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A B S T R A C T

Nowadays swine slurry management is a very important environmental issue. Sludge treatment reed bed systems
are sludge treatment systems based on constructed wetlands.

The present study characterizes via 16S rRNA gene high-throughput the bacterial communities contained in
untreated swine slurry and treated swine slurry by means of mesocosm-scale sludge treatment reed beds receiv-
ing different slurry loadings.

The bacterial community composition varied between the treated and untreated slurry, with a notable slurry
loading influence also observed. Richness, diversity and ordination measurements of the studied communities
evidenced profound differences between the untreated and treated swine slurry bacterial communities; and only
slight differences among the treated swine slurry communities. Interestingly, the slurry loading allowed to define
two groups: mesocosm communities residing in the highest hydraulic slurry loadings and other mesocosm com-
munities. The pH value emerged as an important community composition, diversity and ordination predictor.

The functional bacterial community composition was predicted through the in silico approach. Results con-
firmed that the main nitrogen cycle metabolic pathways were present in the mesocosm communities with am-
monification and assimilatory nitrate reduction as the most commonly detected nitrogen pathways in treated
swine slurry.

1. Introduction

Wastewater treatment of pig farming persists an open-ended issue
due to the high nutrient concentrations, in particular nitrogen com-
pounds, and the limited land available to owners. Large swine sludge
volumes are currently generated throughout the world, with estimates
for Spain reaching approximately the 5600 million tonnes (Vázquez et
al., 2013).

The implementation of the European Union’s Nitrates and Water
Framework Directives requires in general an adequate swine slurry
treatment prior to land application. In this context, the limit of 170kg
of organic nitrogen/ha/annum imposed by the Nitrates Directive can

cause severe difficulties for wastewater management in the pork indus-
try (Harrington et al., 2012).

Sludge treatment reed bed systems (STRBs), also known as sludge
drying wetlands and planted dewatering beds are composed of porous
media that are planted with emergent macrophytes. These constructed
wetlands have been used in Europe for sludge treatment since 1988
when the first sludge processing system was introduced in Denmark
(Nielsen and Larsen, 2016). They are loaded with layers of sludge and
the long-term sludge reduction takes place partly due to dewatering
(draining, evapotranspiration) and partly due to the mineralization of
the organic matter present in the sludge. Pathogen removal from do-
mestic and swine wastewater is also achieved in these treatment sys
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tems (Nielsen, 2007; Molleda et al., 2008; Giácoman-Vallejos et al.,
2015).

They provide substantial environmental, economic, and operational
benefits compared to mechanical sludge dewatering solutions such as
belt presses and centrifuges (Nielsen and Larsen, 2016). Nevertheless,
they possess also the following disadvantages: large areas are occupied;
high dependence on local climate; secondary pollution of groundwater
is caused (Xian et al., 2010). In order to avoid secondary pollution of
groundwater problems the basins should be built with a liner as a stan-
dard (Nielsen, 2003).

Bacterial communities are integrally involved in the biogeochemical
cycles and their activities are crucial to the natural (Ahn and Peralta,
2009; Peralta et al., 2013) and constructed wetland (Ahn et al., 2007)
functions because they play a critical role in the energy flow and nutri-
ent transformation. Knowledge of the bacterial community composition
is important to understand their waste degradation function allowing to
develop better strategies to manage and use stored sludge (Bunton et al.
2007).

The currently available high-throughput sequencing (using 16S
rRNA genes) of environmental DNA allows for a rapid microbial com-
munity analysis at a much higher output than has previously been pos-
sible (Inceoğlu et al., 2011). Recent use of this tool has provided an
increasing amount of knowledge about the bacterial community struc-
ture in different ecosystems (Ansola et al., 2014 and references therein).
However, this molecular tool does not provide direct evidences of the
bacterial community functional capabilities. In this context, Langille et
al. (2013) described a computational approach, named PICRUSt, to pre-
dict the functional composition of a metagenome using marker gene
data and a database of reference genomes.

The present study assessed usage of sludge treatment reed bed sys-
tem to treat swine slurry. Specifically, owing to the bacterial commu-
nity importance to remove nutrients, three objectives were established:
(i) to determine the composition and structure of the untreated and
treated swine slurry bacterial communities present in the experimental
mesocosms; (ii) to examine the environmental effects (hydraulic load-
ing, zones within the mesocosm) in relation to the bacterial community
structure and composition; (iii) and to assess the functional composition
of the communities focused on the nitrogen cycle.

