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Abstract In the present study, we explored the metabolic
versatility of anaerobic ammonium oxidation (anammox) bac-
teria in a variety of Fe (IIl) concentrations. Specifically, we
investigated the impacts of Fe (III) on anammox growth rates,
on nitrogen removal performance, and on microbial commu-
nity dynamics. The results from our short-term experiments
revealed that Fe (III) concentrations (0.04—0.10 mM) signifi-
cantly promote the specific anammox growth rate from
0.1343 to 0.1709 d°'. In the long-term experiments, the
Anammox-anaerobic sequencing batch reactor (ASBR) was
operated over 120 days and achieved maximum NH,*-N,
NO, -N, and TN efficiencies of 90.98 + 0.35, 93.78 + 0.29,
and 83.66 + 0.46 %, respectively. Pearson’s correlation coef-
ficients between anammox-(narG + napA), anammox-nrfA,
and anammox-FeRB all exceeded r = 0.820 (p < 0.05),
confirming an interaction and ecological association among
the nitrogen and iron-cycling-related microbial communities.
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[lumina MiSeq sequencing indicated that Chloroflexi (34.39—
39.31 %) was the most abundant phylum in an Anammox-
ASBR system, followed by Planctomycetes (30.73-35.31 %),
Proteobacteria (15.40—-18.61 %), and Chlorobi (4.78—
6.58 %). Furthermore, we found that higher Fe (III) supple-
mentation (>0.06 mM) could result in the community succes-
sion of anammox species, in which Candidatus Brocadia and
Candidatus Kuenenia were the dominant anammox bacteria
species. Combined analyses indicated that the coupling of
anammox, dissimilatory nitrogen reduction to ammonium,
and iron reduction accounted for nitrogen loss in the
Anammox-ASBR system. Overall, the knowledge gained in
this study provides novel insights into the microbial commu-
nity dynamics and metabolic potential of anammox bacteria
under Fe (III) supplementation.

Keywords Anammox - Fe (III) - MiSeq sequencing -
Microbial community - Biological nitrogen removal

Introduction

Anaerobic ammonium oxidizing (anammox) bacteria, which
were discovered in a denitrifying fluidized bed reactor in the
early 1990s, have the unique ability to couple ammonium and
nitrite to form N, (Strous et al. 1999; van de Graafetal. 1997).
As chemolithoautotrophic bacteria, anammox bacteria are af-
filiated with a monophyletic group in the phylum
Planctomycetes (Strous et al. 1999), and five candidate genera
within it including Candidatus Brocadia, Candidatus
Kuenenia, Candidatus Scalindua, Candidatus
Anammoxoglobus, and Candidatus Jettenia have been detect-
ed by using 16S and 23S ribosomal ribonucleic acid (rRNA)
gene sequencing (Kartal et al. 2013; Kuenen 2008).
Anammox-related techniques have been successfully used to
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remove nitrogen applied in nearly 100 full-scale wastewater
treatment plants due to their high efficiencies and low cost
(Guo et al. 2016; Lotti et al. 2015; Van der Star et al. 2007).
However, the very low growth rate of anammox bacteria and
their sensitivity to environmental factors, such as heavy
metals, organic matter, pH, and DO (dissolved oxygen) (Jin
et al. 2012), have been considered major obstacles for the
mainstream and side-stream applications of the anammox-
related process.

Many strategies, including wash-out methods, PVA-SA gel
immobilization, Fe (II) addition, and an ultrasound field (Ali
et al. 2015; Duan et al. 2011; Gao et al. 2014; Liu and Horn
2012; Liu and Ni2015; Qiao et al. 2013), have therefore been
developed to enhance the growth rate and cellular yield of
anammox bacteria. Moreover, several incubation systems for
anammox bacteria have been developed, such as sequencing
batch reactor (SBR), upflow anaerobic sludge blanket
(UASB), gas-lift reactors, fluidized bed, membrane bioreactor
(MBR) (Table S1), and rotating biological contactors (Kartal
et al. 2012; Schmidt et al. 2004; Van de Graaf et al. 1996).
Strengthening anammox activity with low-energy input and
high feasibility is a highly sought after research goal in the
present and for the future.

As the fourth most abundant element of the Earth’s crust,
iron (Fe) is of great application value (Melton et al. 2014) and
iron is often encountered in wastewaters such as landfill leach-
ates, power plants, and metal industrial wastewaters. In addi-
tion, ferric salts are often utilized as precipitants in the process
of wastewater treatment. Iron is a potential energy source and
an essential substrate for anammox bacteria. Microbial iron
cycling, which includes iron-oxidizing bacteria (FeOB) and
iron-reducing bacteria (FeRB) (Table S1), plays a key role in
global nitrogen and iron cycling. Currently, ammonium oxi-
dation coupled with the reduction of ferric iron (Fe (III)) can
produce N,, NO, , or NO; (termed as Feammox) in intertidal
wetlands, tropical forest soil, and paddy soils (Ding et al.
2014; Li et al. 2015; Yang et al. 2012). Since the generation
of N, is more energetically favorable than the production of
NO; or NO, , Feammox is considered a potentially signifi-
cant contributor to nitrogen removal in soils. However, wheth-
er Feammox can be used for nitrogen removal for NH,"-rich
wastewater in wastewater treatment plants remains unverified.
This inspired us to explore the role of Feammox in an
Anammox- anaerobic sequencing batch reactor (ASBR) sys-
tem in the presence of different levels of Fe (III)
supplementation.

Anammox and Fe (III)-related microbial communities in-
clude several rRNA and functional genes, which have played
pivotal roles in nitrogen and iron cycling, namely, FeOB 16S
rRNA (Acidimicrobium spp. and Ferrovum myxofaciens),
FeRB 16S rRNA (Albidiferax ferrireducens, Geobacter spp.,
and Acidiphilium spp.), anammox 16S rRNA, archaea ammo-
nia monooxygenase (AOA-amoA), ammonia monooxygenase
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(AOB-amoA), nitrite oxidoreductase (nxrA), periplasmic ni-
trate reductase (napA), membrane-bound nitrate reductase
(narG), dissimilatory nitrite reductase (nrfA), copper-
containing nitrite reductase (nirK), nitrite reductase (nirsS),
and nitrous oxide reductase (nosZ) (Kandeler et al. 2006;
Melton et al. 2014; Zhi et al. 2015). Nevertheless, the long-
term effect of Fe (III) on these genes and any ecological asso-
ciation between these functional genes remains unclear.

Molecular biological methods which have been widely
used to investigate microbial communities during the
anammox process (Kartal et al. 2012) involve fluorescence
in situ hybridization (FISH), denaturing gradient gel electro-
phoresis (DGGE), and sequencing after cloning. With the rap-
id development of next-generation sequencing, metagenomic
studies have been applied to investigate the microbial com-
munity structures in full-scale wastewater treatment plants (Ye
and Zhang 2013; Zhang et al. 2011). Some species of
anammox bacteria have already been assembled using
metagenomic shotgun sequencing (Guo et al. 2016; Strous
et al. 2006). Nevertheless, little is known about the dynamics
of the taxonomical and functional microbial community under
different Fe (III) supplementation conditions. Knowledge of
microbial community structures and how they are impacted by
different Fe (III) supplementation is therefore essential for
understanding the feasibility of using Feammox in an
Anammox-ASBR system.

