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1. Summary of the objectives for Deliverable D2.8 “N removal processes in the CW anoxic
regions”
Deliverable D2.8 covers all the work done in sub-task 2.2.3 regarding N removal in CWs. In
particular, we investigated i) the variations in the abundance of the main functional groups involved
in N cycling (ammonia oxidizing archaea (AOA) and bacteria (AOB), denitrifiers, anammox) to
understand and evaluate treatment processes, ii) the role of vegetation (unplanted, Phragmites
australis, Typha latifolia) in treatment efficiency and iii) the variation of total microbial community
structure in order to identify possible treatment and seasonal effects. Furthermore, since 20th of
November 2014 the applied influent changed, in order to stimulate agricultural runoff synthesis, so
to evaluate CWs efficiency to treat high concentration of nitrate, as well as to investigate the role of
vegetation considering N cycling processes under these conditions.
Concerning N removal in CW we completed the following activities:
Monitoring of the treatment performance of CWs in terms of N removal (NH4-N, NO3-N,
urea-N, TKN) .
Quantitative PCR analysis of AOA and AOB amoA gene, denitrifying genes (nirK, nirS and
nosZ clade I &clade II) and Anammox 16S rRNA gene.
Determination of diversity and composition of the microbial communy. Sequencing was
conducted on an Illumina MiSeq platform.

2. Presentation of Experimental Results
2.1 Introduction
Constructed wetlands (CWs) have been increasingly used as a cost-effective alternative to
conventional wastewater treatment plants in wastewater management, particularly for small
communities or decentralized clusters of houses. With the appropriate configurations, operation and
management plans CWs provide reliable treatment in terms of organic matter and nitrogen removal
(Reed et al., 1995). In the last years, the use of CWs has been expanded to manage various types of
wastes and polluted waters, including those of food-processing industry and livestock, agricultural
runoff (Knight et al., 2000; Vymazal, 2009). However, the effectiveness of CWs in terms of N
removal has been characterized as poor and consists of a bottleneck in their performance and CWs
commonly fail to achieve the increasingly strict standards imposed by environmental agencies for
effluent discharge to water bodies or for recycling purposes (Paranychianakis et al., 2015).
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The poor performance of one-stage CWs might partly arise from our limited understanding on the
processes that regulate the biogeochemical cycle of N, their relative contribution, and the influence
of environmental factors and hence, on the adoption of appropriate design and operation conditions.
In fact, our perception on N cycling in CWs remains still rooted on the classical view of nitrification
and denitrification processes. Recent studies have revealed that anammox and heterotrophic
nitrification-aerobic denitrification may also have important roles that however, depends on CWs
configuration, operation and environmental factors (Zhu et al., 2011; Coban et al., 2015; Zhi et al.,
2015). Microorganisms have a prominent role in the treatment performance of CWs, but their
contribution is only implicitly considered in the models used to simulate treatment performance.
Despite that fact, in depth information on the composition and diversity of microbial community in
CWs remains yet limited and has been addressed only at relatively high taxonomic levels (Chen et
al., 2015) or with the abundance of certain functional genes (e.g. N-cycling) (Zhi and Ji, 2014).
Data on functional genes abundance have been widely used to gain insights for the relative
importance on the pathways involved in N cycling in various ecosystems (Bru et al., 2011; Tsiknia
et al., 2015), but only recently pertinent studies have started to be published for CWs (Chon et al.,
2011; Ji et al., 2012; Coban et al., 2015). They have revealed stratified distribution of N functional
genes with the depth and high rates of NO3 reduction to NH4 in a pilot-scale CW (Ji et al., 2012).
Strong interactions between the biochemical cycles of C and N with a remarkable influence on the
composition and the activity of functional microorganisms have also been reported. In a tidal-flow
CW, NH3 oxidation was hinted as the dominant pathway of NH4 removal in effluents with a C/N
ratio less than six based on functional genes abundance, but when the C/N ratio increased the
contribution of anammox process was enhanced (Zhi and Ji, 2014).

It is well documented that N removal is constrained by the availability of O 2 in CWs. The available
O2 is preferentially consumed by the heterotrophic microorganisms constraining the growth and
activity of ammonia oxidizers (Crites et al., 2014). Plant species affect the rates that O2 is released
to the rhizosphere of subsurface flow (SF) CWs, exerting a strong control on the N pathways and
their rates that operate (Nivala et al., 2013; Crites et al., 2014). Differences among plant species in
terms of O2 release in the rhizosphere have been positively correlated (35-76%) with the removal of
TN (Mei et al., 2014). Plant species also affect the composition of nitrifying and denitrifying
bacteria in the rhizosphere compared to the bulk sediment in constructed (Ruiz-Rueda et al., 2009)
and natural wetlands (Bañeras et al., 2012; Trias et al., 2012) implying impacts on the treatment
performance of CWs. However, links between treatment performance and the abundance and/or
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composition of functional microbial communities remain scarce and are limited to static
observations.

Moreover, information on the variation of microbial community structure is of paramount
importance in order to link treatment performance with certain microbial taxa, to identify best
management practices and appropriate operation conditions. Research in various ecosystems (e.g.
soil) has shown that microbial communities show seasonal variations in response to changing
environmental conditions, but these shifts typically have been associated with changes in the
availability of resources. CWs however are feed with an influent of known composition, thus
seasonal shifts in the composition of microbial community can be associated to variations in
environmental conditions and more easily to associate them with changes in the treatment
performance. Furthermore, accumulated knowledge from other ecosystems (e.g. soil) has identified
vegetation as an important driver of microbial community composition suggesting that plant species
may affect N and C biogeochemical cycles. Litter composition and rhizodeposition have been
recognized as the underlying drivers. Given the high rates of effluent application in CWs, it remains
unclear whether that influence of plant species will persist or it will be masked by increased loading
of C.