2. Material and methods

2.1. Experimental set up and operational conditions of the sludge treatment
wetlands

Three mesocosm-scale STRBs were established in an open-air lab-
oratory at the University of León (Spain). All mesocosms consisted of
an experimentation tank made out of fiberglass with a dimension of

120cm long, 120cm wide and 50cm high. To improve the resolution of
the study, two replicates per mesocosm were operated for a period of
12months.

The STABs were filled from top to bottom with two different sub-
strates, a 20cm layer of sand and small cobblestones (diameter
4–12cm), and a 20cm layer of large cobblestones (diameter 20–40cm)
in order to create the filter matrix of each mesocosm. A spillway was
installed in order to collect the leachate.

Plant density comprises an important factor and planting rates can
vary from four plants per m⁠2 to twelve plants per m⁠2 (Edwards et al.
2001). In the present experiment, plants (Phragmites australis) were col-
lected from watercourses located in the vicinity of the laboratory at the
University of León and planted in September. Eleven plants per m⁠2 were
placed in each STRB (Fig. 1).

The operation cycle consisted of a start-up phase, in which as sug-
gested by Kengne et al. (2011), mesocosms were irrigated with un-
treated wastewater during six months (October to March). The sec-
ond phase was performed by mesocosm loading once a week during
four months (April to July). Loading frequency was chosen according
to other studies (Giraldi and Iannelli, 2009; Stefanakis and Tsihrintzis,
2012). During this phase, the prevailing dry and hot climatic conditions
required to retain the leachate in the mesocosms in order to avoid plant
wilting and dying off. Finally, wetlands were left the last month without
additional loadings.

The swine slurry was derived from a pig farm belonging to Univer-
sity of León (50 sows). Before wetland loading, sludge was discharged
into a holding-mixing tank. Although treatment of farm effluents in
constructed wetlands has usually required the application of pre-treat-
ment operations (Vázquez et al., 2013), in the present experiment,
slurry was directly applied in one sludge treatment reed bed mesocosm
(STRB-0A) and its replicate (STRB-0B) with a slurry hydraulic loading
of 1.00m⁠3 m⁠−2 year. As to the other mesocosms, the swine slurry was
previously diluted and then applied with a hydraulic slurry loading in
each mesocosm pair of 0.50m⁠3 m⁠-2 year (STRB-1A and STRB-1B) and
0.25m⁠3 m⁠−2 year (STRB-2A, STRB-2B). These loadings approximately
correspond to 80, 40 and 20kg DS m⁠−2 year, respectively.

2.2. Sample collection and analysis

Before of the swine slurry application, the untreated swine slurry
was analysed four times with respect to a physico-chemical characteri-
zation and once with regard to a bacterial community characterization.

Treated swine manure samples were collected using a push core
sampler (Ø 5.3cm, length of 100cm). This sampling was conducted
at the end of the experiment for the physico-chemical characteriza-
tion and for the bacterial community characterization (Fig. 2). Treated
swine slurry samples (0–2cm in depth) were collected from two differ

Fig. 1. Schematic design characteristics and pictures of the sludge treatment reed bed mesocosms (STRBs). Two replicates (A and B) per mesocosm operated during a period of 12months.
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Fig. 2. Schematic operation characteristics. STRB-0; STRB-1 and STRB-2 mesocosms received loadings of 1.00, 0.50 and 0.25m⁠3 m⁠−2 year, respectively. P: planted; U: unplanted; A and B:
mesocosm replicates.

ent environments in each mesocosm: the Phargmites australis zone (P)
and the unplanted zone (U). Three replicates were taken for each sam-
ple. In the laboratory the three replicates were mixed and homogenized
for each sample. Once mixed, a subsample was taken for the bacter-
ial community analysis, and the remainder was used for the manure
characterization (with exception of the STRB-A1 mesocosm for which
the bacterial community analysis was only performed for the unplanted
zone).

To characterize the untreated swine slurry, the liquid and solid frac-
tions were analysed separately. Organic matter (SOM), humidity, pH,
total Kjeldahl nitrogen (TKN), ammonia nitrogen (NH⁠4

⁠+-N) and nitrate
nitrogen (NO⁠3−-N) were analysed for all manure samples and also for
the slurry solid fraction, using the standard protocols of the Spanish
Ministry of Agriculture, Fisheries and Food (Ministerio de Agricultura,
Pesca y Alimentación, 1994). Moreover, the total Kjeldahl nitrogen and
ammonia nitrogen were also analysed in the liquid slurry fraction, ac-
cording to the protocols included in the standard methods for water and
wastewater (APHA, 2005).