Given the above arguments, the present study was conduct-
ed with the following objectives: (1) to assess the effects of Fe
(IIT) concentrations on anammox growth rates and activity
using batch tests, (2) to evaluate the treatment performance
of nitrogen removal under different Fe (III) supplementation
in an Anammox-ASBR system, (3) to quantify the variation of
rRNA and functional genes in an Anammox-ASBR system
and to investigate the ecological associations between nitro-
gen and iron-related functional genes, and (4) to reveal the
dynamics of nitrogen- and iron-related microbial communities
in the presence of different Fe (III) supplementation
conditions.

Methods
Anammox biomass

The anammox biomass used in this study was obtained from a
laboratory-scale SBR that had been in operation for over
2 years. The reactor was incubated in a greenhouse under
mesophilic conditions (35 + 2 °C), with mineral medium and
trace element solutions (I and II) (Van de Graafet al. 1996). The
hydraulic retention time (HRT), influent pH, NH,*-N, and
NO, -N concentrations were 4 h, 7.4 + 0.21, 199 + 4.5 mg-
N/L, and 221 + 3.6 mg-N/L, respectively. The removal effi-
ciencies of NH,*-N and NO, -N were 94 0.2 and 96 = 0.3 %,
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respectively. The nitrogen removal loading rate was approxi-
mately 2.52 kg-TN (total nitrogen) m > d"'. Finally, the phyla
of “Canditatus Brocadia sinica” and “Kuenenia
stuttgartiensis” comprised the dominant anammox bacteria in
this anammox system by 16S rRNA sequencing. These
anammox 16S rRNA sequences have been deposited into
GenBank (accession number KP721346-KP721365).

Batch tests and Kkinetic evaluation

The enriched anammox biomass was washed with 0.9 % NaCl
solution until the Fe>*, NH,*-N, and NO, -N concentrations
were undetectable. Then, the biomass was centrifuged at
12,000 rpm for 15 min under ambient temperature. The su-
pernatant was discarded, and the biomass pellet was re-
suspended in nitrogen-free mineral medium (7.3 £ 0.2). The
mineral medium was prepared by purging with N, gas
(99.99 %) for 20 min and was left in an anaerobic glove box
prior to the experiments. In addition, stock solutions of sub-
strates (ammonium and nitrite) were also prepared in the an-
aerobic chamber prior to the Fe (III) addition. In the short-term
experiments, the re-suspended biomass (10 ml) was dispensed
into 100-ml serum glass vials sealed with silicon-teflon gas-
kets and polypropylene caps (Shu et al. 2015). Then, the same
amounts of ammonium and nitrite but with different Fe (III)
concentrations (details in Table 1) were added into the vials
with a syringe. The stock solution of Fe (III)-EDTA was pre-
pared using the mixture of FeCl;-6H,O and EDTA-2Na. The
nitrogen-free mineral medium was added to a final volume of
60 ml. Finally, all the vials were incubated at 32 °C and shaken
ata speed of 120 rpm in the dark. Samples were taken from the
vials hourly over 9 h to analyze the NH;"-N consumption
profiles.

To investigate the impacts of Fe (III) addition on anammox
bacteria, the specific anammox growth rates under different Fe
(IIT) stresses were measured according to the Haldande sub-
strate inhibition kinetics (Eq. 1) model (Andrews 1968; Tang
etal. 2013).

:uAN‘ max
HaN = T Kre Sk (1)

where K. is the half-saturation constant, mM; Sg. is the Fe
(IIT) concentration, mM; K; is the inhibition constant, mM;
and pan and fian max are the specific and maximum anammox
growth rates, d”', respectively.

Long-term experiment procedure

For long-term experiments, ~900 ml anammox-ASBR
seeding sludge was derived from the above lab-scale
anammox SBR of an initial mixed liquid suspended solids

(MLSSs) and mixed liquor volatile suspended solids
(MLVSSs) of 3.5 and 2.0 g/L, respectively. The new
ASBR system has a working volume of 2.6 L and was
also operated under mesophilic conditions (35 + 2 °C) in
a greenhouse. The reactor was continuously fed with the
trace element solution and mineral medium containing
100 mg-N/L NH4*-N and 120 mg-N/L NO, -N but with
different Fe (III) concentrations (details in Table 1).

The new Anammox-ASBR system was run in a 6-h cycle,
including a 10-min feeding period, 340-min anaerobic reac-
tion with a mechanic mixing (120 rpm), 20-min settling, and
10-min discharge of 1.5-L effluent. The stock solution of Fe
(IIT)-EDTA was added into this system automatically at the
end of each feeding period to maintain influent Fe (III) con-
centrations of 0, 0.04, 0.06, 0.08, 0.10, and 0.12 mM
(Table 1).

DNA extraction and quantitative real-time PCR

At the end of each phase, three independent sludge samples
were collected from the Anammox-ASBR system. Then, three
individual genomic DNA samples were extracted from 0.5-g
anammox biomass for each sample using the FastDNA® SPIN
Kit for Soil (MP Biomedicals, Illkirch, France) according to the
manufacturer’s instructions. The extracted DNA concentration
was measured by a NanoDrop Spectrophotometer ND-1000
(Thermo Fisher Scientific, USA), and the DNA purity was
determined through 1.0 % agarose gel electrophoresis. Prior
to the quantification of the 16S rRNA and functional genes,
equal amounts of three independent genomic DNA samples for
each phase were pooled.

Table 1  Batch test and long-term experiment conditions
NH,*-N NO, -N Fe (III)
(mg 171) (mg 171) levels (mM)
Batch experiments
Batch test 1 80 96 0.04
Batch test 2 80 96 0.06
Batch test 3 80 96 0.08
Batch test 4 80 96 0.10
Batch test 5 80 96 0.12
Batch test 6 80 96 0.14
Long-term experiments
Phase I (1-20 days) 100 120 0
Phase II (21-40 days) 100 120 0.04
Phase III (41-60 days) 100 120 0.06
Phase IV (61-80 days) 100 120 0.08
Phase V (81-100 days) 100 120 0.10
Phase VI (101-120 days) 100 120 0.12

@ Springer



Appl Microbiol Biotechnol

Compared with RNA-based techniques, DNA-based methods
are more robust alternatives for determining microbial activity for
the given environmental conditions. Thus, quantitative real-time
PCR, a DNA-based technology, was applied to investigate the
“key players” in the Anammox-ASBR system under Fe (III)
supplementation. The absolute abundance of bacterial 16S
rRNA, anammox bacteria 16S rRNA, AOB-amoA, AOA-
amoA, nxrA, narG, napA, nrfA, nirS, nirK, nosZ, FeOB 16S
rRNA, and FeRB 16S rRNA were quantified using
Mastercycler ep realplex (Eppendorf, Hamburg, Germany) based
on the SYBR® Green II method. The plasmids and calibration
curves of the rRNAs and functional genes of interest have been
described in previous research (Shu et al. 2016). The gPCR
amplification was performed in 10 pl reaction mixtures, contain-
ing 5 ul SYBR® Premix Ex Taq " II (Takara, Japan), 0.25 il of
each primer, 1 pl of genomic DNA, and 3.5 ul dd H,O. The
detailed primers and protocols for qPCR are listed in Table S2.
To check reproducibility, triplicate PCR reactions were
performed for each DNA and double-distilled water was used
as the negative control.

