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A B S T R A C T   

Phragmites reeds are widely used in constructed wetlands (CWs) for treating wastewater. The enrichment of 
microorganisms and Fe/Mn plaque in Phragmites rhizospheres largely contributes to pollutant removal. However, 
their interactions and potential synergistic roles in water purification are poorly understood. To address the 
issue, we first compared the microbial community traits in the Phragmites rhizosphere and adjacent bulk soil in 
six long-term operated CWs. Results showed that enriched microbes and functional genes in the Phragmites 
rhizosphere were largely involved in Mn oxidation, resulting in a two to three times enrichment of Mn oxides in 
the rhizosphere. In turn, the enriched Mn oxides played significant roles in driving microbial community 
composition and function. To further understand the biological manganese oxidation in the rhizosphere, we 
identified Mn-oxidizing bacteria using genome-centric analysis and found that 92% of identified Mn-oxidizing 
bacteria potentially participated in nitrogen cycling. We then conducted relationships between Mn-oxidizing 
genes and different nitrogen cycling genes and found Mn-oxidizing gene abundance was significantly corre-
lated with ammonia oxidation gene amoA (R = 0.65). Remarkably, complete ammonia oxidation (comammox) 
Nitrospira, accounting for 39.11% of ammonia oxidizers, also positively correlated with Mn-oxidizing microbes. 
Based on the above observations, we inferred that the use of Mn oxides as a substrate in CWs may enhance 
ammonia oxidation. To apply this to actual engineering, we explored treatment performance in a pilot-scale Mn- 
amending CW. As expected, ammonia removal capacity improved by 23.34%, on average, in the Mn-amending 
CW. In addition, the abundance of amoA genes increased significantly in the Mn-amending CW, indicating 
improved biological processes rather than chemical reactions.   

1. Introduction 

Constructed wetlands (CWs) are engineered systems that have 
developed rapidly in recent decades. As a natural alternative to technical 
wastewater treatment, CWs exhibit strong pollution remediation via the 
combined roles of plants, microorganisms, and soil (Stottmeister et al., 
2003). Increasing evidence has demonstrated that plant rhizosphere 
microbiomes play a vital role in pollutant transformation (Jiang et al., 
2020; Saravanan et al., 2019; Thomas et al., 2019). Reeds (Phragmites) 
are one of the most commonly applied plants in CWs. Taxonomically, 
Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes are 
abundant at the phylum level in the Phragmites rhizosphere (Borruso 
et al., 2014). The Phragmites rhizosphere microbiome can biodegrade 
technical nonylphenol (Toyama et al., 2011b), pyrene, and benzo[α] 
pyrene (Toyama et al., 2011a). Nevertheless, a comprehensive 

understanding of Phragmites rhizosphere microbiome traits is still 
needed, e.g., which environmental factors shape the composition and 
function of the rhizosphere microbiome. 

Besides microbiome, Iron (Fe) and Manganese (Mn) plaque is a 
common component of the plant rhizosphere environment (Liu et al., 
2006), which contributes to the transformation and stabilization of 
pollutants, such as arsenic (As) (Wang et al., 2019) and phosphate 
(Warrinnier et al., 2020). Mn oxides derived from biological processes (i. 
e., biogenic Mn oxides) are one of the main components of Fe/Mn plaque 
(Learman et al., 2011). Moreover, Mn-oxidizing microbes are common 
in plants’ rhizosphere and mostly aerobic (Maisch et al., 2019; Weiss 
et al., 2003). Due to their high oxidizing ability, Mn oxides can further 
transform and degrade pollutants absorbed by Fe/Mn plaque. In natural 
environments, Fe/Mn plaque accumulation can account for up to 10% of 
Phragmites’ root dry weight and extends as much as 15–17 µm into the 
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rhizosphere (Hansel et al., 2001), thus providing an ecological founda-
tion for its application in wastewater treatment. Therefore, we inferred 
that Mn oxides should be enriched in the rhizosphere environment. 
However, to what extent Mn oxides are enriched in the Phragmites 
rhizosphere environment and how they influence the performance of 
CWs requires further exploration. 

The average concentration of Mn in wetlands is ~100 mg/kg (ppm) 
(Vymazal and ̌Svehla, 2013). Therefore, Mn-amending methods, i.e., Mn 
ore (Yang et al., 2019), Mn-coated biochar (Guo et al., 2020), and 
birnessite-coated sand substrates (Xie et al., 2018), have been applied in 
CWs to promote pollutant removal. Mn-amending CWs can promote 
nitrogen transformation, phosphate removal, and emerging organic 
micropollutant removal at mg/L or ng/L levels (Li et al., 2019). Of note, 
nitrogen removal efficiency is closely related to the microbial commu-
nity influenced by Mn oxides, and the application of Mn oxides can 
improve total nitrogen removal efficiency (Zhao et al., 2020). Further-
more, some Mn-oxidizing bacteria possess the ability to denitrify, which 
can improve the removal efficiency of nitrate in underground water 
where Mn(II) and nitrate are found at high concentrations (Bai et al., 
2020; Su et al., 2020). However, previous advances about improved 
nitrogen removal in CWs led by amending Mn oxides constrained into 
lab-scale reactors. The pilot-scale applications and related gene-level 
mechanisms have yet to be explored. The nitrogen transformation and 
fixation in CWs are complexed (Jahangir et al., 2020) and varied with 
environmental factors (for example, temperature) (Wang et al., 2021). 
Therefore, two key questions were proposed “which process is most 
significantly influenced by Mn oxides in CWs” and “what are the un-
derlying mechanisms of the influence”. 

