The quantity and the quality of DNA were determined
using NanoDrop spectrophotometer 2000 (NanoDrop

Technologies Inc, Wilmington, DE, USA). For terminal re-
striction fragment length polymorphism (T-RFLP) and
cloning analysis, archaeal amoA fragments were amplified
with primers Arch-amoAF and Arch-amoAR set (Di et al.,
2009; Covich et al., 1999). The 25 uL PCR mixture con-
tained 1xXPCR buffer, 2.0 mM MgCl,, 200 uM of each
dNTP, 1.5 U ExTaq DNA polymerase (Takara, Dalian,
China), 0.5 uM of each primer and 0.5 puL of purified sed-
iment DNA. The PCR protocol described by Francis (Fran-
cis et al., 2005) was followed using 35 cycles. Bacterial
amoA was amplified using a similar protocol as for archaeal
amoA using the primer set amoA-1F/amoA-2R-TC set
(Rotthauwe et al., 1997). The PCR was run for 30 cycles.

Real-time PCR analysis of archaeal and bacterial
amoA

Real-time PCR was performed to quantify the archaeal
and bacterial amoA copy numbers using the primer sets
Arch-amoAF/Arch-amoAR and amoA-1F/amoA-2R-TC,
respectively. The quantification was based on SYBR Green
IT chemistry, with a total of 40 cycles run on a Bio-Rad
CFX96 real-time System (Bio-Rad Laboratories, Hercules,
CA, USA). Each reaction was performed in a 20 pL volume
containing 5-29 ng of template DNA, 0.2 uM of each
primer and 10 pL of SYBR II Premix Ex TaqTM (Takara,
Dalian, China). The specificity of the PCR was checked by
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Fig. 1. Black dots and numbers represent the sampling site location in different lakes.
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melting curve analysis and gel electrophoresis. The envi-
ronmental DNA extracts did not inhibit PCR amplification
using the methods described by Horz and Kontanis (Horz
et al., 2004; Kontanis and Reed, 2006).

Ten-fold serial dilutions of plasmid DNA of a known
concentration were prepared for the construction of a stan-
dard curve covering six orders of magnitude (1.0x10! to
1.0x10° copies of template for archaeal amoA and 1.0x10?
to 1.0x107 copies of template for bacterial amoA). The
amplification efficiencies were 91.8% for archaeal amoA
(R?=1.00) and 90.2% for bacterial amoA4 (R*=0.99), re-
spectively. Data analysis was carried out with iCycler
software, ver. 1.0.1384.0 CR. The parameter Ct (threshold
cycle) was determined as the cycle number at which a sta-
tistically significant increase in the reporter fluorescence
was detected.

Terminal restriction fragment length polymorphism
analysis of amoA genes

T-RFLP analysis of bacterial amoA genes was per-
formed according to (Ke and Lu, 2012). Briefly, each PCR
amplification was performed in triplicate using the primer
pair amoA-1Fand amoA-2R with the forward primer
FAM-labeled. Amplicons were digested with Mspl
(Takara), and after the purification, the digestion products
were mixed with formamide and the internal standard
DNA size standard 600 bp (Beckman). The mixture was
denatured at 95°C for 3 min and DNA fragments were
size-separated using a CEQ8000 Genetic Analyzer (Beck-
man CEQ8000). For T-RFLP analysis of archaeal amoA4
genes, the FAM-labeled archaeal-AF and archaeal-AR
primer pair were used (Francis et al., 2005). Amplicons
were digested with Hpy8I (Saiyanbio, Nanjing, China),
and the digestion products were analyzed similarly as for
the bacterial amoA genes.

Cloning, sequencing and phylogenetic analysis

The products of triplicate PCR amplifications of ar-
chaeal or bacterial amoA4 were pooled, gel purified and
cloned using the pMD-19T Vector (Takara) according to
the manufacturer instructions. Putative clones were
screened directly by PCR using the primer sets Arch-
amoAF/Arch-amoAR for archaea and amoA-1F/amoA-
2R-TC for bacteria, and randomly selected clones
containing the inserts were sequenced (Genomics, Shang-
hai, China). Operational taxonomic units (OTUs) estima-
tors were calculated using Mothur (Schloss et al., 2009).
Retrieved archaeal amoA and bacterial amoA sequences
as well as the closest matched sequences identified using
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) were
aligned using CLUSTAL X 1.83. Phylogenetic trees were
constructed based on a 3% cut-off using the neighbor-
joining method based on the Jukes-Cantor correction (ar-

chaeal amoA) and Jones-Taylor-Thornton substitution
model (bacterial amoA) by MEGA version 5. Bootstrap
support was calculated (1000 replications).

