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Abstract. Microbial communities and substrate enzymes play a key role in constructed wetlands (CWs), 

therefore it’s important to understand the diversity of microbial communities and activities of enzymes 

therein. In this study, System A (planting with Pennisetum sinese Roxb); System B (planting with 

Pennisetum purpureum Schum.); and System C (no plant) -- were set to investigate the variation of 

species richness, community equitability and substrate enzymes. It showed that Betaproteobacteria were 

most abundant in these three systems. The number of microorganisms species in system A, system B and 

system C were 60-90 cm > 30-60 cm > 0-30 cm, 60-90 cm > 0-30 cm > 30-60 cm and 30-60 cm > 

60-90 cm > 0-30 cm, respectively. But urease, phosphatase and cellulose were all reduced with the 

increase of matrix depth. The results showed that the enzyme activity was not necessarily related to the 

number of microorganisms species, but enzyme activity could be related to the population of 

corresponding functional bacteria. In conclusion, Proteobacteria, Bacteroidetes, Firmicutes, 

Acidobacteria, Chloroflexi, Verrucomicrobia, Actinobacteria, TM7, Nitrospira, and OP11 were detected 

in these three constructed wetlands. However, there are still about 10% unknown bacteria at class level. 

The specific relationship between microorganisms, enzymes and wetland pollutant removal remains to be 

further studied in the future indicating that wetland microbial research has great potential in the future. 

Keywords: vertical flow constructed wetland, microbial communities, substrate enzymes, Pennisetum 

sinese Roxb, Pennisetum purpureum Schum 

Introduction 

Constructed wetland (CW) is a prospective sewage purification technology (Kadlec 

and Knight, 1996; Cui et al., 2013). Compared with traditional sewage treatment 

methods, CW has the simple technology, relatively low operation and maintenance 

requirements (Zuritaa et al., 2009; Tang et al., 2017). CWs mainly include 2 types, 

which are surface flow CW and subsurface flow CW (IWA, 2000; Kadlec and Wallace, 

2008; Vymazal and Kröpfelová, 2008). Vertical flow constructed wetland (VFCW) is a 

kind of subsurface flow wetland (Xu et al., 2015). In the last two decades, VFCW 

technology has become a popular choice for sewage treatment (Prochaska and 

Zouboulis, 2006; Abou-Elela et al., 2012), because it is high-efficiency not only for 

mitigation of biochemical oxygen demand and total suspendedsolids (Vymazal, 2009) 

but also for nitrification even in winter (Arias et al., 2005; Cooper, 2005; Prochaska et 

al., 2007). The VFCW with unsaturated flow has stronger oxygen carrying capacity than 

horizontal underground flow and is more effective for the mineralization of 

biodegradable organics (Kantawanichkul et al., 2009). As we all know, the main 

mechanism of CW sewage purification is the interaction of substrate, vegetation and 

microorganism through a series of biological, physicochemical reactions (Truu et al., 

2009; Fu et al., 2013). Wetlands vegetation can affect enzyme activity and microbial 
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species structure and diversity that in turn indirectly affect enzyme activity (Zhang et 

al., 2010). Therefore, it’s important to see the activities of enzymes and diversity of 

microbial population in constructed wetland. Wang (2009) proposed that the number of 

microorganisms, bacterial diversity and dominant community in the wetland system are 

closely relevant to the removal of phosphorus, nitrogen and organic compounds. Zhang 

et al. (2010) wetlands contains a wide range of cellulose and glycosidase, protease, 

urease, phosphatase, phenol oxidase and other enzymes. In our preliminary study, based 

on the study of the microbial enzyme activity in the artificial wetland system, the urease 

activity in the root system of aquatic plants was considered as an important index of 

nitrogen purification (Cui et al., 2013). In this study, several important bacterial 

communities (Proteobacteria, Bacteroidetes, Chloroflexi, Nitrospira, and OP11 etc.) and 

activities of substrate enzymes related to C, N and P cycle was analyzed, employing 

Illumina high-throughput sequencing technology and zymological means. The objective 

of this study is to estimate the space distribution of bacterial community and enzyme 

activities in the VFCW system. It is expected to provide a theoretical basis for microbial 

regulation of VFCW. 

