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Abstract: Dynamics of bacterial community abundance and structure of a newly established
horizontal subsurface flow (HSSF) pilot-scale wetland were studied using high-throughput
sequencing and quantitative polymerase chain reaction (PCR) methods. Bacterial community
abundance increased rapidly within one month and stabilised thereafter in three replicate HSSF
constructed wetland (CW) mesocosms. The most dominant phylum was Proteobacteria, followed by
Bacteroidetes in wetland media biofilms and Firmicutes in influent wastewater. CW bacterial community
diversity increased over time and was positively related to the wastewater treatment efficiency.
Increase in the abundance of total bacteria in the community was accompanied with the abundance
of denitrifying bacteria that promoted nitrate and nitrite removal from the wastewater. During the
150-day study period, similar patterns of bacterial community successions were observed in replicate
HSSF CW mesocosms. The data indicate that successions in the bacterial community in HSSF CW
are shaped by biotic interactions, with a significant contribution made by external abiotic factors
such as influent chemical parameters. Network analysis of the bacterial community revealed that
organic matter and nitrogen removal in HSSF CW could be, in large part, allocated to a small subset
of tightly interconnected bacterial species. The diversity of bacterial community and abundance of
denitrifiers were good predictors of the removal efficiency of ammonia, nitrate and total organic C
in HSSF CW mesocosms, while the removal of the seven-day biochemical oxygen demand (BOD;)
was best predicted by the abundance of a small set of bacterial phylotypes. The results suggest that
nitrogen removal in HSSF CW consist of two main pathways. The first is heterotrophic nitrification,
which is coupled with aerobic denitrification and mediated by mixotrophic nitrite-oxidizers.
The second pathway is anaerobic denitrification, which leads to gaseous intermediates and loss
of nitrogen as Nj.

Keywords: bacterial community structure; horizontal flow constructed wetland; high-throughput
sequencing; quantitative polymerase chain reaction (PCR); nirS; nirK

1. Introduction

Constructed wetlands (CWs), also known as treatment wetlands, are engineered systems designed
to utilise the natural processes of biological wetlands to remove pollutants from wastewater [1,2].
Over the last decade, CWs have become widely used for wastewater treatment as they represent
a cost-effective, ecologically-friendly, and simple alternative to conventional technologies for
wastewater purification [3-5]. Horizontal subsurface flow (HSSF) CWs have long been used for
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treatment of domestic and municipal wastewater. Nowadays however, there is the increasing trend
of using HSSF CW for other types of wastewater including industrial, agricultural, and landfill
leachates [6-9].

While the removal mechanisms of physical and chemical pollutants in CWs are well known [10],
the understanding of microbial processes related to pollutant removal is still insufficient [11]. It is
commonly accepted that the removal of organic matter and nutrients in CW is mostly driven by
microorganisms [11,12]. Therefore, in-depth knowledge of the development of microbial communities
in CWs and their relation to the working regime and purification efficiency of CWs could help to
improve the design and performance of CWs.

The applications of conventional molecular techniques in the last two decades have greatly
expanded our understanding of soil microbial communities [13]. However, these methods may
overlook many of the low-abundance organisms in microbial communities, therefore providing
incomplete information about the community structure and diversity within CWs [14]. Advances in
qualitative and quantitative molecular techniques, such as high-throughput sequencing and
quantitative PCR (qPCR), have made it possible to detect the structure and abundance of microbial
communities more profoundly [15-17]. A number of studies have applied quantitative PCR [18-21]
and high-throughput sequencing [22-25] to investigate microbial processes in various wastewater
treatment systems.

Although a few studies have concentrated on microbial activity during the early stages of CW
operation [26-29], the dynamics of microbial community in CWs during the start-up period is not
clearly understood and molecular studies utilising high-throughput sequencing to provide thorough
information about microbial community structure in this period are lacking.

The objectives of this study were: (1) to describe the dynamics of the abundance and structure
of bacterial community in a newly established, experimental HSSF wetland media biofilm system
(WMB) treating municipal wastewater; (2) to evaluate the denitrification potential of the HSSF WMB
bacterial community; (3) to analyse the factors affecting HSSF WMB bacterial community structure and
denitrification potential; and (4) to analyse the relationship between bacterial community structure
and treatment efficiency of HSSF CW.

2. Materials and Methods

2.1. Study System Description

A 150-day municipal wastewater treatment study was conducted in an experimental unplanted
hybrid constructed wetland system (located on the site of an activated sludge wastewater treatment
plant) in Noo Parish, Tartu County, Estonia. The system was established in June 2009; a detailed
description and scheme are provided by Nurk et al. [30] and Zaytsev et al. [31]. Figure Al shows
a schematic representation of the mesocosms (MCs) used in this experiment. The MCs were fed with
raw domestic wastewater combined with effluents from the dairy and meat industries, pumped from
an inlet of the activated sludge treatment plant. Wastewater was pumped into a septic tank (2 m?),
from which it flowed through the interim well to six parallel vertical subsurface flow MCs (total area
6 m?), and was subsequently collected into a distribution well. The pre-treated wastewater was divided
equally between 21 parallel HSSF MC cells (length: 1.5 m, width: 0.2 m, depth: 0.6 m). The three HSSF
MCs used in this study were filled with light expanded clay aggregates (LECA), with a particle size
of 2-4 mm, forming the wetland media and providing a high surface area environment for microbial
biofilm attachment. The retention time and hydraulic loading rate of the HSSF MCs were kept stable
during the trial period at 1.2 day and <20 mm/day, respectively. The temperature in the studied MCs
was between 17.2 °C and 18.6 °C for the first two months of system operation, but then started to drop
and was 3.0 °C on day 150 of the experiment (in November). The HSSF MCs were covered with 5 cm
thick insulation slabs in October 2009 to avoid freezing of the wastewater due to low air temperatures.
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The study was performed in HSSF CW units without vegetation in order to a better defined and less
complex system.

2.2. Sampling

Sampling of the experimental system began after 26 days of the treatment. Samples were collected
on days 26, 45, 64, 94, and 150 of the treatment during the five-month experiment. Between the
second and third sampling events, partial clogging with biomass occurred in pipes connecting the
distribution box and HSSF MCs, causing an uneven distribution of wastewater to the parallel MC cells.
As soon as the clogging was detected, it was cleared by dismantling, wash-out and reattachment of
the pipes. At each sampling event, five subsamples of wetland media were collected from a depth of
25-35 cm with a soil corer (diameter 5 cm) at even distances along the longitudinal transect of the MC
and then mixed to form a composite sample for each MC. Influent wastewater sample was taken only
on day 26. Grab samples of wastewater were taken from the distribution box before the HSSF MCs
and from the outlets of each HSSF MC.