PCR amplification and Illumina MiSeq sequencing

The genomic DNA samples collected on days 20, 40, 60, 80,
100, and 120 were conducted with Illumina MiSeq analysis to
explore the dynamics of the taxonomical and functional mi-
crobial community in an Anammox-ASBR reactor. The
hyper-variable V3-V4 region of the bacterial 16S rRNA was
amplified using bacterial primers 338F (5'-ACTC
CTACGGGAGGCAGCA-3") and 806R (5'-GGAC
TACHVGGGTWTCTAAT-3’). The PCR amplification reac-
tion mixture and protocols followed previous studies (Shu
et al. 2016). Each PCR reaction was run in triplicate.

After amplification, PCR products were pooled in equimo-
lar ratios and were purified with an AxyPrep DNA Gel
Extraction Kit (Axgen, USA). Then, amplicon libraries were
constructed and sequenced using the MiSeq Illumina platform
(300-bp paired-end reads) (Shanghai Personal Biotechnology
Co., Ltd., Shanghai, China). All raw reads have been depos-
ited into the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) database (http://www.
ncbi.nlm.nih.gov/sra/) with an accession number of
SRR3565903.

Sequence processing and bioinformatics analysis

Following sequencing, the raw paired-end reads were merged
using FLASH (version 1.2.11; http://ccb.jhu.
edu/software/FLASH/), and then, quality filtering of reads was
conducted using the QIIME pipeline (version 1.9.0; http://qiime.
org/scripts/assign_taxonomy.html). After the quality filtration,
the remaining high-quality reads were clustered into operational
taxonomic units (OTUs) by setting the similarity threshold at 97
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% using UCLUST (version 5.2.32; http://drive5.
com/usearch/manual/uclust algo.html). Then, the taxonomic
classification was performed using the QIIME pipeline via the
Silva SSU database (http://www.arb-silva.de), with a confidence
threshold of 70 % (Bai et al. 2014). To avoid unequal sampling
depth biases during comparison of microbial diversity and to
ensure adequate sample depth (Lee et al. 2012), an appropriate
subsample depth (28,306 reads) was selected for further analy-
sis. Subsequently, alpha diversity statistics included Chao 1 es-
timator, ACE estimator, Shannon index, Simpson index, Good’s
coverage, and rarefaction curves at a distance of 0.03 were mea-
sured for six samples using the Mothur (version 1.30.1;
http://www.mothur.org/wiki/Main Page). Beta diversity
statistics such as principal coordinates analysis (PCoA) and
(un)weighted UniFrac distance metrics were also calculated
using the Mothur platform. Furthermore, the microbial features
were mapped using METAGENassist (http://www.
metagenassist.ca/METAGENassist/faces/Home.jsp).

Chemical and statistical analyses

The influent and effluent water samples were taken from
the Anammox-ASBR system on a daily basis; the samples
were first filtered through a 0.45-um pore diameter mem-
brane and then were analyzed immediately. The concen-
trations of NH;*-N, NO, -N, and NO; -N were analyzed
using Hach TNT 830 reagent, Hach TNT 820 reagent, and
Hach TNT 820 reagent, respectively, with a spectropho-
tometer (DR 2800, Hach, USA). The MLSS and MLVSS
of anammox sludge were determined according to the
Standard Methods (Rice et al. 2012). The deviations be-
tween the measured NH,"-N concentrations and the mod-
el predictions were evaluated by minimizing the sum of
squares using the secant method embedded in AQUASIM
2.1d (Reichert 1998), which was also used to estimate the
an value.

Pearson’s correlation coefficients were applied to measure
the significant correlations between rRNAs and functional
genes using SPSS Statistics 20 (http://www-01.ibm.
com/software/analytics/spss/; IBM, USA). Redundancy
discriminant analysis (RDA), which was applied to evaluate
the relationships between operational parameters and
microbial communities, was performed using R (version 3.3;
https://www.r-project.org/) with the “vegan” and “permute”
packages in RStudio (version 0.98; https://www.rstudio.com/).

Results
The effects of Fe (III) addition on anammox activity

For a better understanding of anammox bacterial activity un-
der different Fe (II) supplementation, the short-term batch
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experiments were performed in 9 h. Figure la—f depicts the
measured and kinetic fitted NH,*-N consumption profiles
from the six batch tests under different Fe (III) concentrations.
In general, the NH4*-N concentrations decreased linearly in
these short-term experiments with different reduction rates. As
shown in Fig. 1, the kinetic fittings were correlated with the
corresponding experimental measurements.

After 9-h incubation, with the increase of Fe (IIT) concen-
trations from 0.04 mM (Fig. 1a) to 0.10 mM (Fig. 1d), the
fitted specific anammox growth rates increased from 0.1343
to 0.1709 d'. However, the specific anammox growth rates
declined from 0.1709 to 0.1411 d! when the Fe (III) concen-
trations were further increased from 0.10 to 0.14 mM
(Fig. 1d—f). Compared with iy (0.1343 d ") in batch test 1,

(Fig. 1a). Additionally, the o in batch test 5 and batch test
6 were also higher than that in batch test I. Therefore, these
results indicate that lower Fe (III) concentrations (0.04—
0.10 mM) may significantly improve the anammox activity.
And, although anammox activity could be suppressed by high
Fe (III) concentration (0.10-0.14 mM) stresses, it is notewor-
thy that anammox bacteria can tolerate to higher Fe (III) (Fe
(ITI) > 0.10 mM) constraints.

The estimated specific anammox growth rates (11ay) in six
batch experiments with corresponding Fe (IIT) concentrations
are summarized in Fig. 1g. The observed dependence of pian
on the Fe (III) concentration can be described using Haldande
substrate inhibition kinetics with an R* value of 0.9623.

the results indicate that the maximum pan (4ANmax) Was lian = 0.2999 (2)
—1 - . AN —
0.1709 d"! in the presence of Fe (III) of 0.10 mM, which 0.0444 Sk
was 21.41 % higher than that observed in batch test I Spe 0.203
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Fig. 1 a—f The kinetic fitted and measured NH,4*-N consumption profiles in six 9-h batch tests under different Fe (III) stresses. g The actually observed
and model-fitted relationships between Fe (III) conditions and specific anammox growth rates using substrate inhibition kinetics
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where 0.2999 d ' is the maximum growth rate of anammox
under Fe (III) stress, 0.0444 mM is the half-saturation concen-
tration constant, and 0.203 mM is the inhibition constant.
Figure 1g also presents the predicted 95 % confidence inter-
val, further indicating that anammox growth rate under Fe (III)
stress can be described by Eq. 1. In addition, the results also
indicate that 0.10 mM is the optimal concentration of Fe (III)
of anammox bacteria growth.