Materials and methods 

Construction of VFCW 

Three vertical wetlands were established and maintained in the greenhouse facility of 

South China Agriculture University (SCAU) in Guangzhou city. Each system was 

structured at 200 cm x 100 cm x 130 cm (length x wide x height). These three systems 

were constructed as followed: System A planted with Pennisetum sinese Roxb, System 

B planted with Pennisetum purpureum Schum., and System C planted nothing. The 

sketch map of the CW systems was seen in Figure 1. The vegetation types of 

Pennisetum sinese Roxb and Pennisetum purpureum Schum. were transplanted into A, B 

system respectively, and the density is 10 plant/m2. 

 

Figure 1. The profile of wetland system 
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Synthetic sewage 

The synthetic wastewater is prepared from 400 litres of tap water, 70 g milk powder, 

60 g soluble starch, 18 g urea, 10 g (NH4)2SO4, 6 g MgSO4, 6 g KH2PO4, 60 g NaHCO3, 

and 50 ml 1% FeCl3. Water quality indicators were as follows: the average values of 

TN, TP and COD were 40 mg/L, 4 mg/L and 330 mg/L. The pH value was 6.39-6.7 and 

the DO value was 4-6. 

Operation of constructed wetland 

Each CW system was constructed in mid-March, then started to operate on 28th of 

March and at last ended on 26th of September. These three systems carried out at 

20 cm/d hydraulic loading. The sewage was feeded on 28th of March, these three 

systems were irrigated continuously with sewage for 8 hours every day. On 11th of 

April, we collected the water from the outlet position and analyzed once a week. The 

water monitoring indexes include TN, TP and COD etc. The over ground part of system 

vegetations were reaped once a month. By the end of the trial, five substrate samples 

were collected individually from 0–30 cm layer, 30–60 cm layer and 60–90 cm layer in 

every constructed wetland. These five samples were blended to get one typical sample 

for each layer. The community structure and diversities were monitored, by using High-

throughput Sequencing Techniques and the enzyme activities were measured by 

zymological methods. The basic information of soil samples are shown in Table 1. 

 
Table 1. Basic information of sample (DNA samples) 

Sample 

number 
Constructed wetland Depth(cm) Code 

1 A (planting with planting Pennisetum sinese Roxb) 0-30 A1 

2 A (planting with planting Pennisetum sinese Roxb) 30-60 A2 

3 A (planting with planting Pennisetum sinese Roxb) 60-90 A3 

4 B (planting with Pennisetum purpureum Schum.) 0-30 B1 

5 B (planting with Pennisetum purpureum Schum.) 30-60 B2 

6 B (planting with Pennisetum purpureum Schum.) 60-90 B3 

7 C(no plant) 0-30 C1 

8 C(no plant) 30-60 C2 

9 C(no plant) 60-90 C3 

Note: A (1,2,3) indicates that the sampling depth in system A is 0-30 cm (top layer), 30-60 cm (middle 

layer), and 60-90 cm (bottom layer), respectively. B (1, 2, 3), C (1, 2, 3) were set in the same way 

 

 

DNA extraction 

DNA was extracted from matrix samples using the Power Soil DNA separation kit 

(Mobio Laboratories Inc., Carlsbad, CA, USA) in accordance with the manufacturer's 

protocol. The extraction quantity and quality of DNA were determined by 

spectrophotometry. The extracted DNA before further analysis is stored in - 80ºC. 
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PCR detection 

The V3-V4 region (338F-806R) of 16S rRNA was amplified by PCR with the 

primers 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and 806R (5’-

GGACTACHVGGGTWTCTAAT-3’) (Wang et al., 2014; Lin et al., 2018). 

These PCR reactions were proceed in a 30 ul reaction mixture, including 0.75 units 

Ex Taq DNA polymerase, 1× Ex Taq loading buffer, 0.2 mM dNTP mix, 0.2 µM of 

each primer, and 100 ng template DNA. 

The amplification of each specimen was carried out in triplicate in an Eppendorf 

Master cycler PC. 

94ºC 30 s 
35 cycles 

50ºC 1 min 

72ºC 1 min  

72ºC 10 min  

The PCR production was replicated and its concentration was monitored in a 2% 

agarose gel, Amplicons of all specimen were collected at the same ratio and the mixture 

was purified using the Gel Extraction Kit (E.Z.N.A.TM). Purified and mixed PCR 

products meet the requirements and were sequenced based on Illumina Miseq PE 

(paired end) 280bp. 

