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and the corresponding removal efficiencies were 90.82%, 95.48% and 95.90% in steady phase, respec-
tively. The variation of microbial populations in the biofilter during start-up process was also investi-
gated using high-throughput pyrosequencing (HTP). Results indicated that the main functional microbes
for ammonia, iron and manganese removal were Nitrosomonas, Crenothrix and Crenothrix, respectively,
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8.7%, 28.12% and 11.33% in steady phase, respectively. Kinds of other bacteria which may be related to
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Ammonia, iron and manganese removal archaea was also detected, such as Candidatus Nitrososphaera, which plays a role in nitritation.
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1. Introduction

Dissolved ammonia, ferrous iron and manganese exist widely in
groundwater, especially in Northeast China (Qin et al., 2009; Cheng,
2016; Hasan et al,, 2015). The presence of ammonia in drinking
water treatment could affect the chlorination process (Cheng et al.,
2017). Since ammonia would react with chlorine to form disinfec-
tion by-products (Richardson and Postigo, 2012; Du et al., 2017),
which could produce deteriorate taste and odor of water (Cheng
et al.,, 2016), reduce disinfection efficiency (Hasan et al., 2014),
and damage human nervous system. In addition, ammonia can
interfere with the manganese biofiltration process by consuming
excessive oxygen during nitrification, resulted in mouldy and
earthy tasting water (Hasan et al., 2014). The presence of iron and
manganese can result in aesthetic and operational problems, such
as giving water an undesirable color and odor, staining on laundry
and accumulating in water distribution networks (Zeng et al.,
2015). Therefore, the presence of ammonia, iron and manganese
in drinking water should be avoided and the maximum contami-
nant levels (MCLs) for ammonia of 0.5 mg/L, total iron of 0.3 mg/L
and manganese of 0.1 mg/L have been established in China (GB
5749-2006).

Chemical methods could be used to oxidize ammonia, iron and
manganese, but it may produce potential hazardous by-products.
Besides, it may also introduce other pollutants into the produced
water (Cai et al.,, 2015). Thus, in the current circumstances, bio-
logical removal of ammonia, iron and manganese were emerged,
and gradually replaced the conventional chemical treatments
(Tekerlekopoulou et al., 2013). As demonstrated, simultaneous
removal of ammonia, iron and manganese could be accomplished
in biological systems (Han et al., 2013; Hasan et al., 2012), where
iron and manganese removal through biological oxidation could be
achieved by iron oxidizing bacteria (I0OB) and manganese oxidizing
bacteria (MnOB), respectively. Meanwhile, several groups of bac-
teria have been confirmed as I0B (Gallionella, Leptothrix, Bacillus
and Leptothrix discophora (Yang et al., 2014; Li et al., 2013)) and
MnOB (Leptothrix, Gallionella, Pseudomonas, Siderocapsa, Crenothrix,
Hyphomicrobium and Metalloaenium (Hasan et al., 2012; Tang et al.,
2016; Mckee et al., 2016; Granger et al., 2014)). Biological ammonia
oxidation is carried out by two different consecutive microbial
processes, nitritification and nitratification, thus ammonia removal
through biological oxidation could be finished by ammonia
oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB).
Currently, several groups of bacteria have been confirmed as AOB
and NOB, such as Nitrosomonas europaea, Nitrosomonas halophila,
Nitrosomonas mobilis, Nitrospira, Comamonas and Acinetobacter
(Hasan et al., 2012; Li et al., 2013).

Recently, the distribution and genetic diversity of the microor-
ganisms in the biofilter for ammonia, iron and manganese removal
were investigated by some researchers (Hasan et al., 2012; Li et al.,
2013), however, the microbial community was studied only in
steady phase or one operational condition. There were few reports
regarding to the microbial community in different conditions and
the relationship between the operational conditions and the mi-
crobial community in the biofilter. In addition, synthetic drinking
water source with model chemicals, which was used in most re-
ports, is definitely different from the real water resources; there-
fore, the microbial community in biological removal process from
the two kinds of waters should be also different.