The wastewater and wetland media samples for molecular analyses were stored at —80 °C until
DNA extraction; samples for chemical analyses were held at +4 °C. The following indicator parameter
values were determined from wastewater samples: total nitrogen (Nyta1), NHs—N, NO,—N, NOs-N,
and total organic carbon (TOC) contents using the portable spectrophotometric system DR 2800
(Hach-Lange, Diisseldorf, Germany). In addition, the seven-day biochemical oxygen demand (BODy)
was measured according to Standard Methods for the Examination of Water and Wastewater [32] from
influent and effluent samples. Changes in the wastewater during the treatment process in HSSF MCs
over the study period are summarised in Table 1. Measured dissolved oxygen values in the MCs
effluent were constantly below 1 mg/L. The temporal dynamics of different nitrogen forms in the
influent are shown in Figure A2.

Table 1. The means and standard deviations (in parentheses) of wastewater parameters (mg/L, except for
RE and pH) of horizontal subsurface flow mesocosms (HSSF MCs), removal efficiencies (RE),
and pH differences (*) between influent and effluent of HSSF MCs during the 150-day study period.
TOC, total organic carbon; BOD7, seven-day biochemical oxygen demand.

Parameter Niya NO3-N NO,-N NH4;-N  BODy TOC pH

Influent 25 12 0.85 9.4 24 19 7.6
n=>5 (£5)  (£16) (£051) (£5.1) (£49) (£6.1) (£0.3)

Effluent 18 8 0.39 8.0 6.5 14 8.3
n=>5 (+4) (£3)  (£0.16) (+4.2)  (+44) (£7.0) (£0.3)

RE (%) 24 33 41 16 71 26 072

n=15  (£17) (£24)  (£34) (£12)  (£21)  (£32) (+0.2)

2.3. DNA Extraction, PCR and Sequencing

A portion of each wetland media sample was crushed with a mortar and pestle and DNA was
extracted from 10 g of the crushed material using a PowerMax Soil DNA Isolation Kit (Mo Bio Laboratories,
Carlsbad, CA, USA) according to the manufacturer’s instructions. Bacterial community profiling in
HSSF MC samples was performed with Illumina® HiSeq 2000 sequencing (Illumina, San Diego, CA,
USA) using primers L-V6/R-V6 (Table A1) to amplify the bacteria-specific V6 hypervariable region of
the 16S rRNA gene [33]. DNA extraction and PCR are described in detail in the Appendix A.

2.4. Sequence Data Preparation and Taxonomic Assessment

The paired-end reads were assembled into composite reads with SHERA [34]. Sequences with
a SHERA quality score of less than 0.5 were discarded. This step removed about half of the sequences.
After assembly and removal of low quality reads, custom Perl scripts were used for sorting reads to
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samples according to barcodes, while at the same time removing barcodes and primers. The initial
number of sequences after assembling paired-end reads was 2,131,325 in total.

The assembled reads were processed using Mothur v 1.25.1 [35]. For data denoising, sequences for
which the average sequencing quality score dropped below 35 over a 25-bp sliding window, were shorter
than 70 bp, had any ambiguous bases, and were longer than 6 homopolymers were discarded.
These steps removed 9% of the total sequences. The remaining sequences were aligned to the
SILVA-compatible reference alignment [36] and only the sequences overlapping the same alignment
space (in total 1,123,176 effective reads; range in individual samples from 24,932 to 168,511 effective
reads) were further analysed. Werner et al. [37] have shown that the trimming of classification
reference sequences represents a more stringent discarding of non-16S reads and improves taxonomic
classification. Therefore, the Greengenes reference database [38] was previously trimmed to the
16S rRNA V6 region using V-Xtractor v 2.0 [39] and used with the 6-nearest neighbour algorithm for
taxonomic assignment. Denoised sequences were clustered into operational taxonomic units (OTUs)
at 95% similarity level using CROP v 1.33 [40]. Using the MultiCoLA v 1.4 programme, 70% of all
obtained OTUs were interpreted as rare (sequencing error) and removed so that a consistent ecological
pattern was retained [41]. Finally, the number of sequences in each sample was standardised to the
lowest sequence number across the samples. All assembled reads were deposited in the European
Nucleotide Archive under the accession number PRJEB8946.

In order to more precisely detect sequences belonging to the order Brocadiales in the phylum
Planctomycetes, that are all known to include anaerobic ammonia oxidizing (ANAMMOX) bacteria
(genera Candidatus Brocadia, Kuenenia, Scalindua, Anammoxoglobus, and Jettenia), USEARCH v 7.0 [42]
with local alignment and identity over 90% was used to search for Planctomycetes sequences against
Brocadiales extracted from the Greengenes database.

2.5. Quantitative PCR

Quantitative PCR (qPCR) was applied to evaluate changes in bacterial community size by the
165 rRNA gene abundance. Denitrification potential was also examined in each mesocosm using qPCR
targeting nirS and nirK genes that encode nitrite reductase. For standard curves, a eubacterial 165 rRNA
gene fragment from Pseudomonas mendocina PC1, a nirS gene fragment from Pseudomonas aeruginosa
PAO1, and a nirK gene fragment from an environmental sample were amplified using specific primer
pairs and PCR programmes (Table Al). The standard plasmid construction was performed as described
by Nolvak et al. [43]. Serial dilutions of standard plasmids (Table Al) were used for creating the
standard curves. When quantifying 165 rRNA gene copy numbers, the same V6 hypervariable region as
in sequencing was targeted. The qPCR amplification data were analysed with LinRegPCR programme
version 2016.0 [44]. The gPCR parameters and the normalisation formula are described in Appendix A.

2.6. Statistical Analyses

Mothur v 1.25.1 [35] was used to calculate the a-diversity indices (Inverse Simpson’s diversity
index and Evenness index) and to construct the similarity matrix using Bray-Curtis dissimilarity.
Distance-based regression analysis was applied using the DISTLM programme with forward selection
procedure and 999 permutations [45] to identify influent water variables that explain significant
amounts of variation in bacterial community structure and to subtract the influence of time.
The Molecular Ecological Network Analyses Pipeline (MENAP) was used to create a molecular
ecological network based on the relative abundance data of the OTUs [46]. The result of the molecular
ecological network approach was applied in order to assess the relationship between bacterial
community structure and treatment efficiency of HSSF MCs. The relationship between module-based
eigengenes and treatment efficiency of CWs was assessed with Module-EigenGene analysis within
MENAP. Spearman rank correlations between system operational and indicator parameters and gene
parameter values were calculated using Statistica v 7.1 (StatSoft, Tulsa, OK, USA). The R package
“akima” version 0.5-12 (https:/ /cran.r-project.org/web/packages/akima/index.html) was used to
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create interpolated contour plots of pairs of the microbiological parameters as x and y with treatment
efficiency as the z variable. Multiple linear regression was applied to estimate relationship of treatment
efficiency with microbiological parameters. Relative abundance and phylogenetic distance matrices
of OTUs were used to calculate the Net Relatedness Index (NRI) and Nearest Taxon Index (NTI)
standardised effect sizes with R software using the picante software package and default null
model [47]. The NRI is based on the mean pairwise distances among taxa and is a measure of
the overall tree-wide structure, while the NTI is based on the mean distance to the nearest neighbour
and is a measure of local clustering.

3. Results

3.1. The Dynamics of Bacterial 16S rRNA Gene Abundance in HSSF MCs during the Study Period

Bacterial 16S rRNA gene abundance ranged between 5.6 x 10° and 8.1 x 107 copies/mL in influent
HSSF MCs during the first 94 days of system operation, while a decrease in this gene abundance to
1.0 x 10° copies/mL was recorded on day 150.