Treatment profiles and reactor performance

In order to explore the treatment performance of Anammox-
ASBR for nitrogen removal under Fe (IIT) supplementation, the
reactor was operated during six phases over a time period of
120 days as summarized in Table 1. The nitrogen concentrations,
nitrogen removal efficiencies, nitrogen transformation rates, and
nitrogen loading rates are shown in Fig. 2. During phase I (1-
20 days), the average NH;*-N, NO, -N, and total nitrogen (TN)
removal efficiencies were 86.79 + 0.76, 88.48 + 0.21, and
75.99 £ 0.64 %, respectively. Correspondingly, the NH4*-N,

(a) Fe(Ill): | Fe(Ill): | Fe(lll): | Fe(lll): | Fe(lll): | Fe(Ill):
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NO, -N, and TN transformation rates were 0.346 + 0.004,
0.423 + 0.007, and 0.667 + 0.011 kg-N/(m® d), respectively.
The nitrogen removal rate and nitrogen loading rate were
1.119+0.009 and 0.932+0.010 kg-N/(m3 d). The stoichiometric
ratio of NH,"-N, NO, -N, and NO; -N was
1:(1.311 £ 0.024):(0.296 + 0.009), which was in agreement with
the theoretical values for the anammox process (Van de Graaf
et al. 1996). However, the stoichiometric ratio in this study is
higher than the results from Lotti T et al. and Oshiki M et al.
(Lotti et al. 2014a; Oshiki et al. 2016).

During phase II (21-40 days), 0.04 mM of Fe (IIl) was
supplied. As shown in Fig. 2, the NH,"-N, NO, -N, and TN
efficiencies were 87.96 + 0.36, 91.74 + 0.25, and
79.08 + 1.06 %, respectively. In addition, the NH4*-N,
NO; -N, and TN transformation rates increased slightly to
0.347 £ 0.006, 0.428 + 0.010, and 0.681 + 0.001 kg-N/
(m3 d), respectively. The stoichiometric ratio of NH4*-N,
NO, -N, and NO3 -N was 1:(1.234 +0.043):(0.271 + 0.022).

During phase III (41-60 days), the Fe (III) concentration
was increased to 0.06 mM. As shown in Fig. 2, the NH,"-N,
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Fig. 2 Long-term treatment performance of Anammox-ASBR system under different Fe (III) stresses. a Nitrogen concentrations, b nitrogen removal

efficiency, ¢ nitrogen transformation rates, and d nitrogen load
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NO, -N, and TN efficiencies increased again slightly to
89.92 £0.32,93.07 +£0.17, and 81.98 £ 0.29 %, respectively.
Moreover, the NH,*-N, NO, -N, and TN transformation rates
also increased slightly.

During phase IV (61-80 days), the nitrogen removal efficien-
cy and nitrogen transformation rates were observed to have in-
creased yet further. As shown in Fig. 2, the NH;*-N, NO, -N,
and TN efficiencies increased to 90.98 + (0.35, 93.78 £ 0.29, and
83.66 + 0.46 %, respectively. In addition, the NH,"-N, NO, -N,
and TN transformation rates also increased to 0.358 + 0.005,
0.443 + 0.007, and 0.725 + 0.009 kg-N/(m® d), respectively.

During phase V (81-100 days), the Fe (III) concentration
was set to 0.10 mM in the influent. In comparison with phases
I-1V, the NH,*-N, NO, -N, and TN efficiencies increased to
90.98 £0.35,93.78 £ 0.29, and 83.66 + 0.46 %, respectively.
Accordingly, the stoichiometric ratio of NH4*-N, NO, -N,
and NO5; -N was 1:(1.241 £ 0.019):(0.166 £ 0.018). The ni-
trogen load rate and nitrogen removal rate increased to
0.864 + 0.005 and 0.760 + 0.007 kg-N/(m® d), respectively.

During phase VI (101-120 days), the influent Fe (III) con-
centration was further increased to 0.12 mM. Compared with
phase V, the NH,*-N, NO, -N, and TN efficiencies declined to
89.51 £0.52, 95.39 + 0.61, and 83.16 £ 0.78 %, respectively.
Accordingly, the stoichiometric ratio of NH,*-N, NO, -N, and
NOj -N increased to 1:(1.274 £+ 0.018):(0.234 + 0.010).
However, the effluent NH,*-N concentration and NO; -N pro-
duction increased significantly to 10.35 + 0.50 and
20.69 + 0.78 mg/L, respectively.

Quantification of 16S rRNA and functional genes

The absolute abundance of bacterial 16S rRNA, anammox
16S rRNA, AOA amoA, AOB amoA, nxrA, napA, narG,
nrfA, nirK, nirS, nosZ, FeOB 16S rRNA (Acidimicrobium
spp. and F. myxofaciens), and FeRB 16S rRNA
(A. ferrireducens, Geobacter spp., and Acidiphilium
spp.) is shown in Fig. 3. During phases [-VI, the absolute
abundance of bacterial 16S rRNA genes was in the range
of 3.56 x 10° to 6.06 x 10° copies/(g wet sludge), indi-
cating that the bacterial abundance remained in the same
order of magnitude under different Fe (III) stresses. The
gene copy numbers of anammox bacteria varied signifi-
cantly during the six phases, ranging between 3.36 x 10°
and 2.12 x 10° copies/(g wet sludge). These results indi-
cate that the absolute abundance of anammox bacteria in
phase V was nearly one to two orders of magnitude higher
than that in phases I-1V and phase VI (Fig. 3a).

The copy numbers of three nitrification groups, including
AOA amoA, AOB amoA, and nxrA genes, are summarized in
Fig. 3b. With the increase of Fe (III) concentrations from 0 to
0.12 mM during phases [-VI, the absolute abundance of AOA
amoA and AOB amoA genes varied significantly, ranging
from 4.46 x 10'-3.74 x 10%to 1.71 x 10-2.55 x 107 copies/(g

wet sludge), respectively (Fig. 3b). However, the copy number
of the nxrA gene was in the same order of magnitude through-
out phases [-VL.

As shown in Fig. 3c, the dissimilatory nitrogen reduction
genes include nrfA, napA, and narG genes. With the in-
crease of Fe (IIl) from O to 0.10 mM during phases -V,
the copy number of n7fA genes increased from 7.98 x 10°—
3.57 x 107 copies/(g wet sludge). However, the copy num-
ber of nrfA genes declined to 3.57 x 107 copies/(g wet
sludge) in phase VI. In addition, the copy numbers of
napA and narG genes were in the range of 3.83 x 10°—
8.82 x 10° and 2.83 x 10°-1.17 x 10° copies/(g wet
sludge), respectively. Notably, the copy numbers of the
napA and narG genes were higher in phase V than that
in phases I-IV and phase VI, indicating that dissimilatory
nitrogen reduction processes have contributed to nitrogen
removal under the Fe (III) supplementation (0—0.10 mM)
in the Anammox-ASBR system.