In this study, a pilot-scale biofilter was established for the
simultaneous removal of ammonia, iron and manganese using
anthracite and manganese sand as the media. Compared with other
studies, real feed groundwater was selected to carry out this
experiment. Approximately 112 d long-term operation was evalu-
ated with respect to ammonia, iron and manganese removal, and

the microbial community structures from different depths of filter
layer in different phases of the start-up process were analyzed and
compared using 454 HTP. The main objectives of this study were to
gain a deep insight into bacterial diversity in the biofilter, and the
relationship between the microbial community and the removal
efficiencies of ammonia, iron and manganese during the start-up
process.

2. Materials and methods
2.1. Description of biofilter system

A pilot-scale biofilter system was developed in a groundwater
treatment plant (GWTP), which is located in Harbin city, P.R. China
(Fig. 1). The biofilter consisted of a 147.19 L transparent rigid plexi-
glass column with an inner diameter of 250 mm and a height of
3000 mm in which a height of 1500 mm was packed with support
materials. Along the height of the column there were 20 water
sampling ports at 100 mm intervals, and 3 media sampling ports at
0, 400 and 800 mm from media top to bottom. During the long-
term running of the biofilter, it was backwashed according to the
water head loss and effluent turbidity.

To avoid the redox reaction occurred between Fe?* and Mn**
after backwashing, two kinds of new support materials with
different density were packed in the biofilter: the upper part of the
media (300 mm) was columnar anthracite with a mean diameter of
1 mm and a height of 5 mm, and the lower part (1200 mm) was
manganese sand with a mean diameter of 0.8—1 mm.

Real groundwater, which was extracted from the wells with a
depth of 40—50 m, in Harbin city, P.R. China, was used throughout
this experiment. The concentration of total iron, manganese and
ammonia in raw groundwater was about 8-13, 0.9—1.3 and
0.9—-1.4 mg/L, respectively, and the temperature was about 8 °C
(Table 1).

2.2. Start-up process

The raw groundwater was sprayed to the tank, and then pum-
ped to the biofilter with a flow rate of 2 m/h (Fig. 1). It should be
noted that backwashing water obtained from the GWTP was
inoculated into the biofilter as inoculum and weak backwashing
intensity (5—7 L/(s-m?)) was adopted to shorten the start-up period
of the biofilter. When the concentration of ammonia, total iron and
manganese in effluent decreased to 0.1, 0.3 and 0.1 mg/L, respec-
tively, the flow rate was promoted to 3 m/h and then promoted to 4
and 6 m/h in the same way. And the backwashing intensity
increased to 12 L/(s-m?), when the flow rate increased to 6 m/h. It
was important to note that the concentration of ammonia, total
iron and manganese was measured from the 6th day.