Initially, the number of bacterial 16S TRNA genes on LECA was in the range of 10° copies/ggs, -
In contrast, the developing WMB showed a steady increase in the 16S rRNA gene abundance during
the first 94 days of the system operation before the 165 rRNA gene concentration stabilised (Figure 1A).
The replicates of MCs differed only slightly by their bacterial 165 rRNA gene abundances during
the study period. This difference only increased on the third sampling occasion (coefficient of
variation—CV 64%), but was finally reduced to 15% at the last sampling occasion (day 150).
Statistical analyses revealed that the bacterial community abundance in WMB was affected by
temperature in MCs as well as by influent nitrate concentration (Table A2). The pH value in the
MC effluent was correlated negatively to 165 rRNA copy numbers and this relationship is more likely
the outcome of the increase of bacterial abundance in the WMB.
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Figure 1. Dynamics of (A) bacterial 16S rRNA, nirK and nirS gene abundances; and (B) proportions
of nirS and nirK genes in the HSSF wetland media biofilm (WMB) bacterial community. Shown are
average values and standard deviation (1 = 3).

3.2. The Dynamics of Bacterial Community Structure in WMB during the Study Period

After the denoising, normalisation and clustering of sequences at the 95% similarity level, a total
of 1032 OTUs were obtained, comprising all samples (986 OTUs when only WMB samples were taken
into account). Among the samples, the number of OTUs varied from 630 to 831. The dominant OTUs
(containing over 1% of all WMB sample reads) according to the representative sequence taxonomy at
phylum and family levels are presented in Table A3.

The structure of the bacterial community of developing WMB during the treatment process
differed from the initial community of LECA and from the community entering into the MCs with
wastewater (Figure A3, Table A4). Proteobacteria was the most abundant phylum in all samples,
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accounting for 37%-57% of the total effective sequences, followed by Actinobacteria on LECA (18%),
Firmicutes in the influent (25%) and Bacteroidetes in WMB (25%). The dominant phyla differed
also by their class proportions and composition in these three system components (Table A4),
Betaproteobacteria being the most abundant in WMB and Gammaproteobacteria being the most abundant
on LECA and in the influent.

The inverse Simpson’s diversity and evenness indices (Table 2) were based on relative abundance
of OTUs to demonstrate the complexity of the bacterial communities in individual samples.
The diversity, richness and evenness of LECA and the influent bacterial community were lower
when compared to the respective WMB indices. The WMB bacterial community diversity increased up
to day 94. The evenness index showed a little variation among MCs replicates and sampling events.

Table 2. Diversity indices of bacterial communities. The values are given for the Inverse Simpson’s
diversity (1/D), richness (refers to the number of OTUs at the 95% similarity level), evenness,
Net Relatedness Index (NRI), and Nearest Taxon Index (NTI) for initial LECA, influent of HSSF MCs
(on day 26 of the experiment), and wetland media biofilm (WMB; n = 3; standard deviations are given
in parentheses) of bacterial communities. OTU, operational taxonomic units; LECA, light expanded

clay aggregates.
Samples (Days) 1/D Richness Evenness NRI NTI

LECA 38.1 662 0.72 —2.84 —10.37

Influent 29.4 630 0.69 —0.96 —10.07
WMB (26) 664 (£2.1) 751 (£9) 0.76 (£0.01)  —3.64 (£0.32) —9.69 (+0.68)
WMB (45) 87.1 (£1.9) 808 (£12) 0.79 (£0.00)  —2.67 (£0.72) —8.98 (+0.36)
WMB (64) 81.0 (£2.0) 795 (£18) 0.78 (£0.00)  —2.71(£0.95) —8.68 (+1.02)
WMB (94) 98.0 (£13.9) 803 (£28) 0.80 (£0.01) —3.92(£0.77) —9.52(£0.91)
WMB (150) 90.6 (£2.6) 783 (£6) 0.79 (£0.01)  —3.97(£0.37) —8.38 (+1.02)

All NRI and NTI indices had statistically significant (p < 0.05) negative values, indicating high
overdispersion in communities (Table 2). The NRI values were about 3—4 times lower than values
of NTL

The principal coordinate analysis plot, based on the Bray—Curtis distance matrix, shows that
the bacterial community differences between the sampling events were substantially greater than
community differences among the MC replicates (Figure 2A). Only the third MC bacterial community
structure deviated from the other parallels on day 64, but this difference had decreased by day 94 and
was not detectable on day 150. The results of the principal coordinate analysis show a similar bacterial
community successional pattern in the MCs with larger changes in community structure until day 94.
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Figure 2. Principal coordinate analysis (A) based on Bray-Curtis distance matrix of 15 WMB samples,
where lines connect samples from the same mesocosms, Arabic numerals in symbols indicate days of
system operation and Roman numerals indicate parallel mesocosms; and (B) correlation of principal
coordinates axes with 16S rRNA, nirK and nirS gene abundance and proportion values.
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After threshold scanning via a random matrix theory-based approach, the phylogenetic molecular
ecological network (pMEN) was constructed with a similarity threshold of 0.73 (p = 0.032) including
41 nodes and 113 edges. A simulated annealing approach was applied in order to define submodules
within the obtained complex pMEN (modularity 0.352). Five modules consisting of 18, 12, 4, 4,
and 3 related members (OTUs) with an average clustering coefficient of 0.230 (+-0.029) were revealed
by this method (Figure 3). To correlate each submodule to measured environmental parameters,
a singular representative abundance profile value, referred to as the module eigengene, was used.
The module eigengenes explained 39%-86% of the variations in relative abundances of module
member OTUs, indicating that these eigengenes represent the module profiles relatively well. The data
analyses showed that the proportion of OTUs belonging to A and D modules increased with the
time of system operation, while OTUs from modules B and E had the opposite tendency (Figure A4).
Statistical analyses revealed that four of the five obtained modules were significantly related (B and E
negatively, A and D positively) to 165 rRNA gene abundance in WMB (Table A5).

NO % (r=0.77)" 21 N_HAREand TOC‘IfE (r=-0.64)"
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Figure 3. Molecular ecological network with module structure obtained by the simulated annealing
approach. The phylogenetic affiliation of each node (OTU) is given on the level that was above the threshold
(0.6) value. Phylogenetic affiliation of nodes: 1,8—Pseudomonas; 2—Planococaceae; 3—Brevundimonas;
4,5,16,36—Gammaproteobacteria; 6,30,37,38—Betaproteobacteria;, 7—Nitrospira; 9,33—Flavobacteriaceae;
10—Bacteroides; 11,12,18,19,20,28—Sphingobacteriales; 13,32—Deltaproteobacteria; 14—DBacteriovoracaceae;
15—Acidimicrobiales; ~ 17—Rhodobacteraceae; ~ 21,29—Rhodocyclaceae; ~ 22,35—Alphaproteobacteria;
23,24,25—Comamonadaceae; 26—Flavobacterium; 27,31—Burkholderiales; 34—Gemmatimonas; 39—Opitutaceae;
40—Firmicutes; 41—Myxococcales. Boxes next to each module present statistically significant Spearman
correlation coefficients between the module eigengene value, the treatment efficiency and time
(*p <0.05, ** p <0.01, ** p <0.001).