Herein, with regard to N removal we investigate i) the pathways regulating the cycling of N in SFCWs, ii) the influence of plant species, if any, on the pathways operating, and the treatment
performance of CWs in terms of N removal, and c) seasonal trends in the operating pathways and in
treatment performance. We hypothesized that the absence of vegetation or the plant species used
would impose direct and indirect controls on the treatment performance through its effects on
environmental variables (e.g. redox potential, O2 release) and/or on the abundance and composition
of functional communities, providing thus a proxy to evaluate the pathways operating and their
importance on N cycling.

With regard to CWs microbial communy we investigate i) the structure and the diversity of
microbial communities in CWs, ii) possible links between community structure and treatment
performance, iii) the seasonal variations of microbial communities and iv) the influence of plant
species on treatment potential, if any. This information is particularly important to gain insights for
the role of microbial community on treatment performance of CWs, to adopt best management
practices, as well as to move toward a more accurate modelling of CWs.
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2.2 Materials & methods
2.2.1

Pilot constructed wetlands and experimental set up

The experiment included six pilot CWs that were operated under field conditions. The climatic
conditions prevailed during the experimental period and the sampling dates are shown in Figure 1.
The CWs basins were constructed by polyethylene and were painted in white to avoid their
overheating during the summertime. Their dimensions were 95 (length) x 45 (width) x 48 (height)
cm and were filled with gravel of a mean diameter of 7 mm (Fig. 2). CWs were planted in pairs
with the plant species Phragmites australis and Typha latiofolia in June 2013, or left unplanted. The
wetland basins were feed with a low-strength nutrient solution (TN: 5 mg/L) until the end of
October 2013 to allow the successful establishment of vegetation and the aquatic microbial
communities. The feeding of CWs with wastewater started on November 7 2013 by using a
modified OECD synthetic wastewater, that contained 200 mg/L glucose, 100 mg/L urea, 20 mg/L
NaH2PO4, 5 mg/L CaCl2, 2.5 mg/L MgSO4, 1.5 mg/L KH2PO4, and micronutrients. CWs were
supplied with wastewater from a central tank (1000 L) by peristaltic pumps operating at the rate of
1.2 L/h for 22 h/day. The synthetic wastewater was prepared every three days from October to April
and every two days from May to September to minimize the effect of elevated temperatures on the
mineralization of organic matter in the tank. The net volume of CWs was estimated to 52.4 ± 1.8 L
at the beginning of the experiment that corresponded to a theoretical hydraulic residence time
(HRT) of two days. Estimations of the theoretical HRT were repeated at the end of the operation
period and showed no significant change (51.6 ± 2.2 L). Hydrologic balances were also performed
at certain dates by collecting the effluent volume to estimate the effect of plant species on water
losses from CWs.

2.2.2

Sample collection and chemical analyses

Water samples were collected early in the morning from the inlet and outlet of CWs and they were
immediately analyzed for NH4+-N, NO3ˉ-N, and total kjeldahl N (TKN). A detailed schedule of the
sampling dates and the climatic conditions that prevailed during the operation period is shown in
Figure 1. NH4+-N and NO3ˉ-N concentrations were measured colorimetrically in a Perkin-Elmer
spectrophotometer (Lambda 25) with the Nessler reagent and the Cd-reduction method,
respectively. TKN was determined by a semi-automated kjeldahl device.
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Figure 1 Variation in the climatic factors and sampling dates during the course of the study. (A) daily
average temperature (°C) points are color-scaled with the blue referring to low values and the red to high
values. The grey area represents the minimum and maximum daily temperature. (B) Average wind speed
(km/h) variation. The blue points refer to the daily wind speed and the grey area represents the maximum
speed. (C) Daily precipitation (mm). Sampling days are marked in all plots with black points.
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Figure 2 Scheme of the CWs set-up.

2.2.3

DNA extraction

Microbial genomic DNA was extracted in seven dates (0, 20, 39, 68, 153, 214, and 266 days)
throughout the study period. Since no standard protocol has been developed so far to extract DNA
from the gravel of CWs, we tested two protocols for their efficiency and the consistency of the
obtained results. The first tested protocol is described by Moore et al. (2004) and the second refers
to a commercial kit, the PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA,
USA). Comparisons in terms of the extracted DNA quantity and quality and the consistency of the
results obtained by qPCR showed a superiority of the commercial kit, which was eventually
selected method for the performed DNA extractions. In brief, the protocol included two steps.
Firstly, 20 g of gravel were sampled from 5-15 cm depth and placed in sterilized 50-ml falcon
tubes. Twenty milliliters of sterilized phosphate bovine buffer solution was added in each tube and
shaken for 1.5 h in order to detach the biofilm from the gravel’s surface. Then, after removing the
gravels, the liquid phase was centrifuged at 10,000 rpm for 15 min and the supernatant was
discarded. In a second step, the pellet was extracted with the PowerSoil® DNA Isolation Kit. Two
extractions of DNA were performed per CW in every sampling date. The quality of the extracted
DNA was checked in 1% agarose gel and it was quantified with a Pearl NanoPhotometer® (Implen)
and stored at -80 oC.

2.2.4

Quantitative PCR (qPCR) assays

The abundance of ammonia monoxygenase (amoA) gene of AOB and AOA, nitrite reductase genes
(nirS, nirK) and N2O-reductase genes (nosZ clade I and II) was monitored by qPCR using the
primer pairs amoA-1F/amoA-2R (Rotthauwe et al., 1997), Arch-amoAF/Arch-amoAR (Francis et
al., 2005), nirSCd3aF/nirSR3cd (Throbäck et al., 2004), nirK876/nirK1040 (Henry et al., 2004),
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nosZ2F/nosZ2R (Henry et al., 2006), and nosZ-II-F/nosZ-II-R (Jones et al., 2013), respectively.
The abundance of anammox 16S rRNA genes was quantified with the A438f/ A684r primer pair
(Humbert et al., 2012). qPCR runs were carried out in a StepOnePlus™ Real-Time PCR System
(Applied Biosystems) in reactions of 20 μl using the KAPA SYBR Fast Master Mix (2x) qPCR Kit
(KAPA Biosystems) and 2 μl of genomic DNA. All reactions were completed with a melting curve
starting at 60 oC, with an increase of 0.5 oC, up to 95 oC to verify amplicon specificity. Standard
curves were constructed using serial dilutions, 103-107 (amoA of AOA and AOB, nirS, nirK, nosZ
clade I) and 102-106 (nosZ clade II and anammox 16S rRNA) of linearized plasmids (pGEM-T,
Promega) containing cloned fragments from each gene. Controls without template resulted in
undetectable products for all samples, while inhibitory effects were not detected at dilutions greater
than 1/10. The amplification efficiencies varied between 72% and 96% and the R2 values of the
standard curves ranged from 0.995 to 0.997. The detailed protocols of qPCR as well as the
amplification efficiency are summarized in the Table 1.

