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Abstract 22 

Organic matter removal in a horizontal subsurface flow constructed wetland (HSSF) treating 23 

wastewater is associated with the presence of bacteria and archaea. These organisms perform 24 

anaerobic microbial processes such as methanogenesis, which can lead to methane emissions. 25 

The aim of this study was to evaluate methane production and characterize the bacterial and 26 

archaeal communities found in HSSFs treating secondary urban wastewater during cold and 27 

warm seasons. The pilot system used in this study corresponds to four HSSFs, two planted with 28 

Phragmites australis (HSSF−Phr) and two planted with Schoenoplectus californicus 29 

(HSSF−Sch), the monitoring was carried out for 1335 days. Removal efficiencies for organic 30 

matter (biological and chemical oxygen demand) and total and volatile suspended solids were 31 

evaluated in each HSSF. Moreover, biomass from each HSSF was sampled during warm and 32 

cold season, and methane productions determined by Specific Methanogenic Activity 33 

assays(maximum) (SMAm). In the same samples, the quantification and identification of bacteria 34 

and archaea were performed. The results showed that the degradation of organic matter 35 

(53−67% BOD5 and 51−62% COD) and suspended solids (85−93%) was not influenced by 36 

seasonal conditions or plant species. Potential methane production from HSSF-Sch was 37 

between 20−51% higher than from HSSF-Phr. Moreover, potential methane production during 38 

warm season was 3.4−42% higher than during cold season. The quantification of 39 

microorganisms in HSSFs, determined greater development of bacteria (38%) and archaea 40 

(50−57%) during the warm season. In addition, the species Schoenoplectus californicus has a 41 

larger number of bacteria (4−48%) and archaea (34−43%) than Phragmites australis. The 42 

identification of microorganisms evidenced the sequences associated with bacteria belong 43 

mainly to Firmicutes (42%), Proteobacteria (33%) and Bacteroidetes (25%). The archaea were 44 

represented primarily by Methanosarcinales, specifically Methanosaeta (75%) and 45 
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Methanosarcina (16%). The community structure of the methanogenic archaea in HSSFs did 46 

not change throughout the seasons or plant species.  47 

Keywords: horizontal subsurface flow constructed wetland; methane production; archaeal and 48 

bacterial communities; molecular characterization; cold and warm season.  49 

1. INTRODUCTION 50 

Horizontal subsurface flow constructed wetlands (HSSFs) have proven to be an efficient 51 

ecological technology for wastewater treatment. These systems are effective in the removal of 52 

total solids (80−95%) and organic matter (70−89% chemical oxygen demand (COD) and 74–53 

94% biological oxygen demand (BOD5)) from domestic wastewater (Trang et al., 2010; Vera et 54 

al., 2011).  55 

The mechanisms of organic matter removal in HSSFs are associated with anaerobic 56 

microbiological processes, such as sulfate reduction, denitrification and methanogenesis, which 57 

account for 90−94% of processes (García et al., 2004). The prevailing conditions in HSSFs are 58 

anaerobic, with dissolved oxygen values usually lower than 2 mg/L, and redox potential 59 

between -400 to +200 mV (García et al., 2010). Specifically, methanogenesis occurs during the 60 

mineralization of organic matter in several sequential steps (hydrolysis, acidogenesis, 61 

acetogenesis and methanogenesis) (Zhang et al., 2012). If the methanogenic route is complete, 62 

the metabolic end products will be H2, CO2 and CH4 (Vymazal and Kröpfelová, 2011; Mander 63 

et al., 2014).  64 

In HSSFs, methane emissions into the atmosphere are the net result of production 65 

(methanogenesis) and consumption (oxidation). Methane production and emissions can vary in 66 

a wide range (from -375 to 36,792 mg CH4/m
2∙d) (López et al., 2015; Corbella and Puigagut, 67 

2015; de la Varga et al., 2015; Carballeira et al., 2017). Indeed, the emission rate is affected by 68 

a number of factors, including the redox condition, the amount of substrate, the type of plants, 69 
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the temperature, the mobilization of CH4, the microbiological community, and the 70 

characteristics of certain microbial groups (Wang et al., 2013a; Adrados et al., 2014; Niu et al., 71 

2015, Mauceri et al., 2017). 72 

Microbiological communities associated with anaerobic environments and methane production 73 

have been identified and quantified in natural wetlands (Lv et al., 2014), sediments (lakes, 74 

rivers and marine) (Zhang et al., 2015), artificial riverine wetlands (Ligi et al., 2014) and 75 

anaerobic reactors (Niu et al., 2015). However, there is still very little information about 76 

constructed wetlands (Adrados et al., 2014; Mander et al., 2014). The first investigations 77 

associated with bacterial and archaeal communities in constructed wetlands were carried out by 78 

Calheiros et al. (2009) and Adrados et al. (2014), identifying and quantifying only bacterial 79 

groups. These authors determined that the main phyla found in HSSFs were Proteobacteria 80 

(26%), Bacteroidetes (26%) and Firmicutes (15%). Moreover, He et al. (2014) found that β-81 

Proteobacteria (55%) and γ-Proteobacteria (37%) were the dominant groups in vertical and 82 

horizontal constructed wetlands. However, the presence of archaeal communities in constructed 83 

wetland systems has not been extensively studied. In this line, it has been shown that microbial 84 

communities and methane emissions can be directly influenced by the plant species used (Wang 85 

et al., 2013b; Zhang et al., 2018). Moreover, it has been determined that the dissolved oxygen 86 

of the rhizosphere is one of the most important factors affecting CH4 flux and methanogenic 87 

communities (Zhang et al., 2018). However, Wang et al. (2015) have shown that the 88 

determining factor of microbial diversity in CW is seasonality. Even more, there appears to be 89 

no other studies that have investigated the effects of different plants and season of the year 90 

about potential methane production and microbiological composition, particularly in 91 

methanogenic community. The objective of this study was to evaluate potential methane 92 

production and to characterize the bacterial and archaeal communities found in HSSFs planted 93 
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with two different species (Phragmites australis and Schoenoplectus californicus) under cold 94 

and warm seasons. 95 

2. MATERIAL AND METHODS 96 

2.1 Pilot plant and sampling strategy 97 

The constructed wetland pilot plant system was located in Hualqui (36°59’26.93” south and 98 