2.3. Sampling and analytical procedure

Water samples from the inlet and outlet were performed every
day, and water samples along the height of the filter bed were
performed twice a week. Ammonia, total iron and manganese in
the water samples were measured by photometric method, ac-
cording to standard methods for water and wastewater examina-
tion (Method NOs.: 4500-NH3.B&C, 3500-Fe.B and 3500-Mn.B,
respectively) (Li et al., 2013). The pH, dissolved oxygen (DO) and
oxidation reduction potential (ORP) measurements were measured
using a pH meter (pH 315i-WTW), a DO meter (Oxi 315i-WTW) and
a ORP meter (pH 315i-WTW), respectively. The filter media
(anthracite or manganese sands) were collected at three depths of
the filter bed (0, 400 and 800 mm), and stored at —80 °C for further
analysis. In addition, scanning electron microscopy (SEM, JSM-
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Fig. 1. Schematic drawing of the pilot-scale biofilter system.
Table 1 (w/v) agarose gel, and recovered using an AxyPrep DNA Gel
Physicochemical characteristics of the raw groundwater. Extraction Kit ( AXYGEN, China).
Properties Value Properties Value
Temperature 78 °C NO, 0,002 mg/L 24.2. 454 high-thfoughput 16§ rRNA gene pyrosequencing
pH ~7.0 NH ~1.2 mg/L 30 ng of DNA in each purified PCR product was taken for the
Total Fe ~10 mg/L CODwn ~1.8mg0,/L equivalent mixture, and then the mixed DNA sample was electro-
¥“ A ~B})(;T218/L " E%IOF 132 " phoresed in 1.5% (w/v) agarose gel and recovered by gel extraction
otal As <0. mg, ~0.2 mg . : . :
502 5 mglL Alkalinity 220.0 mg CacOs/L kit (Tran;Gen, China), finally sequencing of the mixed DNA sample
P 0.5 mg/L Turbidity -1.5NTU was carried out on a Roche 454 GS FLX DNA sequencer (W.M. Keck
cl- ~2 mg/L Total hardness 150—180 mg CaCOs/L Center, USA) according to standard protocols (Margulies et al.,
NO3 ~0.04 mg/L 2005). Raw pyrosequencing data of this study have been depos-

6480LV) analysis was used to observe the morphology of the mi-
croorganisms in matured filter media from the biofilter, according
to previous studies (Tang et al., 2016).

2.4. Microbial diversity analysis

2.4.1. DNA extraction and polymerase chain reaction (PCR)
amplification

For a full understanding of the microbial community structure
evolution resulting from different phases of the start-up process,
media samples from three depths of the filter layer (0 mm, 400 mm
and 800 mm) were analyzed by 454 HTP at days 25 (A1, A2 and A3),
69 (B1, B2 and B3) and 97 (C1, C2 and C3). DNA was extracted from
the media samples (~0.5 g) taken from the biofilter using Powersoil
DNA Isolation Kit (MoBio Laboratories Inc, USA) according to the
manufacturer's instructions. The quality of the DNA were examined
by 1% (w/v) agarose gel electrophoresis and the concentration was
measured with a UV—Vis spectrophotometer (NanoDrop 2000,
USA).

The V3—V4 region of the 16S rRNA gene was amplified using
bacterial primers 515F (5'- GTG CCA GCM GCC GCG GTA A-3’) and
806R (5’- GGA CTA CHV GGG TWT CTA AT-3’), with the reverse
primer containing a 6 bp barcode used to tag each sample. PCR
amplifications were carried out for each sample using 50 pL reac-
tion mixtures, containing 5 pL of 10 x PCR buffer, 15 ng of template
DNA, 1 uM of each primer, 0.6 mM of each dNTP, and 2 U FastPfu
polymerase (TransGen, China). The PCR conditions involved an
initial denaturation step at 94 °C for 3 min, followed by 29 cycles of
94 °C for 40 s, 56 °C for 1 min, and 72 °C for 1 min and ended with
an extension step of 72 °C for 10 min in a GeneAmp 9700 ther-
mocycler (ABI, USA). The amplicons were electrophoresed on a 2%

ited to the NCBI Sequence Read Archive with accession No.
SRP058656.

2.4.3. Biodiversity analysis and phylogenetic classification

Low quality reads (ambiguous nucleotides and quality
value < 20) were removed from the raw sequence data as described
in (Caporaso et al., 2011). The paired-end reads from each sample
were overlapped to assembly V3—V4 tags of 16S rRNA gene using
SeqPrep (https://github.com/jstjohn/SeqPrep), and then usearch6
was used to remove chimera sequences from the tags. Eventually,
the numbers of high quality sequences were 15, 627 (A1), 5, 503
(A2),31, 641 (A3),28,508 (B1), 8,606 (B2),11, 290 (B3), 11,430 (C1),
11, 691 (C2) and 11, 123 (C3) with an average length of 291 bp.