Table 1: Primer pairs, amplification conditions and efficiency of qPCR assays used in the present study
Target gene

Primers

amoA (AOA)

Arch-amoAF/ArchamoAR1
amoA-1F/amoA-2R3
nirSCd3aF/nirSR3cd4
nirK876/nirK10405
nosZ2F/nosZ2R6
nosZ-II-F/nosZ-II-R7
A438f/ A684r8

amoA (AOB)
nirS
nirK
nosZ clade I
nosZ clade II
anammox
16S rRNA gene

T anneal.
(oC)
552
57.52
602
602
602
54
55.5

1

Data collection T
(oC)
81
84
84
87.5
82.5
80
83

Efficiency (%)
92
87
88
96
88
72
99

Francis, C. A, Roberts, K. J., Beman, J. M., Santoro, A. E., & Oakley, B. B. (2005). Ubiquity and diversity of
ammonia-oxidizing archaea in water columns and sediments of the ocean. Proc Natl Acad Sci USA 102(41), 14683–8.
2
Paranychianakis, N. V, Tsiknia, M., Giannakis, G., Nikolaidis, N. P., & Kalogerakis, N. (2013). Nitrogen cycling and
relationships between ammonia oxidizers and denitrifiers in a clay-loam soil. Appl Microbiol Biotechnol 97(12),
5507–5515.
3
Rotthauwe, J., Witzel, K., & Liesack, W. (1997). The ammonia monooxygenase structural gene amoA as a functional
marker: molecular fine-scale analysis of natural ammonia-oxidizing populations. Appl Environ Microbiol, 63(12),
4704–4712.
4
Throbäck, I. N., Enwall, K., Jarvis, A., & Hallin, S. (2004). Reassessing PCR primers targeting nirS, nirK and nosZ
genes for community surveys of denitrifying bacteria with DGGE. FEMS Microbiol Ecol, 49(3), 401–17.
5
Henry, S., Baudoin, E., López-Gutiérrez, J. C., Martin-Laurent, F., Brauman, A., & Philippot, L. (2004).
Quantification of denitrifying bacteria in soils by nirK gene targeted real-time PCR. J Microbiol Meth, 59(3), 327–35.
6
Henry, S., Bru, D., Stres, B., Hallet, S., & Philippot, L. (2006). Quantitative detection of the nosZ gene, encoding
nitrous oxide reductase, and comparison of the abundances of 16S rRNA, narG, nirK, and nosZ genes in soils. Appl
Environ Microbiol, 72(8), 5181–9.
7
Jones, C. M., Graf, D. R. H., Bru, D., Philippot, L., & Hallin, S. (2013). The unaccounted yet abundant nitrous oxidereducing microbial community: a potential nitrous oxide sink. ISME J 7(2), 417–26.
8
Humbert, S., Zopfi, J., & Tarnawski, S.-E. (2012). Abundance of anammox bacteria in different wetland soils.
Environmental Microbiology Reports, 4(5), 484–490.
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16S rRNA gene sequencing

Amplicon sequencing of the V4-V5 hypervariable regions of the 16S rRNA gene was performed in
a ΜiSeq 2000 Illumina platform. The obtained sequences were analyzed with the UPARSE and the
QIIME software. Briefly, the raw forward and reverse reads of each sample were assembled into
paired-end reads considering a minimum overlapping of 50 nucleotides and a maximum of one
mismatch. The paired reads were then quality filtered, the primer sequences were removed and the
individual sample files were merged into a single fasta file. The file was imported in UPARSE
where operational taxonomic units (OTUs) at 97% sequence similarity were assigned and the
chimeras were removed using both de-novo and reference-based detection. For reference chimera
detection, the Gold database was used. Taxonomy was assigned to representative sequences of the
OTUs with the QIIME pipeline. Finally, an OTU table (sample x OTU count matrix with a tab
containing the taxonomic affiliation of each OTU) was created. Finally OTUs with less than ten
total counts removed before any further analysis. The OTU table and the phylogenetic tree
(constructed with the FastTree) were used as inputs for all the subsequent analyses regarding α- and
β-diversity.

2.2.6

Hydrological and N mass balance of CWs

With the progress of time water losses between treatments were differentiated significantly due to
different evapotranspiration (ET) rates. In order to proceed in a more accurate estimation of the N
removal potential of various CWs, N mass balance calculations were performed at selected dates.
Water losses through ET were estimated by collecting the whole volume of effluent leaving the
CWs basins. Then, the N mass was calculated by measuring the nitrogenous compounds (NH4+-N,
NO3ˉ-N, TKN) concentration in the effluent and multiplying their sum with the effluent volume
estimated in the previous step.