Statistical analysis 

Microbiological information analysis: the purified mixed PCR products were used 

for high throughput sequencing. Using Mothur (V.1.36.1) the original DNA sequence 

was filtered to remove chimeras and obtain the optimized sequence; According to 97% 

similarity, the optimized sequence is divided into Operational Taxonomic Units (OTU). 

Species taxonomy: A total of 6752 OTUs were obtained from 9 soil samples. Of the 

6751 OTUs species in the sample, 5693 (84.3%) were at least accurate to phylum level 

and 5173 (76.6%) were at least to class level. Venn diagram analysis: It can be used to 

count the number of common or unique OTU in multiple samples, and can intuitively 

show the degree of similarity of OTU composition among environmental samples. 

water quality and soil enzymes were analyzed by EXCEL2007 and SPSS17.0. A 

one-way analysis of variance was conducted for constructed wetland: system A 

(planting Pennisetum sinese Roxb), system B (planting Pennisetum purpureum Schum.) 

and system C (no plant), to be detected the statistical significance of differences 

(p < 0.05) between means of treatments, and the Duncan test was performed. 

Enzymes activities measured 

Urease activity was measured by phenol-sodium hypochlorite method. The 

determination of urease activity in soil is based on the amount of ammonia produced 

after the enzymatic reaction with urea as the substrate, and can also be obtained by 

measuring the amount of unhydrolyzed urea. In this method, the urease liveness was 

analyzed by taking urea as the zymolyte, and the blue indophenol was produced by the 

reaction of the enzyme product ammonia with phenol-sodium hypochlorite. 

Phosphatase was measured by disodium phenyl phosphate method. In this method, the 

activity of the enzyme is expressed by the amount of phenol produced by hydrolyzing 

the substrate with phosphodisodium phosphate as the substrate under the action of 

phosphatase (Guan, 1986). 
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Results 

Microbial community composition 

At the phylum level, 26 phyla of bacterial, 523 genera were identified in this study. 

Among 9 substrate samples, Proteobacteria (averaging 55.1%) was the most abundant 

phyla, followed by (averaging 10.2%), unclassified (averaging 8.0%), Firmicutes 

(averaging 6.6%), Acidobacteria (averaging 5.3%), and Chloroflexi (averaging 4.7%). 

The other predominant phyla (>1%) were Verrucomicrobia (averaging 1.9%), 

Actinobacteria (averaging 1.8%), TM7 (averaging 1.6%), Nitrospira (averaging 1.4%), 

and OP11 (averaging 1.1%). Furthermore, their relative abundance of these 

predominant bacterial populations usually exhibits significant spatial variability in every 

system. 

From Figure 2(a), it showed that there was a large difference in bacterial flora 

among the three constructed wetlands. Proteobacteria was dominant in 9 studied 

samples. The spatial variation of the proportion of proteobacteria in VFCW has rarely 

been studied. In this experiment, the analysis on community of wetland microorganisms 

showed the advantage of proteobacteria in vertical flow to CW. However, a relatively 

high proportion of proteobacterial was found in the systems of planting with planting 

Pennisetum sinese Roxb and with Pennisetum purpureum Schum., while the system with 

no plants showed a decrease. The abundance of the Chloroflexi in system A (planting 

with Pennisetum sinese Roxb) and B (planting with Pennisetum purpureum Schum.) 

was higher than that of system C (no plant). At the same time, the abundance of 

Chloroflexi phylum increased as the substrate depth deepen. Chloroflexi is a facultative 

anaerobic bacterium, which has been proved to be effective in eliminating chloride 

pollution in the environment. In this study, the results showed the following rule: The 

Nitrospira of the planting system was stronger than that not plant system, but decreased 

with the increase of substrate depth, Nitrospira on the top layer of system B is 

remarkably the highest (planting with Pennisetum purpureum Schum.), while the 

abundance of firmicutes, Bacteroidetes and OP11 in system C were higher than system 

A and system B. 