Overall, information is still lacking on Mn oxides in plant rhizo-
spheres (e.g., Phragmites) and their interactions with attached microor-
ganisms, hindering the application of Mn-amending CWs in wastewater 
treatment. Here, we chose six CWs that have been in operation for at 
least five years as study sites and applied metagenomic sequencing to 
profile the Phragmites rhizosphere microbiome and Mn-oxidizing bac-
teria. We also investigated the relationships among Mn oxides, Mn- 
oxidizing genes, and the rhizosphere microbiome. Based on the 
finding from metagenomic analysis, we performed a one-year pilot-scale 
experiment on Mn-amending CWs to investigate the causal relationship 
between Mn amendment and augmented biological processes. 

2. Materials and methods 

2.1. Field sampling 

The six chosen CWs are of all horizontal subsurface-flow type 
(Table S1). They had the same hydraulic retention time (1d) and same 
structure, except for the filter sands, which either contained or did not 
contain magnetic separation. Magnetic separation was performed by 
local retailors to recycle iron, which induced a low concentration of Fe 
and Mn in the CWs. Detailed information on the CWs is shown in 
Table S1. All six CWs were planted with Phragmites. At each CW, two 
sampling sites were chosen near the influent and effluent, respectively. 
For each sampling site, at least five Phragmites plants were dug out with 
an alcohol-treated shovel. Loosely attached soil was removed by gently 
shaking the plant. Roots with firmly attached soil, defined as rhizo-
sphere soil (Bulgarelli et al., 2012), were cut and loaded into a 50-mL 
sterile DNA-free Falcon tube with LifeGuard™ preservation solution 
(MoBio Laboratories Inc., Carlsbad, CA, USA) to prevent nucleic acid 
degradation. Nearby soil without Phragmites plants, defined as bulk soil, 
was also collected to the same depth as the roots (~20 cm) and then 
loaded into tubes with preservation solution. We also collected 1 L of CW 
influent and effluent water for in-situ measurements. Approximately 
250 mL of water was transferred to glass bottles with screw caps for 
laboratory analysis. All water and soil samples were transported to the 
laboratory on ice. Water samples were stored at 4 ◦C prior to physi-
ochemical analyses and soil samples were stored at − 80 ◦C prior to 

molecular analyses. 

2.2. Physicochemical parameter measurement of water and soil samples 

Water temperature, conductivity, oxidation–reduction potential 
(ORP), total dissolved solids (TDS), and pH were measured in situ using 
a multi-parameter water quality sonde (MYRON Co., USA). Dissolved 
oxygen (DO) was measured in situ using a portable dissolved oxygen 
meter (HACH Co., USA). Aliquots of water samples were used for the 
measurement of total phosphorus (TP) and nitrogen (TN). A portion of 
the water samples was filtered through 0.45-µm pore Millipore Express 
polyethersulfone (PES) syringe filters (Merck Millipore Ltd., Germany) 
to determine the concentrations of orthophosphate (PO4

3− -P), nitrate 
(NO3

− -N), ammonia (NH4
+-N), dissolved organic carbon (DOC), Fe, and 

Mn in influent and effluent. Detailed instrumental methods are list in the 
Supplementary Methods. Details about the effluent of the sampling CWs 
were listed in Table S2. Effluent water quality currently meets the Level 
IV China Environmental Quality Standards for Surface Water (GB 
3838–2002). The contents of Fe/Mn oxides in the Phragmites rhizo-
sphere and bulk soil samples were measured using a modified dithionite- 
citrate-bicarbonate technique (DCB) (Taylor and Crowder, 1983), as 
described in the Supplementary Methods. 

2.3. DNA extraction of soil samples 

DNA extraction of rhizosphere soil followed previous studies (Bul-
garelli et al., 2012; Edwards et al., 2015; Lundberg et al., 2012). Briefly, 
10 mL of Silwet L-77 amended phosphate-buffered saline buffer (PBS-S; 
130 mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4, pH 7.0, 0.02% Silwet 
L-77) was added to the Falcon tubes containing rhizosphere soil, fol-
lowed by washing on a shaking platform (HZQ-F160, Harbin Donglian 
Electronic Technology Development Co., Ltd., China) for 20 min at 180 
rpm at room temperature. The Falcon tubes were then subjected to 
centrifugation (5 000 rpm, 20 min, room temperature) and the resulting 
pellet was immediately used for DNA extraction. DNA was extracted 
from both bulk soil and rhizosphere soil samples using a DNeasy® 
PowerSoil Kit (QIAGEN GmbH, Germany) according to the manufac-
turer’s instructions. 