2.2.7

Statistical analysis for N functional gene abundance

All statistical analyses were performed with the R statistical platform (R Development Core Team,
2013). The plots were generated with the ggplot2 package. Aligned-rank transformation and nonparametric analysis of variance (ANOVA) on mixed-effect models was performed with the ARTool
package to evaluate the effect of the treatments and time. The aligned rank transformation is
powerful alternative to parametric F-tests for cases that the criterion of normality is not satisfied.
Thus, untransformed data of the N functional genes and chemical parameters were modeled
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considering the treatments and the time as independent variables in order to examine if these factors
or their interaction had any significant effect on the explanation of the variance in the data. The art()
function from the ARTool package, that performs the aligned-rank transformation, was applied in a
mixed-effect model in the form:
Y ~ Time + Treatment + Time:Treatment + (1|Random effect)
Then, the anova(•) function was used to evaluate the significance of these effects (Wobbrock et al.,
2011).
Pairwise relationships among the N functional genes and their significance were tested with the
Pearson correlation coefficient. The variables were tested for normality before further analysis and
these (functional genes) that were not followed normal distribution were subjected to Box-Cox
transformation.
2.2.8

Statistical analysis for microbial community structure

To determine α-diversity, Chao1 and Pielou’s (J) indexes were applied to assess the microbial
community richness and evenness, respectively. For the β-diversity, the principal coordinates
analysis (PCoA) ordination was used, based on the weighted UniFrac distance matrix. Before
further analysis, the physicochemical data were transformed to meet the assumption of normality.
ANOVA and adonis function (PERMANOVA) were applied to determine the influence of sampling
time and treatment on α- and β-diversity, while redundancy analysis (RDA) was performed to
identify the effect of chemical parameters on the composition of the microbial community. Stepwise
linear regression analysis performed to select the most significant explanatory variables for
predicting richness and evenness indexes. The Mantel test was used to calculate correlations
between a Bray-Curtis dissimilarity matrix calculated for community data and Euclidean distance
matrix calculated for the chemical parameters at the same samples, in order to examine the strength
of their relationship. Significance was tested by 9999 permutations. Finally, significant taxonomic
differences between the types of vegetation were also tested using LDA effect size (LefSe) (Segata
et al., 2011). This method employs the factorial Kruskal–Wallis sum-rank test (α = 0.05) to identify
taxa with significant differential abundances between categories (using one-against-all
comparisons), followed by LDA to estimate the effect size of each differentially abundant feature.
LefSe

analysis

was

performed

by

using

the

online

galaxy

version

(http://huttenhower.sph.harvard.edu/galaxy/root, version 1.0.0). LDA effect size analysis performed

Page 13

Water4Crops

EU-FP7 Project n° 311933

to OTUs that are discriminant for each treatment. All the analyses were performed in the R
statistical platform, using the packages phyloseq, vegan and ggplot2.

2.3 Results & Discussion
2.3.1

N removal, N mass balance and abundance of the main functional groups involved in
N cycling in constructed wetlands

Both the treatment and its interaction with the season effected significantly the concentration of
nitrogenous compounds in the CWs (Table 2).

Table 2: Mixed-effect model analysis of variance of chemical parameters in response to the treatment (plant
species) and sampling time.

Treatment

NH4+-N (mg/L)

NO3—N (mg/L) TKN (mg/L)

***
ns

***
ns

***
ns

***

*

Sampling time
Treatment
x
***
Sampling time
ns: not significant;
*: p<0.05;

**: p<0.01;

***: p<0.001

In the early period of operation (day 0-35) the performance of CWs in terms of NH4+-N removal
was not affected by the presence of vegetation or the plant species (Fig. 1a). During that period the
concentration of NH4+-N followed a decreasing trend. This trend was continued for CWs planted
with T. latifolia by day 76. By contrast, NH4+-N concentration followed an increasing trend in CWs
planted with P. australis, and especially in the unplanted CWs, reaching greater concentrations
compared to CWs planted with T. latifolia by day 60 and 76, respectively. Thereafter, and by day
145 NH4+-N concentration remained more or less constant between treatments with the greatest
concentrations measured in the unplanted CWs followed by P. australis, while the lowest
concentrations were observed in CWs planted with T. latifolia. From day 145 and by the study end
the NH4+-N concentration showed a sharp increase in the planted CWs only for the case of P.
australis CWs. which reached the concentration of unplanted CWs (Fig. 3a). The concentration of
TKN (Fig. 3b) followed strictly the pattern of NH4+-N concentration. This result is in accordance
with the fact that the latter could account for the majority of TKN, while organic-N was estimated
to account for a minor proportion of TKN. The mineralization of organic-N occurred at high rates
as indicated by the low concentrations of organic-N and the non-detectable levels of urea in the
effluent of all the treatments. This observation suggests that organic-N mineralization did not
consist to be a bottleneck on the performance of CWs, at least at the loadings applied in the present
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work. By contrast, NH4+ concentration differed between the treatments (Fig. 3) indicating that
ammonia oxidation might represent a limiting step in the performance of CWs in terms of N
removal.
With regard to NO3ˉ-N, no effect of the treatments was observed by day 42 (Fig. 3c). Then, and by
day 90 the concentration of NO3ˉ-N increased in CWs planted with P. australis, while the opposite
trend was observed for unplanted CWs and CWs planted with T. latifolia. Thereafter, the
concentration of NO3ˉ-N in CWs planted with P. australis decreased to reach eventually that of
unplanted CWs or planted with T. latifolia on day 178 (Fig. 3c).

Figure 3 Concentration of N-forms in influent and unplanted constructed wetlands or planted with T.
latifolia and P. australis. a) Ammonium concentration; b) Nitrates concentration; and c) Total kjendal N
concentration.
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Plant species had a strong influence on the hydrology of CWs by regulating the ET rate, and
particularly from day 178 onwards, when the differences in terms of ET between the treatments
were exacerbated (Fig. 4).

Figure 4 Evapotranspiration rate of unplanted CWs or planted with P. australis and T. latifolia on days 178
(May 5), 214 (June 10), Day 241 (July 3), and Day 266 (July 30).

Thus, a nitrogen mass balance was applied at certain dates to account for the effect of variable ET
on N removal. These estimations revealed even greater differences in the potential of CWs to
remove N (Fig. 5).

Figure 5 Mass balance of N in constructed wetlands planted with different plant species. The mass balance
was performed by taking into account the evapotranspiration losses and the concentration of N-forms
presented in Figure 2.
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More specifically, CWs planted with T. latifolia showed the greatest N removal followed by those
planted with P. australis. Uptake by vegetation was ignored in N mass balance estimations since i)
uptake was accounted for a small only fraction of the applied N (7.4-8.5%; Table 3), ii) plant
biomass was well developed when the application of wastewater started (see “Materials and
Methods” section) thus the additional uptake of N was even lower from that estimated by biomass,
and the differences between plant species were low.