3.3. Factors Affecting Bacterial Community Composition in HSSF MCs

According to the distance-based regression analysis, the system operation time had a statistically
significant relationship (R? = 0.47, p < 0.001) with bacterial community structure in the WMB of
HSSF MCs. Influent chemical characteristics such as nitrate (48% variation explained), total nitrogen
(14% variation explained) and TOC (9% variation explained) content, and pH (6% variation explained)
had a cumulative effect that explained 77% of the variation in temporal dynamics of bacterial
community structure. When the system operation time was included in regression analysis as
a covariable, the statistically significant relationship of chemical parameters with WMB bacterial
composition dynamics remained, but the level of the overall variation explained by those parameters
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decreased to 30%. The system operation time was positively related to community complexity
characteristics: inverse Simpson’s diversity and evenness indices (in both cases r = 0.60, p < 0.05).
In addition, the influent nitrate concentration was positively related to these two abovementioned
indices (r = 0.68, p > 0.01 and r = 0.67, p < 0.01, respectively) and evenness was related to the total
N content in the influent (r = 0.52, p < 0.05).

NTI had no relationship with water chemical parameters or system treatment efficiency. However,
NRI was negatively correlated with NHy and BOD; removal efficiency (r = —0.55 and r = —0.63,
p < 0.05, respectively, Table A2).

In addition, pMEN module eigenvalues were significantly related to all influent nitrogen
characteristics values, but the relationships varied in the cases of different modules (Figure 3, Table A5).
Module C was related to the highest number of influent quality characteristics including pH and
TOC content.

3.4. Denitrification Potential of the HSSF MCs WMB Bacterial Community

The abundance of the nirK and nirS genes in the HSSF MCs influent varied (CV 101% and 99%,
respectively). The average abundances of nirK and nirS were 1.0 x 10° and 1.7 x 10° copies/mL,
respectively. By day 150, these abundances decreased to 4.0 x 10? copies/mL for nirK while nirS was
below the detection limit (<5 x 10? copies/mL). The proportions of nirK and nirS genes in the influent
bacterial community were on average 0.24% (CV 177%) and 0.45% (CV 47%), respectively. The ratio
nirK/nirS was 0.44 (CV 148%) and the proportion of total nir genes was 0.74% (CV 92%) in the influent
bacterial community during the experiment.

In the initial LECA bacterial community, 0.39% of the bacteria contained nir genes (0.19% for nirK
and 0.20% for nirS). The dynamics of the abundances of both nir genes in WMB followed the same
pattern as the 16S rRNA gene abundance during the experimental period. A remarkable increase in
both gene abundances was recorded within the first 26 days of the system operation, followed by
a slight increase of nirK gene up to day 150 and a stabilisation of nirS gene after day 94 (Figure 1A).
The proportions of the nir genes were calculated according to the formula in Appendix A which takes
their different amplification efficiencies into account. Consequently, Figure 1B is a more accurate
presentation of the relative abundance of these nir genes. The proportions of the total nir genes
increased from 1.63% (CV 23%) in samples from day 26 to 3.74% (CV 15%) during the first 64 days
of the system performance, followed by a decrease to 0.98% (CV 10%) in WMB samples at the end of
the experiment. On average, the proportion of nirS genes exceeded nirK genes by 6 times (Figure 1B).
However, the amplification efficiencies for nirS genes remained quite low despite all optimisation
efforts, which may result in somewhat larger variance in calculated gene copy numbers compared to
other target genes.

Statistical analyses revealed significant correlations between the abundance of denitrification
genes in WMB with system operation parameters and water chemical characteristics (Table A2).
The temperature of MCs was related to the abundance of nir genes in a negative way. The abundances
of both nir genes had negative relationships with the effluent pH and BOD;, and positive
relationships with the influent nitrate concentration and removal efficiencies of ammonia and BOD;.
Significant relationships between the nir gene parameters and the bacterial community structure were
also found. As shown in the PCoA plot (Figure 2B), the 16S and nir gene abundances were related to
axis 1, and the relative abundance of the nirS gene and total denitrifier (nir) proportion in the bacterial
community were related to axis 2. Table A5 shows that some of the obtained network modules (A and
D) were positively correlated with nirK and nirS abundance and proportion in bacterial community,
whereas in the cases of modules B and E the relationships were negative.

The 165 rRNA gene sequence data were screened for the possible presence of ANAMMOX
bacteria. Of all the obtained sequences across the samples (in total 12,815 sequences, 63-2515 sequences
per sample), 1.14% were identified as representatives of the phylum Planctomycetes and 0.34% of these
sequences belonged to the order Brocadiales.
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3.5. Relationship between HSSF MC Treatment Efficiency and Bacterial Community Structure

The effluent pH was higher when compared to the influent at the beginning of the experiment,
but this difference (ApH) decreased with time. Statistically significant Spearman correlations were
found between the system operation time and the removal efficiencies of NHy (r = 0.73, p < 0.01) and
organic matter (BOD,RE 1 = 0.65, p <0.05 and TOCRE y = 0.52, p <0.05).

Statistical analyses indicated several significant relationships between the bacterial community
and the treatment efficiency of MCs. A positive relationship was found between the 165 rRNA
gene abundance and the NH,4 removal efficiency (Table A2). Statistically significant strong positive
correlations were found between the bacterial community diversity and the efficiencies of ammonia
(r =0.82), BODy (r = 0.65), TOC (r = 0.58) and nitrate (r = 0.52) removal.

Bacterial consortia, as identified by the molecular ecological network approach, also had
relationships with the treatment efficiency of HSSF MCs. Modules A, B and D were related to NHy
(A and D positively, and B negatively) and module D was related to nitrite and nitrate removal
efficiencies from wastewater (Figure 3). Both positive and negative correlations were found between
the pMEN modules and the efficiency of organic matter removal. Module B was negatively correlated
with TOCRE, module C had a negative relationship and module D a positive relationship with BOD,RE.

Figure 4 demonstrates how the abundance of nir genes and the diversity of bacterial community are
related to the removal efficiency of ammonia, nitrate, BOD;, and TOC in the MCs. These two microbial
parameters describe well the removal efficiency of the nitrate, ammonia and TOC while removal
efficiency of BODy is poorly predicted. However, if the module D eigengene values are included in
the linear multiple regression model, the variation predicted for BOD; removal efficiency increases
from 6.8% to 41.3%.
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Figure 4. Contour plots showing relationships between the removal efficiency of ammonia, nitrate,
BOD;, TOC and the diversity of bacterial community and the abundance of nir genes. Adjusted values
of variation described (R?) for the removal efficiency by bacterial community diversity and abundance
of nir genes are shown on each plot.
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4. Discussion

High-throughput sequencing and qPCR were used to characterise bacterial community dynamics
in newly established pilot scale hybrid constructed wetland HSSF MCs. In the case of bacterial
community studies, 165 rDNA amplicon sequencing can be used only for qualitative purposes.
Therefore, in order to reveal bacterial community abundance and its temporal dynamics, estimation of
16S rRNA gene copy numbers using qPCR was applied in this study. The bacterial abundance
reached a plateau in a two-month stabilisation period after the treatment system commenced operation.
After two months, the observed higher variation of bacterial abundance between the parallel CW
units may be explained by occasional clogging of inflow pipes (removed shortly after detection),
which caused uneven wastewater distribution between the parallel units. Although the temperature
was low in the final sampling event and 16S rRNA gene abundance was drastically decreased in the
influent, the total bacterial abundance remained stable in WMB of MCs.