The effective sequences were clustered into operational taxo-
nomic units (OTUs) at 97% sequence identity using cd-hit
embedded in Qiime (Caporaso et al., 2010), and then a represen-
tative sequence was picked for each OTU by selecting the most
abundant sequence in that OTU. These representative sequences
were assigned to taxonomic classifications by RDP Classifier with a
confidence threshold of 70% (Wang et al., 2007; Chu et al., 2015).
Furthermore, the alpha diversity including species richness esti-
mator of Chaol, Shannon diversity index and diversity coverage
were calculated in MOTHUR for each sample. Cluster analysis based
on the Bray-Curtis similarity index was also carried out using PAST
(http://folk.uio.no/ohammer/past/).

3. Results and discussion
3.1. Overall performance of the biofilter and SEM analysis
An excellent performance for iron removal was achieved, and

total iron in effluent was all below 0.3 mg/L except the 33rd
d (Fig. 2a). The removal rate of ammonia was only about 20% from
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Fig. 2. Performance of biofilter with respect to simultaneous removal of iron (a), manganese and ammonia (b) in the start-up process.

the 6th to 29th d (Fig. 2b) and then quickly increased to 98.04% in
the 51st d; during this time (the 30th to 51st d) nitrite was accu-
mulated in the biofilter, because the rate of nitrosation is faster than
that of nitration, and the highest concentration of nitrite in effluent
was 0.26 mg/L in the 43rd d (Fig. S1). Finally, ammonia in effluent
was all lower than 0.15 mg/L since the 52nd d, and nitrate in
effluent was about 0.8 mg/L, which was obviously lower than the
MCL for nitrate of 10 mg/L in China (GB 5749-2006), while nitrite
was not detected.

In the biofilter, manganese was removed in two ways: adsorbed
by manganese sand which had a high ability to adsorb manganese,
or oxidized by MnOB. Manganese in effluent was below 0.1 mg/L
from the 6th to 32nd d (Fig. 2b), because it was adsorbed by
manganese sand. And then manganese gradually increased to
0.72 mg/L in the 61st day, since manganese bed was getting satu-
rated, while the MnOB oxidation was weak. Finally, manganese
quickly decreased to 0.0012 mg/L in 70th d with MnOB accumu-
lated in the filter media, and manganese was removed by MnOB
oxidation. When the flow rate of the biofilter increased to 3, 4 and
6 m/h in the 71st, 76th and 79th d, respectively, the concentration
of iron and ammonia was remained below the MCLs, while man-
ganese was below the MCLs until 81st d, meaning that the biofilter
was started successfully and the start-up period of the biofilter was
81 d. In steady phase, the efficiency of the biofilter indicated an
excellent performance for ammonia, iron and manganese removal,
and the corresponding removal efficiencies were 98.0%, 99.8% and
98.7%, respectively.

In the start-up process, iron was mainly removed at 0.4 m of
the filter bed, and the corresponding removal efficiency was
98.80%, 98.89% and 95.48% in the 25th, 69th and 97th d, respec-
tively (Fig. 3a). In the 25th d, manganese was mainly removed by

manganese sand adsorption, and the removal rate was 96.13% at
1.2 m; while manganese was mainly removed by MnOB oxidation
in the 69th d, and the removal rate was 93.51% at 1.5 m. Manga-
nese was mainly removed at 0.8 m in the 97th d, and the corre-
sponding removal efficiency was 95.90% (Fig. 3b). And the removal
rate of ammonia was gradually improved from 29.72% (25 d) to
93.95% (69 d) and 97.66% (97 d) with AOB and NOB accumulated in
the biofilter; in steady phase, ammonia was mainly removed at
0.4 m, and the corresponding removal efficiency was 90.82%
(Fig. 3c).