The sequences obtained in this study have been de-
posited in GenBank with accession numbers KC756621-
KC756795 (environmental archaeal amoA clones except
KC756635) and KC756422-KC756620 (environmental
bacterial amoA clones except KC756596).

Statistical analysis

Analysis of variance (ANOVA) and correlation analysis
were performed using the SPSS 18.0 package (SPSS,
Chicago, IL), with values of 0.05 or 0.01 selected for sig-
nificance. The size and relative abundance of terminal re-
striction fragments (T-RFs) were quantified using PeakScan
version 1.0 software (Applied Biosystems, Inc., Carslbad,
CA, USA). The peak heights of T-RFs that differed in size
by <2bp in an individual profile were summed and consid-
ered as one fragment; furthermore, the fragments with a
signal above 1% of the sum of all peak heights were in-
cluded (Chen et al., 2012). The community structures of
AOB and AOA derived from T-RFLP fingerprints were an-
alyzed by non-metric multidimensional scaling (NMS)
using PC-ORD version 5.10 (MjM Software, Gleneden
Beach, OR, USA). To summarize,data matrices of the com-
munity fingerprints were arc-sinus square root transformed,
and the Bray-Curtis distance measure was used to generate
dissimilarity matrices. The data in the second matrix were
relativized by dividing values within each variable by col-
umn totals. The NMS was run using a random starting con-
figuration, a maximum of 250 iterations and an instability
criterion of 0.00001 and performed on 250 runs with the
real data and 250 runs with randomized data to test for the
null hypothesis. For a two-dimensional solution with the
lowest possible stress value, a final run using the best start-
ing configuration from the first run was performed.

RESULTS

Physicochemical properties of sediment from different
lakes

The physicochemical properties of sediments sampled
from eight lakes were different (Tab. 1; Fig. 2). Based on
current literature and our measured data of ecological
types, the water body was divided into three categories.
Among the different ecological type lake zones, a great
variance in physicochemical parameters was observed.
For example, the greatest NO; N content in sediment
(2.29 mg kg at site BM3) was 14.1 times higher than the
lowest values (0.16 mg kg ! at site XW1) (Tab. 1). The
concentration of organic matters in pore water of sediment
was about 20 times (394.55 mg kg! at site BM3) in
macrophyte type zone higher than that in algae type zone
(19.82 mg kg ! at site T4). The ratios of C:N in most algae
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type zones were lower than that in transitional type zones
or macrophyte type zones.

Abundance of ammonia-oxidizing archaea and
ammonia-oxidizing bacteria

Quantitative PCR analysis indicated that the abundance
of AOA and AOB extensively varied with different lakes
sediment (Fig. 3). The archaeal amoA gene copy numbers
ranged from 6.6x10*per gram of dry sediment at site BM 1
in transitional-type zone to 3.9x107 per gram of dry sedi-
ment at site HZ6 in algae-type zone, whereas the bacterial
amoA gene copy numbers ranged from 2.6x10° per gram
of dry sediment at site BM3 in macrophyte-type zone to
2.4x107 per gram of dry sediment at site GY'1 in transi-
tional-type zone. However, the archaeal and bacterial amoA
gene copy numbers did not vary in sediments with the eco-
logical types, for example in some algae type zones (XW
and SJ) archaeal or bacterial amoA gene copy numbers
were lower than those in some transitional type (S2,T8,
GY2 or GC1, GC3, GY1), whereas in other algae-type
zones (HZ lakes) archaeal or bacterial amoA4 gene copy
numbers were higher than those in transitional type zones
(LM1, LM2 and BM1). Consequently, the ratio of AOA to
AOB varied from 17 at site T7 to 0.03 at site BM1 by al-
most four orders. The archaeal amoA gene copy numbers
were higher than the bacterial amoA gene (excluding XW1,
XW2, XW3, SJ1, SJ2 with the higher concentration of or-