Table 3: Hypergeous biomass yield, nitrogen (N) content of biomass, N accumulation in biomass and
percentage of N in biomass to the applied N at the end of the operation period (August 22) in CWs fed with
synthetic wastewater and planted with P. australis and T. latifolia.
Hypergeous
biomass
(g)
2546 (± 135)
1712 (± 87)

T. latifolia
P. australis

N content of
plant biomass
(g/kg)
11.6 (±0.81)
15.2 (± 0.77)

Nitrogen mass % of the applied N in
in biomass
CWs stored in biomass
(g)
29.53
8.4
26.02
7.4

The abundance and the ratios of the genes or microorganisms involved in the cycling of N were
significantly affected by the treatment and the sampling time (Table 4). In addition, significant
interactions were observed for the amoA genes of AOA, nirK genes and the ratio of nirK/nirS genes
(Table 4).

Table 4: Mixed-effect model analysis of variance of nitrogen functional genes in response to the treatment
(plant species) and sampling time.
amoA
(AOA)
***
ns

Treatment
Samp. time
Treatment x
ns
Samp. time
ns: not significant;

amoA
(AOB)
ns
*
ns
*: p<0.05;

ns
***

nosZ
clade I
***
**

nosZ
clade II
ns
ns

anammox
(16S rRNA)
ns
ns

AOA/
AOB
***
ns

nirS/
nirK
**
***

∑nos
/∑nir
***
ns

*

ns

ns

ns

ns

*

**

nirS

nirK

ns
***
ns

**: p<0.01;

***: p<0.001

Relatively low abundances (103-104/g gravel) of amoA genes of AOB were measured early in the
operation period (days 0 and 19) of CWs (Fig. 6a.). During that period significant differences were
observed between the treatments with the unplanted CWs showing greater abundance compared to
CWs planted with the T. latifolia. Then, the abundance of amoA genes of AOB increased by
approximately two orders of magnitude and remained relatively constant by the end of the study
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(Fig. 6a). No significant differences were observed between treatments during that period. With
regard to amoA genes of AOA, they showed a lower abundance compared to that of AOB (Fig. 6b).
In the unplanted wetlands the abundance of amoA genes of AOA remained constant during the
whole experimental period, while in the planted CWs their abundance followed a pattern similar to
that of AOB (Fig. 6b). More specifically, greater abundance of amoA genes was observed in CWs
planted with T. latifolia compared to the unplanted CWs on days 39, 67, and 153 (Fig. 6b).

Figure 6 Abundance of amoA gene copies in constructed wetlands planted with different plant species. a)
amoA gene copies of AOA; and b) amoA gene copies of AOB

The response of amoA genes of AOB to the transition from the oligotrophic to nutrient rich
conditions (Fig. 6) supports the idea that nitrification has an important role in N cycling in CWs.
Despite the variable performance of CWs in terms of NH4+ removal the abundance of amoA genes
of AOB did not differ between the unplanted and the planted CWs or in CWs planted with different
plant species suggesting that nitrification was constrained by the activity of ammonia oxidizers.
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Τhat constrain might have arisen from O2 availability since vegetation has a prominent role in
supplying the SF-CWs with O2 (Crites et al., 2014) and that effect is further mediated by the plant
species (Mei et al., 2014). The denser canopy of CWs planted with T. latifolia compared to P.
australis (Table 3) that also implies a greater rooting density, probably favored greater rates of O2
release in this treatment stimulating thus NH4+ oxidation. The amoA genes of AOA showed also a
similar response to effluent application in the planted treatments. This pattern is somewhat
contrasting taking into account the oligotrophic lifestyle of AOA and the commonly reported
decrease in the ratio of AOA/AOB with increasing concentration of NH4+ (Prosser and Nicol, 2012;
Zhang et al., 2015). It might have arisen from the heterogeneity in NH4+ concentration at
microscales and/or the better adaptation of AOA to micro-oxygenic conditions (Berg et al., 2015;
Sollai et al., 2015) and provides evidence that AOA have also an important role in the regulation of
NH4+/NH3 oxidation in CWs. In addition, the consistent patterns of AOA abundance and NH4+
removal in the treatments provide further support for their involvement in NH4+ oxidation. The
increase in NH4+ concentration late in the period (day 178-226) for the planted CWs was not
accompanied by changes in the abundance of amoA genes of AOA and AOB. This response can
rather be explained by the high ET rates that prevailed in the planted treatments (Fig. 4) and the
release of NH4+ from the mineralization of the organic matter derived from plant litter, than might
imply an impairment of AOA and AOB ammonia oxidation potential.

Relatively high numbers of nirK genes were measured at the beginning of the operation period that
further increased in the latter samplings (days 39 and 67) reaching a peak on day 153 (≈108). Then,
an abrupt decrease occurred at levels similar to those measured early in the operation period (Fig.
7a). An effect of the treatment was observed on days 153, 214, and 266 with the planted CWs to
show greater numbers of nirK genes compared to the unplanted CWs. Overall, the abundance of
nirS genes was lower compared to that of the nirK genes (Fig. 7b). They followed quite a similar
pattern to that of nirK, but the decrease at the end of the experimental period was milder. The
abundance of clade I nosZ genes also followed a seasonal pattern with the lowest abundances
measured on days 0 and 19 (Fig. 7c). In the following samplings, the abundances of nosZ genes
increased and remained relatively constant by the end of the operation period.
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Figure 7 Abundance of denitrifying gene copies in constructed wetlands planted with different plant species.
a) nirK gene copies; b) nirS gene copies; c) clade I nosZ gene copies; and d) clade II nosZ gene copies

The ratio of nirS/nirK genes increased with the progress of season and was also significantly
affected by the treatment with the unplanted CWs to show greater values compared to the planted
CWs (Fig. 8a). The nosZ/Σnir ratio also increased with the progress of season but in that case the
greater values were observed in the planted CWs (Fig. 8b). With regard to the abundance of clade II
nosZ genes, it was not affected either by the season or the treatments imposed and remained at very
low numbers (Fig. 7d). Quite a similar pattern was observed for the abundance of 16S rRNA gene
of the anammox bacteria that remained constant and at very low numbers (≈2x103) throughout the
study period (Fig. 9).