72°56’47.23” west), Biobío Region, Chile. The HSSFs were fed with wastewater from a 99 

preliminary treatment that serves a rural community of 20,000 inhabitants.  100 

The influent is primarily treated in sand trap-degreaser, septic tank and pumping tanks, and then 101 

uniformly distributed to the constructed wetlands by entering through a perforated distributor 102 

pipe (80 mm diameter) placed horizontally and perpendicular to the direction of flow. The 103 

HSSFs system consisted of four units, whose characteristics are presented in Table 1 and Figure 104 

1. Table 1 shows the characteristics, operational and control parameters for all the HSSFs units. 105 

Figure 1 shows the scheme and side view of pilot system planted with two macrophyte species 106 

(Phragmites australis and Schoenoplectus californicus). 107 

Table 1 and Figure 1 108 

The system was implemented in July 2011, operating and monitored for 1335 days (3.7 years 109 

between 2011 and 2015). Two units were planted with Phragmites australis (HSSF−Phr) and 110 

other two with Schoenoplectus californicus (HSSF−Sch), for the sake of comparison, all the 111 

results are presented as the average obtained for each plant species.  112 

In order to characterize the physicochemical properties and quantify removal efficiencies of the 113 

HSSFs, water samples from the influent and the effluent were collected every 15−30 days and 114 

characterized for COD, BOD5, total suspended solids (TSS), and volatile suspended solids 115 

(VSS) (López et al., 2015). The results of characterization of influent and effluent are presented 116 

as the average of the spring/summer and fall/winter seasons of the entire experimental period 117 
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(3.7 years). Fall/winter and spring/summer seasons will be considered throughout the all text as 118 

the cold and warm season, respectively. 119 

Two sampling campaigns were conducted in cold (June 2013) and warm (March 2015) season 120 

to extract biomass samples used for methanogenic activity assays and for molecular 121 

characterization (López et al., 2015). Three sampling points were selected along the HSSF unit 122 

(Figure 1). Samples were transported and stored in septic wastewater from HSSF systems in 123 

order to maintain similar conditions (Ruiz et al., 2010). The biomass adhered to the gravel 124 

samples (800−1000 g gravel) was extracted by sonicating the sample for 3 min in a saline 125 

solution (0.9%), that was subsequently vortexed for 30 s and used for SMAm and DNA 126 

extraction for molecular characterization. This procedure has been previously tested and applied 127 

in other CW systems (Ruiz et al., 2010; López et al., 2015; Carballeira et al., 2017). Results of 128 

the SMAm and molecular characterization are presented as the average of the three samples 129 

obtained along the HSSFs. 130 

2.3 Analytical methods 131 

- Characterization of the influent and effluent. To characterize the influent and effluent of each 132 

HSSF, the samples were filtered through Whatman 0.45 µm membrane pore size filters. The 133 

parameters were measured according to the protocols described in the Standard Methods. The 134 

BOD5 and COD were determined via the Winkler and colorimetric methods, respectively. Total 135 

suspended solids (TSS) and volatile suspended solids (VSS) were determined by gravimetric 136 

methods (APHA, 1998).  137 

- Specific methanogenic activity tests (maximum) (SMAm). Methanogenic activity tests were 138 

carried out as described in López et al. (2015). Biomass extracted from each zone (with 139 

concentrations in the range 0.16−2.8 gVSS/L) was mixed with a volatile fatty acid (VFA) 140 

solution (2.0 g/L acetic acid, 0.5 g/L propionic acid and 0.5 g/L butyric acid), nutrients and 141 
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Na2S in 100 mL (effective volume) reactors. The analysis was carried out at 35 °C. The 142 

methane production was determined by measuring the volume displacement of NaOH (2.5%) 143 

by the methane accumulated in the headspace of the flask. It was measured daily to obtain the 144 

volume of the methane produced (VCH4) in one day (Vidal and Diez, 2003). Eq. (1) shows the  145 

calculation to obtain SMAm.  146 

Where t is time (d), X0 is the VSS concentration in the reactor (g VSS/mL), Vr is the useful 147 

volume of reactor (mL) and f1 a conversion factor to represent the COD value of the unit of 148 

volume of methane at a temperature of 35ºC (Soto et al., 1993). SMAm is expressed in g COD 149 

g−1 SSV∙d−1 (Sepúlveda et al., 2017).  150 

On the other hand, the production of methane in the constructed wetland, it was determined 151 

accord the equation 2 and it was called potential methane production (PMP).  152 

𝑃𝑀𝑃 = 𝑉𝑀𝑃 × 𝑋𝐶𝑊         Equation 2 153 

Where VPM is the volume of methane production (mLCH4/gVSS·d) and Xcw is the 154 

microbiological biomass attached (g VSS/m2). The potential methane production in the 155 

constructed wetlands does not consider the loss of methane through oxidation. 156 

- DNA extraction. The extracted biomass was centrifuged for 5 min at 5000 g. DNA was 157 

isolated in duplicate from 500 mg of sample pellet using the Fast DNATM SPIN Kit for Soil and 158 

the FastPrep® Instrument (MP Biomedicals) following the protocol from the manufacturer. 159 

- PCR amplification, DGGE and sequencing of 16S rRNA genes. The quantification of total 160 