Three denitrification groups, including nirK, nirS, and
nosZ genes, are displayed in Fig. 3d. With the increase of Fe
(IIT) from 0 to 0.10 mM, the copy number of nirK, nirS, and
nosZ genes increased from 2.00 x 10° to 6.62 x 10°,
1.05x 10%t02.35 x 10%, and 2.41 x 10* to 4.49 x 10* copies/(g
wet sludge), respectively. However, the absolute abundance of
the nirK, nirS, and nosZ genes slightly declined in phase VI as
the Fe (IIT) concentration further increased to 0.12 mM. These
results showed that the absolute abundance of denitrification
genes slightly increased, suggesting that the activity of deni-
trifies could be promoted with the addition of 0.04—-0.10 mM
of Fe (IIT).

As illustrated in Fig. 3e, the FeOB group included
Acidimicrobium spp. and F. myxofaciens. During phases -
VI, the copy numbers of Acidimicrobium spp. and
F. myxofaciens ranged from 3.85 x 10%-9.17 x 10® and
1.54 x 10°-4.38 x 10° copies/(g wet sludge), respectively.
The results showed that Acidimicrobium spp. had maximum
copy numbers in phase IV, but . myxofaciens was more abun-
dant in phase V.

As shown in Fig. 3f, the copy number of FeRB groups
involved A. ferrireducens, Geobacter spp., and
Acidiphilium spp. Results showed that the copy number
of A. ferrireducens, Geobacter spp., and Acidiphilium spp.
ranged from 3.07 x 10° to 5.80 x 10% 4.86 x 10° to
3.85 x 10°% and 1.04 x 10* to 438 x 10* copies/(g wet
sludge), respectively. Additionally, the absolute abundance
of the A. ferrireducens increased gradually during phases I-
V, while it declined in phase VI. The copy numbers of
Geobacter spp. increased in phases [-VI as the Fe (III)
increased from 0 to 0.12 mM. Furthermore, the absolute
abundance of Acidiphilium spp. was higher in phase III
than in the other five phases. These results indicate that
the activity of FeRB could be enhanced with the addition
of appropriate Fe (III) supplementation.
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Fig. 3 Quantitative analysis of functional genes under different Fe (III)
stresses. The error bars represent the standard deviation calculated from
three independent experiments. a Absolute abundance of bacterial 16S
rRNA and anammox 16S rRNA. b Absolute abundance of nitrification
functional genes, including AOA amoA, AOB amoA, and nxrA genes. ¢
Absolute abundance of dissimilatory nitrate reduction functional genes,

Relationship between Fe (III) and microbial communities
succession

In this study, MiSeq sequencing was applied to investigate the
relationship between Fe (III) and microbial community succes-
sion. As shown in Table 2, after quality filtering and chimera
trimming, 28,306-33,426 high-quality reads were obtained from
six samples. Values of the OTUs, Good’s coverage, Shannon,
Chao 1, ACE, and Simpson at a cutoff level of 3 % were also
calculated and summarized in Table 2. The OTUs were in the
range of 750-930 for six samples in phases I-IV. Good’s cover-
age of the six samples ranged from 97 to 99 %, indicating that the
diversity of the microbial community was covered by the current

Fe’" concentraion (mM) at different phase

Fe'' concentraion (mM) at different phase

including napA, narG, and nrfA genes. d Absolute abundance of
denitrification functional genes, including nirK, nirS, and nosZ genes. e
Absolute abundance of FeOB 16S rRNA (Acidimicrobium spp. and
Ferrovum myxofaciens). f Absolute abundance of FeRB 16S rRNA
(Albidiferax ferrireducens, Geobacter spp., and Acidiphilium spp.)

sequence libraries. Additionally, the Shannon, Chao 1, ACE, and
Simpson indices were in the range of 4.69-5.32, 1195.92—
1449.02, 1328.27-1559.07, and 0.87-0.92, respectively, demon-
strating that the richness values varied by 0.8-1.0 times among
these samples. Based on the OTUs, rarefaction curves were cal-
culated for these six samples and were presented in Fig. S1. The
results showed that the rarefaction curves did not reach a plateau
after subsampling, indicating that new bacterial phylotypes could
continue to emerge after the sequencing depth exceeded 28,306
reads.

Based on the unweighted UniFrac distance metrics, PCoA
were performed to explore the similarities of samples under
different Fe (IIT) stresses. The results of PCoA analysis with

Table 2 Raw and effective reads, plus number of OTUs, Good’s coverage, Shannon, Chaol, ACE, and Simpson of six sludge samples

Sample ID Raw reads Effective reads Subsampling OTUs Good’s coverage Shannon Chao 1 ACE Simpson
Phase 1 42,931 32,274 28,306 787 0.98 4.69 1,407.88 1,442.05 087
Phase II 39,983 30,366 28,306 810 0.97 5.21 1,449.02 1,559.07 091
Phase _IIT 37,509 28,306 28,306 750 0.99 4.71 1,290.44 1,399.13 0.88
Phase IV 44,503 33,426 28,306 760 0.98 491 1,195.92 1,32827 090
Phase _V 38,505 28,422 28,306 806 0.99 498 1,359.53 1,438.93 0.90
Phase VI 43,761 31,315 28,306 930 0.99 532 1,430.23 1,529.89  0.92
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maximum variation of 15.88 % (PC1) and 19.92 % (PC2) are
shown in Fig. 4a. The results indicate that phase I, phases 11—
IV, and phase V=VI tended to cluster together, respectively.
As shown in Fig. 4b, least discriminant analysis (LDA) was
applied to investigate the significant taxonomic differences under
Fe (IIT) stresses conditions. Based on the results of major taxa
(abundance >1 %), the phyla Chlorobi, Chloroflexi,
Planctomycetes, and Proteobacteria were dominant in phases
I-VI. Ignavibacteria, Anaerolineae, Phycisphaerae, and
Alphaproteobacteria were the major classes in phases [-VI.
Ignavihacteriaies, Phycisphaeraies, Brocadiales,
Rhodobacterales, and Burkholderiales were more abundant at
the order level in phases I-VI. The families Ignavibacteriaceae,
Brocadiaceae, Hyphomonadaceae, and Comamonadaceae were
dominant in phases I-VI. Candidatus Brocadia and Candidatus
Kuenenia were dominant anammox phylotypes in phases [-VI.

Dynamics of taxonomical and functional microbial
communities

All effective sequences from different phases were further
assigned to the corresponding taxa levels (from phylum to
genus). As shown in Fig. 5, Chloroflexi was the most abun-
dant phylum in the six phases, accounting for 34.39-39.31 %
(averaging 36.54 %) of the total sequences. The other domi-
nant phyla included Planctomycetes (30.73-35.31 %, averag-
ing 32.26 %), Proteobacteria (15.40-18.61 %, averaging
16.95 %), and Chlorobi (4.78-6.58 %, averaging 5.57 %).
These results are consistent with previous studies (Bai et al.
2014; Zhang et al. 2011), showing that Chloroflexi,
Planctomycetes, Proteobacteria, and Chlorobi were the dom-
inant (89.53-92.67 %) phyla in wastewater treatment systems.
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Fig. 4 Distinct microbial patterns of the different Fe (III) stress
conditions. a Unweighted UniFrac distance principal coordinate
analysis (PCoA) of microbial communities in the six phases. b Least

Other major phyla (average abundance >1 %) found in phases
I-VI included Acidobacteria (1.98 %) and Bacteroidetes
(2.30 %). Several other phyla, namely, Actinobacteria,
Armatimonadetes, Firmicutes, Gemmatimonadetes,
Nitrospirae, OD1, OP11, TM7, Verrucomicrobia, and WS6,
were the major phyla (abundance >1 %) in one of the six
samples. The abundance of other phyla was lower than 1 %
in phases [-VL.