Page 20

Water4Crops

EU-FP7 Project n° 311933

Figure 8 Evolution of the ratio of (a) nirK/nirS genes and (b) ΣnosZ/Σnir genes throughout the operation
period in unplanted CWs and planted with P. australis and T. latifolia.

Figure 9 Abundance of 16S rRNA gene copies of anammox bacteria in constructed wetlands planted with
different plant species
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With regard to the abundance of denitrifying genes, nirS genes showed a greater response to
effluent application compared to nirK genes (Fig. 7) suggesting a stronger role in the regulation of
denitrification. Α few studies have revealed distinct patterns of nirS and nirK denitrifiers between
the environments, although, the evolutionary drivers remain yet obscure (Baker et al.; Yuan et al.,
2012; Tsiknia et al., 2015). Both genes followed seasonal patterns with the nirK to show a steeper
decrease late in the operation period compared to nirS genes. The reasons that have led to this
pattern remain obscure. They are probably related to the elevated temperatures that prevailed during
that period (Fig. S1) which in turn may have induced shifts in the composition of denitrifiers or to
the natural evolution of denitrifying communities in CWs with the progress of time. Independently
of the driving factor(s), the shift in the composition of denitrifiers is documented by the increase in
the ratios of nosZ clade I/Σnir genes and nirS/nirK genes with the progress of season and indicates
the development of denitrifying communities enriched in nosZ genes (Fig. 8). This shift can be
explained by the dominance of nirS denitrifiers (Fig. 7a) late in the operation period which more
commonly encode also for the nosZ gene in the genes inventory of denitrification pathway (Graf et
al., 2014) and nirK strains enriched with the nosZ gene (Fig. 8). At the same time alternative
pathways, like the anammox, did not seem to have significant contribution on N cycling as it can be
concluded by the abundance of 16S rRNA genes that remained low and constant throughout the
study period. These findings are in accordance with the conclusions reached by Saeed and Sun
(2012) that the classical nitrification–denitrification route, is the major pathway of N removal in the
SF-CWs compared to alternative routes and allow us to construct a conceptual diagram of the N
transforming pathways and their relative importance in CWs taking into account the presence of
vegetation.

The observed shift in the composition of denitrifying communities with the progress of time was
linked with corresponding changes in their genetic potential to emit N2O. Increases in the ratio of
nirS/nirK and ΣnosZ/Σnir genes, as those observed in the present study, have been linked with
lower rates of N2O emission (Jones et al., 2014). In addition, the abundance of clade II nosZ
denitrifiers has a strong influence on the regulation of N2O emissions at least in terrestrial
ecosystems (Jones et al., 2013). In this study, however, the abundance of clade II nosZ genes
remained low and constant across the treatments and the time despite the differences observed in N
removal between treatments and the released N2O. This pattern suggests that nosZ clade II
denitrifiers did not have an important role in the reduction of N2O emissions for the present study.
In accordance, clade II nosZ genes were occasionally detected and at low abundance in the
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rhizosphere of aquatic plants in CWs operating with mine drainage (Hallin et al.). Treatments also
imposed strong influence on the indicators of the genetic potential of CWs for N2O emissions.
These indicators however differentiated between treatments (Fig. 8) rendering the rating of them in
terms of their potential to reduce N2O impossible in absence of experimental data. These findings
however outline the possibility to control N2O emissions by selecting suitable plant species and
operation conditions but apparently more work is required to obtain valid conclusions.

Significant correlations were established between some of the functional genes investigated in this
work (Table 5). The abundance of nirS genes was strongly and positively correlated with the
abundance of nirK, amoA genes of AOA and clade I nosZ genes and negatively with that of nosZ
clade II. nirK genes were also positively correlated with nosZ clade I and amoA genes of AOA,
while an negative correlation was obtained with amoA genes of AOB. Clade I nosZ genes showed a
negative relationship with the clade II nosZ genes. Anammox 16S rRNA genes were only correlated
with amoA genes of AOB.

Table 5: Pearson's correlation coefficients (r) between nitrogen functional and 16S rRNA genes.

AOA amoA
AOB amoA
nirS

AOA
amoA
1
ns
0.43
(**)
0.51
***

AOB
amoA

nirS

nirK

nosZ
clade I

nosZ
clade II

1
ns

1

0.75
1
***
0.78
0.59
ns
0.34 *
1
nosZ clade I
***
***
-0.32
ns
ns
ns
-0.35 *
1
nosZ clade II
*
0.54 *** ns
ns
ns
ns
Anammox 16S ns
Significance: ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001
nirK

Anammox
16S

-0.35 *

1

The strong relationships (Table 5) between the functional genes of N might indicate a preferential
cooperation or a proxy of the contribution of the functional genes on the corresponding process
(AOB and AOA; nirK and nirS). The relationships between ammonia oxidizing (amoA of AOA and
AOB) and denitrifying genes have been probably arisen from their interdependence on the
substrates (NH4+, NO3ˉ) rather from artifacts resulting from nirK genes, which are commonly cooccur in these microbial groups (Long et al., 2015; Tsiknia et al., 2015). Studies in other ecosystems
have shown that nitrifying and denitrifying genes occupy overlapping niches or that their
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relationships indicate physiological coupling following seasonal patterns (Abell et al., 2010; Smith
et al., 2015). Despite the seasonal shifts in the abundance of N functional genes that occurred no
statistical differences in the relationships among them were detected. Possibly this was the
consequence of the limited number of samples that corresponded to early (days 0-19) and late (days
218-266) samplings.