At the class level, in total, 53 bacterial taxa were observed. Most predominant 

bacteria (>1%) were ascribed to Betaproteobacteria (averaging 24.1%), followed by 

Deltaproteobacteria (averaging 13.4%), Alphaproteobacteria (averaging 10.5%), 

Gammaproteobacteria (averaging 5.8%), Clostridia (averaging 4.8%), Bacteroidia 

(averaging 4.6%), Anaerolineae (averaging 4.2%), Actinobacteria (averaging 1.84%), 

Sphingobacteria (averaging 1.80%), Acidobacteria_Gp7 (averaging 1.63%), and 

Nitrospira (averaging 1.4%). Furthermore, the relative abundance of these groups 

indicates that the spatial variations of wetland systems are large. 

Figure 2(b) showed that proteobacteria mainly was composed of Alpha-, Beta-, 

Delta- and Gammaproteobacteria. Betaproteobacteria was most richest in these three 

systems. The distribution of the Deltaproteobacteria showed the following trends: as the 

substrate depth increased, the Deltaproteobacteria abundance also increased, and this 

bacterium were the most abundant in system C (the abundance of C3 was up to 22.5%). 

Compared to Deltaproteobacteria, Alphaproteobacteria was adverse, and it was most 

abundant in top layer substrate of these 9 constructed wetlands, while the distribution 

rule is that the bacterial abundance decreased as substrate depth increased. It showed 

that the depth of substrate has a strong impact on microbial community structure. 
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Figure 2. Bacterial community composition in three vertical flow constructed wetland. a) 

Phylum-level distribution of bacteria; b) Class-level distribution of bacteria (Others include the 

bacteria class with the relative abundance less than 1% in each sample) 
 

 

Venn analysis 

The common number of OTU (operational taxonomic units) among multiple samples 

can reflect the similarity and overlap of environmental samples. The statistical results 

are obtained in the form of Venn diagram. In general, 97% of OTU at similar levels was 

selected for analysis, and the number of OTU can also represent the number of bacterial 

species. From Figure 3, there were some results as followed: The number of bacterial 

species in system A, system B and system C were 60-90 cm > 30-60 cm > 0-30 cm, 

60-90 cm > 0-30 cm > 30-60 cm and 30-60 cm > 60-90 cm > 0-30 cm, respectively.  

Enzymes activities 

Figure 4 illustrated that the changes of urease, phosphatase and cellulose are 

consistent, and they all reduced with the increase of matrix depth. The rule was shown 

as followed: 0-30 cm > 30-60 cm > 60-90 cm.This is consistent with previous research 

results. The comparison between this result and Fig. 3 indicates that the number of 

microorganisms is not necessarily related to the enzyme activity. 

a) 

b) 
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Figure 3. Venn diagram 

 

 

Water quality change 

Figure 5 illustrated that the changes of TN, TP and COD. The N removal efficiency in 

these three CW systems was about 50–70%. With the operation of the system, the 

removal rate of TP basically presents a downward trend. After August 15, the P removal 

efficiency patterns from the three CW systems were in the following order: B > A > C, 

and showed a significant difference in September 12 (p = < 0.01). The average removal 

efficiency of COD was higher than 85% and COD removal performed was satisfied. 
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a) 

 
b) 

 
c) 

Figure 4. Substrate enzymes dynamic change in three systems 
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a) 

 
b) 

 
c) 

Figure 5. Water monitoring indexes change in three systems 
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Discussion 

Microbial community in constructed wetland  

Species diversity is a prerequisite for maintaining the normal function of an 

ecosystem (Ansola et al., 2014). The richness and diversity of bacterial communities 

make wetlands play an important ecological role in nutrient cycling, organic 

degradation, heavy metal morphological transformation and greenhouse gas emissions 

(Conrad, 1996). Among the 9 soil types of wetland plants in this study area, the 

abundance and diversity of soil bacterial communities are consistent: Proteobacteria 

was dominant in 9 studied samples. Proteobacteriagate is a kinds of bacterial 

community, in the study of many wetland bacteria have the highest relative 

abundance, such as the Yellow River delta wetland (Yu et al., 2012), China Hong 

Kong mangrove wetland (Jiang et al., 2013), the United States Olentangy river 

wetland (Ligi et al., 2014) and artificial wetland (Ansola et al., 2014), etc. The 

proteobacteria mainly was composed of Alpha-, Beta-, Delta- and 

Gammaproteobacteria. Betaproteobacteria was most richest in these three systems. 