2.3. DNA extraction, PCR and pyrosequencing

Prior to DNA extraction, the untreated swine slurry was centrifuged
at 5000rpm for 10min. The Power Soil DNA isolation kit (MoBio Lab-
oratories, Inc., Carlsbad, CA, USA) was used with 0.25g of centrifuged
untreated samples and non-centrifuged treated swine samples.

For each sample, one different 8bp forward barcoded primer was
linked to the pyrosequencing adaptor A of Roche 454 and to the bacte-
rial primer “AYTGGGYDTAAAGNG” (E. coli positions 563–577). The re-
verse primer was common to all samples and was composed of four vari-
ants targeting the same 16S rRNA region “TACNVGGGTATCTAATCC”,
“TACCRGGGTHTCTAATCC”, “TACCAGAGTATCTAATTC”, and
“CTACDSRGGTMTCTAATC” (E. coli positions 785–802) linked to the
pyrosequencing adaptor B of Roche 454. These primers amplify the 16S
rRNA V4 region and have been designed and recommended by the Ri-
bosomal Database Project (RDP) of Michigan State University (Cole et
al., 2008).

The PCR reaction mixture contained 1µM of each primer, 1.8mM
MgCl⁠2, 0.2mM dNTPs, 1.5×BSA (New England Biolabs), 1 unit of Fast-
Start High Fidelity PCR system enzyme blend (Roche Applied Science)
and 100ng of DNA template in a 30µl final volume. Amplification was
carried out in an Applied Biosystems thermal cycler (Model Gene Amp
PCR System 9700). Amplification conditions were as follows: 3min at
95 °C, 30 cycles of 95 °C for 45s, 57 °C for 45s, and 72 °C for 60s and a
final 4min incubation at 72 °C to complete the extension process.

Agencourt AMPure XP System (Beckman Coulter, Inc., CA, Brea,
USA) as recommended in the instructions of the manufacturer was used
to purify a pool of three independent PCR products of each sample.
Quantification of the purified PCR products was undertaken with Pico-
Geen (Invitrogen, Carlsbad, CA, USA). Amplicons were subjected to py-
rosequencing using a Roche GS Flx system using the vendor’s specified
chemicals, sequencing from the A adaptor only.

2.4. Data analysis

Reads with a length of less than 200bp and ambiguous sequences
were screened and removed from the samples using the Mothur (ver-
sion 1.39.5) recommended procedure (Scholss et al., 2009). Unique se-
quences were determined with Mothur. Sequence reads were assigned to
taxonomic groups using the NaïveBayesian rRNA classifier tool (Wang
et al., 2007) of the Ribosomal Database Project (Cole et al., 2014) with a
confidence threshold of 50% cut off (default value) for each taxonomic
unit (from phylum to genus). Chimeras were removed using UCHIME
(Edgar et al., 2011) as implemented by QIIME (version 1.9.1) (Caporaso
et al., 2010). Unique sequences were clustered into operational taxo-
nomic units (OTUs) by UCLUST (Edgar, 2010) based on a 97% pairwise
identity using QIIME; and OTUs with less than four reads were removed.
Alternatively OTUs were obtained without reference in order to perform
the ecological diversity indexes, or with reference, using the Greengenes
database (13_8 release) (McDonald et al., 2012), in order to generate an
in silico metagenome using PICRUSt (Langille et al., 2013).
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A multiple alignment and a phylogenetic tree were constructed using
MEGA7 (Kumar et al., 2016) to support the calculations of the Unifrac
and Weighted Unifrac metrics (Lozupone and Knight, 2005). Alfa and
beta diversities (including Unifrac) were conducted using Mothur and
the Vegan package v.2.4.3 (Oksanen et al., 2010) in R software (R Core
Team, 2016). To compare diversity between samples, a principal coor-
dinate analysis (PCoA) based on the pairwise community distances was
calculated using the Ape package of R v.3.2.1 (Paradis et al., 2004).
The correspondence (CA) and the constrained correspondence analyses
(CCA) ordination methods, also included in the Vegan package, were
used to explore the bacterial community beta diversity. Whereas the CA
is an indirect gradient analysis, the environmental gradients can be in-
ferred from the taxa composition data (Palmer, 1993). The effects of the
environmental variable over the bacterial community ordination was
explored by comparing the CA and the CCA models with a permutation
test or by using the MANOVA permutation test of the distance matrices,
also implemented in Vegan package.

The metagenome obtained in silico using the PICRUSt software pro-
vides a quantitative list of genes in reference to the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway database for each generated
metagenome (www.genome.jp/kegg/pathway.html). Nitrogen metabo-
lism gene orthologs were used to compare the functional behaviour of
the analysed microbial communities.