ganic matters), whereas the bacterial amoA were more
abundant than archaeal amoA in the transitional-type sedi-
ments excluding GY2, S2, T8 and T10 with the lower con-
centration of organic matters. It indicated that the content
of organic matters rather than the ecological type of the
lakes might play an important role in affecting the distri-
bution of AOA and AOB. Pearson’s correlation coefficients
were used to investigate the correlations between the lake
properties and the AOA or AOB abundance (Tab. 2). A sig-
nificant relationship between environmental factors and the
archaeal amoA gene numbers instead of the bacterial amoA
gene numbers was observed. There were strong correlation
between archaeal amoA gene numbers and pH, as well as
total organic matter (TOC) content in the sediment respec-
tively (R?=0.612, P<0.01; R*>=-0.485, P<0.01, respectively)
(Wueet al., 2010). The relative abundance of AOA and AOB
amoA gene numbers also correlated with pH and TOC,
which were the result of a correlation between the archaeal
amoA gene numbers and the relative abundance of AOA
and AOB indicating that AOA might play an important role
in poor organic sediments (Tab. 2).

Phylogenetic affiliation of amoA sequences

Ten clone libraries (in sediments from T2, T4, XW1,
HZ6,HZ1,SJ1, SJ3, BM1, GC1 and T10 sites) represent-
ing eutrophic zones, estuaries and mestotrophic zones
were constructed to elucidate the phylogeny of amoA
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genes (Fig. 4; Tab. 3). For archaeal amoA library, 17-31
clones were randomly selected and sequenced. Based on
a 3% cut-off, 19 operational taxonomic units (OTUs) out
of 142 clones were identified (Tab. 3). Among the 142
aracheal amoA sequences retrieved, 93.1% and 6.9% fell
within the Crenarchaeotal Group (CG) I.1a (M) and the
CG L.1b (S) respectively (Fig. 4). The sequences affiliated
with the Crenarchaeotal Group (CG) I.1b (S) were all de-
rived from sediment in the eutrophic zones, whereas in
the CG I.1a (M), the sequences came from both zones.
These sequences can be further classified into six subclus-
ters with most sequences falling within subclusters S3,
M1 and M2 (Fig. 5). And subcluster M2 was dominated
at all sites. Five of the T-RFs detected (T-RF56, T-RF 196,
T-RF239 and T-RF635) could be assigned to define phy-
logenetic groups, and T-RF 56 was detected in more than
one phylogenetic group. Other T-RFs (T-RF196, T-
RF239, and T-RF635) were only detected in one phylo-
genetic group. Most sequences were related to
Nitrosopumilus maritimus SCM1 sequences (T-RF56),

and Candidatus Nitrososphaera gargensis-related se-
quences (T-RF196, T-RF635) were only detected in Cre-
narchaeotal Group (CG) L.1b (S).

For bacterial amoA library, 19-34 clones were ran-

Tab. 2. The correlations between abundance of amoA genes
copies and environment factors of pore water from sediments.

Abundance’
AOA AOB AOA:AOB
pH 0.612™ -0.188 0.390"
NO, N -0.045 -0.220 0.105
NH,"-N -0.072 -0.113 -0.008
DIP 0.222 0.137 0.002
TOC -0.485™ -0.013 -0.520™
C:N -0.477" 0.045 -0.556""

°Pearson correlation coefficient; AOA, ammonia-oxidizing archaea;
AOB, ammonia-oxidizing bacteria, significance at "0=0.05 level;
-

a=0.01 level.
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Fig. 3. Abundance of ammonia-oxidizing archaea (AOA; black bar) and ammonia-oxidizing bacteria (AOB; grey bar) are expressed as
amoA gene copies; the ratio of AOA and AOB are represented by a circle scatters in the sediments. The content of total organic matters
are shown by a triangle scatters in different lakes sediment. A, algae-type zones; M, macrophyte-type zones; T, transitional-type zones.
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domly selected and sequenced. Based on a 3% cut-off, 26 DISCUSSION
operational taxonomic units from 194 clones were iden-
tified, among which 60.4% and 18.7% fell within the Ni-
trosospira-like sequences and Nitrosomonas oligotropha/
ureae sequences respectively (Fig. 4). Nitrosospira-like
sequences were ubiquitous and dominated at all sites,
whereas most Nitrosomonas communis sequences ap-
peared in eutrophic zones. Eight of the T-RFs detected
(T-RF60, T-RF97, T-RF104, T-RF154, T-RF234, T-RF256,
T-RF264 and T-RF491) could be assigned to define phy-
logenetic groups, and T-RF-60, T-RF-104, T-RF-154 were
detected in Nitrosospira. Other T-RFs were only detected
in Nitrosomonas sequences. Most sequences were related
to Nitrosospira sequences (T-RF-60).