2.4. Metagenomic sequencing 

The extracted DNA samples (N = 43) were sent to the Beijing Ge-
nomics Institute for 150-bp paired-end shotgun metagenomic 
sequencing on the BGISEQ500 platform. Detailed sequencing informa-
tion is listed in Table S6. In total, 554 Gb of sequencing data were 
obtained.  

(i) Microbial community composition and function 

The 16S rRNA gene fragments were extracted from the filtered clean 
reads using Metaxa2 (Bengtsson-Palme et al., 2015). Recovered 16S 
fragments were clustered using USEARCH (v10.0.240) (Edgar, 2018) 
and taxonomically classified using best match hits in the ribosomal 
database project (RDP) at a similarity of ≥97% in QIIME1 (Kuczynski 
et al., 2011). Alpha and beta diversity indices were calculated in 
QIIME1. Principal coordinates analysis (PCoA) was performed using the 
vegan package (v2.5.2) in R. 

All sequences from the same site were co-assembled with MEGAHIT 
(Li et al., 2015). Predicted open reading frames (ORFs) were merged and 
clustered with CD-HIT (v4.7; -c 0.95 -aS 0.9 -g 1) (Fu et al., 2012). The 
selected assembled contigs (≥500 bp in length) were used to predict the 
ORFs with Prodigal (v2.6.3) (Hyatt et al., 2010). BBMap (v38.43) 
(Bushnell, 2014) was used to map each metagenomic read to the 
non-redundant gene library and to normalize read counts per kilobase 
per million mapped reads (RPKM). Functional annotation was per-
formed using eggNOG-mapper (v1.0.3) (Huerta-Cepas et al., 2018). 
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Linear discrimination analysis (LDA) (Segata et al., 2011) was used 
to identify differentially abundant features (OTUs and functional genes) 
between the rhizosphere and bulk soil samples. Features fulfilling the 
following criteria were considered enriched: (1) Logarithmic LDA score 
for discriminative features was larger than two and (2) Alpha value for 
the factorial Kruskal-Wallis test between rhizosphere and bulk soil 
samples was less than 0.05. In addition, an all-against-all multi-class 
analyzing strategy was applied.  

(i) Abundance of amoA and Mn(II)-oxidizing genes 

The abundances of amoA and Mn(II)-oxidizing genes were obtained 
by aligning the reads of each sample to our previously constructed 
reference databases (Hu et al., 2020) using the ublast command in 
USEARCH with the parameters (-evalue 1e-10 -accel 0.8 –maxaccepts 1). 
For each reference sequence in each database, the obtained average 
copy number of the reference sequence was normalized by the 16S gene 
copy number, which was obtained from read alignment to the Green-
genes database (16S rRNA of gg_13_5.fasta) (DeSantis et al., 2006).  

(i) Genome centric analysis 

Genomic binning was conducted according to the MetaWRAP pipe-
line (Uritskiy et al., 2018) to recover metagenomic assembled genomes 
(MAGs) (completeness > 50%; contamination < 10%). The MAGs ob-
tained were de-replicated using dRep (Olm et al., 2017) to generate a 
non-redundant MAGs dataset. To quantify the relative abundance of the 
MAGs in each sample, BBMap (v38.43) was used with a custom script. 
The MAGs were also classified using GTDB-Tk (v0.2.2) (Chaumeil et al., 
2019). 

The MAGs containing amoA or Mn(II)-oxidizing genes were identi-
fied via the following procedures: the ORFs in each MAG were predicted 
using Prodigal with default parameters and then aligned to the amoA or 
Mn(II)-oxidizing gene databases using BLAST (Altschul et al., 1990) to 
identity MAGs containing amoA or Mn(II)-oxidizing genes (identity >
0.7, coverage > 70%). The custom amoA and Mn-oxidizing gene data-
bases have been described in detail in our previous research (Hu et al., 
2020). Of note, the amoA database not only included amoA sequences 
from NCycDB (Tu et al., 2018) but also manually curated complete 
ammonia-oxidizing (comammox) amoA sequences. The phylogenic tree 
based on Mn-oxidizing MAGs was constructed using 11 published ge-
nomes of Mn-oxidizing bacteria (downloaded from NCBI, Table S3) as a 
reference. Briefly, we first searched and aligned all orthologs of all ge-
nomes (including reference genomes and MAGs) in OrthoFinder (v2.4.0) 
(Emms and Kelly, 2019), then reconstructed a species tree in IQ-TREE 
(v2.0.3) (Chernomor et al., 2016) and finally visualized the tree in 
ITOL (Letunic and Bork, 2019). 