Other basic statistical tests (descriptive statistics; Kruskal–Wallis
test) were also performed using the R software. Significance differences
were defined at p<0.05.

3. Results and discussion

3.1. Physico-chemical characterization

The physico-chemical parameters of the untreated swine slurry and
of the manure obtained are displayed in Table 1. Significant differences
(p<0.005) were observed with respect to all five parameters between
the untreated slurry and the manure obtained from the different wet-
lands. However, no significant differences were detected among the wet-
lands.

Plants showed no stress symptoms in neither mesocosm after load-
ings; the only significant exceptions were both mesocosms receiving
non-diluted slurry, evidencing the Phragmites australis plants visual phy-
totoxicity signs; particularly one of the two replicates (0A) in which
most of the plants died. As reported by Calheiros et al. (2007), ammonia
nitrogen concentrations of 400mgL⁠−1 to 500mgL⁠−1 amply exceed the
aquatic plant tolerance limiting plant survivorship. The final height of
the accumulated sludge residue varied between five and ten cm.

Regarding the bacterial communities, it is important to remark the
pH value decrease of the untreated swine slurry compared to the ma-
nure obtained. Different studies about bacterial community shifts in re-
lation to soil properties have revealed that the soil pH represents the
strongest known bacterial community composition and diversity soil
predictor (Bartram et al., 2014; Sáenz de Miera et al., 2016). In partic

ular, the relationship between the pH and the bacterial community
structure in pig manure slurry was described by Kumari et al. (2015).

The high untreated slurry sample pH value could imply alkaliphilic
bacterial presence, that is, microbes subsisting well at pH values of
around 9. The ecological niches of the alkaliphilic bacteria are remark-
ably diverse, e.g., ranging from alkaline soda lakes, the hind-gut of in-
sects, to soils subject to ammonification and human industrial processes
that generate high pH values (Preiss et al., 2015).

3.2. Phylum-level taxonomic distribution

A total of 215,479 bacterial sequences were obtained from the 12
samples through pyrosequencing analysis. Each library contained
13,825 (U-2B) to 29,208 reads (U-1B). When necessary, reads counts
were normalized to 10,000.

The most abundantly detected phyla in the untreated slurry sam-
ple were Firmicutes (43%), Proteobacteria (18%), Spirochaetes (12%),
Verrucomicrobia (8%), Bacteroidetes (6%), and Tenericutes (3%). The
bacterial phylum composition determined in this study is in agreement
with that reported in several previous studies on swine slurry (Cook
et al., 2010; Isaacson and Kim, 2012; Hwang et al., 2014; Kumari et
al., 2015), with the only exception of the Bacteroidetes phylum’s un-
der-representation. The bacterial phyla Firmicutes and Bacteroidetes are
known to dominate the pig gastrointestinal tract (Isaacson and Kim,
2012; Hwang et al., 2014). Nevertheless it must be considered, as re-
ported by Snell-Castro et al. (2005), that several highly represented phy-
lotypes in the pig gastrointestinal tract endure which are under-repre-
sented within of the swine slurry.

Influence of the treatment on the slurry bacterial community compo-
sition is observed by comparing samples (Fig. 3). The bacterial commu-
nity in the untreated slurry was amply dominated by the phylum Firmi-
cutes, phylotypes belonging to the order Clostridiales (78%) accounted
for the majority of the classified OTUs. In contrast, the Proteobacteria
contributed to the greater part of the community composition of all the
treated slurry samples, ranging between 47 and 51% in the P. latifolia
zone (P), and between 40 and 45% in the unplanted zones (U).

Remarkable also the notable Spirochaetes reduction, since in the un-
treated sample the phyla accounted for 12% whereas its presence de-
creased to an average of 0.6% in the treated samples. Reduction was
mainly linked to the genus Treponema, which contains both pathogenic
and nonpathogenic species. A Tenericutes phyla reduction was also ob-
served, accounting the genus Acholeplasma for the majority.

Within the Proteobacteria phylum, five classes (α, β, γ, δ and ε)
were represented in all slurries. Nevertheless, in the untreated slurry
OTUs classified as γ-Proteobacteria (51%) accounted for the majority of
the Proteobacteria and only 3% of the OTUs were classified as α-Pro-
teobacteria. By contrast, in the treated samples the presence of γ-Pro-
teobacteria gradually decreased based on the hydraulic slurry loading,
ranging between 42 and 31% in the P. australis zones (P-0: 1.00m⁠3 m⁠−2

year; P-2: 0.25m⁠3 m⁠−2 year, respectively), and between 34 and 25% in

Table 1
Physico-chemical characterization of the untreated swine slurry and the different treatment mesocosms. The untreated swine slurry values are the average characteristics (±standard
error) of the different applications and treated values. The measures of the treated samples are those obtained from the final manure. SS: untreated swine slurry; 0, 1 and 2: 1.00, 0.50 and
0.25m⁠3 m⁠−2 year, respectively; A and B: mesocosm replicates.