Freshwater sediment as well as the seawater emerged
as one of the largest reservoirs of archaeal diversity; how-
ever, the distribution pattern of these prokaryotes is still
not clear in lake ecosystems with different ecological
types. In our study, AOA and AOB were both ubiquitous
in the freshwater sediments. The size and structure of the
AOB and AOA communities at the sites were not ran-
domly distributed but instead exhibited spatial patterns.
These results agree with previous work showing that AOB
and AOA communities exhibit biogeographical patterns
across freshwater or soil ecosystems (Beman and Francis,
2006; Bannert ef al., 2011; Auguet and Casamayor, 2013).
The spatial patterns in the freshwater system showed that
the AOB abundance decreased when the AOA increased
with the lower concentration of organic matters indicating
that AOB and AOA communities were influenced by dif-

The community structure of ammonia-oxidizing
archaea and ammonia-oxidizing bacteria in sediments

The T-RFLP profiles generated by each enzyme of the ferent environmental factors. The correlations suggest that
amplified amoA genes from the AOB and AOA commu- the AOA abundance was negatively influenced by the
nities consisted of five to eight dominant and several total dissolved organic carbon and nitrogen content in the
minor peaks. When combining profiles from the corre- pore water of the sediment as well as its pH reading,
sponding enzymes, the total numbers of peaks were 32 whereas no significant correlations were found between
and 31 for AOB and AOA, respectively. The NMS ordi- the AOB abundance and environmental factors.
nation revealed that the community structure of AOA de- It appeared that AOA were physiologically inhibited by
pended on some environmental factors in the sediment, the accumulation of organic matters, and AOA may not be
while the community structure of AOB were not changed so important in organic matters-rich environment (Konneke
(Fig. 6). Differences in community structure among the etal.,2005; Wesséna et al., 2010; Wu et al., 2010; Tournaa
samples for AOA community were supported by final et al., 2011). This negative correlation between the AOA
stress values (9.7), the Monte Carlo test (P<0.005; 500 abundance and TOC could be due to the competition of am-
permutations), and the strong correlation between dis- monia oxidizers with N-demanding heterotrophs for avail-
tances in the two-dimensional ordination space and the able ammonia and oxygen since the latter would be favored
original space (R=0.95). For the AOA communities, no in high C:N ratio. Because a higher C and N content in the
separation appeared among different ecological type sediment could lead to a higher mineralization rate and re-
zones, and the bi-plot showed that the separation of sites lease of nutrients, our results implied that AOA are favored
was mainly explained by the ratio of C:N and TOC along in the habitats that are poor in nutrients. This is supported
axis 1 (28.3%). by recent works reporting that AOA are adapted to low-nu-

Tab. 3. The observed and estimated richness of archaeal and bacterial amoA gene libraries in sediments.

Sampling location AOA AOB
numbers OTU Chaol Shannon Cloned numbers OTU Chaol Shannon

TH2 15 3 3.0 0.7 10 3 3 0.94
TH4 15 6 6.3 1.6 19 6 7 1.63
THI10 16 3 4.0 0.5 18 5 11 0.84
HZ6 25 4 4.0 0.9 21 3 3 0.84
HZ1 21 4 4.0 1.1 25 5 11 0.66
SJ1 15 7 10.0 1.7 22 1 1 0
SJ3 19 4 7.0 0.6 19 9 14 1.98
BMI1 - - - - 14 7 13 1.77
GCl1 16 1 1.0 0.0 26 4 4 0.97
XWI1 - - - - 20 6 7.5 1.33
Total 142 19 31.0 2.1 194 26 41.6 2.1