2.5. Mn-amending CWs 

We constructed four pilot-scale CWs (each 115–125 m2 and 1.2 m 
deep) and added 0 (Control), 100 (Mn100), 200 (Mn200), and 400 
(Mn400) kg of natural Mn sand (~35% MnO2) mixed with quartz sand in 
Shijiazhuang, Hebei Province, China (38◦03′19.6′′N, 115◦03′22.3′′E). 
The approximately proportion of Mn oxides in four CWs were 0%, 
0.04%, 0.08% and 0.16% respectively. Their structure was the same as 
the above six CWs. Daily treatment capacity varied with the season 
(Table S4). We carried out 12 sampling campaigns (Table S4), during 
which time we collected influent and effluent water samples from each 
CW for water quality analysis. In each CW, three sampling sites were 
randomly selected to obtain rhizosphere/bulk soil samples. All water 
and soil samples were transported to the laboratory on ice. The physi-
cochemical parameters of 120 water samples (NH4

+-N, NO3
− -N, TN, TP, 

and DOC) and the content of Fe/Mn oxides in 288 soil samples were 
measured (as described above). Pollutant removal capacities per day per 
area of the four pilot CWs were calculated to compare their treatment 

effects. As performance differences among the four CWs were already 
established after the first 10 sampling times, total DNA was extracted 
from 100 bulk soil and 100 rhizosphere soil samples using a DNeasy® 
PowerSoil Kit (QIAGEN GmbH, Germany). Real-time polymerase chain 
reaction (PCR) was performed to quantify the copy numbers of archaeal 
and bacterial amoA genes. Details are discussed in the Supplementary 
Methods. 

2.6. Statistical analysis 

All statistical analyses were performed in R (v3.6.2). In all experi-
ments, differences and correlations were considered statistically signif-
icant at p < 0.05.  

(i) Correlation analysis 

We computed pairwise distances between each environmental factor 
(including ORP, pH, water temperature, DO, nitrate, ammonia, TN, TP, 
TOC, and the content of Fe/Mn oxides in the rhizosphere and bulk soil) 
using the ggcor package in R. To identify the relationship between mi-
crobial community composition/function and environmental factors, 
partial Mantel correlations were computed (9999 permutations) using 
the ggcor package in R. 

Spearman correlations were calculated between (1) the abundance of 
amoA and Mn-oxidizing genes; (2) relative abundance of MAGs con-
taining amoA and content of Mn oxides, and (3) relative abundance of 
MAGs containing amoA and content of Mn-oxidizing genes.  

(i) Two-group test 

The nonparametric Wilcoxon signed-rank test was applied to 
compare differences between rhizosphere and bulk soil samples in re-
gard to the content of Fe/Mn oxides, the abundance of Mn-oxidizing 
genes, and the content of amoA in CWs with and without amended Mn 
oxides. 

3. Results 

3.1. Enriched Mn-oxidizing bacteria and Fe/Mn oxides in Phragmites 
rhizosphere 

We first compared the microbial community and functional 
composition of the Phragmites rhizosphere and bulk soil in the six 
operated CWs (Figs. 1a and S1). The most enriched microbes of rhizo-
sphere soil were Hydrogenophaga, Rhodobacter, Pseudoxanthomonas, 
Microbacterium, and Methylibium while Desulfurispirillum was highly 
enriched in bulk soil. As expected, most enriched microbes were aerobic 
bacteria due to the aerobic rhizosphere environment of the Phragmites 
root system (Yang et al., 2014). Surprisingly, 10 out of 22 
rhizosphere-enriched microbes were identified as Mn-oxidizing bacteria 
(details in Table S5). In addition, seven of the 10 Mn-oxidizing bacteria 
were documented as plant-growth promoting bacteria, which can pro-
mote the transformation of nitrogen or phosphate. In contrast, four of 
the 12 microbes enriched in the bulk environment were related to Mn 
reduction and were anaerobic (Weiss et al., 2004). In addition, two 
bulk-enriched bacteria were identified as both Mn-oxidizing bacteria 
and plant-growth promoting bacteria. Of the functional genes retrieved 
from the metagenomic sequences, 65.6% of sequences were assigned to 
a known function (Table S6). LEfSe analysis (Fig. 1b) identified 18 
different functional genes between the Phragmites rhizosphere and bulk 
soil. Of note, genes encoding the iron complex receptor protein were 
significantly enriched in the Phragmites rhizosphere, suggesting that 
extensive iron cycling processes occur in the rhizosphere. Moreover, 
low-molecular-weight organic carbon transport system-related proteins 
were also enriched in the Phragmites rhizosphere, possibly because the 
rhizosphere microbiome utilized root exudates composed of 
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low-molecular-weight organic compounds (Sasse et al., 2018; Shi et al., 
2011) to maintain their growth. 