Swine slurry pH Humidity (%) Organic matter (%) TKN (mgNKg⁠−1) NH⁠4
⁠+ (mgNKg⁠−1) NO⁠3− (mgNKg⁠−1)

Untreated (SS) 8.73±0.47 92.37±0.97 73.65±13.72 7789.64±623.38 6034.44±1306.01 –
Treated 0A 8.11 11.40 83.75 1316.88 20.76 96.31

0B 8.21 19.06 82.85 2464.78 28.24 169.45
1A 7.37 15.20 45.52 1726.22 74.53 66.60
1B 7.36 17.40 49.39 1679.60 43.95 491.64
2A 7.67 14.40 62.85 1564.53 118.76 294.70
2B 7.30 17.80 77.62 1423.22 76.89 68.71
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Fig. 3. Relative abundances of the bacterial phylogenic groups per swine slurry sample. Bacterial communities were named according to the mesocosm variables: SS: untreated swine
slurry; P: planted; U: unplanted; 0, 1 and 2: 1.00, 0.50 and 0.25m⁠3 m⁠−2 year, respectively; A and B: mesocosm replicates. a: Proteobacteria; b: Acidobacteria; c: Firmicutes; d: Chloroflexi;
e: Verrucomicrobia: f: Bacteroidetes; g: other phyla.

the unplanted zones (S-0; S-2, respectively). The presence of the α-Pro-
teobacteria also followed a hydraulic slurry loading tendency. In the P.
australis zones an increment was observed that ranged between 30 and
44% (P-0, P-2); whereas in the unplanted zones it varied from 44 to 40%
(S-0, S-2, correspondingly).

Interesting in the present study the γ-Proteobacteria class was amply
dominated by the Ruminobacter sp. (originally classified within the Bac-
teroidetes phylum) and the Succinivibrio sp. (47 and 52%, respectively)
in the untreated slurry.

3.3. Alpha diversity measurements

Reads were grouped into OTUs using a 0.97 identity cluster analysis.
The OTUs obtained were used to estimate the bacterial community Al-
pha diversity (Table 2).

The Chao 1 estimator of the untreated swine slurry bacterial com-
munity (SS) presented the lowest richness, followed by those meso-
cosm communities which received the highest hydraulic slurry load-
ings (1.00m⁠3 m⁠−2 year STW-0), afterwards the bacterial communities
belonging to those mesocosms with hydraulic slurry loadings of 0.50
and 0.25m⁠3 m⁠−2 year (STRB-1 and STRB-2, respectively).

Table 2
Pyrosequencing data summary of the swine slurry samples. SS: untreated swine slurry; P: planted; U: unplanted; 0, 1 and 2: 1.00, 0.50 and 0.25m⁠3 m⁠−2 year, respectively; A and B: meso-
cosm replicates.

Samples Number of reads Number of OTUs Good’s coverage Richness estimator (lci-hci) Alpha diversity indices (lci-hci)

Chao 1 ACE Shannon-Weaver’s Simpson

SS 12,975 473 92.31 496.2–561.4 495.2–485.4 4.90–4.95 0.014–0.015
P-0B 15,092 1109 84.37 1306.2–1465.6 1364.8–1311.4 5.74–5.79 0.007–0.007
P-1A 14,594 1139 82.75 1345.1–1504.3 1364.9–1495.0 5.65–5.70 0.009–0.010
P-1B 13,081 1566 82.31 1820.5–1993.4 1790.4–1905.6 6.42–6.47 0.004–0.004
P-2A 21,242 1540 82.78 1805.4–1981.5 1808.4–1940.5 5.69–5.74 0.013–0.014
P-2B 17,047 1535 83.97 1783.8–1959.2 1749.5–1862.9 6.04–6.10 0.009–0.10
S-0A 19,349 1157 82.87 1371.8–1538.8 1367.9–1489.4 5.10–5.16 0.022–0.024
S-0B 15,905 983 85.49 1132.3–1267.7 1148.6–1258.0 5.53–5.57 0.008–0.009
S-1A 14,245 1153 84.02 1795.5–1966.9 1763.8–1875.2 6.41–6.46 0.004–0.004
S-1B 28,105 1546 88.05 1768.8–1935.7 1738.2–1845.6 6.00–6.04 0.006–00.67
S-2A 13,385 1191 80.73 1391.0–1543.8 1403.5–1523.0 5.71–0.01 0.010–0.011
S-2B 17,996 1540 84.53 1728.3–1861.7 1779.7–1902.6 6.17–6.22 0.005–0.006
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Regarding Shannon-Weaveŕs diversity index, the bacterial communi-
ties in the treated swine slurry samples presented higher diversity values
than the untreated slurry. Results are in accordance with the Simpson’s
index values which exhibited the highest values indicating a lower com-
munity diversity of the untreated swine slurry.