With regard to sequence data set analyses, denoising removed 47% of initial sequences, which is
in agreement with other studies applying Illumina sequencing [48,49]. Although short sequence
reads, even those as short as 90 bp, have been shown to be long enough to accurately characterise
taxa [50,51], a considerable number of reads (28%) remained unclassified in this study. The influent
bacterial community had a different taxonomic composition compared to WMB of MCs, containing
a large proportion of phylum Firmicutes. This was also found by McLellan et al. [52] in sewage.
The taxonomic composition of the bacterial community in WMB was similar to those found in the
hybrid system of CWs treating municipal wastewater. The similarity is based on 165 rDNA clone
sequencing [53] and phylogenetic analyses of sequenced bands obtained in denaturing gradient
gel electrophoresis (DGGE) [54]. In addition, pyrosequence data of activated sludge samples from
wastewater treatment plants [24] and sequences from the PhyloChips approach from bioreactors [55]
have provided compatible conclusions. The diversity of bacterial community in HSSF WMB was lower
than in natural wetlands [56] and activated sludge wastewater treatment plants [23,24]. A higher
diversity of the bacterial community in the constructed wetlands systems may have an beneficial
influence on the final effluent quality and the treatment system should, therefore, be engineered to
contribute heterogeneous environmental conditions in filter media [7,57,58]. Our results also indicate
that the diversity of the bacterial community is positively linked to the treatment efficiency of the
constructed wetland system.

The results show that the bacterial community in HSSF CW can be described as a complex
adaptive system, in which exogenous factors (influent parameters) impact the endogenous dynamics
of the community. Negative NRI and NTI values point to an overdispersed phylogeny in WMB,
where coexisting bacterial taxa are less related to each other than would be expected by chance.
These phylogenetic diversity indices were statistically significant. Thus the assembly of the bacterial
community through environmental filtering takes place in a constructed wetland.

Using network analysis, five consortia with various numbers of representatives from different
bacterial phyla were revealed in the WMB bacterial community. It is possible that similar temporal
patterns of OTUs belonging to bacterial consortia are driven by the same environmental parameters
or the members of these consortia perform the same function (i.e., removal of ammonium or organic
matter from water). Two of these consortia (modules B and E) were more abundant in the early
stages of the system operation, where the bacterial community abundance in WMB was low and
nitrate concentration in the inflow was also low. Two other bacterial consortia (modules A and
D) became more abundant during the WMB succession with time. In module C, the abundance
initially increased, but then continuously decreased. The temporal dynamics of some revealed
bacterial consortia were related to water treatment efficiency, indicating that the removal of organic
matter and nitrogen in HSSF CW was performed mainly by a small subset of tightly interconnected
bacterial species in WMB. For example, in module A, which was positively related to the removal of
ammonia, one of the consortium members belonged to the genus Nitrospira, the main nitrite-oxidizer in
wastewater treatment plants. Nitrospira species are able to cleave urea to ammonia and CO; and couple
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formate oxidation with nitrate reduction to remain active in anoxia [59]. In addition, this module
harbours phylotypes from the genera Pseudomonas and Rhodococcus and the order Sphingobacteriales
that are known for their ability to perform heterotrophic nitrification under low oxygen concentrations
(<0.3 mg O, /L) [60,61]. Many heterotrophic nitrifiers can also perform aerobic denitrification, and the
accumulation of nitrite in environment during aerobic denitrification process has been observed [62].
This nitrite may serve as a substrate to Nitrospira species and that may be the reason why this bacterial
group is tightly related to heterotrophic nitrifiers in module A.

Data comparison with other studies assessing the microbial community dynamics in HSSF CWs
is difficult because there are only few published studies applying high-throughput sequencing for
characterisation of temporal dynamics of microbial community in CWs. Ibekwe and co-workers [63]
assessed the bacterial community dynamics using pyrosequencing in surface flow CWs but only with
three sampling events over time. The other studies on temporal dynamics of microbial communities
in HSSF CWs are mostly based on PCR-DGGE ([64], few sampling events over time) and 16S rDNA
cloning approach ([65], three sampling events). The temporal aspect has not been taken into account in
the data analysis in previous studies.

The denitrification potential of the HSSF WMB was evaluated by the abundance of two types of
nir genes: nirK for the Cu-containing nitrite reductase and nirS for the cytochrome cd; containing nitrite
reductase. Although genetically heterogeneous, nirK and nirS are functionally equivalent enzymes
as they carry out one of the key steps in denitrification [66]. There is no direct evidence that nirS
and nirK can co-occur in the same bacterial cell [67]. The proportion of nir genes in the HSSF WMB
bacterial community obtained in this study are in agreement with previous studies that evaluated
the proportion of denitrifiers in CWs [20]. The length of time of system operation, influent quality
parameters and temperature in MCs influenced the abundance of nirK and nirS genes differently,
indicating that the bacterial cells carrying these genes do not depend on the same factors in similar
ways. Comparable results have also been reported in other studies [68,69]. The increase of the influent
nitrate concentration had a positive effect on the abundance of nir genes. This finding is consistent with
that of Garcia-Lledo et al. [70], who found similar results in free water surface CW. Total abundance of
nir genes was strongly correlated with nitrite removal efficiency as anticipated, because nitrite is the
electron acceptor for nitrite reductase. Less than 1% of the sequences were identified as Brocadiales,
which is the only bacterial order currently known to perform the ANAMMOX process. The very low
abundance of ANAMMOX bacteria in the WMB indicates that the anaerobic ammonium oxidation
process does not contribute to the removal of nitrogen in the system in the present study. The result is
in concordance with study by Coban et al. [71], who also found low numbers of ANAMMOX bacteria
and no anammox activity in an HSSF CW.