Based on the above findings, we compared the content of Fe/Mn 
oxides in the rhizosphere and bulk soil. As expected, the contents of Fe 
and Mn oxides were both enriched in the rhizosphere soil. The average 
contents of Mn oxides (Fig. 1c) in bulk soil with and without magnetic 
selection were 10.19 ± 7.45 and 110.78 ± 21.16 mg/kg, respectively, 
and in rhizosphere soil with and without magnetic selection were 27.11 
± 22.22 and 244.13 ± 89.10 mg/kg, respectively. Averagely, the Mn 
oxides were enriched two to three times in the rhizosphere. The average 
contents of Fe oxides (Figure S2) in rhizosphere soil (1 804.65 ± 590.63 

and 5 710.93 ± 1 947.75 mg/kg) were 2~3 times higher than those in 
bulk soil (1 235.02 ± 258.00 and 3 328.30 ± 256.40 mg/kg). 

3.2. Mn oxides potentially drive Phragmites rhizosphere microbiome 

To determine which environmental factors drive compositional dif-
ferences in the Phragmites rhizosphere microbiome, the distance- 
corrected dissimilarities of taxonomic and functional community 
composition were correlated with wastewater properties (i.e., conduc-
tivity, ORP, pH, water temperature, DO, NO3

− -N, NH4
+-N, TN, TP, and 

TOC) and soil properties (Fe/Mn oxides in both bulk and rhizosphere 

Fig. 1. Characteristics of enriched microbes and Fe/Mn oxides in Phragmites rhizosphere. (a) Taxonomic differences between bulk and rhizosphere soil based on 16S 
ribosomal RNA extracted from metagenome sequences. (b) Functional differences between bulk and rhizosphere soil based on KEGG annotation; red dashed line 
separates higher abundant genera and metabolism functions in rhizosphere (upper) or bulk soils (lower). (c) Content of Mn oxides in bulk and rhizosphere soil in CWs 
with (left part) and without (right part) magnetic separation. 
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soil). As shown in Fig. 2, the contents of soil Fe/Mn oxides were highly 
correlated with both taxonomic and functional composition (Mantle R >
0.5). Besides, water temperature and DO are significantly related to both 
functional and taxonomic composition of the rhizosphere microbiome, 
suggesting rhizosphere microbes varied with seasonal (temperature) 
and diurnal (DO) change of rhizosphere environment in CWs. In addi-
tion, Mn oxides in bulk and rhizosphere soil were positively correlated 
with water temperature, NH4

+-N, and TP, with pairwise correlations 
between environmental factors all >0.5. It is reasonable that tempera-
ture and oxygen are sensitive factors for the growth of Mn-oxidizing 
microbes, which eventually influence the formation of Mn oxides 
(Tebo et al., 2004). Highly correlation between phosphate and Mn ox-
ides was probably due to the strong adsorption of phosphate to Mn ox-
ides (Wu et al., 2014). A strong positive correlation between ammonium 
and Mn oxides (R = 0.66, p < 0.001) suggested the association between 
ammonium oxidation and Mn oxidation. 

3.3. Biological Mn oxidation associated with ammonia oxidation 

To understand biological Mn oxidation in the Phragmites rhizosphere 
microbiome, we recovered 2 552 metagenomic assembled genomes 
(MAGs, completeness > 50%; contamination < 10%, details in Supple-
mentary Excel file) and 101 bacterial MAGs (completeness > 75%; 
contamination < 5%) containing at least one Mn-oxidizing genes 
including three peroxidase genes (mopA) and nine multicopper oxidase 
genes (boxA, cotA, cueO, mofA, moxA, mcoA and three types of mnxG), 
which were identified as putative Mn-oxidizing bacteria (see Fig. 3). A 
phylogenetic tree based on the 101 putative Mn-oxidizing bacteria and 
11 published Mn-oxidizing bacteria (complete genomes, Table S3) was 
then constructed. Detailed information on the 101 putative Mn- 
oxidizing bacteria is listed in the Supplementary Excel file. 

Nitrosomonas, Rhodoferax, Hydrogenophaga, and Pseudorhodobacter have 
been previously identified as Mn-oxidizing bacteria (Tebo et al., 2005). 
Here, Hydrogenophaga, Methylibium, and Pseudorhodobacter were 
enriched in the rhizosphere environment with relatively large genome 
sizes, suggesting that these MAGs may have more potential functions to 
adapt to the rhizosphere environment (Levy et al., 2018). In addition, we 
found that most Mn-oxidizing bacteria contained mopA or moxA (or 
both). Based on the short-read alignment results, mopA and moxA 
accounted for 59.81% ± 6.62% of the total Mn-oxidizing genes (Sup-
plementary Excel file). Therefore, mopA and moxA were the dominant 
Mn-oxidizing genes in the Phragmites rhizosphere in the CW 
environments. 