(viable and dead) bacteria and archaea was performed by separately targeting the universal 161 

 

Equation 1 
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primers of the 16S rRNA gene in bacteria and archaea. Primers used were 341F (5′-162 

CCTACGGGAGGCAGCAG), 907R (5′-ATTACCGCGGCTGCTGG), 341F-GC (5′-GCclamp-163 

GCCTACGGGAGGCAGCAG), 534R (5′-ATT ACC GCG GCT GG) for bacteria, and 344F 164 

(5′-ACGGGGCGCAGCAGGCGCGA) and 915R (5′-GTGCTCCCCCGCCAATTCCT) for 165 

archaea (Muyzer et al., 1993; Lane et al., 1985; Raskin et al., 1994; Coolen et al., 2004). One 166 

microliter of isolated DNA was added to 19 μL of a mixture containing MasterMix 167 

(LightCycler FastStart DNA Master SYBR Green I, Roche), 0.4 μL of each primer and 8.2 μL 168 

of PCR grade water.  169 

Amplification reactions were carried out in a LightCycler 2.0 (Roche). The cycle program 170 

included a pre−incubation step for 3 min at 95 °C, followed by 40 cycles of 10 seconds at each 171 

95 °C (denaturation), 10−61 °C (primer annealing) and 15−72 °C (extension) for both, archaea 172 

and bacteria, except for the primer annealing (20−58 °C for bacteria). The gene copy number 173 

was calculated using LightCycler 4.05 software. The calibration curve was generated with 174 

Escherichia coli and Methanosarcina mazei standard DNA for bacteria and archaea, 175 

respectively.  176 

Universal primers for the bacteria and archaea domains were used for the amplification of the 177 

16S rRNA gene for PCR−DGGE performance. The samples that showed the highest gene copy 178 

numbers of each HSSF (obtained from q-PCR) were considered for PCR−DGGE. PCR 179 

consisted of 1 μL of sample added to a solution of 1x PCR buffer (Promega), 1.5 mM MgCl2, 180 

0.2 mM dNTPs and 0.5 μL of each primer. Reaction conditions are described in Jopia et al. 181 

(2011). One microliter of PCR product was amplified through a nested PCR (n-PCR) reaction 182 

with the corresponding primer. 183 

For the DGGE, a biomass sample of the three zones of the HSSF was analyzed. DGGE was 184 

performed with 5 to 18 μL of amplified DNA sample using BioRad (Universal Mutation 185 

Detection System). Gels were made with 7.5% acrylamide/bis-acrylamide and a denaturant 186 
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gradient in the range of 40−62% for archaea and 38−65% for bacteria. The assays were carried 187 

out at 60 V for 16 h at 60 °C (Valdebenito-Rolack et al., 2011). Gels were stained with AgNO3 188 

for pattern fingerprint analysis and with ethidium bromide (5 μg/mL) for band excision. Band 189 

pattern analysis was carried out with the Gel-Pro Analyzer, taking in to account bands with 190 

intensity peaks of 1% or more. For band pattern comparison, a presence/absence matrix was 191 

constructed and analyzed by Bray Curtis similarity using Prime 5 Software.  192 

Isolated DNA was subsequently amplified with primers and sequenced (Macrogen Inc. Seúl 193 

Korea). Sequences obtained were compared with the sequences stored in the GenBank database 194 

using the BLASTn tool. 195 

2.4 Statistical analyses 196 

Statistical analyses were performed using the statistical program INFOSTAT (Di Rienzo et al., 197 

2011). Previously, data were subjected to a normality test (Shapiro–Wilk test) to determine the 198 

appropriate statistical tests. To compare the HSSFs: (a) data with a normal distribution were 199 

analyzed using a paired t-test; (b) data without normal distribution were analyzed with a 200 

Wilcoxon test. Furthermore, to compare the influence of the seasons, (a) data with a normal 201 

distribution were analyzed by ANOVA; (b) data without a normal distribution were analyzed by 202 

a Kruskal–Wallis test. For all statistical tests, the significance level was α = 0.05 (Vera et al., 203 

2011).  204 

3. RESULTS AND DISCUSSION 205 

3.1 Organic matter and suspended solids concentrations  206 

Table 2 shows the results of the seasonal physicochemical characterization of the influent, 207 

effluent and removal efficiencies for the monitored period. The pollutant concentrations of the 208 

influent in the warm and cold seasons showed no significant differences (p≥0.05). The average 209 

organic matter concentrations in the influent (185 mg/L of BOD5 and 278 mg/L of COD) were 210 
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similar to the average values found in previous studies (García et al., 2004; Vymazal and 211 

Kröpfelová, 2011; Mburu et al., 2012). According to average organic matter content, the 212 

influent can be defined as a concentrated wastewater (Henze et al., 2001).  213 

The biodegradability capacity (BOD5/COD relation) of the influent varied between 0.72 in cold 214 

and 0.61 in warm season. These values were similar to the ones found in other studies, ranging 215 

between 0.46−0.66 (García et al., 2004; Hijosa-Valsero et al., 2012; Mburu et al., 2012). 216 

According to Tran et al. (2015) and Henze et al. (2001), BOD5/COD ratio of 0.67 corresponds 217 

to a biodegradability capacity of 67%, meaning that a substantial part of the organic matter can 218 

be biologically degraded.  219 

Table 2 220 

Concerning the average BOD5 removal, no significant differences between species were 221 

observed (p ≥ 0.05). In all the units, removals during the warm season (53%-HSSF-Phr and 222 

55%-HSSF-Sch) were 12% lower than in the cold season (65%-HSSF-Phr and 67%-HSSF-223 