The aim of the application of molecular microbiological methods is firstly to understand
how the community structure is related to treatment system properties such as CW media type,
inflow properties, and operation conditions. Secondly, the knowledge of the abundance and structure
of bacterial community can be used to generate a database that helps predictive analyses to estimate
and improve the treatment performance of the CW. The diversity of bacterial community and
abundance of denitrifiers well predicted the removal efficiency of ammonia, nitrate and TOC. However,
the removal efficiencies of these compounds were dependent on different properties of the denitrifying
community. Figure 4 and multiple regression analysis results together exemplify that that we have
to use different microbial community parameters in order to predict system treatment efficiency.
Ammonia removal was positively related to the total abundance of denitrifiers, whereas nitrate
removal was dependent on relative abundance of denitrifying microbes in the community (Figure 4).
The greatest nitrate removal occurred when the abundance of the nir genes was in the range 3%-5%
and inverted Simpson index values were below 90. TOC removal was tightly linked to abundance
of denitrifiers possessing the nirK gene. These results are in concordance with the study by Seshan
and co-workers [72] who successfully applied bacterial community diversity indices to predict the
removal of COD, ammonia, and nitrate in membrane-operated sequencing batch reactors. The data are
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consistent with the sequence of nitrification-denitrification as the principal route of nitrogen removal
in HSSF CWs [73]. Our results suggest that the dominant nitrogen removal pathway in HSSF CW
is via coupled heterotrophic nitrification and denitrification involving mixotrophic nitrite-oxidizers.
In addition to their nitrifying capability, heterotrophic nitrifying bacteria can denitrify nitrite or nitrate
to molecular nitrogen. As conversion rates of ammonia by heterotrophic nitrifiers are smaller than
those of autotrophic nitrifiers, this process is dependent on abundance of heterotrophic nitrifiers.
Heterotrophic nitrifiers-denitrifiers possess nir gene-like conventional denitrifiers. Under dynamic or
oxygen limiting conditions aerobic denitrification is favored from a bioenergetic perspective [74]. In the
studied CW system the nitrogen removal efficiency was lower due to low influent C/N ratio (TOC/TN
< 1). High nitrogen removal rate assumes higher TOC/TN ratios (2—4) as shown with the integrated
vertical-flow constructed wetland [75]. It is possible that due to low C/N ratio a significant amount of
nir genes were not expressed. Denitrifiying bacteria are facultative anaerobic microorganisms which
means that depending on the concentration of oxygen they use nitrate as electron acceptor or not but
nir genes are anyway present in community.

In the case of BODy, the highest removal efficiency values occurred when the bacterial community
diversity and the abundance of denitrifiers were high (Figure 4). The removal efficiency of BOD; was
best predicted by the abundance of a small set of phylotypes belonging to the network module D
(Figure 3). These bacterial phylotypes belonged to genus Gemmatimonas (polyphosphate accumulating
microaerophilic species) and to order Burkholderiales and the family Flavobacteriaceae. These results
indicate that treatment processes in HSSF CWs are not only dependent on the overall microbial
properties such as the community diversity and the abundance of denitrifying microbes but also on
specific phylogenetic composition of the bacterial community. Although the diversity of the bacterial
community was related to the CW treatment efficiency in the current study, the use of this parameter
as a proxy to estimate CW performance between different studies and different types of wetlands
should be considered with caution. Bacterial community diversity estimates are relative and always
constrained by method of measurement [76]. In the study by Zhang and co-workers [77] the bacterial
community diversity in planted HSSF CW correlated strongly with removal of ammonia and nitrate
but, in contrary to the current study, this also occurred with the removal efficiency of BOD:s. It is
clear that more data are needed to understand what mechanisms contribute to microbial community
diversity and how this diversity translates into CW operational parameters.

This study was performed in HSSF CW units without vegetation. Plant roots modify their
surrounding environment by providing additional organic carbon sources as root exudates and dead
fine roots, lowering pH value due to the release of organic acids as well as aerating the wetland
media [78]. Vegetation is an important external factor in addition to influent parameters that shape the
temporal and spatial patterns of microbial community structures in CW media.

Additional studies are also needed to determine how other factors such as wastewater and
substrate types and operational parameters affect dynamics of microbial communities in constructed
wetlands. Defining the appropriate time frame for examining microbial succession in CW can be
difficult given that changes in community composition may occur over a wide range of time scales.
In published CW studies, time course samples have rarely been taken for microbial analyses with
monthly or even longer intervals. Spatial variability of microbial community in CWs that may increase
with the size and capacity of the treatment system should also be examined in further studies.

The key to achieving high removal efficiency of pollutants in CWs lies in a thorough understanding
of the microbial communities that are responsible for aerobic and anaerobic biotransformation,
biodegradation, and assimilation activities in wastewater treatment systems. Techniques such as
metagenomics (the study of all genes in a microbial community), and metaproteomics (the study of
proteins from a microbial community) enable cultivation-independent analyses of whole microbial
communities in CW. Integrating metagenomic data of microorganisms with metaproteomic (and if
possible also with metatranscriptomic and metabolomic) information will provide an in-depth
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understanding of microbial processes. Data integration of different omic technologies allows the
creation of predictive models, which could help in an improved design and operation of CWs.

5. Conclusions

The results of this study show that the abundance of HSSF WMB bacterial community reached
a maximum after two months of system operation and remained stable despite the drop in temperature
of the system. A unique bacterial community structure, different from the influent and initial LECA
communities, developed in HSSF WMB. In addition to endogenous factors, the bacterial community in
wetland biofilms was shaped by influent chemical parameters and was characterised by overdispersed
phylogeny. The diversity of the HSSF wetland bacterial community was positively linked to system
treatment efficiency. The abundance of denitrifying bacteria in the community promoted nitrate and
nitrite removal from water. Network analysis revealed that organic matter and nitrogen removal in
HSSF CW was performed by a small subset of tightly interconnected bacterial species. The main
nitrogen pathways in HSSF CW are (i) heterotrophic nitrification coupled with aerobic denitrification
involving nitrite-oxidizing bacteria in the Nitrospira group that are closely related to heterotrophic
nitrifiers, and (ii) anaerobic denitrification leading to gaseous losses of nitrogen by diverse facultative
heterotrophs. Anaerobic oxidation of ammonium (ANAMMOX) did not contribute to the nitrogen
cycle in this system. The results of this study suggest that HSSF CW should be designed and operated
in a way that supports the development of diverse microbial communities with a high abundance of
denitrifying microbes.
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Appendix A. Bacterial Community Structure and Dynamics in Horizontal Subsurface Flow
Constructed Wetland Units Treating Municipal Wastewater

Appendix A.1. DNA Extraction, PCR and Sequencing

As recommended by the manufacturer, the extracted DNA was purified with 5 M NaCl and
100% ethanol, and resuspended in 80 uL of 10 mM Tris buffer. Wastewater influent samples were
centrifuged for 15 min at 4000 rpm and DNA from the cell pellet was extracted using a PowerSoil DNA
Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA). The manufacturer’s protocol was modified
by replacing 10 min of vortex treatment with homogenisation of the samples using Precellys® 24
(Bertin Instruments, Montigny-le-Bretonneux, France) at 5000 rpm for 20 s.