In order to verify bacteria existence and growth in the biofilter,
SEM images of the mature media were observed. The micrograph
illustrated that abundant microorganisms appeared in the mature
media, and the surfaces of these bacteria were covered by large
amounts of iron and manganese oxides, which evidenced the
catalytic role of microorganisms in iron and manganese removal
from groundwater (Fig. S2). A type of microorganisms with a very
characteristic structure of twisted stalk may be the most common
IOB (Gallionella), which was indigenous in groundwater and very
common microorganisms in groundwater treatment plants for
iron and manganese removal (Li et al., 2013). Gallionella is an
obligative autotrophic bacterium and oxidizes ferrous iron to
obtain energy for its growth (Arce-Rodriguez et al., 2017); it
should be noted that this bacterium cannot oxidize manganese
(Katsoyiannis and Zouboulis, 2004). Another type of microorgan-
isms with a rod-shaped characteristic was also found in the bio-
filter, and this bacterium may be bacillus, which is an aerobic,
endospore-forming, rod-shaped bacterium commonly found in
soil, water sources and in association with plants (Kunst et al.,
1995), and has the ability to catalyze manganese oxidation (Yang
et al,, 2014).
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Fig. 3. Iron (a), manganese (b) and ammonia (c) removal profiles and removal effi-
ciency along the height of biofilter in the start-up process.

3.2. Richness and diversity of bacteria phylotypes

Nine 16S rRNA gene libraries were constructed from pyrose-
quencing of A1, A2, A3, B1, B2, B3, C1, C2 and C3 communities with
15627, 5503, 31641, 28508, 8606, 11290, 11430, 11691 and 11123
high quality sequence tags (average length of 291 bp), respectively.
By performing the alignment at a uniform length of 291 bp, 1107
(A1), 624 (A2), 1631 (A3), 1536 (B1), 907 (B2), 1290 (B3), 1021 (C1),
1118 (C2) and 1150 (C3) OTUs were clustered at a 3% distance
(Table 2). The total number of OTUs estimated by Chao1l estimator
were 2161 (A1), 1575 (A2), 2264 (A3), 2417 (B1), 1843 (B2), 2361
(B3), 1929 (C1), 2554 (C2) and 2079 (C3) with infinite sampling,
indicating that C2 had the greatest richness, while A2 had the
lowest richness. These results suggested that pyrosequencing

revealed bacterial communities were obviously different along the
depths of the biofilter layer in different phases of the start-up
process. The Shannon diversity index provides not only the sim-
ply species richness (i.e., the number of species present) but also
how the abundance of each species is distributed (the evenness of
the species) among all the species in the community. B3 had the
highest diversity (Shannon = 7.73) among the nine communities,
while A2 had the lowest diversity (Shannon = 6.74), and the
Shannon diversity indexes of the others were all above 7 except Al.

3.3. Taxonomic complexity of the bacterial community

To identify the phylogenetic diversity of bacterial communities
in Al, A2, A3, B1, B2, B3, C1, C2 and (3, qualified reads were
assigned to know phyla, classes and genera. The nine communities
showed an extremely high diversity, reflected in the fact that 31
(A1), 28 (A2), 41 (A3), 29 (B1), 26 (B2), 33 (B3), 28 (C1), 27 (C2) and
26 (C3) identified bacterial phyla were detected (Fig. 4), and in total,
42 identified bacterial phyla and 3 identified archaea phyla were
observed. Even so, 1.41% (A1), 1.56% (A2), 1.25% (A3), 1.63% (B1),
1.86% (B2), 2.45% (B3), 1.31% (C1), 1.18% (C2) and 2.91% (C3) of the
total reads in each sample were not classified at the phylum level,
indicating that these bacteria are unknown. Proteobacteria was the
dominant bacterial phyla, accounted for 74.43% (A1), 78.63% (A2),
74.92% (A3), 77.36% (B1), 74.95% (B2), 66.93% (B3), 76.32% (C1),
78.20% (C2) and 67.99% (C3) of the total reads, and existed widely in
biofilters for the treatment of groundwater containing iron and
manganese (Katsoyiannis and Zouboulis, 2004). Verrucomicrobia
was accumulated in 0.8 m of the filter bed in the start-up process,
and the abundance increased from 0.28% (A3) to 2.35% (B3) and
4.39% (C3); while it was lower than 0.8% in the other communities.
Nitrospirae which involved in nitrification (Lu et al., 2012), existed
in all nine communities, and was highest in abundance in C3
(1.26%).