As Fe (IIT) concentrations increased from 0.04 to 0.10 mM,
the percentage of Planctomycetes increased from 30.73 to
35.31 %. Then, it declined to 31.90 % as the Fe (III) concen-
tration increased to 0.12 mM, while the percentage of
Planctomycetes in phase VI was still higher than that in phase
L. These results indicate that Planctomycetes has a tolerance
for higher Fe (IIT) (>0.10 mM) stresses and that the appropri-
ate addition of Fe (II) (0.04-0.10 mM) was more favorable to
anammox bacteria species in the phylum of Planctomycetes.

As shown in Fig. S2a, a total of 97 microbial classes were
obtained in phases [-VI, with 29 of them being dominant.
These classes accounted for 95.84-97.16 % of classified se-
quences. Within Proteobacteria, «-Proteobacteria (4.41—
5.73 %), (-Proteobacteria (6.88-8.14 %), y-Proteobacteria
(0.99-1.31 %), and 6-Proteobacteria (2.71-4.57 %) are com-
mon to all six phases. Of the filtered sequences, a total of 167
bacterial orders and 234 bacterial families were identified,
with 29 of them being of dominant, as Figs. S2b and 2c.
The results showed that Solibacteraceae, Cytophagaceae,
Ignavibacteriaceae, Brocadiaceae, Comamonadaceae,
Rhodocyclaceae, and Haliangiaceae were more abundant
and shared by all six samples in all phases.

Among the 291 assigned genera, 87 were most abundant.
Interestingly, only 45 genera were commonly shared by

A:p_Chlorobi
B:c_Ignavibacteria
C:o_Ignavibacteirales
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discriminant analysis (LDA) effect size taxonomic cladogram
comparing all consortia categorized according to different Fe(III)
supplementation
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Fig. 5 Distribution of phyla in the six phases based on the taxonomy
annotation via SILVA SSU database using RDP classifier. The thickness
of each ribbon represents the abundance of each taxon. The absolute tick
above the inner segment and relative tick above the outer segment stand

more than 2 samples. Here, the 45 most dominant genera in
the six samples were selected and their functions were ana-
lyzed. As shown in Fig. 6, 51.7 % of generalists were iden-
tified as belonging to 11 functional groups, including 4
anammox, 1 AOB, 7 denitrifier, 1 DNRA, 2 FeOB, 2
FeRB, 4 fermenters, 1 nitrogen-fixing bacteria, 1 NOB, 1
organic-degrading bacteria, 1 PAH-degrading bacteria, and
19 unassigned functional groups.

@ Springer

for the read abundances and relative abundance of each taxon,
respectively. Others refer to those unclassified reads. The data were
visualized using Circos (version 0.67; http://circos.ca/)

Based on these results, METAGENassist was applied to fur-
ther explore the metabolic functions of the identified generalists.
In addition, results from the PCoA showed that the phase I,
phases II-1V, and phase V-VI tended to cluster together, respec-
tively. These generalists in METAGENassist were therefore
assigned as group A, group B, and group C. As shown in
Fig. 7a—c, the metabolic activities in group A, group B, and
group C included ammonia oxidizers, aromatic hydrocarbon
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Fig. 6 The relative abundance (log scale) of functional genera in the six phase samples

degraders, dehalogenaters, nitrite reducers, nitrogen fixers, strep-
tomycin producer, sulfate reducers, sulfide oxidizer, sulfur oxi-
dizers, sulfur reducers, and xylan degraders. But certain of these,
notably ammonia oxidizers (44.6 %), aromatic hydrocarbons
degraders (2.0 %), nitrite reducers (41.0 %), sulfate reducers
(24.2 %), sulfide oxidizers (38.2 %), sulfur reducers (1.4 %),
and denitrifyers (0.06 %) were higher in groups B and C.

Discussion

The anammox process has been successfully applied in full-
scale wastewater treatment plants to reduce carbon and energy

input for nitrogen removal (Kartal et al. 2013; Lotti et al.
2014b). Several strategies have been applied to enhance the
specific anammox growth rates. Much research has focused
on how to encourage fast start-up anammox processes with
these suggested strategies. It was found that the addition of
Fe (III) to batch assays drastically improved the specific
anammox activity, with a maximum increase of 533.2 % for
an Fe (II) dose of 3.68 mg ! (Chen et al. 2014). In addition,
the excess Fe (III) drastically diminished the deammonification
performance (Liu and Horn 2012). However, the relationship
between Fe (II) and specific anammox growth rates has not
been fully explored before. Thus, the metabolic activity of
anammox and the dynamics of functional microbial
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Fig. 7 Comparison of the metabolic groups in the bacterial communities among six phases in the phase I (group A), phases [I-1V (group C), and phases
V-VI (group C), according to the METAGENassist analysis

@ Springer



Appl Microbiol Biotechnol

communities under different Fe (III) supplementation were in-
vestigated in this study.

We first conducted a kinetic analysis of the specific
anammox growth rates using batch tests at different Fe (III)
supplementation levels. Since the concentrations of NH,*-N,
NO, -N, and amounts of anammox biomass would have im-
pacts on the anammox growth rates, these operational param-
eters were controlled to be at same levels in the batch tests. As
a result, the influence of Fe (III) on anammox activity was
investigated under other factor-limited conditions, revealing
a substrate inhibition correlation between the specific
anammox rates and Fe (IIT) supplementation (R* = 0.9623).
Previous studies have reported that iron is an essential element
for anammox bacteria. Moreover, Fe (III) insoluble FeOOH
can act as an electron acceptor for the acetyl-CoA pathway for
anammoxX bacteria, particularly for Candidatus K.
stuttgartiensis (Kartal et al. 2013). Here, there are two possible
pathways explaining the Fe (IIT) uptake for anammox bacteria
in Anammox-ASBR system. Firstly, Andrews et al. found that
siderophores have low molecular mass and have affinity to-
wards Fe (III), and the pathway of siderophore-mediated iron
uptake is commonly found in gram-negative bacteria. Hence,
Fe (IIT)-siderophore complexes can be bound by specific outer
membrane (OM) receptors and then delivered to the cytosol
acetyl-CoA pathway by ATP-binding cassettes. Secondly,
gram-negative anammox bacteria possess a type of iron trans-
port system (Feo), which is very different from the Fe (III)-
siderophore-mediated systems. In this transport system, Fe
(IIT) is reduced to Fe (II) via extracellular reductases and then
taken up by Feo-mediated systems (Andrews et al. 2003).
Furthermore, Fe (III) reduction plays a pivotal role in electron
transport for the generation of cytochrome C, which has been
considered as an essential part of some key functional en-
zymes for the growth of anammox bacteria like Candidatus
K. stuttgartiensis (Kuenen 2008). Therefore, combined anal-
ysis from the short- and long-term experiments suggested that
Fe (IIT) addition (<0.10 mM) could be an effective approach to
promote the growth rates of anammox bacteria in an
Anammox-ASBR system, as shown in Figs. 1 and 2.