Horizontal subsurface flow mesocosm (HSSF MC) microbial community profiling was performed
using Illumina® HiSeq 2000 sequencing combinatorial sequence-tagged PCR products. Primers L-V6/R-V6
(Table A1) were used to amplify the bacterial specific V6 hypervariable region of the 165 rRNA gene [33].
The PCR reaction mixture for each sample contained unique primer pair combinations differing from
each other by 6 bp long barcode sequences at their 5’ end [79]. Barcodes for primers were created with
the Barcrawl programme [80] and met the following requirements: (1) they were as short as possible;
(2) the possibility of primer-primer annealing and the formation of “hairpin” structures inside the
primers was minimized; (3) in order to facilitate the identification process barcodes differed at least by
3 base pairs. Phusion Hot Start High Fidelity Polymerase (Thermo Fisher Scientific, Waltham, MA,
USA) reaction mixture was used to carry out PCR reactions according to the manufacturer’s guidelines.
The template concentration in reaction mixture was 0.25-2 ng/uL. The following touchdown PCR
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programme was used: 3 min of denaturation at 98 °C, 6 thermal cycles of denaturation at 98 °C for
5 s, annealing at 62 °C for 30 s with a reduction of 1 °C every cycle, and extension at 72 °C for 10 s
followed by 19 cycles of denaturation at 98 °C for 5 s, annealing at 57 °C, and extension at 72 °C for
10 s. The final extension step was performed at 72 °C for 5 min. For each sample three replicates (20 puL
of each) were prepared and pooled. The PCR product concentration for each sample was measured in
a 2% agarose gel using a MassRulerTM Express DNA Ladder (Thermo Fisher Scientific) and Quantity
One software (Bio-Rad Laboratories, Hercules, CA, USA). PCR products of all samples were pooled in
equal proportions and the mixture was cleaned and concentrated (4.5 times) with the NucleoSpin®
Extract I kit MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany), and the final concentration of
composite PCR product was measured with Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA,
USA). Preparation of the paired-end DNA library was performed using NEXTflexTM PCR-Free DNA
Sequencing Kit (BIOO Scientific Corp., Austin, TX, USA).

Appendix A.2. Quantitative PCR

All gPCR amplifications were performed with a RotorGene® Q (QIAGEN, Valencia, CA, USA)
in 10 pL of the reaction mixture containing 5 pL of Maxima SYBR Green Master Mix (Thermo Fisher
Scientific), 0.4 uM of forward and reverse primer, 1 pL template DNA, and 3.6 puL sterile distilled water.
Target genes were quantified using primer pairs and qPCR programmes described in Table 2. All the
sample measurements were performed in three and standard curve measurements in four replicates.
Three negative controls containing all reaction components, except for template DNA, were run for
each qPCR assay. The generated amplicons were controlled by visualization on gel electrophoresis to
ensure that the primers did not generate non-specific (not nir genes related) sequences.

The qPCR amplification data were analysed with LinRegPCR programme version 2016.0 [44].
The programme gives amplification efficiency output in the range of 1-2 where 1 corresponds
to 0% amplification efficiency and 2 corresponds to 100% amplification efficiency. The recorded
amplification efficiencies for 165 rRNA, nirK and nirS in wetland media samples were the following:
1.894 £ 0.034, 1.85 4 0.043 and 1.476 £ 0.027, respectively, on day 26; 1.811 =+ 0.028, 1.814 £ 0.041
and 1.428 £ 0.021 on day 45; 1.733 £ 0.058, 1.814 £ 0.055 and 1.382 + 0.015 on day 64; 1.816 + 0.034,
1.764 £+ 0.054 and 1.357 £ 0.025 on day 94; and 1.587 £ 0.041, 1.754 £+ 0.038 and 1.358 + 0.016,
respectively, on day 150 of the treatment system operation. The 165 rRNA, nirK and nirS amplification
efficiencies in influent samples were 1.995 £ 0.032, 1.763 £ 0.049 and 1.341 £ 0.023, respectively.
The amplification efficiencies for nirS genes remained quite low despite all optimisation efforts which
might result in somewhat larger variance in calculated gene copy numbers compared to other target
genes. As systematic differences in amplification efficiencies corresponding to the HSSF MC microbial
community successional stages were noted throughout the study, the wetland media samples of each
sampling occasion were analysed as separate sample groups. Due to the similarity in amplification
efficiencies, the initial wetland media sample was analysed within the day 26 sample group. Since the
influent samples did not show such disparity, they were analysed as one sample group.

Functional genes were normalised against bacterial 165 rRNA gene, representing the proportion
of nitrite reductases in bacterial communities, by estimation of fold difference (FD) using a formula
proposed by Ruijter et al. [44]:

FD = Noa/Nog = (Nya/ES) /(Neg/E5™®), (A1)

where Ny marks the starting concentration of the amplicons (A and B) in an individual sample in
arbitrary fluorescence units, E stands for amplification efficiencies, N stands for fluorescence threshold
values, and C; marks the fractional number of cycles needed to reach the fluorescence threshold.
The individual nir gene proportions (nirK % and nirS %) were further used to calculate the total
proportion of nir genes (nirK % + nirS %) and the ratios of nirK and nirS genes (nirK/nirS) in the
bacterial communities of studied influents and HSSF MCs.
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In order to negate bias in determined target gene copy numbers deriving from differing
amplification efficiencies between standard dilutions (1.873 £ 0.038, 1.734 £ 0.051, and 1.407 % 0.034
for 165 rRNA, nirK and nirS, respectively) and analysed samples, the following target gene
concentration calculation scheme was applied. At first, the target genes were normalised against
each 10-fold standard curve dilution in the range of 108-10° copies of target template using the
corresponding LinRegPCR Nj values according to the Formula (Al). The obtained ratios (one for
each standard dilution) were used to calculate six individual target gene abundances per sample.
Finally, the target gene concentration denominator for a sample was calculated as a mean of the
obtained six abundance estimates. The target gene copy numbers are presented per gram of dry weight
(copies/ggw) of wetland media or per ml of wastewater (copies/mL) for the influent.

Figure Al. System scheme modified from Nurk et al. [30]. Horizontal subsurface flow constructed
wetland (HSSF CW) mesocosms used in this study are marked with red colour.
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Figure A2. Temperature and temporal dynamics of different nitrogen forms in influent.
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(days 26-150) at phylum level. Proteobacteria is presented at class level. Arabic numerals in symbols
indicate days of system operation and Roman numerals indicate parallel mesocosms.
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Table Al. Characteristics of primer sets and amplification programmes used. Standard curve marks the range of standard dilutions (gene copies in 10 uL of reaction

mixture) used for creating standard curves.