The overall bacterial community composition pattern was also ob-
served using the diversity measurements indicating profound differ-
ences between the untreated (SS) and treated swine slurry bacterial
communities and slight differences among the treated swine slurry
bacterial communities. For these last it was possible to identify two
groups: 1-bacterial communities from mesocosms receiving the highest
hydraulic slurry loadings (STRB-0) and 2-communities derived from the
other mesocosms (STRB-1 and STRB-2).

3.4. Bacterial community comparisons

Principal coordinates analysis (PCoA) was performed with the dis-
tance matrix based on three indexes: the quantitative weighted Unifrac
metric (Fig. 4A), the qualitative unweighted Unifrac metric (Fig. 4B)
and the Chao dissimilarity index (Fig. 4C). Whereas the Chao index is
a classical ecological abundance-based dissimilarity index, the Unifrac
metric provides a more robust index of the community phylogenetic dis-
tances.

All PCoA analyses revealed the same overall pattern since the un-
treated slurry community was clearly separated from the other bacterial
communities. Quantitative Unifrac PCoA (Fig. 4A) clearly distinguished
two groups located on axis 1 (treated and untreated swine slurry com-
munities) whereas the communities belonging to the planted and the
unplanted zones tended to be grouped together on axis 2. Moreover, mi-
crobial communities located in the planted zones seemed to be more re-
lated than those sampled in the unplanted zones.

Qualitative Unifrac PCoA substantiated similar results (Fig. 4B), al-
though the untreated swine slurry was separated by the joint axis 1 and
2 effects, and the communities belonging to the planted and the un-
planted zones were clearly grouped together along axis 1.

Considering the Chao dissimilarity index, the first axis explained a
much higher proportion of the variance (45.2%) than those analyses
based on the phylogenetic distances. The untreated bacterial community
sample clearly separated from all of the other communities. Moreover,
it was possible to identify a gradient along of axis 1 according to the hy-
draulic loadings (Fig. 4C).

A correspondence analysis (CA) was performed and Fig. 5 shows
the ordination diagram obtained representing communities from the
treated slurry samples, the OTUs, and the environmental variables. The
first two CA axes accounted for 36.1% of the total bacterial community

structure variation. The angle of the vectors indicated that two en-
vironmental variables (dilution or hydraulic slurry loading factor and
pH), were closely related with the CA1 axis. This axis allowed to form
two groups by splitting up those communities derived from mesocosms
which received a slurry hydraulic loading of 1.00m⁠3 m⁠−2 year (P-0 and
S-0) from those belonging to the mesocosms receiving slurry hydraulic
loadings of 0.50 or 0.25m⁠3 m⁠−2 year (P-1 and S-1; P-2 and S-2).

In order to deepen knowledge on the bacterial community ordina-
tion environmental effects, Correspondence models constrained to en-
vironmental variables (CCA) were performed and compared with the
CA models obtained through an ANOVA permutation test. In addition,
a permutation multivariate variance analysis, analogous to a MANOVA,
was performed with the distance matrices between samples of the meso-
cosms (Table 3).

Regarding the hydraulic loading factor, significant differences were
observed when CCA was constrained by this variable (P<0.001). Sig-
nificant differences were also detected through the MANOVA analysis
performed with the quantitative indices (Weigthed-Unifrac P=0.045
and Morisita-Horn, P=0.004). These results suggest that the hydraulic
loading determined the relative abundance of the OTUs more than the
presence or absence of those OTUs.

As already commented, different studies have revealed the soil pH
influence on the bacterial community composition and diversity. In
this context, significant differences were detected upon comparing the
CA and the CCA constrained with pH (P=0.004), also through the
MANOVA performed by the Morisita-Horn index (P=0.002). The slurry
pH variable mainly influenced the composition and diversity in relation
to the relative abundance of some OTUs.