Sch), resulting in effluent concentrations from 71 to 76 mg/L (HSSF-Phr and HSSF-Sch 224 

average) for cold and warm season, respectively. Similarly, COD removal was on average for 225 

both HSSF 61% in cold and 54% in warm season, with effluent concentrations of 100 and 133 226 

mg/L, for respectively. Furthermore, the applied load in warm season (4.74 ± 1.01 gBOD5/m
2d) 227 

was similar than in cold season (4.64 ± 1.30 gBOD5/m
2 d).  228 

In general, the removal efficiency of organic matter was on average 16% lower than values 229 

determined by other authors, that found average BOD5 removals of 76% (57−96%) of and COD 230 

removals of 73% (44−88%) (García et al., 2004; Trang et al., 2010; Mburu et al., 2012). This 231 

deficiency in removing organic matter stems from the high organic loading rates applied to this 232 

system (2.7−7.2 g BOD5/m
2·d), which exceed by 26−72% the 2 g BOD5/m

2·d recommended by 233 

García et al. (2004). Nevertheless, organic loading rates in the range of 8 to 12 g COD/m2·d are 234 

still appropriated for an HSSF (García et al., 2010; Pedescoll et al., 2011). In addition, such 235 
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values coincide with the ones determined by Carballeira et al. (2016), who found a reduction in 236 

term of BOD5 efficiencies by increasing the organic load from 2.5 to 4.7 g BOD5/m
2∙d.  237 

The average influent concentrations of TSS and VSS were 268 and 231 mg/L, respectively. 238 

Such concentrations were 50−81% higher than values found in literature (García et al., 2004; 239 

Hijosa-Valsero et al., 2012; Mburu et al., 2012). This could be attributed to the rural origin of 240 

the influent, showing high solids concentration. Besides, removal efficiencies of TSS and VSS 241 

showed minor variations (10%), with high removal efficiencies for all the units (85−93%), 242 

generating effluents with average concentrations of less than 22 mg/L. No significant 243 

differences between species or seasons were observed (p ≥ 0.05). The removal efficiencies 244 

during the operating period were consistent with those found in other studies (74−95% TSS) 245 

(Trang et al., 2010; Pedescoll et al., 2011). Such high suspended solids removal can be 246 

explained by the installation of primary treatment during the second year of operation 247 

maintained the removal efficiencies, reducing the solids loading rates by 50% on average (4.4 g 248 

TSS/m2∙d). Besides, the solids loading rates during the monitored period (4.3 to 8.7 g TSS/m2∙d) 249 

were near the range applied (3.6−10 g TSS/m2∙d) and recommended (5 g TSS/m2∙d) by others 250 

authors to avoid clogging and to obtain solids removal of 4.2 g TSS/m2∙d, corresponding to 251 

efficiency levels greater to 78% (Winter and Goetz, 2003; Vymazal, 2005; García et al., 2005, 252 

Caselles-Osorio et al., 2007; Alvarez et al., 2008). 253 

On the whole, organic matter and suspended solids removal efficiencies did not show 254 

significant seasonal differences (p ≥0.05). This could be attributed to the phenomenon described 255 

by Vymazal and Kröpfelová (2011), according which bacterial activity and removal efficiencies 256 

were not significantly influenced by temperature (12ºC cold season and 20ºC in warm season 257 

see Table 1), especially after few years of operation. Rather, the supply of organic matter and 258 

nutrients are the main factors affecting the HSSF efficiency (Huang et al., 2005). 259 

 260 
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3.2 Potential methane production and quantification of bacterial and archaeal 261 

communities 262 

Table 3 shows the SMAm, the amount of attached biomass, the potential methane production 263 

and the quantification of bacterial and archaeal communities for HSSF−Phr and HSSF−Sch 264 

obtained in the tests performed with the biomass extracted in cold and warm season. The SMAm 265 

of the biomass extracted from HSSF-Phr and HSSF-Sch during the cold season was 0.02 and 266 

0.01 g CODCH4/gVSS∙d, being significantly lower (p <0.05) (75 and 80%) than values found 267 

during the warm season, with activities of 0.07 and 0.06 g CODCH4/gVSS∙d, for HSSF-Phr and 268 

HSSF-Sch, respectively. Meanwhile, when comparing both species, HSSF-Phr presents higher 269 

SMAm than HSSF-Sch, both during the cold (33%) and warm season (23%). 270 

The ranges of the SMAm found in this study were between 3-30 times (63-97%) higher than 271 

those evidenced in HSSFs with Phragmites by Carballeira et al. (2017) (0.0025-0.0037g 272 

CH4/gVS∙d). This could be due to the fact that author worked with a substrate concentration 273 

(0.5 g COD / L-acetic acid) 75% lower than the one used in this research (2.0 g/L acetic acid, 274 

0.5 g/L propionic acid and 0.5 g/L butyric acid) and besides they worked at psychrophilic 275 

temperatures (25ºC). 276 

Table 3 277 

The average potential methane production of HSSF-Phr were 1434 ± 283 mg CH4/m
2∙ d and 278 

1485 ± 86 mg CH4/m
2∙d in cold and warm season, respectively. The potential methane 279 

productions of HSSF-Sch were 1799 ± 447 mg CH4/m
2·d and 3075 ± 1149 mg CH4/m

2·d in 280 

cold and warm season, respectively. On the whole, the methane production found here matched 281 

with the values found in other studies, with ranges from 200 to 6480 mg CH4/m
2·d in HSSFs 282 

operated in cold and temperate climates with an organic loading rate of 0.5–20 g BOD5/m
2·d 283 

(Tai et al., 2002; Wang et al., 2013a; Corbella and Puigagut, 2015; López et al., 2015; 284 
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Carballeira et al., 2017). HSSF-Phr showed similar productions in both seasons (variations less 285 

than 3%). However, potential methane production for HSSF-Sch was significantly higher (42%) 286 

in the warm season compared to the cold season (value p≤0.005). The higher potential methane 287 

production for HSSF-Sch may be linked to the increment of the specific methanogenic activity 288 