2.3.2

Microbial Community Structure and Diversity in Subsurface Flow Constructed
Wetlands

Initially, quality filtering and OTU clustering at the 97% identity, resulted in 5641 operational
taxonomic units (OTUs) from which 2854 OTUs represented by more than nine sequences. About
99.3% of sequencing reads were assigned at 54 phyla, from which 10 phyla with relative abundance
>1% represented the 95.2% of the total community. At the lower available taxonomical level, the
clean sequencing reads were assigned at 766 genera, from which 16 had relative abundance >1%
and represented the 53.6% of the total community. CWs microbial community structure at the
phylum level dominated by Proteobacteria (66.05%), Bacteroidetes (11.51%), Cyanobacteria
(4.9%), Verrucomicrobia (2.7%), Acidobacteria (2%), Chloroflexi (1.98%), Firmicutes (1.7%),
Actinobacteria (1.6%), Planctomycetes (1.4%), and Chlorobi (1.2%). At the genus level, genera
belonging at the β-proteobacteria and γ-proteobacteria classes dominated representing a total of
23.6 and 20.4% of the total community respectively.
The changes in the relative abundance throughout the experiment period can be observed in Figure
10. It can be conclude that the application of the influent disturb the composition of the community
and started to re-stabilized, at the new nutrient conditions, at least after 3 months (between 3rd and
4th sampling). It can be assumed that any plantation influence in the community composition
compressed under nutrient “shock”. For that reason, plantation effect studied also separately for
each sampling time (Table 6). Vegetation emerged a significant effect for 3rd and 6th sampling
time, explaining 49% and 50% of of the community variability respectively (PERMANOVA,
F=1.92, p<0.05; F=1.98, p<0.01). When the application of the influent started (2nd samplings) we
can observe that γ-Proteobacteria dominated in the community regardless treatment (Fig 10).
During the 3rd samling time, unplanted tanks and those planted with P.australis had a rapid
increase for β-Proteobacteria, while T.latifolia planted tanks reached this levels during the 5th
sampling (Fig.10).
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More specific, for γ-Proteobacteria, their relative abundance increased rapidly from 1st to 2nd
sampling and after gradually decreased. This rapid increase (form ≈ 20% to 60%) may be related to
the begging of influent application at the CWs, which was rich at organic substrate (glucose-urea).
Then, while the system was stabilized, γ-Proteobacteria gradually decreased their relative
abundance to more like previous levels. With regard to the class of β-Proteobacteria their relative
abundance increased rapidly (from ≈ 15% to 45%) from the 3rd sampling, while after remained
steady until the end of the experiment. Studies have suggested that members of both families are
key players in denitrification in municipal and industrial activated sludge processes (Hallin et al.,
2006). Looking more deeply in the community structure, three genus account for approximately the
50% of the total community, two unclassified genera of Aeromonadaceae family (γ-Proteobacteria)
and the genus of Dechloromonas (β-Proteobacteria), where the first two where more abundant at
the 2nd sampling and gradually decreased, while Dechloromonas increased through 3rd and 4th
samplings. The difference in the time interval between the increase of γ-Proteobacteria genera and
β-Proteobacteria genus may resulted from the fact that nitrogen (N) applied in the system with the
form of urea, which must first be hydrolyzed to produce NH4+, and the through nitrification
process, oxidize to NO3—N. Members of known ammonia oxidizers had a week representation the
community composition. For ammonia oxidizing Archaea the family of Cenarchaeaceae and
Nitrososphaeraceae, accounted, in average, for 0.034%, while for ammonia oxidizing bacteria, the
family of Nitrosomonadaceae found to be, in average, 0.2% of the total prokaryotic community.
Moreover, the mean relative abundance of Nitrospira-like bacteria, that consider to be the key
nitrite oxidizers in wastewater treatment plants (Daims et al., 2006) found 0.3%.

Table 6: PERMANOVA analysis for treatment effect within each sampling time (with 999 permutations)
Sampling
Time
1st
2nd
3rd
4th
5th
6th

F

R2

pvalue

0.56
1.25
1.92
1.36
1.11
1.98

0.27
0.45
0.49
0.40
0.43
0.50

0.93 ns
0.06 ns
0.02 *
0.22 ns
0.4 ns
0.001 **
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Figure 10 A composite bar plot which represents the seasonal variations at the community structure of average relative abundance of the dominant
phyla/classes across the experiment period (red line boxes), while the arrows leads to bar plots that refers to community structure at the genus level.
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Regarding the α-diversity, the Chao1 richness estimator and the Pielou’s index (J) was applied in
order to assess the microbial community richness and evenness respectively. Analysis of variance
(ANOVA) revealed a significant influence of the sampling time on the evenness (F=25.4, p<0.001),
but not on the richness (F=1.9, p>0.05) of microbial communities. Vegetation did not affect either
of these variables (F=1.5, p>0.05; F=0.4, p>0.05).

Figure 11 Boxplots representing Chao1 richness estimator and the Pielou’s index (J) betweet
treatments and across the sampling time
Stepwise multiple regression analysis identified TKN as a significant variable for the community
richness, explaining 16.5% of the total variance, while COD and NO3--N were found to be
significant variables for community evenness explaining 50.2% of the total variance. With regard to
the β-diversity, principal coordinates analysis using the phylogenetic UniFrac distances indicated a
significant grouping according to the sampling time, with the first two axes explaining 67.8% of the
total variance (Fig.2).
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Figure 12 a) Weighted UniFrac PCoA plot showing the dissimilarities among all sampling time.
The PCoA evidences a higher similarity of 1st sampling aboveground samples and b) Redundant
analysis (RDA) showing the correlations among chemical parameters and microbial communities.
Furthermore PERMANOVA analysis, performed with adonis() function estimated that sampling
time explained 45.7% of the community variability (F=5.5, p<0.001) while vegetation explained
4.9% that was not statistically significant (F=1.5, p>0.05).In addition, redundancy analysis (RDA)
was performed to identify the effect of chemical parameters on the composition of the microbial
community. envfit() function was used to identify the significant chemical parameters for the RDA
ordination. Also for β-diversity, COD and NO3--N found to significant explanatory variables
(p<0.05) and explain 27.14% of the total variation of the microbial community composition (Fig.3).
As the chemical parameters refers to the outlet of the CWs, may allow us to assume that they are
driven by the community composition rather than drive it. This could be an explanation for the
identification of COD and NO3--N as major variables for α-diversity and β-diversity of the CWs
community. Finally as denitrifying organism dominate in our system, we can consider that
denitrification is the main pathway for N removal.
Mantel test used to examine the strength of the relationship between β-diversity dissimilarities
(Bray-Curtis matrix) and chemical parameters (Euclidean matrix) regardless treatment and for each
treatment separately. Chemical parameters as a whole, correlated with community variation for all
treatments (Mantel r: 0.17, p<0.05) and for T.latifolia tanks (Mantel r: 0.33, p<0.05) while no
correlation observed for unplanted tanks and P.australis (Table 7). With regard to each treatment,
β-diversity of unplanted tanks correlated with TKN, COD and pH, of P.australis tanks with TKN
and NO3--N and finally of T.latifolia tanks with NH4+-N, NO3—N, COD and pH (Table 7).
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Table 7: Relationships between β-diversity (Bray-Curtis) and chemical parameters for all samples and each
treatment separately revealed by Mantel test (9999 per).