The results of qPCR further support the above analyses. The
absolute abundance of anammox bacteria in phase I was nearly
one order of magnitude lower than that observed in phase V.
Previous studies have reported that anaerobic ammonium oxida-
tion coupled with nitrite reduction (termed as Feammox) is an
important microbial pathway of nitrogen removal in intertidal
wetlands, tropical forest soil, and paddy soils (Ding et al. 2014;
Li et al. 2015; Yang et al. 2012). However, little is known about
the role of Feammox in Anammox-ASBR system under Fe (I1I)
supplementation. Thus, it is hypothesized that Feammox has the
potential to removal nitrogen in the Anammox-ASBR system
with Fe (III) addition. Iron-reducing bacteria which are dissimi-
latory Fe (II) reducers include A. ferrireducens, Geobacter spp.,
and Acidiphilium spp. (Melton et al. 2014). The results from the

gPCR and Pearson’s correlation coefficients support this hypoth-
esis, as shown in Fig. 3 and Table 3. The gene copy number of
A. ferrireducens in phase V was nearly two times more than that
observed in phase 1. The absolute abundance of Geobacter spp.
in phase VI was nearly one order of magnitude higher than that
observed in phase I. With the increase of Fe (II) concentration
from 0 to 0.12 mM, the gene copy numbers of Acidiphilium spp.
increased in phases -V but slightly decreased in phase V-VL
Therefore, the appropriate Fe (IIT) addition not only enhanced the
anammox growth rates but also promoted the activity of FeRB
(iron-reducing bacteria). Furthermore, as presented in Table 3,
the pairs of anammox-(narG + napA), anammox-nrfA,
anammox-nosZ, anammox-FeRB, (narG + napA)-(nirK +
nirS), (narG + napA)-nosZ, nrfA-(nirk + nirS), nrfA-nosZ,
(nirK + nirS)-nosZ, and (nirK + nirS)-FeRB showed significant
positive correlation. Their Pearson’s correlation coefficients (r)
exceeded 0.820 (p < 0.05).

The conversion of NO3 -N to NO, -N is catalyzed by the
narG and napA genes. The NO; -N was consumed in this
conversion, and the substrate NO, -N was provided for
anammox bacteria, nitrite reducers, and other microorganism.
Thus, the results indicated that the anammox-(narG + napA)
pair showed a significant protocooperation. In the step of dis-
similatory nitrite reduction, the conversion of NO, -N to
NH,4*-N is catalyzed by the n7fA gene (Smith et al. 2007). It
consumed NO, -N and provided NH,4*-N for another nitrogen
removal pathway. The anammox-nrfA pair is therefore has a
mutually beneficial relationship (Table 3). These results were
consistent with the findings of Zhi et al., in which the coupling
of DNRA and anammox is a noteworthy pathway contribut-
ing to nitrogen loss in tidal flow-constructed wetlands (Zhi
et al. 2015).

In the first step of denitrification, nirK and nirS genes are
the key genes responsible for conversion of NO, -N to NO
(Kandeler et al. 2006). The nosZ gene, encoding the N,O
reductase, is the key gene in the conversion of N,O to NO
or N,, which is often used as a gene marker for the final
denitrification step. Functional genes like anammox, narG,
napA, nirK, and nirS can provide the indirect or direct sub-
strates NO5 -N, NO, -N, and NO for the nosZ gene. In addi-
tion, the narG and napA genes consumed NO; -N and pro-
vided the substrate NO, -N for nirK and nirS genes. DNRA
and denitrifying bacteria are chemolithotrophic, and both of
them have the capacity to remove organic carbon in the given
conditions. Therefore, the pairs of anammox-nosZ, (narG +
napA)-(nirK + nirS), (narG + napA)-nosZ, nrfA-(nirK + nirS),
nrfA-nosZ, and (nirK + nirS)-nosZ showed a collaboration
relationship.

Marc Strous et al. found that some anammox bacteria such
as K. stuttgartiensis have the capacity to reduce Fe (III) to Fe
(II) with formate as the electron donor (Strous et al. 2006). In
addition, Fe (II) can be reduced to Fe (IT) with NH,*-N as the
electron donor and it can then provide NO; -N and NO, -N
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Table 3  Pearson’s correlation coefficients between 16S rRNAs and functional genes

Anammox AOA + AOB nxrA narG + napA nrfA nirK + nirS nosZ FeOB FeRB
Anammox 1.0000
AOA + AOB 0.0733 1.0000
nxrA 0.1909 -0.2177 1.0000
narG + napA 0.910%* 0.2502 0.1550 1.0000
nrfA 0.820* —0.2749 0.5555 0.8058 1.0000
nirK + nirS 0.7971 —-0.0118 0.5734 0.874* 0.933%* 1.0000
nosZ 0.851* —0.3149 0.4220 0.826* 0.980%** 0.912* 1.0000
FeOB 0.3482 —0.3678 0.7822 0.4599 0.8090 0.7934 0.7312 1.0000
FeRB 0.843* 0.1314 0.3441 0.7979 0.7025 0.828* 0.7502 0.3854 1.0000

Pearson’s correlation coefficient values with p < 0.01 and p < 0.05 are shown in blue (n = 6)

*Correlation is significant at the 0.05 level (two-tailed)

**Correlation is significant at the 0.01 level (two-tailed)

for denitrification and anammox bacteria (Yang et al. 2012).
Additionally, as shown in Fig. 3b, results from RDA indicated
that anammox bacteria have positive correlations with
A. ferrireducens, Geobacter spp., and Acidiphilium spp. It is
notable that these three FeRB also showed positive relation-
ships with the NH,*-N, NO, -N, and TN removal rates. Taken
together, combined analysis from Pearson’s coefficients and
RDA analysis indicated that coupling of anammox, dissimila-
tory nitrogen reduction, and FeRB are the potential pathways
for TN loss in this Anammox-ASBR system. However, the
quantitative molecular mechanism of Feammox- and Fe (IIT)-
reducing rates in Anammox-ASBR system needs further
study using '’N-labeled ammonium-based isotopic-tracing
and acetylene inhibition techniques.