(approx 80%) and to the increase in the amount of attached biomass (194 g VSS/m2), that was 289 

71% higher in the warm season. In turn, seasonal variations in the SMAm are in accordance with 290 

previous studies, that associate the increase of methane production  (3-100 times) to the increase 291 

of microbiological activities derived from the highest radiation and temperature in warm 292 

seasons (Tai et al., 2002; Teiter and Mander, 2005; Ding and Cai, 2007; Waletzko and Mitsch, 293 

2014; Maucieri et al., 2017). Moreover, Zhu et al. (2007) showed that the methane emissions 294 

rate decreased by 12 times over variations of 5.5 ºC, dropping from 9.4 mg CH4/m
2∙d (15 °C) to 295 

0.74 mg CH4/m
2∙d (9.5 °C) in the HSSFs areas with macrophytes. Similarly, Ding and Cai 296 

(2007) determined that P. australis methane emissions vary by up to 70 times between the 297 

warm season (943 CH4/m
2∙d) and cold season (12.5 mg CH4/m

2∙d). Maucieri et al. (2014) 298 

reported up to 98% higher methane emissions in spring season than in fall season, with a 299 

correlation between this emissions and radiation of 0.76 (with a significance level of 0.001).  300 

Regarding the plant species, greater potential methane production (20−51%) was observed in 301 

the wetlands planted with Schoenoplectus californicus (1799−3075 mg CH4/m
2∙d) with respect 302 

to the one planted with Phragmites australis (1434−1485 mg CH4/m
2∙ d) in both seasons.  303 

The number of bacterial copies found in this study is shown in Table 3. Values ranged between 304 

4.18x106 and 9.26x106  (copies/mgVSS) and coincide with data determined by Zhang et al. 305 

(2015), who showed for wetlands built in summer season with Phragmites australis, Arundo 306 

donax and T. orientalis a number of bacteria of 6.05x106 copies/g, 3.55x106 copies/g and 307 

1.52x106 copies/g, respectively. In the case of archaea (Table 3), the quantification of this group 308 

found in this study was between 95 and 99% lower than concentrations determined in anaerobic 309 
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conditions (sediments) by Zhang et al. (2015), who evidenced archaeal 16S rRNA gene copy 310 

numbers of 1.73×106–3.16×107 copies per gram dry sediment.  311 

In the HSSF˗Phr, from cold to warm season, the number of bacteria decreased by 14% and 312 

archaea increased by 57%. For the HSSF˗Sch during the same period, the number of bacteria 313 

and archaea increased by 38 and 50%, respectively. This could explain the increase in methane 314 

emissions that were 42% higher in the warm than in the cold season. The increase in the number 315 

of copies during the warm season determined in this research is confirmed by Wang et al. 316 

(2016); who showed that during summer, the abundance of the total bacteria in support medium 317 

was 1.54×105 copies/g and in winter was 7.60×104 copies/g. Besides, the total bacterial 318 

abundance on the root surfaces and support medium decreased from summer to winter (Wang et 319 

al., 2016). 320 

Comparing plant species, the number of copies of the 16S rRNA archaeal genes obtained from 321 

the HSSF-Sch was 43 and 34% higher than the number obtained from the HSSF-Phr, during 322 

cold and warm season, respectively. The above this could be explained due to the radial 323 

oxygenation capacity of Phragmites australis (3.94-25.2 g O2/m
2 d) with respect to 324 

Schoenopectus sp. (0.94 g O2/m
2 d) (Liu et al., 2016), since methanogenic archaea need 325 

preferably anoxic conditions to be able to develop (Christy et al., 2014). Moreover, it has been 326 

determined that the dissolved oxygen of the rhizosphere is one of the most important factors 327 

affecting CH4 flux and methanogenic communities (Zhang et al., 2018). While the number of 328 

bacteria showed only a 4% difference in cold season.  On the other hand, in the warm season, 329 

48% higher number of bacteria were found in HSSF-Sch compared to HSSF-Phr. The higher 330 

amount of archea and bacteria directly and positively affected the potential methane production 331 

that was 20-51% higher in HSSF-Sch than in HSSF-Phr.  332 

 333 
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3.3. Identification of bacterial and archaeal communities 334 

Figure 2 shows the seasonal banding patterns for the 16S rRNA gene PCR amplicons for 335 

bacteria and archaea in HSSF−Phr and HSSF−Sch. Clear differences were observed in band 336 

position, intensity and band number for the different samples, demonstrating differences in the 337 

bacterial and archaeal communities developed in different HSSFs. The DGGE determined 338 

number of bands per lane varying from 16 to 17 for bacteria and 10 to 18 for archaea, in which 339 

it was possible to identify 12 bands for archaea and bacteria. This coincides with results from 340 

Adrados et al. (2014) and Cao et al. (2017) who found lower band richness for archaea with 341 

respect to bacteria in HSSFs. On the other hand, a similar number of bands for bacteria was 342 

found by Sidrach-Cardona et al. (2015) and Calherios et al. (2009), who determined a number 343 

of bands ranging from 14 to 25 in the biomass adhered to the gravel in constructed wetlands 344 

planted with Phragmites and Typha. 345 

Figure 2 346 

In Figure 3, the dendrogram constructed from the band patterns of bacteria and archaea is 347 

presented. There is a similarity (51%) among the bacterial communities of the different seasons. 348 

Samples from cold season exhibit a similarity between communities in HSSF−Phr and 349 