Amplicon Primer

Primers  Target Gene . (bp) Reference

PCR Programme for Standards

Standard

qPCR Programme Curve

L-V6 1 cycle: 95 °C 5 min; 1 cycle: 95 °C 10 min;
———— 165rRNA 111 [33] 30 eveles: 94 °C 30 s 54 °C 30 s, 72 °C 45 40 cycles: 95°C 155;54 °C 305; 72 °C30's 108-102, 50, 25
R-V6 cycles: > > s Melting curve: 65-90 °C
FlaCu o . 1 cycle: 95 °C 10 min;
— 1cycle: 95 °C 5 min; e .6 C};cles: 95°C 155,63 °C30sb,72°C 305,80 °C 30sS;
nirk 473 [81] 10 cycles: 95°C 30,60 °C 1 min?, 72 "C 1 min; 45 v o 95°C 155, 61°C30's, 72°C 30’5, 80°C 305 105-103
R3Cu 25 cycles: 95 °C 30 s, 58 °C 1 min, 72 °C 1 min;

1 cycle: 72 °C 5 min

1 cycle: 95°C 155,60 °C 305, 72 °C 10 min
Melting curve: 60-95 °C

w 1 cycle: 94 °C 2 min;
irS 405 [82] 7 cycles: 94°C 30s, 63 °C 1 min ?,72 °C 1 min;
nirSR3cd 28 cycles: 94 °C 305, 57 °C 1 min, 72 °C 1 min;

1 cycle: 72 °C 10 min

1 cycle: 95 °C 10 min;

6 cycles: 95°C 155,63 °C30's b 72°C30s,80°C30s¢;

40 cycles: 95°C 155,58 °C30's,72°C 305,80 °C30s ©; 108-10°
1 cycle: 95°C 155,60 °C 30’5, 72 °C 10 min

Melting curve: 60-95 °C

Notes: 2 The annealing temperature drops 0.5 °C after every cycle; ® The annealing temperature drops 1 °C after every cycle; ¢ The fluorescence signal was read after the second extension

step (30 s of 80 °C).
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Table A2. Correlation of target gene abundances and characteristics of HSSF MCs. Statistically significant Spearman’s rank correlation coefficient values between target
gene characteristics—concentrations: 165 rRNA, nirK, nirS, nir, and proportions: nirK (%), nirS (%), nir (%) and nirK/nirS, values of the Inverse Simpson’s diversity
(1/D), richness (refers to the number of operational taxonomic units or OTUs at the 95% similarity level), evenness, Net Relatedness Index (NRI), and indicator
parameter values in influent () and effluent (¢ff), and removal efficiencies (RE) of respective compounds during the treatment process in HSSF MCs, as well as system

operation time and temperature (Temp) in MCs. ApH indicates pH difference between influent and effluent.

Parameter 16S rRNA nirK nirS nir nirK (%) nirS (%) nir (%) nirK/nirS 1/D Richness Evenness NRI
Time 0.9 *** 0.93 *** 0.93 *++ 0.96 *** - - - - 0.77 *** _ 0.70 ** -
Temp —076**  —0.87%%  —0.82% (.87 ¥ - - - - —0.89 *** , —0.84 *** -
pHIn - - —0.55* - - - - - - - - -
pH ©ff —077*  —0.73%  —0.85%* (.79 %+ - - - - —0.61* - —0.59 * -
ApH —0.68 ** —0.67 ** —0.63* —0.68** - - - - —0.70** - —0.66 ** -

N in - - - - 0.61* 0.77 *** 0.76 *** —0.56* - 0.61* - -
N RE - - - - - - - - - 0.86 **+ 0.54 * -
NO; in 0.91 **+ 0.93 **+ 0.93 *** 0.96 *** - - - - 0.77 #** - 0.70 ** -
NO; eff - - - - —0.62* —0.72 ** —0.74 - - —0.81 *+* - -
NOj; RE - - - - - 0.55 * 0.57 * - 0.52* 0.83 **+ 0.58 * -
NO, in - - - - - 0.72 ** 0.69 ** - - - - -
NO, eff - - - - - - - - - - _ -
NO, RE - - - - - 0.71 ** 0.69 ** —0.62* 0.61* - -
NH, i - - - - 0.53* 0.86 *+* 0.84 *+* —0.65 ** - - -
NH, °ff - - - - - 0.78 *+* 0.75 ** —0.57* - - -
NH, RE 0.63 * 0.70 ** 0.64 * 0.72 ** - - - - 0.82 *** - 0.73 ** —0.55*
BOD; in - - - - 0.74 ** - - - - - -
BOD; ©ff —0.59* —0.65 ** —0.59 * —0.67 ** - 0.51* - - —0.67 ** - —0.60 * 0.63*
BOD;, RE - 0.61* 0.53* 0.61* - —0.53* —0.52% - 0.65 ** - 0.58* —0.63*
TOC in - - - - 0.77 **+ 0.87 **+ 0.86 **+ - - - -
TOC RE - 0.57* - 0.53* - - - - 0.58 * - 0.54 * -

Notes: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table A3. The taxonomy of dominant OTUs (>1% of all 368,775 sequences after subsampling) at

phylum and family level.

No. of Sequences Phylum Family
16,642 Bacteroidetes Chitinophagaceae
14,569 Proteobacteria Comamonadaceae

8619 Proteobacteria Pseudomonadaceae
7851 Proteobacteria Rhodocyclaceae
7800 Proteobacteria Enterobacteriaceae
7763 Proteobacteria Unclassified
7000 Bacteroidetes Chitinophagaceae
6751 Proteobacteria Burkholderiaceae
6240 Proteobacteria Unclassified
5846 Proteobacteria Xanthomonadaceae
5836 Proteobacteria Rhodocyclaceae
5399 Proteobacteria Burkholderiaceae
5373 Proteobacteria Comamonadaceae
5321 Bacteroidetes Flavobacteriaceae
4911 Proteobacteria Pseudomonadaceae
4731 Proteobacteria Comamonadaceae
4663 Bacteroidetes Flavobacteriaceae
4371 Gemmatimonadetes Gemmatimonadaceae
4365 Proteobacteria Comamonadaceae
3703 Bacteroidetes Chitinophagaceae

Table A4. Proportions of classes of two dominant phyla, Proteobacteria and Bacteroidetes, in wetland

media biofilm (WMB), influent and LECA. Standard deviations are given in parenthesis.

Taxon LECA Influent WMB (n =15)
Proteobacteria:
Alphaproteobacteria 18% 4% 15% (£3%)
Betaproteobacteria 27% 19% 44% (£7%)
Gammaproteobacteria 49% 43% 29% (£6%)
Deltaproteobacteria 4% 2% 8% (£2%)
Epsilonproteobacteria <1% 30% 1% (£1%)
unclassified 2% 3% 3% (£1%)
Bacteroidetes:
Sphingobacteria 66% 5% 48% (44%)
Flavobacteria 23% 20% 31% (£4%)
Bacteroidia 4% 74% 10% (£2%)
unclassified 8% 1% 11% (£4%)
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Table A5. Statistically significant (p < 0.05) correlations between pMEN modules (M), evaluated gene characteristics (16S rRNA and nirK gene copy numbers, nirS,
nirK, and total nir gene proportions—nirS (%), nirK (%) and nir (%), respectively—and ratio of nirK and nirS genes (nirK/nirS) in filter material microbial community),

and influent quality parameters.

M 16S rRNA nirK nirS nirS (%) nir (%) nirK/nirS NO, NO; Niot NH,4 TOC pH
A 0.93 *** 0.94 *** 0.90 *** - - - - 0.92 *** - - - -

B —0.79 *** —0.89 *** —0.98 *** - - - - —0.87 *** —0.54* - - -

C - - - 0.82 *** 0.79 *** —0.8 *** 0.77 *** 0.73 *** 0.68 *** 0.64 ** —0.55*
D 0.93 *** 0.91 *** 0.79 *** - - - - 0.95 *** - - -

E —0.59 * —0.63 ** —0.55* - - - - —0.61* - - 0.63 **

Notes: * p < 0.05, ** p < 0.01, ** p < 0.001.
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