Then we explored the associations between Mn oxidation and 
ammonia oxidation by hypothesizing that Mn-oxidizing microbes could 
oxidize ammonia by possessing amoA genes. Therefore, ammonia 
oxidation and other nitrogen cycling genes from Mn-oxidizing bacteria 
were selected against NCycDB (Tu et al., 2018) to determine which 
Mn-oxidizing bacteria are involved in ammonia oxidation and the other 
nitrogen cycling processes. In total, 93 of the 101 putative Mn-oxidizing 
bacteria were related to at least one nitrogen cycling process, most of 
which were involved in denitrification and/or nitrate reduction (Fig. 3). 
Of note, eight MAGs were classified into the genus Nitrosomonas, which 
contains ammonia-oxidizing bacteria (Suzuki et al., 1974). The genome 
alignment results showed that three contained the functional 
ammonia-oxidizing gene amoA, further confirming their ammonia 
oxidation ability. Thus, these results suggest that Mn-oxidizing bacteria 
potentially participate in nitrogen cycling and some of them contribute 
to ammonia oxidation. 

Moreover, we correlated the abundance of all types of functional 
genes related to nitrogen cycling with Mn-oxidizing genes (Figs. 4 and 
S3) in the Phragmites rhizosphere. From the short-read alignments 

Fig. 2. Pairwise comparisons between environmental factors are shown, with color gradient denoting Spearman correlation coefficients. Taxonomic (based on 
metagenomic assembled genome) and functional (based on KEGG annotation) rhizosphere microbial community composition related to each environmental factor by 
partial Mantel tests. Edge width corresponds to Mantel r statistic for corresponding distance correlations, and edge color denotes statistical significance based on 9 
999 permutations. 
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Fig. 3. Phylogenomic tree for MAGs containing Mn-oxidizing genes. Reference genomes of Mn-oxidizing bacteria downloaded from NCBI were also used here. 
Accession numbers for reference genomes are shown in Table S5. Scale bar represents 0.5 amino acid substitutions per sequence position. Bootstrap values (>70% of 
1 000 replicates) are indicated at nodes. Nitrogen cycling genes of all putative Mn-oxidizing bacteria were selected against NCycDB and classification of each MAG 
was based on gene types in the database. MAGs without taxonomic classification were unassigned by Genome Taxonomy Database (GTDB). 

Fig. 4. Linear relationships between Mn oxidation and ammonia oxidation. Spearman correlations between content of amoA and (a) total Mn-oxidizing genes, (b) 
mopA, and (c) moxA based on short read alignment. Gene coverage was normalized to 16S rDNA gene to eliminate sequencing depth. 
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(Fig. 4a), a significant linear relationship appeared between the content 
of Mn-oxidizing genes and amoA (R = 0.65, p < 0.001), whereas other 
nitrogen cycling genes (such as norZ and nirK) did not establish linear 
relationships with Mn-oxidizing genes (Figure S6). Further correlation 
analysis confirmed that both mopA and moxA showed significant linear 
relationships with amoA (R = 0.62 and 0.64, respectively, Figs. 4b and 
c). Based on the above results, we proposed that the relationships be-
tween Mn oxidation and ammonia oxidation could be directed by the co- 
existing of these two types of functional microbes. Therefore, we 
selected MAGs against the custom amoA database (containing archaeal, 
bacterial, and comammox amoA sequences) and identified 17 MAGs 
containing amoA, which we then classified using the Genome Taxonomy 
Database (Supplementary Excel file). Among them, five were affiliated 
with Nitrosomonas, seven (with comammox amoA) were affiliated with 
Nitrospira, two were classified as ammonia-oxidizing archaea (AOA), 
and three were unassigned. Based on the correlation analysis of the 
abundance of Mn-oxidizing genes and each type of ammonia oxidizer, 
Nitrosomonas was negatively correlated with Mn-oxidizing genes, while 
comammox Nitrospira was positively correlated with Mn-oxidizing genes 
(Fig. 5a). These results suggest that Mn-oxidizing processes may coexist 
with comammox Nitrospira in CWs (Daims et al., 2015). Furthermore, 
comammox Nitrospira abundance was significantly higher than that of 
Nitrosomonas (Fig. 5b), indicating that comammox processes signifi-
cantly contribute to ammonia removal in CW environments. In addition, 
based on abundance, comammox Nitrospira accounted for 39.11% of the 
total ammonia oxidizers (Supplementary Excel file), while Nitrosomonas 
accounted for 19.86%, suggesting that comammox Nitrospira is the 
dominant ammonia oxidizer in the Phragmites rhizosphere. 