HSSF−Sch (94%) greater than the similarities between bacterial communities in samples from 350 

warm season (63%).  351 

On the other hand, the dendrogram of the archaea shows that similarity between communities 352 

from HSSF-Phr and HSSF-Sch was higher during the cold (92%) than in the warm (67%) 353 

season. At the same time, Schoenoplectus in the warm season presents high similarity (80%) 354 

with samples obtained during the cold season. 355 

Figure 3 356 

Table 4 and 5 show the most similar sequences found in each extracted DGGE band to those 357 

stored in the GenBank database, indicated with numbers from 1 to 24 (1−12 for bacteria and 358 
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13−24 for archaea). The sequences of bacteria and archaea belonged mostly (>95%) to non-359 

cultivable microorganisms. Microorganisms found by sequencing are similar to those found by 360 

other authors in HSSFs (Adrados et al., 2014; Sidrach−Cardona et al., 2015) and natural 361 

wetlands (Lv et al., 2014), who found between 53−80% of sequences belonged to 362 

non−cultivable bacteria and archaea.  363 

The sequences associated with bacteria primarily belonged to Firmicutes (42%), Proteobacteria 364 

(33%) and Bacteroidetes (25%) phyla (Table 4). The sequences found in this research coincide 365 

with the predominant phyla determined by different authors in constructed wetlands 366 

(Proteobacteria: 20.1−38.8%, Bacteroidetes: 11.5-41.4% and Firmicutes: 3.6−15%) (Calheiros 367 

et al., 2009; Adrados et al., 2014; Cao et al., 2017; Wang et al., 2017). Meanwhile, He et al. 368 

(2014) found that members of the β-Proteobacteria (55%) and γ-Proteobacteria (37%) were 369 

dominant for vertical and horizontal flow constructed wetlands, being present in more than 1/3 370 

of the bed. Besides, in the same study the predominant genera and subgroups were Clostridium, 371 

Bacteroidetes, β−proteobacteria and γ−proteobacteria, clone sequences mainly affiliated with 372 

anaerobic environments, sediment, natural and constructed wetlands and anaerobic reactors 373 

(Bouali et al., 2014; Lv et al., 2014; Adrados et al. 2014; Zhang et al., 2015; Sidrach−Cardona 374 

et al, 2015).  375 

Table 4 376 

In this study, Firmicutes (order Clostridiales) and Bacteroidetes were detected in all samples 377 

accounting 65% of the total community. These are highly versatile groups capable to participate 378 

in various stages of anaerobic degradation (such as; hydrolysis, fermentation, lipase at low 379 

temperatures, protease activity and acidogenesis) (Song et al., 2010; Lv et al., 2014; Kim et al., 380 

2015; Lin et al., 2016; Gulhane et al., 2017); they are frequently found in anaerobic digesters, 381 

wastewater treatment plants and natural and constructed wetlands (Adrados et al., 2014; Kim et 382 

al., 2015). Clostridium, were found in both macrophytes species and seasons. Indeed, these 383 
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microbes have the capacity to survive in different climatic conditions, sporulating when 384 

environmental conditions become hostile (heat, changes in nutrients status, pH extremes and 385 

toxic chemicals) (Gulhane et al., 2017). Besides, this group has been determined in association 386 

with hydrogenotrophic methanogens in mesophilic conditions (Song et al., 2010). 387 

On the other hand, in Figure 2 the same number of bacteria band richness was observed for both 388 

seasons and macrophyte (17 bands for each season); however, greater species richness was 389 

observed in warm season (7 species) than in cold season (4 species). This in turn, coincides with 390 

the higher development of adhered biomass (51-71%), number of bacteria (38%) and methane 391 

production (4-42%) during the warm season.  392 

In turn, 91% of the archaea bands belonged to the Phylum Euryarchaeota, class 393 

methanomicrobia and order Methanosarcinales, specifically the genera Methanosaeta (75% of 394 

total bands) and Methanosarcina (16% of total bands). A similar archaeal community 395 

composition was described in a biogas plant, anaerobic reactors (Song et al., 2010), a river 396 

(Zhang et al., 2015), rice field soil (Watanabe et al. 2006) and natural wetlands (Liu et al., 397 

2015).  398 

Table 5 399 

The phylum and class found were consistent with those found in a phylogenetic analysis by Liu 400 

et al. (2015) and Lv et al. (2014) in natural wetland with Phragmites sp. These authors revealed 401 

between 50-69.4% of the clones were affiliated with Euryarchaeota, dominated by 402 

Methanobacteriales (60.7%), Methanomicrobiales (20.2-71%) and Methanosarcinales (17.2%). 403 

Methanomicrobiales contribute to a large proportion of the methane emissions in cold and 404 

subtropical areas. Methanogenic acetoclastic of genera Methanosaeta (34%) and 405 

Methanosarcina (10%) belong to this class (Liu et al., 2015; Lv et al., (2014).  406 

On the other hand, it has been determined that during mesophilic digestion of wastewater 407 

sludge, Methanosarcina and Methanosaeta were most abundant, accounting for up to 90% of 408 
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the total archaea present (Traversi et al., 2011). It has also been determined a significantly 409 

positive correlation between Methanosarcina and Methanosaetae with the biogas production 410 

rate (p < 0.01 and p < 0.05) (Traversi et al., 2011). This coincides with results found in this 411 

study, since increases in SMAm (75-80%), potential methane production (3.4-42%) and the 412 

number of archaeal copies in the biomass (50-57%) were observed in the warm season. 413 

The presence of Methanosaeta concilii during both seasons is influenced by the temperature of 414 

the HSSFs systems (12ºC cold season and 20ºC in warm season). Narihiro et al. (2009) 415 

evidenced the abundances of Methanosaeta accounted for 5.7–49% of the total archaeal 416 

populations in mesophilic processes, and those of Methanosarcina represented 42% of the total 417 

archaeal populations in thermophilic processes. Song et al. (2010) and Zhang et al. (2012) 418 

determined that in anaerobic system from 5−18°C the dominant methanogen was 419 

Methanosaetaceae. It has also been reported that Methanomicrobiales-related populations are 420 

likely to play important roles in low-temperature (psychrophilic and mesophilic) conditions 421 