The class level identification of the bacterial communities in the
nine samples was illustrated in Fig. 5. Pyrosequencing detected 100
bacterial classes and 7 archaea classes in all nine communities, and
61, 53, 90, 66, 59, 72, 62, 58 and 63 bacterial classes were detected
in Al, A2, A3, B1, B2, B3, C1, C2 and C3, respectively. Gammapro-
teobacteria and Betaproteobacteria were the most dominant bac-
terial community in the nine communities, and the sum of the two
classes accounted for 69.45% (A1), 73.39% (A2), 67.03% (A3), 64.28%
(B1), 61.70% (B2), 56.64% (B3), 66.61% (C1), 68.05% (C2) and 59.37%
(C3) of the total reads. The abundance of Flavobacteriia Alphapro-
teobacteria, Deltaproteobacteria, and Actinobacteria was relatively

Table 2

Richness and diversity estimators of the bacteria phylotypes in the biofilter.
Sample ID a=0.03

OTU Chao1* Shannon” Coverage*

Al 1107 2161 6.76 0.95
A2 624 1575 6.74 0.91
A3 1631 2264 7.04 0.98
B1 1536 2417 7.27 0.97
B2 907 1843 7.45 0.94
B3 1290 2361 7.73 0.93
C1 1021 1929 7.05 0.94
2 1118 2554 7.15 0.93
c3 1150 2079 7.16 0.94

2 Chaol richness estimator: the total number of OTUs estimated by infinite
sampling. A higher number indicates higher richness.

b Shannon diversity index: an index to characterize species diversity. A higher
value represents more diversity.

¢ Good's coverage: estimated probability that the next read will belong to an OTU
that has already been found.
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Fig. 5. Taxonomic classification of pyrosequences from bacterial communities of the
nine samples at the class levels. Classes with relative low abundance in all nine li-
braries were classified as “others”.

high in the nine communities.

At the genus level, 7.30% (A1), 5.92% (A2), 9.15% (A3), 7.15% (B1),
7.62% (B2),12.30% (B3), 6.75% (C1),6.21% (C2) and 10.51% (C3) of the
total reads in each sample were not classified (Fig. 6). At the
beginning of the start-up process (25 d), the dominant population
in Al (34.77%), A2 (37.44%) and A3 (29.37%) was Crenothrix, which
not only can oxidize iron, but also manganese. The relative abun-
dance genera were Methylotenera (12.45%, 14.15% and 6.19%) and
Methylomonas (9.58%, 9.34% and 14.85%). IOB were found in the
biofilter, such as Bacillus, Leptospirillum, Crenothrix, Pseudomonas
and Gallionella, and MnOB were also found, such as Bacillus,
Arthrobacter, Crenothrix, Pseudomonas, Gallionella and Hyphomi-
crobium. The appearance of AOB (Nitrosomonas, Nitrosovibrio and
Nitrosococcus) and NOB (Nitrospira) demonstrated that nitritifica-
tion and nitratification occurred in the biofilter to remove ammonia
and nitrite, respectively (Lu et al., 2012; Li et al., 2017). Furthermore,
there were many other kinds of genera in the biofilter, such as
Methylomonas and Methylotenera may be methane oxidizing
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Fig. 6. Taxonomic classification of pyrosequences from bacterial communities of the
nine samples at the genus levels. Genera with relative low abundance in all nine li-
braries were classified as “others”.

bacteria, Flavobacterium, Burkholderia, Novosphingobium and Pal-
udibacter may oxidize organic matter, and Sulfuritalea may be a
sulfur oxidizer, since the composition of the real groundwater was
complex.