3.4. Amending Mn oxides in CWs enhanced ammonia oxidation in pilot 
study 

For practical application, we added Mn oxides into pilot-scale CWs to 
strengthen their ammonia removal capacity. During the one-year sam-
pling campaigns (12 sampling time points), the CWs amended with Mn 
oxides increased ammonia removal capacity by 24.34 ± 35.50% 
compared to the non-amended CW (Fig. 6a). In addition, the concen-
tration of nitrate in the effluent of Mn-amending CWs was obviously 
higher than non-amended CW, which suggested enhanced ammonia 
oxidation was established by Mn-amending CWs (Figure S4). The 
removal capacities of TOC, TN, and TP only showed slight differences 
between CWs with and without amended Mn oxides (Figure S4). We 
further quantified the contents of ammonia-oxidizing genes (amoA in 
bacteria) in the four CWs. The Control group contained 21,694.71 ±
26,754.59 copies/g in bulk soil and 13,990.32 ± 11,999.12 copies/g in 
rhizosphere soil. The other three Mn-amending CWs contained 

significantly more amoA genes than the Control (p < 0.001), suggesting 
that the addition of Mn oxides may stimulate the production of amoA 
genes. The same trend also appeared for the abundance of amoA in 
archaea (Figure S5). Among the three Mn-amending CWs, those with 
more Mn oxides did not show significantly higher ammonia removal 
capacity. This may be related to two reasons. Firstly, low influent con-
centration (Figure S4) may have led to small differences among them, 
which were influenced by other environmental factors, such as tem-
perature. Secondly, among the three Mn-amending CWs, the abundance 
of amoA did not show significant differences, corresponding to subtle 
differences in ammonia removal capacity. Collectively, these results 
demonstrate that Mn oxide amendment may result in a greater abun-
dance of ammonia-oxidizing genes in CWs, consistent with our field 
sampling results. 

4. Discussion 

4.1. Associations between Mn oxides and microbial community 

We profiled the microbial community and functional composition of 
the Phragmites root-inhabiting microbiome in CWs. Compared to bulk 
soil, more microbes were enriched in the Phragmites rhizosphere, with 
Mn-oxidizing bacteria found to be widely distributed (Figs. 1 and S2). 
These enriched Mn-oxidizing bacteria likely contributed to the enrich-
ment of Mn oxides (Fig. 1c). Furthermore, the enriched Fe oxides 
induced enriched Mn oxides: The enriched Fe oxides in the rhizosphere 
could absorb and constrain reduced Mn (II) in the rhizosphere envi-
ronment and further re-oxidized by Mn-oxidizing bacteria (Figure S7). 
Besides, the presence of Mn oxides is regarded as a likely indicator of 
biological activity (Tebo et al., 2005). The biomass was highly enriched 
in the Phragmites rhizosphere environment (Figure S8), indicating the 
“hotspots” of the biological reactions. In our research, the functional 
iron complex transport gene (Fig. 1b), which is closely related to the 
concentration of surrounding metal ions (e.g., Fe and Mn), also sug-
gested active metal bioconversion and -circulation around the Phrag-
mites roots (Lau et al., 2015). 

As a potential environmental driver, we found that Mn oxides 
influenced the microbial community in CWs (Fig. 2). On the one hand, 
enriched Mn oxides can protect the rhizosphere microbes by seques-
trating and oxidizing harmful metal ions, such as As and Cd (Huang 
et al., 2017; Xiao et al., 2020), and recalcitrant micropollutants, such as 
norfloxacin (Yan et al., 2017). On the other hand, Mn oxide enriched in 
the rhizosphere and amended Mn oxides both act as electron acceptors 
while the reduced Mn(II) were electron providers for the nearby 
microbiome. Reduced Mn(II) was later re-oxidized to biogenic Mn oxide 
by Mn-oxidizing bacteria. Therefore, in our Mn-amending CWs, effluent 

Fig. 5. (a) Spearman correlations between abundance 
of MAGs containing amoA (ammonia-oxidizing bacte-
ria/archaea) and Mn-oxidizing genes. Only significant 
correlations (p < 0.05) are displayed. The area corre-
sponds to the R value; (b) Abundance of Nitrospira 
(comammox) and Nitrosomonas in rhizosphere samples. 
Taxonomic classification of selected MAGs based on 
GTDB. AOA refers to ammonia-oxidizing archaea. 
Abundance of MAGs was calculated as RPKM and 
coverage of Mn-oxidizing genes was normalized to 16S 
rDNA gene.   
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Mn(II) was undetectable (data not shown). In addition, Mn oxides can 
degrade refractory organic compounds into labile forms with high 
reactivity, which may support higher bacterial growth and lead to a 
more diverse microbiome (Marcus et al., 2017). Therefore, amending 
Mn oxides in CWs may form highly diverse microbial communities, 
which contribute to pollution remediation ability (Chen et al., 2020; 
Lennon and Jones, 2011) The same phenomenon has also been reported 
by Zhao et al. (2019), who found that the co-occurrence network anal-
ysis of microbiome in Mn-amending rapid sand filters contained more 
nodes and edges, which manifested more complex correlations, than the 
control, implying that Mn circulation substantially shapes the microbial 
community and eventually contributed to pollution remediation. 