AOA, Ammonia-oxidizing archaea; AOB, ammonia-oxidizing bacteria; OTU, operational taxonomic unit; OTUs were defined as 3% difference in nucleic
acid sequences alignment for both archaeal and bacterial amoA. Null means the lack of detection.
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trient conditions (Erguder et al., 2009; Wessen et al., 2011,
Hou et al., 2013). Aquatic macrophytes are the main pri-
mary producers and one of the most important sources for
sediment organic matters in most macrophytes type or tran-
sitional type lake zones; they can form black organic carbon
compounds, generate ammonia as the end-product in de-
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composition process, and decrease pH and redox potential
in sediments, whereas high algal biomass instead of macro-
phytes appear in most A-type lake zones, where the sus-
pended sediments are prone to be oxidized leading to lower
organic matters and high pH in sediments, especially when
algal blooms occur. The concentration of nutrients such as
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Fig. 4. Neighbor-joining phylogenetic trees of archaeal amoA (A) and bacterial amoA (B) show the representative sequences retrieved
in this study with similarity less than 97% for each library, key reference sequences and closest matched sequences. Only bootstrap
values higher than 70% are shown near nodes. The nomenclatures of clusters for AOB follow Purkhold et a/. (2003). Numbers in paren-
theses indicate the number of sequences affiliated to the same operational taxonomic unit (OTU).
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ammonia assimilated by algae decreased dramatically in
sediments from A-type lake zones (Scheffer et al., 1993;
Covich et al., 1999; Williamson et al., 1999; Qinglong et
al., 2013). Although XW and SJ lakes were A-type, they
were affected by domestic sewage and fish farming respec-
tively, resulting in higher C and N content in the sediment.
While in the zones (T8, T10 and S2) Potamogeton spp. and
Ceratophyllum spp. were the dominant submerged plants,
and their roots did not reach the surface of sediment result-
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ing in limited effects of the root on the microbial activity
in sediment owing to the release of oxygen and organic car-
bon from their roots (Wu et al., 2010). In the sediments pore
water, pH was a differentiating factor for the AOB and
AOA habitats as has been discussed previously, but there
were conflicting results with some studies showing a neg-
ative correlation to pH, and others showing that in most
soils, the AOA were negatively impacted by low pH as in
our study (He et al., 2007; Di et al., 2009; Hallin et al.,
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Fig. 5. The relative abundance of archaeal amoA4 (AOA) and bacterial amoA (AOB) gene clone libraries are shown here at ten sites

from different lakes.
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Fig. 6. Non-metric multidimensional scaling analysis of effects of the different environmental factors on the ammonia-oxidizing archaea
(AOA) community structure. It was determined by T-RFLP analysis of amoA genes. The environmental factors were incorporated in
the analysis using vector fitting with ordination scores. Only those with R>>0.2 are included. Square scatters represent sample sites; ar-
rows represent environmental factors of the sediment pore water.
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2009; Herrmann et al., 2009; Jia and Conrad, 2009; Wu et
al., 2010; Yao et al., 2011; Zeng et al., 2012; Hu et al.,
2013). Moreover some studies suggested that no significant
correlation appeared between pH and the relative abun-
dance of AOA and AOB (Di et al., 2009; Hou et al., 2013).
Contradictory results concerning the effect of pH on AOA
abundance could be explained by differences in the physi-
ological diversity within the archaeal communities present
in freshwater sediment.

The community structure of AOA and AOB did not
shift with the trophic status of overlying water in Lake
Taihu though other researchers stated that the AOA or
AOB community structure could vary in high mountain
lake or eutrouphic lakes (Herrmann et al., 2009; Wu et
al., 2010; Hou et al., 2013). The NMS ordination of the
AOA communities does not show a separation between
the samples from the ecological type in freshwater sedi-
ment. Although weak correlations were found between
the AOA community structures and the TOCs, which sug-
gest that the TOCs might play a role in driving the AOA
community composition.

Phylogenetic analysis indicated that most AOA amoA
gene sequences in this study were closely related to un-
cultured sediment AOA found at other places. The se-
quences affiliated with the Crenarchaeotal Group (CG)
L.1b (S) were all derived from the eutrophic zones,
whereas the CG 1.1a (M) sequences were affiliated with
both zones. A phylogenetic tree also showed that the most
closely related M2 sequences were all from the estuary or
Lake Taihu sediments (Mosier and Francis, 2008; Wu et
al., 2010; Jin et al., 2011). The affiliation of sequences
obtained from freshwater environments with sequences
derived from marine and soil habitats, wastewater treat-
ment plants, and hot springs indicates that the phylogeny
of archaeal amoA is not primarily linked to general habitat
types, as was originally proposed (Yao et al., 2011). The
results obtained in this study suggest that ecosysterm
structure related to ecological type lakes, such as pH and
TOC in pore water of sediment, may play a critical role
in the phylogenetic affiliation of freshwater AOA.