Chloroflexi and Nitrospirae in system A and B are remarkably higher than system C, 

however, the abundance of firmicutes, Bacteroidetes and OP11 in system C were 

higher than system A and system B. These results proved that the presence of 

vegetation, types of vegetation all can affect the microbial community structure. The 

regulation of plant collocation could vary the microbial structure distribution, and 

eventually optimize the decontamination ability of the wetland system. The results can 

provide theoretical basis for the selection and matching of constructed wetland plants 

in the future. 

Enzyme activity 

The number of microorganisms in system A, system B and system C were 60-90 

cm > 30-60 cm > 0-30 cm, 60-90 cm > 0-30 cm > 30-60 cm and 30-60 cm > 60-90 cm 

> 0-30 cm, respectively. But urease, phosphatase and cellulose were all reduced with 

the increase of matrix depth. The results showed that the enzyme activity was not 

necessarily related to the number of microorganisms. Guo (1997) found that the 

relationship among urease, phosphatase, cellulose activities and microbial biomass 

were as followed: Enzymes activities increased with the increase of microbial 

biomass. However, our research was not consistent with it, which may be related to 

the structure of the VFCW (Aon and Colaneri, 2011) or some function bacterial. Due 

to the special structure, the oxygen in the upper matrix of the VFCW was relatively 

sufficient, which was only conducive to the reproduction of aerobic microorganisms. 

In addition, the enzyme activity of rhizosphere in system A was different from that in 

system B. Both urease and phosphatase showed that the activity of planting 

Pennisetum purpureum Schum.’s enzyme was higher than that of planting Pennisetum 

sinese Roxb’s enzyme. Enzyme activity around rhizosphere can not only reflect the 

bacteria activities in plant root zone, but also reflect the effect of plant spices. 

Different plants have different influence on secretion of enzymes and 

microorganisms’ growth. Pennisetum sinese Roxb and Pennisetum purpureum Schum. 

both have large biomass. Therefore, the rhizosphere microorganism quantity and 

activity are slightly higher. Consequently, Pennisetum sinese Roxb and Pennisetum 

purpureum Schum. should be the better vegetation choices for construct wetland to 

remove pollution. 
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Water quality changes 

The high removal efficiency of TN and COD in this experiment might be attributed 

to the higher temperature in summer, resulting in higher microbial activities. 

Temperature indeed has a great effect on the nutrients removal efficiency of CWs (Fan 

et al., 2013). It could be related to some functional bacteria, for example the Nitrospira 

are known for their role in nitrite oxidation (Feng et al., 2013), and the proteobacteria 

often take advantage of ammonia gas produced by the decomposition of organic matter 

and may have participated in the biological reaction of various organic matters in nature 

or artificial systems (Madigan et al., 1997; Liao et al., 2013; Liu et al., 2014). It may 

indirectly explain the effective removal of TN and COD in these three VFCWs. In 

addition, a previous study also showed that proteobacterium was dominant in the 

large-scale CW purification and polluted river system (Wei et al., 2015). 

Above all, the variation in microbial structure are most likely to reflect the impact of 

changes in microbial community of constructed wetland in the balance wetland 

ecosystem. In future studies, we must focus on the potential mechanisms driving 

community variation and elucidation of how these variations affect the microbial 

community function of constructed wetlands. 

Conclusion 

(1) There was no direct relationship between microbial species population and 

enzyme activity. Meanwhile, planting vegetation whether or not, vegetation type and 

substrate depth may have a great influence on the bacterial community and substrate 

enzyme in VFCW. This suggests that we could improve pollutant removal by planting 

different wetland plants and designing different substrate depths to regulate wetland 

microorganisms. 

(2) Proteobacteria predominated in these three systems, which was mainly included 

Alpha-, Beta-, Delta- and Gammaproteobacteria, and among them Betaproteobacteria 

was most abundant. Enzyme activity is independent of microbial populations, but could 

be related to the populations of corresponding functional bacteria, for example 

Nitrospira may be related to urease. In future studies, we will further research the 

specific relationship between enzymes and microorganisms in wetland decontamination,  

and use genetic engineering to study the decontamination mechanism of 

microorganisms deeply. 
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