(Watanabe et al., 2006). 422 

Watanabe et al. (2006) observed that the community structure of the methanogenic archaea in 423 

soils did not change throughout the year, even under oxic conditions. Similarly, in this study it 424 

is observed that the archaea community does not change significantly between the different 425 

seasons or plant species, with a persistent prevalence of Methanosaeta concilii.  426 

4. CONCLUSIONS 427 

-Degradation of organic matter (53−67% BOD5 and 51−62% COD) and suspended solids (85-428 

90% TSS and 86-93% VSS) in the HSSFs was not influenced by seasonal conditions or plant 429 

species. 430 

-Potential methane production from HSSF planted with Schoenoplectus californicus (1799−3075 431 

mg/CH4·m
2d) were between 20 and 51% higher than HSSF planted with Phragmites australis 432 
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(1434−1485 mg/CH4·m
2d). Moreover, potential methane production during warm season was 433 

3.4% (HSSF-Phr) and 42% (HSSF-Sch) higher than during cold season.  434 

-The quantification of microorganisms in HSSFs determined greater development of bacteria 435 

(38%) and archaea (50−57%) during the warm season. In addition, the species Schoenoplectus 436 

californicus had a larger number of bacteria (4−48%) and archaea (34−43%) than Phragmites 437 

australis. 438 

-The quantification and identification of microbial consortia demonstrated the presence of 439 

facultative and anaerobic bacteria, represented primarily by Firmicutes (42%), Proteobacteria 440 

(33%), and Bacteroidetes (25%). The archaea were represented primarily by Methanosarcinales, 441 

specifically, Methanosaeta (75%) and Methanosarcina (16%). The community structure of the 442 

methanogenic archaea in HSSFs did not change throughout the seasons or macrophytes. 443 
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Characteristics Unit Value 

Support medium  

Type - Gravel 

Size mm 19−25 

Porosity - 0.4 

Geometric 

Surface area m2 4.5 

Length/width relation - 2 

HSSF average height  m 0.57 

Water table height  m 0.4 

Bottom slope m/m 0.05 

Total volume  m3 1.8 

Active volume  m3 0.73 

Control parameters 

Hydraulic loading rate mm/d 
Cold season 30.86 ± 10.68 

Warm season 27.47 ± 4,85 

Hydraulic retention 

time 
d 

Cold season 6.10 ± 1.30 

Warm season 5.86 ± 2.13 

Organic loading rate gBOD5/m
2∙d 

Cold season 4.64 ± 1.30 

Warm season 4.74 ± 1.01 

Operational conditions 

Temperature 

(Constructed Wetland) 
ºC 

Cold season 12.07 ± 1.80 

Warm season 20.30 ± 3.27 

ORP mV 
Cold season  -226.8 ± 50.4 

Warm season  -259.8 ± 53.3 

Dissolved Oxygen  mg/L 
Cold season 0.47 ± 0.25 

Warm season 0.43 ± 0.39 

Rainfall L/m2 d 
Cold season 3.10 ± 1.01 

Warm season 0.60 ± 0.22 

ORP: Oxidation Reduction Potential; HSSF: horizontal subsurface flow constructed wetland; 

BOD5: biological oxygen demand; cold season: average of fall/winter; warm season: average of 

spring/summer 

 

Table 1
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HSSF-Phr: units planted with Phragmites australis; HSSF-Sch: units planted with Schoenoplectus californicus; BOD5: biological oxygen demand; COD: chemical oxygen demand; TSS: 

total suspended Solids; VSS: volatile suspended solids; n=15 for all parameters of warm season, and n=26 for all parameters of cold season; cold season: average of fall/winter; warm 

season: average of spring/summer 

 

 

Table 2 

Season Parameter 

Concentration (mg/L) Removal (%) 

Influent 

Effluent 

HSSF-Phr HSSF-Sch 

HSSF-Phr HSSF-Sch 

Average Range Average Range Average Range Average Range Average Range 

C
o
ld

 s
ea

so
n

  

BOD5 205.8 102.0-372.0 71.9 23.5-213.0 69.2 22.5-198.0 64.7 42.7-87.6 67.1 46.8-87.9 

COD 286.2 131.6-464.5 102 33.5-216.1 99.1 35.3-189.8 60.7 43.2-87.5 61.7 43.2-87.5 

TSS 273.4 100.0-526.0 14.2 5.2-27.5 14.7 7.0-33.5 89.3 72.3-99.4 88.5 67.4-99.1 

VSS 262.9 33.3-770.0 12.7 2.4-27.5 16.5 4.2-33.0 92.7 72.8-99.3 92.8 74.2-98.9 

W
a
rm

 s
ea

so
n

 

BOD5 164.4 48.0-264.0 76.8 21.0-162.0 74.7 22.5-165.0 53.0 22.8-71.1 54.6 27.4-68.7 

COD 269.1 115.2-425.0 123.2 67.1-266.6 143.4 55.3-271.1 56.7 17.1-78.2 50.5 17.1-78.2 

TSS 262.2 125.0-480.0 26.1 12.5-25.0 41.7 7.5-142.5 88.0 75.6-97.7 84.5 64.0-98.4 

VSS 198.6 102.0-365.0 17.9 6.0-37.5 26.1 7.5-77.5 86.4 64.3-98.0 86.0 64.7-96.5 
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Seasons HSSF 
SMAm            

(gCODCH4/gVSS∙d) 

Attached 

biomass           

(g VSS/m2) 

Potential 

methane 

Production                                                   

(mg CH4/m2∙d) 