To explore the dynamics of microbial community structures
under different Fe (II) supplementation conditions, especially for
anammox bacteria, 338F-806R primer was used for Illumina
MiSeq sequencing. The Chloroflexi (34.39-39.31 %) was the
most abundant phylum in the Anammox-ASBR system, follow-
ed by Planctomycetes (30.73-35.31 %), Proteobacteria (15.40—
18.61 %), and Chlorobi (4.78-6.58 %). In a study of an
Anammox-UASB system, Cao et al. found that Chloroflexi
(25.77-29.14 %), Bacteroidetes (9.92-28.01 %),
Proteobacteria (22.1-23.58 %), and Planctomycetes (1.09—
8.39 %) (Cao et al. 2016) were the dominant phyla. It had been
reported that the phylum Chloroflexi was capable of degrading
complex organic matter. A previous study revealed that uncul-
tured Chloroflexi has the capacity to degrade and utilize cellular
compounds derived from dead anammox cells (Kindaichi et al.
2012) using a "*C-tracing technique. It was found that the phy-
lum Chloroflexi can serve as an anaerobic core and that it plays a
key role during anaerobic sludge granulation (Gao etal. 2011). In
addition, the findings of Chu et al. showed that the members of
Chloroflexi constitute a large portion (>25 %) of the bacterial
community in a one-stage nitritation-anammox system, indicat-
ing that the role of Chloroflexi could not be neglected in an
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autotrophic nitrogen removal system (Chu et al. 2015). In this
study, the abundance of Chloroflexi in phase Il was higher than
that observed in the other five phases, indicating that lower Fe
(IIT) concentration (<0.08 mM) was beneficial to Chloroflexi.

The Proteobacteria was a highly abundant phylum in the
present study. Four classes of Proteobacteria, including o-
Proteobacteria, (-Proteobacteria, y-Proteobacteria, and 4-
Proteobacteria, varied significantly in phases [-VI.
However, (3-Proteobacteria was the most dominant
Proteobacteria. These findings were consistent with previous
studies (Ye and Zhang 2013; Zhang et al. 2011), revealing that
(-Proteobacteria was the most dominant class in municipal
wastewater treatment systems using 454 pyrosequencing. In
terms of [3-Proteobacteria in the anammox sludge, Isantal
et al. revealed that [3-Proteobacteria accounted for approxi-
mately 14 % of the bacteria in an Anammox-SBR system
based on 454 pyrosequencing (Isanta et al. 2015). In contrast,
the results from the Biswas et al. showed that ~-
Proteobacteria was the most abundant group (52 %) in a
moving bed biofilm reactor (MBBR) system for nitrogen re-
moval (Biswas et al. 2014). The discrepancy between the
present study and the previous studies mentioned above may
be due to different operational parameters, such as the type of
bioreactor, characteristics of influent wastewater, volatile fatty
acid concentrations, and heavy metal concentrations.

Chlorobi and Bacteroidetes are also relatively abundant
phyla in the Anammox-ASBR system. Previous studies
showed that Chlorobi and Bacteroidetes are omnipresent in
anammox systems (Isanta et al. 2015). It was found that
Chlorobi and Bacteroidetes were considered to be responsible
for the granulation of anammox flocculent biomass.
Furthermore, based on the results of a metagenomic assembly
approach, Speth et al. revealed that Chlorobi and
Bacteroidetes might enhance anammox performance and re-
duce nitrate and nitrous oxide reduction in an anammox sys-
tem (Speth et al. 2016).
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Planctomycetes are found throughout the ecosystem, in-
cluding in marine, freshwater systems, and soil habitats, and
it even exists in some extreme environments (Fuerst and
Sagulenko 2011). Current studies suggest that anammox
Planctomycetes are major contributors to the global nitrogen
cycle and are of great significance to the autotrophic nitrogen
removal process in wastewater treatment plants (Kuenen
2008). Thus, it was predicted that Planctomycetes would be
predominant in the Anammox-ASBR reactor which operated
over 120 days. As expected, Planctomycetes (30.73-35.31 %)
was another major phylum in Anammox-ASBR system,
which agreed with the findings of Isanta et al. (Isanta et al.
2015). As depicted in Fig. S3a, results showed that the phylum
of Planctomycetes has positive correlations with NH4*-N,
NO3; -N, and TN removal rates, indicating that
Planctomycetes makes a contribution to nitrogen removal in
the Anammox-ASBR system.

Candidatus Brocadia, Candidatus Kuenenia, Candidatus
Scalindua, Candidatus Anammoxoglobus, and Candidatus
Jettenia are currently considered as five representative genera
of anammox bacteria (Kartal et al. 2013). The results from
Fig. 6 showed that Candidatus Brocadia and Candidatus
Kuenenia were the dominant genera and accounted for 1.99—
7.80 and 4.1-8.3 % of genus in Anammox-ASBR system,
respectively. The relative abundance of Candidatus Brocadia
varied slightly in phases I-VI with the highest relative abun-
dance of 7.79 % of total genera in phase VI. This was due to
the S-strategy survival ability of Candidatus Brocadia, which
prefers this strategy to the Fe (III) supplementation. With the
increase of Fe (III) from 0.04 to 0.10 mM, Candidatus
Kuenenia’s relative abundance increased from 6.8 to 7.7 %.
However, the relative percentage of Candidatus Kuenenia de-
clined to 4.15 % in phase VI. Obviously, Candidatus
Kuenenia prefers the K-strategy to the appropriate Fe (IIT)
addition (<0.10 mM). In addition, the percentage of
Candidatus Jettenia increased from 0.24 to 0.56 % with the
increase of Fe (III) concentration from 0 to 0.06 mM. Zhao
et al. analyzed the interaction of the iron reduction and nitro-
gen removal pathway of Candidatus Kuenenia and deter-
mined that Candidatus Kuenenia was capable of iron respira-
tion (Zhao et al. 2014). Stours et al. confirmed the versatility
of Candidatus Kuenenia by uncoverting its ability to use for-
mate as an electron donor for iron respiration (Strous et al.
2006). It was found that Fe (IIT) addition might result in the
community succession of anammox species. Taken together, it
was evident that lower Fe (I1I) supplementation (<0.10 mM) is
beneficial for Candidatus Kuenenia and Candidatus Jettenia,
and Candidatus Brocadia can tolerate higher Fe (III) supple-
mentation (>0.10 mM). Nevertheless, the molecular mecha-
nism of iron respiration in the Anammox-ASBR system needs
to be further investigated.

To our knowledge, this study is the first to systematically
investigate the dynamics of microbial communities in an

Anammox-ASBR system under different Fe (IIT) supplemen-
tation conditions via MiSeq sequencing of the 16S rRNA
gene. In the present study, results from short- and long-term
experiments indicated that Fe (III) addition (<0.10 mM) could
be an effective approach to enhance the growth of anammox
bacteria. Meanwhile, it was observed that the Haldande sub-
strate inhibition kinetics can be used to describe relationship
between Fe (IIT) concentration and specific anammox bacteria
growth. Combined analyses from the qPCR and Pearson’s
correlation coefficients revealed that coupling anammox, dis-
similatory nitrogen reduction to ammonium, and iron reduc-
tion were the potential explanatory factors for nitrogen loss in
the Anammox-ASBR system. Moreover, MiSeq sequencing
revealed that Chloroflexi, Planctomycetes, Proteobacteria,
and Chlorobi were the dominant phyla in this system. It
should be noted that Candidatus Brocadia and Candidatus
Kuenenia adopt different growth strategies under different
Fe (IID) supplementation. Overall, these results suggest that a
Fe (IIT)-based strategy could potentially be used to enhance
the nitrogen removal performance for the application of
anammox-related technologies. The molecular mechanism
for potential iron respiration in Candidatus Kuenenia and
Candidatus Jettenia should be further investigated by
employing metagenomic and metatranscriptomic approaches.
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