Ferrous iron was oxidized by DO or IOB in the biofilter. At the
beginning of the start-up period process (25 d), the high abundance
of IOB and high efficiency of iron removal indicated that IOB were
easily inoculated and then quickly accumulated in the biofilter, and
the abundance of Crenothrix, Gallionella, Leptospirillum and Bacillus
in A3 was obviously lower than that in A1 and A2, which agreed
with the previous result that iron was mainly removed in 0—0.4 m
of the filter bed. In the 25th day, manganese was mainly removed
by manganese sand adsorption, meaning MnOB need more time to
adapt the new environment and grow and multiply; ammonia was
removed by AOB and NOB, but the abundance of AOB and NOB was
relatively low, therefore the removal rate of ammonia was only
29.30% in this stage. Furthermore, the abundance of Nitrosomonas
in A3 (0.14%) was obviously higher than that in A1 (0.098%) and A2
(0.089%), which was in accordance with that the removal quantity
of ammonia in 0.8 m was obviously higher than that in 0 and 0.4 m.
The abundance of the genera in A1 and A2 was not varied much,
while the abundance of Methylotenera in A3 were much lower than
those in A1 and A2; conversely, the abundance of Methylomonas,
Rhodoferax and Pedobacter was much higher than those in A1 and
A2.

Most of IOB detected in the biofilter had the ability to oxidize
manganese, such as Crenothrix, Gallionella, Pseudomonas and Ba-
cillus. In the medium term of the start-up period process (69 d),
Crenothrix (29.37%, 26.24% and 10.33%) which was I0B or MnOB,
was the dominant genera in B1, B2 and B3; meanwhile, iron was
completely removed, and manganese with a removal rate of 85.37%
was mainly removed by MnOB. The abundance of Crenothrix and
Gallionella in 69 d was obviously lower than those in 25 d in the
same filter bed except Gallionella in B3. The reason was as followed:
Crenothrix and Gallionella were continually accumulated in the
biofilter, but the accumulating rates of them were slower than other
bacteria, such as Nitrosomonas, Flavobacterium and Methylotenera.
And the abundance of Crenothrix and Gallionella in B3 was obvi-
ously lower than those in B1 and B2, because the concentration of
iron in influent was much higher than manganese, iron was
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completely removed in 0.4 m of the filter bed, and only part of
manganese was removed in 0.8 m. Nitrosomonas was accumulated
in the biofilter in 69 d, and the abundance was 1.62% (B1), 2.37%
(B2) and 9.27% (B1), which was obviously higher than that in 25 d
(0.098%, 0.089% and 0.14%); correspondingly, the removal rate of
ammonia was increased to 96.42% from 29.30%. And the abundance
of Nitrosomonas in B3 was much higher than that in B1 and B2,
agreed with that ammonia was mainly removed in 0.8 m of the
filter bed.

In the steady phase of the start-up process (97 d), the dominant
genera in C1, C2 and C3 were Crenothrix (28.18%, 27.82% and 11.33%)
and Methylotenera (15.67%, 17.34% and 23.56%). And ammonia, iron
and manganese were all mainly removed in 0—0.4 m of the filter
bed. The abundance of Crenothrix and Gallionella decreased along
the filter bed, according with iron decline along the filter bed. In
0.8 m, the removal rate of manganese in 97 d was much higher than
that in 69 and 25 d, but the abundance of MnOB was not obviously
increased in that filter bed. The reasons were as following: man-
ganese was mainly removed in 0.4 m of the biofilter, other kinds of
bacteria were accumulated in 0.8 m, and the oxidation efficiency of
MnOB may much higher than other bacteria, such as IOB, AOB and
NOB. The abundance of Nitrosomonas decreased in C3 but increased
in C2 compared with that in 69 d, which agreed with that the main
removal position of ammonia in the biofilter was transferred from
0.4 — 0.8 min 69 d to 0—0.4 m in 97 d. In addition, the distribution
of Nitrosomonas along the filter depth in 97 d was similar to that in
69 d. The abundance of Prosthecobacter, Pedobacter, and Methyl-
otenera in C3 were much higher than those in C1 and C2, while
Peredibacter and Methylomonas in C3 were much lower than those
in C1 and C2. The abundance of Methylotenera, Novosphingobium,
Prosthecobacter and Burkholderia in 0.8 m gradually increased from
the 25—69 d and 97 d.