Number of copies             

(Nº of copies/mg VSS) 

Bacteria Archaea 

Cold season 
HSSF-Phr 0.02 ± 0.01 84.05 ± 36.07 1434 ± 283 5.57E+06 2.38E+04 

HSSF-Sch 0.01 ± 0.00 80.76 ± 69.65 1799 ± 447 5.80E+06 4.19E+04 

Warm season 
HSSF-Phr 0.07 ± 0.03 171.04 ± 72.88 1485 ± 86 4.81E+06 5.47E+04 

HSSF-Sch 0.06 ± 0.01 274.98 ± 63.13 3075 ± 1149 9.26E+06 8.26E+04 

HSSF-Phr: units planted with Phragmites australis; HSSF-Sch: units planted with Schoenoplectus californicus; SMAm; Specific methanogenic activitymaximum; 

COD: chemical oxygen demand; VSS: volatile suspended solids; cold season: average of fall/winter; warm season: average of spring/summer. n:3 
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Sample Sample source Related clone 
Id 

(%)  
Isolation source Taxonomic group 

Closest culturable 

match 

Accesion 

number 

Bacteria 

1 Phr- cold season 
Uncultured bacterium 

clone 
97 Sewadge sludge Firmicutes Clostridium sp.  KF765651 

2 Phr- cold season 

Uncultured bacterium 

clone 

GDIC2IK01D8TXV 

97 
Methanogenic 

Enrichments  
Bacteroidetes 

Bacteroidales 

bacterium 
JF600605 

3 Phr- cold season 
Uncultured bacterium 

clone N1_3_1934 
96 

Anaerobic sludge 

digester 
Bacteroidetes Antarcticimonas flava  JQ121396 

4 Phr- cold season 
Uncultured bacterium 

clone RDX-5CFa3  
100 

RDX contaminated 

groundwater 
Firmicutes Clostridium sp. JX470466 

5 Phr- cold season 
Uncultured bacterium 

clone A46  
100 Activated sludge Firmicutes Clostridium sp. KP238600 

6 Phr- cold season 
Uncultured bacterium 

clone KS-150 
98 Proglacial soil Firmicutes Clostridium sp. EU809898 

7 Phr- cold season 

Uncultured 

Nitrosomonadaceae 

bacterium 

91 Upland river Proteobacteria 
Herbaspirillum 

chlorophenolicum 
AF540017 

8 Phr- cold season Clostridium sp. 99 
TCE dechlorination 

consortium 
Firmicutes Clostridium sp.. AB596885 

9 Sch-warm season 
Uncultured denitrifying 

clone BC84 
91 

Biofilm anaerobic 

reactor 
Proteobacteria Alcaligenes sp. JN125790 

10 Sch- warm season 
Uncultured bacterium 

clone T1S106D04 
92 Freshwater lake Proteobacteria 

β-proteobacteria 

Iso10-11 
KC624081 

11 Sch- warm season 

Uncultured γ-

proteobacterium clone 

HPC1173 

91 Marine sediment Proteobacteria 
γ-Proteobacteria 

HPC1173 
EF503561 

12 Sch- warm season 

Uncultured bacterium 

clone 

GDIC2IK01DPDLA 

99 
Methanogenic 

enrichment  
Bacteroidetes Bacteroides sp. JF674519 

Phr: units planted with Phragmites australis; Sch: units planted with Schoenoplectus californicus; Id: identity; cold season: average of fall/winter; warm season: average of spring/summer. 

Table 4 
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Sample Sample source Related clone 
Id 

(%)  
Isolation source Taxonomic group 

Closest culturable 

match 

Accesion 

number 

Archaea 

13 Phr- cold season 
Uncultured archaeon 

clone UAFB 
96 

Anaerobic sludge 

digester 
Methanosarcinales 

Methanosarcina Mazei  
 

KJ476545  

 

14 Phr- cold season 
Uncultured archaeon 

clone B102P50 
100 Paddy soil Methanosarcinales Methanosaeta concilii KP327890 

15 Phr- cold season 
Uncultured 

Methanosarcinales 
100 Groundwater Methanosarcinales Methanosaeta concilii LN796162 

16 Phr- cold season 
Uncultured 

Methanosaeta Clone 
100 

UASB granular 

sludge 
Methanosarcinales Methanosaeta concilii KP343675 

17 Phr- cold season Uncultured archaea 80 
Anaerobic farm 

reactor 
Methanomassiliicoccales 

Methanomassiliicoccus 

intestinalis 
KT252415 

18 Phr- cold season Uncultured archaea 96 Rice paddy soil Methanosarcinales Methanosaeta concilii AB650608 

19 Phr- cold season 
Uncultured archaeon 

clone B102P50 
100 Paddy soil Methanosarcinales Methanosaeta concilii KP327890 

20 Phr- cold season 
Uncultured archaea 

clone SGA35G 
99 Anaerobic digester  Methanosarcinales Methanosaeta concilii GU389089 

21 Phr- cold season 
Uncultured archaeon 

clone E126P700 
100 Paddy soil Methanosarcinales Methanosarcina mazei KP328045 

22 Phr- cold season 
Uncultured archaeon 

clone AR_44 
100 Rice paddy soil Methanosarcinales Methanosaeta concilii KP327890 

23 Sch- cold season 

Uncultured 

euryarchaeote clone 

S2C05344af 

100 
Cold freshwater 

spring 
Methanosarcinales Methanosaeta concilii KJ566501 

24 Phr- cold season 
Uncultured archaeon 

clone REG3547 
100 Wetland soil Methanosarcinales Methanosaeta concilii KJ645022 

Phr: units planted with Phragmites australis; Sch: units planted with Schoenoplectus californicus; Id: identity; cold season: average of fall/winter; warm season: average of spring/summer. 

Table 5 