All these results statistically supported those related to the influence
of the pH and the hydraulic load in shaping the community ordination
into two groups, that is, those that received 1.00m⁠3 m⁠−2 year of slurry
(P-0 and S-0) compared to those that received slurry loadings of 0.50 or
0.25m⁠3 m⁠−2 year (P-1 and S-1; P-2 and S-2).

The effects of the variable sampling zone (Phargmites australis (P),
unplanted (U)) were also studied. Significant differences were detected
through the MANOVA analysis performed with the Unifrac measure-
ments (P=0.034 and P=0.008) and the Chao index (P=0.039). That
is to say, the presence or absence of bacterial community OTUs was sig-
nificantly affected by the sampling zone. By contrast, this variable did
not influence the relative abundance of the OTUs.

Regarding the other variables studied, the influence of the total Kjel-
dahl nitrogen was remarkable. Significant differences were observed
between the CA and the CCA constrained with the TKN variable
(P=0.029) in addition to the MANOVA analysis performed with the
Chao (P=0.002) and the Morisita-Horn (P=0.018) indices.

Fig. 4. Principal Coordinates Analysis (PCoA) plots derived from pairwise Unifrac distances (A and B) and Morisita-Horn (C) among the swine slurries. SS: untreated swine slurry.
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Fig. 5. Unconstrained correspondence analysis (CA) ordination of bacterial communities derived from the treated slurry. Analysis was performed with OTUs accounting for at least 100
reads together with the variables studied. TKN: total Kjeldahl nitrogen; OM: organic matter.

Table 3
CA and CCA model comparisons implemented with an Analysis of variance (ANOVA) permutation test and the Multivariate analysis of variance (MANOVA) results. SS: untreated swine
slurry; P: planted; U: unplanted; 0, 1 and 2: 1.00, 0.50 and 0.25m⁠3 m⁠−2 year, respectively; A and B: mesocosm replicates.

Environmental Variable

Dilution Location pH Humidity Organic Matter TKN

ANOVA CA – CCA F 1.79 1.24 1.69 1.54 1.11 1.70
Pr(>F) 0.001⁠*** 0.169 0.004⁠** 0.029⁠* 0.359 0.007⁠**

MANOVA Unifrac metric Weighted (quantitative) F 1.24 1.20 1.16 0.91 0.99 1.06
Pr(>F) 0.045⁠* 0.034⁠* 0.105 0.735 0.485 0.327

Unweighted (qualitative) F 1.08 1.36 1.02 0.96 0.96 1.01
Pr(>F) 0.287 0.008⁠** 0.285 0.73 0.692 0.351

Ecological indexes Morisita-Horn (quantitative) F 3.14 1.26 3.36 1.43 1.19 2.44
Pr(>F) 0.004⁠** 0.255 0.002⁠** 0.196 0.292 0.018⁠*

Chao dissimilarity index (qualitative) F 2.96 3.31 3.22 2.14 0.37 7.18
Pr(>F) 0.088 0.039⁠* 0.054 0.158 0.685 0.002⁠**

* Significant variable at the level of P<0.05; ** at the level of P<0.01; *** at the level of P<0.001.

3.5. Bacterial community functional capabilities

To estimate the composite metagenome the PICRUSt algorithm was
applied providing the enzymatic activity relative frequencies using the
KEGG Orthology codes (KOs). Results obtained from this effort exhib-
ited a wide range of bacterial community genetic diversity, including
those orthologous genes involved in the nitrogen cycle. A selection of
KO codes and their relative abundances in the bacterial communities
analysed is depicted in Fig. 6.

The K00401 KEGG ortholog (mcrB; methyl-coenzyme M reductase
beta subunit) which catalyses the last reaction of the methane synthe-
sis was only present in the bacterial communities derived from the un

treated slurry. Methane and nitrous oxide comprise the main green-
house gas emissions of untreated slurries; being these compounds re-
sponsible of discharging foul odour (Amon et al., 2006). Another fif-
teen KEGG orthologs were also mainly present in the untreated slurry
and underrepresented or absent in the communities found in the treated
slurry mesocosms.

The nitrogen removal process in constructed wetlands is extremely
complex and includes ammonia volatilization, plant and bacterial up-
take, adsorption, nitrification, denitrification, and anaerobic ammonia
oxidation, among others (Vymazal, 2007).