All parameters

All samples
0.17 *

TKN
0.31 ***
+
NH4 -N
0.31 ***
NO3—N
0.23 **
COD
0.32 ***
pH
0.27 ***
EC
ns
Significance: ns: not significant;

Unplanted
ns

P.australis
ns

T.latifolia
0.33 *

0.32 *
0.38 *
ns
ns
ns
0.32 *
ns
0.4 **
0.41 *
0.29 *
ns
0.44 **
0.36 *
ns
0.41 *
ns
ns
ns
*: p<0.05; **: p<0.01; ***: p<0.001

LDA effect size analysis (LefSe) revealed these OTUs that are discriminant for each treatment.
From the 2854 only a small proportion found to be discriminant and more specific, for unplanted
tanks 0.45% (13 OTUs; Table 8), for P.australis tanks 0.38% (11 OTUs; Table 9) and for T.latifolia
0.84% (24 OTUs; Table 10). No OTUs that belong to Archaea kingdom were discriminant for any
treatment.
Table 8: OTUs that found to be discriminant for unplanted tanks
Kingdom

Phylum

Bacteroidetes

Class

Order
Bacteroidales

unclass.

Saprospirae

Saprospirales

Chitinophagaceae

envOPS12

unclass.

unclass.

GCA004

unclass.

unclass.

Chroococcales

unclass.

unclass.

unclass.

unclass.

unclass.

unclass.

Sphingomonadales

Sphingomonadaceae

unclass.

Rhodocyclales

Rhodocyclaceae

Chromatiales

Chromatiaceae

unclass.

Sinobacteraceae

unclass.

Verrucomicrobiaceae

unclass.

Anaerolineae

Cyanobacteria

Oscillatoriophycideae

BD7_3

α-proteobacteria

Proteobacteria

β-proteobacteria
γ-proteobacteria

Xanthomonadales
Verrucomicrobia

Genus

Bacteroidia

Chloroflexi

Bacteria

Family

Verrucomicrobiae

Verrucomicrobiales
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Table 9: OTUs that found to be discriminant for P.australis tanks
Kingdom

Phylum

Class

Bacteroidia

Bacteroidetes

Planctomycetes
Bacteria

Order

Bacteroidales

Family

Genus

Bacteroidaceae

unclass.

Marinilabiaceae

unclass.

SB_1

unclass.

Saprospirae

Saprospirales

Chitinophagaceae

unclass.

Phycisphaerae

WD2101

unclass.

unclass.

β-proteobacteria

unclass.

unclass.

unclass.

γ-proteobacteria

Methylococcales

Methylococcaceae

Methylocaldum

Desulfovibrionales

Desulfovibrionaceae

Spirobacillales

unclass.

unclass.

Proteobacteria
δ-proteobacteria

Desulfovibrio
mexicanus

OP3

PBS_25

unclass.

unclass.

unclass.

Tenericutes

Mollicutes

RF39

unclass.

unclass.

Table 10: OTUs that found to be discriminant for T.latifolia tanks
Kingdom

Phylum

Class

Order

Family

Genus

Chloracidobacteria

RB41

Ellin6075

unclass.

Solibacteres

Solibacterales

unclass.

unclass.

Bacteroidia

Bacteroidales

unclass.

unclass.

Flavobacteriia

Flavobacteriales

Flavobacteriaceae

Flavobacterium

Saprospirae

Saprospirales

Chitinophagaceae

unclass.

unclass.

unclass.

Sphingobacteriia

Sphingobacteriales

Sphingobacteriaceae

Chloroflexi

Chloroflexi

Chloroflexales

Chloroflexaceae

Chloronema

Cyanobacteria

Synechococcophycideae

Pseudanabaenales

Pseudanabaenaceae

unclass.

GN02

BD1_5

unclass.

unclass.

unclass.

Planctomycetes

Planctomycetia

Gemmatales

Gemmataceae

Gemmata

Rhodospirillales

Rhodospirillaceae

Sphingomonadales

Sphingomonadaceae

Burkholderiales

Comamonadaceae

unclass.

unclass.

Acidobacteria

Bacteroidetes

Bacteria

α-proteobacteria
Proteobacteria
β-proteobacteria
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γ-proteobacteria

δ-proteobacteria

Legionellales

unclass.

unclass.

Xanthomonadales

Sinobacteraceae

unclass.

Myxococcaceae

Anaeromyxobacter

unclass.

unclass.

unclass.

unclass.

Myxococcales

3. If applicable, explain the reasons for deviations from Annex I and their impact on other
tasks as well as on available resources and planning

N/A

4. If applicable, explain the reasons for failing to achieve critical objectives and/or not being
on schedule and explain the impact on other tasks as well as on available resources and
planning (the explanations should be coherent with the declaration by the project coordinator)

N/A

5. Highlighting and explaining deviations between actual and planned person-months per
work package and per beneficiary in Annex 1 (Description of Work)

N/A

6. If applicable, propose corrective actions

N/A

7. List of eventual WP internal meetings, dates and venues

Task 2.2 meeting in Leipzig at UFZ premises (Feb 26, 2013)
Task 2.2 meeting in Bari at CNR premises (Dec 2, 2013)
Task 2.2 meeting in Herakleio at TEI-Crete premises (Sep 29, 2014)
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