4.2. Enhanced ammonia oxidation by Mn oxides 

Nitrogen is a major concern during wastewater treatment processes, 
especially in CWs (Tondera et al., 2021). Therefore, the impact of Mn 
oxides on nitrogen cycling was explored in this study. Our results 
showed that enhanced ammonia-oxidizing ability was correlated with 
biological Mn oxidation (Fig. 4). We also observed higher ammonia 
removal capacity and more amoA with the addition of Mn oxides in the 
CWs (Figs. 5 and S6). Despite that the temperature had a significant 

impact on the diversity, abundance, and activity of microorganisms 
(Fig. 2), the correlations between ammonia-oxidizing and Mn-oxidizing 
genes in Phragmites rhizosphere firmly existed in all the six CWs in our 
experiment. Previous researchers have also found the same effects for 
ammonia removal (Zhang et al., 2021). Our results revealed that 
ammonia-oxidizing genes were significantly enriched with amended Mn 
oxides, indicating that Mn oxides not only directly oxidize ammonia but 
more importantly, stimulate ammonia oxidizers in CWs. Among the 
three Mn-amending CWs, those with more Mn oxides did not show 
significantly higher ammonia removal capacity (Fig. 6c). In addition, 
more Mn oxides did not induce a significant increase in the removal 
capacity of ammonia. Therefore, from the standpoint of engineering, we 
proposed that 100 kg natural Mn sands in CWs could enhance the 
ammonia oxidation. Similarly, network correlation analysis has 
revealed that ammonia-oxidizing bacterium Nitrosospira multiformis is 
positively correlated with Mn(II) oxidation in rapid sand filters (Zhao 
et al., 2020). Collectively, we determined that ammonia-oxidizing bac-
teria may co-exist with Mn-oxidizing bacteria. Further, we identified 
which type(s) of ammonia oxidizers were correlated with Mn oxidation, 
with comammox Nitrospira found to be positively correlated with 
Mn-oxidizing genes (Fig. 5). This complete nitrifier has high affinity for 
ammonia and a high yield biomass (Daims et al., 2015). Therefore, we 

Fig. 6. Mn oxides enhanced ammonium removal efficiency. (a) Daily removal capacity of ammonia in four CWs amended with different Mn oxide content; (b) 
Content of Mn oxides in four CWs between bulk and rhizosphere soil samples (N = 288); (c) Abundance of ammonia-oxidizing genes (bacterial amoA) in four CW 
environments (N = 240). Control: CW with no addition of Mn oxides; Mn100, Mn200, and Mn400: addition of 100, 200, and 400 kg of Mn oxides in CWs, 
respectively. Daily removal capacity was average value within replicated samples in each sampling campaign. 
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proposed that the amended Mn oxides enhanced ammonia oxidation by 
promoting the abundance of amoA, which was at large provided by 
comammox Nitrospira. Since most of the Mn-oxidizing bacteria did not 
possess amoA, the underlying metabolic co-exist of Mn-oxidizing and 
ammonia-oxidizing bacteria require further exploration in pure culture 
or synthetic communities. The enhanced ammonia oxidation in 
Mn-amended CWs led to the excessive production of nitrate 
(Figure S4d). However, the concentration of nitrate in Mn-amending 
CWs was still under the limit (10 mg/L) of the Level IV China Envi-
ronmental Quality Standards for Surface Water (GB 3838–2002). 
Therefore, we believed that Mn-amended CWs have great potential for 
complete nitrogen removal. 

5. Conclusions 

We applied metagenome sequencing to profile the community 
composition as well as the functional traits of the CW microbiomes, 
especially the root-inhabiting microbiome of Phragmites, which is 
considered a strong pollution remediator. Results demonstrated that 
Phragmites roots significantly enriched Mn-oxidizing microbes and 
biomass, contributed to the enrichment of Mn oxides in the rhizosphere 
environment. Further, Mn oxides was one of the environmental drivers 
of Phragmites rhizosphere microbiome in CWs. Specifically, the content 
of Mn oxides was significantly correlated with the concentration of 
ammonia and the abundance of Mn-oxidizing genes was positively 
correlated with that of amoA. Correlation analysis also revealed that 
comammox Nitrospira, the dominant ammonia oxidizer in the rhizo-
sphere, likely coexists with Mn-oxidizing bacteria. Extrapolation from 
CW field sampling was further tested using one-year pilot-scale Mn- 
amending CWs. Ammonia removal capacity was significantly pro-
moted (23.34% on average) with the amended Mn oxides. In addition, 
the Mn oxides lead to more abundant amoA genes in both the bulk and 
rhizosphere soils. The foundational knowledge gained in this study 
highlights the importance of Mn-oxidizing processes and supports the 
implementation of Mn oxides in CWs to treat wastewater. 
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