The PICRUSt results showed than ammonification, nitrogen fixation
and assimilatory nitrate reduction were the main bacterial community
metabolisms detected in untreated swine slurry. On the other hand,
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Fig. 6. Relative enzymatic activity abundance inferred in silico from the bacterial community 16S rRNA data. Enzymatic activities are coded with KEGG Orthologs.

communities from the mesocosms displayed lower nitrogen fixation
gene functions, but higher ammonification and assimilatory nitrate re-
duction. Interestingly, no KEGG orthologs related to the anammox route
were uncovered. Denitrification by anammox bacteria is partly responsi-
ble for the transformation of ammonia into nitrogen gas. In contrast, dif-
ferent authors have reported that total nitrogen removal in constructed
wetlands is influenced primarily not only by amoA but also by anam-
mox microbes (Zhi and Ji, 2014).

Baddam et al. (2016) quantified the urease activity in soils of two
constructed wetlands treated with swine wastewater in order to esti-
mate the ammonification process; they reported that the urease activity
was strongly dependent on carbon and total nitrogen availability. Our
study showed a high total nitrogen concentration of the untreated swine
slurry (7789±623mgNKg⁠−1), nevertheless, this nitrogen amount was
mainly present in the form of ammonia (6034±1306mgNKg⁠−1). In
other words, our results indicate that only the organic nitrogen (total
Kjeldahl nitrogen minus ammonia), but not the total nitrogen, should
be taken into account for this activity. As observed in Fig. 6, bacter-
ial communities derived from the mesocosms were those that developed
a higher urease activity compared to the bacterial communities arising
from the untreated slurry.

Biological nitrification – denitrification is widely acknowledged as
the major nitrogen removal mechanism (Chang et al., 2014). Nitrifica-
tion implies a chemolithoautotrophic oxidation of ammonia into nitrate
under strict aerobic conditions. In the mesocosm communities the rela

tive abundance of ammonia monooxigenase genes (amoA, amoB and
amoC; K10944 to K10946 KEGG orthologs), linked to ammonia oxidiz-
ing bacteria, was lower than the genes linked to other nitrogen me-
tabolisms. These genes were not detected in the untreated slurry. A
low amoA presence and diversity in constructed wetlands has also been
reported in other studies (Dong and Reddy, 2012). As suggested by
Martens-Habbena et al. (2009), ammonia is the sole energy source for
ammonia oxidizing bacteria and their growth rates are directly linked to
ammonia availability and its oxidation kinetics. This statement is in ac-
cordance with our results, since the ammonia availability was low in all
of the treated slurry mesocosms (<120mgNKg⁠−1), with a scarce pres-
ence of the ammonia oxidizing bacteria.

The biological denitrification mechanism makes use of nitrate as the
terminal electron acceptor in low-oxygen environments. The relative
abundance of KEGG orthologs related with denitrification functions was
higher than genes related with nitrification. These denitrification genes
were only present in the treated slurry mesocosms.

It has been considered that low ammonia and nitrate concentrations
indicate that nitrification and denitrification are concurrently occurring
in wetlands and that they are responsible of the high ammonia removal
efficiency in constructed wetlands treated with swine slurry (Dong and
Reddy, 2012). Moreover, it is regarded that microsites with steep oxy-
gen gradients can be established, allowing sequential nitrification and
denitrification to occur in a very close proximity to each other (Lee et
al., 2009).
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4. Conclusions

The sludge treatment wetlands studied herein resulted in an overall
TKN and NH⁠4

⁠+ decrease. A notable swine slurry treatment influence on
the community composition was observed. Whereas the untreated pig
slurry bacterial community was dominated by Firmicutes, Proteobacte-
ria and Spirochaetes; Proteobacteria contributed most to the community
composition of all the treated pig slurry samples.

Regarding richness, diversity and ordination of the studied commu-
nities, all of them evidenced a similar pattern, that is, profound differ-
ences between the untreated and treated swine slurry bacterial commu-
nities; and only slight differences among the treated swine slurry com-
munities, enabling to identify two groups within the treated swine slurry
communities, bacterial communities from the mesocosms receiving the
highest hydraulic slurry loadings together with communities derived
from the remaining mesocosms. Besides of the treatment and hydraulic
loading influences, our results have indicated that the pH emerged as an
important predictor of the community composition, diversity and ordi-
nation.

Finally, the composite metagenome results disclosed a wide genetic
diversity range. All nitrogen cycle metabolic pathways were included in
the mesocosm communities, with the anammox route as the only excep-
tion. Ammonification and assimilatory nitrate reduction were the most
commonly detected nitrogen pathways in treated swine slurry.

All these findings have provided insight into the bacterial commu-
nity structure and diversity of untreated and treated swine slurry in
sludge treatment wetlands, allowing also to identify those environmen-
tal variables related to the wetland design that shaped the bacterial
community assembly of the different experimental mesocosms.
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