AOB results were also consistent with previous reports
that two genera Nitrosomonas and Nitrosospira were the
dominant AOB in sediments or benthic compartment
(Kowalchuk and Stephen, 2001; Coci et al., 2008; Mosier
and Francis, 2008; Chen et al., 2009; Jin et al., 2011;
Zhang et al., 2011). Nitrosospira-like sequences were
ubiquitous and dominated at all sites, whereas lots of N.
communis sequences appeared in eutrophic zones. All the
retrieved AOB sequences were similar to amoA genes
within the genus Nitrosospira, which was the most fre-
quently found beta proteobacterial ammonia oxidizer in
soil (Wessen et al., 2011). This spatial heterogeneity could
be explained mainly by nitrogen contents in the lake zones
studied. Because of their high affinity with resources re-

quired for their growth and demand for a selective envi-
ronment, they could be detected in most oligotrophic fresh-
water environments and some eutrophic lake sediment.
AOB sequences belonging to N. communis lineage, al-
though infrequently detected in freshwater environments,
exhibit strong heterogeneity according to the ecophysio-
logical traits of their members. They were often obtained
from neutral agricultural soils and sewage from waste-
water treatment plants too, which indicate that AOB
species can be divided in ecotypes (Koops and Pommeren-
ing-Roser, 2001; Cebron et al., 2003; Chen ef al., 2009).

CONCLUSIONS

In conclusion, we have shown that bacterial and ar-
chaeal ammonia oxidizers exhibit spatial patterns in fresh-
water sediment across a large geographical scale.
Archaeal amoA far outnumbered bacterial amoA at most
sites with the lower concentration of the organic matter.
The content of the TOC exhibited significant negative cor-
relations with the abundance of AOA. All archaeal amoA
sequences fell within either Crenarchaeotal Group (CQG)
L.1b or CGI.1a subgroup, and all AOB clustered with
genus Nitrosomonas or Nitrosospira. The information ac-
quired in this study elucidates the role of ammonia-oxi-
dizing archaea and ammonia-oxidizing bacteria in the
nitrogen cycle of freshwater ecosystems. Future research
should include a more extensive spatio-temporal investi-
gation, a breakdown of AOA or AOB transcript abun-
dance and a more precise nitrification measurement.
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Supplementary Tab. 1. The ratio of submerged plants to phytoplankton in different seasons from different lakes.

July 2011 December 2011 February 2012 May 2012 Average
LMI 0.00 0.00 11.14 35.94 11.66
LM2 0.00 0.00 15.14 47.94 15.62
LM3 0.00 0.00 10.14 37.94 12.76
BM1 31.79 39.74 51.28 58.04 4591
BM3 195.10 97.84 0.00 253.02 122.63
GCl 12.86 43.13 0.00 5.89 21.00
GC3 4.21 1.00 0.00 2.55 2.05
GY1 91.49 4.24 0.00 25.29 42.47
GY2 49.08 0.00 2.44 0.00 24.09
GY3 3.91 216.55 90.82 716.48 185.33
S2 17.95 12.08 0.00 0.00 8.15
T8 0.99 18.90 0.00 48.39 34.63
T10 818.25 3509.45 0.00 242.18 467.42
XW1 0.00 0.00 0.00 0.00 0.00
XW2 0.00 0.00 0.00 0.00 0.00
XW3 0.00 0.00 0.00 0.00 0.00
SI1 0.00 0.00 0.00 0.00 0.00
SI2 0.00 0.00 0.00 0.00 0.00
SI3 0.00 0.00 0.00 0.00 0.00
T4 0.00 0.00 0.00 0.00 0.00
T2 0.00 0.00 0.00 0.00 0.00
T5 0.00 0.00 0.00 0.00 0.00
S4 0.00 0.00 0.00 0.00 0.00
HZ1 0.52 0.00 0.00 0.00 0.12
HZ3 0.00 0.00 0.00 0.00 0.00
HZ6 0.00 1.54 0.00 0.00 0.27
HZ7 0.03 0.00 0.00 0.00 0.01
HZ8 0.00 0.00 0.00 0.00 0.00
HZ9 0.04 0.00 0.00 0.00 0.00

Zero values of submerged plant biomass are plotted as 0.01 g m™?. According to the ratio of submersed plants to phytoplankton in different seasons from
each of the different lakes, all sites could be clearly characterized as A-type zones (with an average ratio below 1) or T-type zones (transitional type
with an average ratio between 1 and 100) and M-type zones (with an average ratio above 100) in the different lakes.