In the start-up process, the abundance of IOB was high, while
the abundance of AOB and NOB increased with ammonia decreased
in effluent, and biological manganese removal was gradually
improved. I0B, MnOB, AOB and NOB were all existed in the nine
communities, and the abundance of IOB and MnOB in 0.8 m of the
filter bed was obviously lower than those in 0 and 0.4 m, while the
abundance of AOB and NOB in 0.8 m was much higher than those in
0 and 0.4 m.

3.4. Composition of the archaea community

The numbers of reads of the archaea 16S rRNA gene accounted
for 0.36% (A1), 0.49% (A2), 0.29% (A3), 0.19% (B1), 0.36% (B2), 0.43%
(B3), 0.32% (C1), 0.33% (C2) and 0.29% (C3) of the total 16S rRNA
genes. Pyrosequencing detected 3 archaea phyla-Crenarchaeota,
Euryarchaeota and [Parvarchaeota], and 7 archaea classess-MCG,
Thaumarchaeota, DSEG, Methanobacteria, Methanomicrobia, Ther-
moplasmata and [Parvarchaea] in all nine communities (Fig. S3), and
the dominant phylum and class were Euryarchaeota and Thermo-
plasmata, respectively, accounted for 100% (A1), 90.91% (A2),
86.59% (A3), 97.92% (B1),100.00% (B2), 97.56% (B3), 100% (C1), 100%
(C2) and 100.00% (C3); and 68.75% (A1), 54.55% (A2), 47.56% (A3),
60.42% (B1), 70.37% (B2), 56.10% (B3), 70.00% (C1), 78.12% (C2) and
57.14% (C3) of the total archaea 16S rRNA genes, respectively. The
dominant genera in the nine communities were Ferroplasma
(45.83%,13.64%, 29.27%, 25.00%, 40.74%, 21.95%, 40.00%, 46.88%, and
32.14%) and Thermogymnomonas (22.92%, 40.91%, 18.29%, 35.42%,
29.63%, 34.15%, 30.00%, 31.25%, and 25.00%) (Fig. S4). Additionally,
Ferroplasma was iron oxidizing archaea (IOA) (Rawlings, 2005),
Candidatus Nitrososphaera was ammonia oxidizing archaea (AOA)
(Oishi et al., 2012), Nitrosopumilus was possible related to denitri-
fication (Li et al., 2014), and Methanobacterium, Methanosaeta,
Methanosarcina, Methanospirillum, Candidatus Methanoregula,

Methanoculleus and Methanobrevibacter were possible related to
methane oxidizing (Bharathi and Chellapandi, 2017; Rocheleau
et al., 1999).

4. Conclusion

In the steady phase of the start-up process, ammonia, iron and
manganese were removed at the upper part of the filter bed. AOB,
NOB, AOA, 10B, I0A, MnOB which were related to ammonia, iron
and manganese removal, and kinds of other bacteria which may be
related to methane, hydrogen sulfide and organic matter removal,
were found in the biofilter treating real groundwater. The spatial
distribution of microbial populations along the depth of the bio-
filter revealed the stratification of the removal of ammonia, iron
and manganese. The variation of spatial distribution of microbial
populations in the biofilter revealed the increasing efficiencies of
ammonia, iron and manganese removal during start-up process.
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