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Abstract
Purpose of Review Constructed wetlands (CWs) are engineered systems that have been proven as an alternative option to 
traditional wastewater treatment technologies because of their ability to provide cost-effective and energy-efficient solutions. 
This technology depends on natural microbial/biological, physical, and chemical processes to treat wastewater. Processes 
removing impurities in constructed wetlands are based on the combination of interactive systems such as selected plant spe-
cies, the nature of substrate used for constructed wetlands, biofilm growth, microbial diversity, and several biogeochemically 
affected reaction cycles in wetland systems. Microorganisms play a vital role in these processes such as the degradation of 
pollutants and the transformation of nutrients. Microorganisms remove the pollutants from CWs by catalyzing chemical 
reactions, biodegrading, biosorbing, and supporting plant growth. An in-depth analysis of the function of microorganisms 
in CWs is important to understand. This review deals with the recent developments in constructed wetland systems from a 
microbiological perspective to treat impurities present in wastewater. It focuses on the studies of microbial diversity in CWs 
and the role of enzymes produced by microbes, the influence of the substrates of CWs on microbial diversity, the influence 
of the hydraulic design of CWs on the growth of microorganisms, the role of specific microbes in the removal of pollutants 
and the different software, analytical equipment, tools, and techniques used to measure/quantify the parameters of interest 
or to design and operate a wetland. 
Recent Findings The combination of different types of substrates in constructed wetlands can form different types of zones 
such as anaerobic and aerobic zones which can allow to form a diversity of microorganisms. In addition, plant diversity 
plays a vital role in microbial growth by providing  O2 and increasing plant biomass production which influences the soil 
microbial community. Moreover, the influent carbon source influences the biomass as for example when the COD/N ratio is 
increased by 80%, the phospholipid fatty acids (PLFA) concentration of microbial biofilm in glucose constructed wetlands 
is increased by 50%. At the same time, the biomass of aerobic and anaerobic bacteria and fungi increased significantly. In 
addition, different microorganisms are responsible in removing different types of heavy metals and micropollutants.
Summary This article provides useful information on the understanding of the diversity of microbes, influencing factors on 
the growth of microorganisms, and the efficiency of pollutant removal process in CWs. Overall, this review provides new 
ideas and directions for the improvement of constructed wetlands from a microbiological perspective.  

Keywords Bacterial biofilm · Macrophytes · Microbiome · Pollutants · Wetland substrate

 * Veeriah Jegatheesan 
 jega.jegatheesan@rmit.edu.au

 Shamima Moazzem 
 s3550934@student.rmit.edu.au

 Muhammed Bhuiyan 
 muhammed.bhuiyan@rmit.edu.au

 Shobha Muthukumaran 
 Shobha.Muthukumaran@vu.edu.au

 Jill Fagan 
 jill.fagan@delwp.vic.gov.au

1 School of Engineering, RMIT University, Melbourne, 
VIC 3000, Australia

2 College of Engineering and Science, Victoria University, 
Melbourne 8001, Australia

3 North East Water, Wodonga, VIC 3690, Australia

http://crossmark.crossref.org/dialog/?doi=10.1007/s40726-023-00280-9&domain=pdf


695Current Pollution Reports (2023) 9:694–709 

1 3

Introduction

Microbiome constructed wetlands (CWs) are an alterna-
tive option to conventional systems for different types 
of wastewater treatment due to their cost-effectiveness, 
energy-efficient solutions, ease of maintenance, and opera-
tion. The performance of constructed wetlands depends on 
type of plant species present, hydraulic design, water depth, 
microorganisms, substrate type, and other environmental 
conditions (temperature, dissolved oxygen, etc.). The pollut-
ants are removed by natural processes such as volatilization, 
sedimentation, sorption, photodegradation, plant uptake, 
transpiration flux, and microbial-mediated transformations. 
Microorganisms play a vital role in this system to remove 
nutrients/pollutants such as nitrogen, phosphorus, heavy 
metal, and micropollutants. Different researchers focus their 
research on the efficiency of the constructed wetlands on 
pollutant removal with different coupling methods. They 
also considered substrate types, plants, influent wastewa-
ter types, microorganisms, etc. Pelissari et al. [1] observed 
that nitrogen removal efficiency is higher in saturated verti-
cal subsurface wetlands compared to unsaturated vertical 
subsurface wetlands because the denitrification potential is 
higher in the bottom layer of saturated wetlands compared 
to unsaturated wetlands. In addition, the saturated condition 
promoted the redox potential linked with carbon availability 
which helps to reduce more sulphate by enriching sulphate-
reducing bacteria (SRB) (such as Desulfobacterales and 
Desulforomonadales). Fu et al. [2] showed in their research 
that different substrates can improve the dissolved oxygen 
supply to enhance nitrogen removal efficiency (because 
of their different porosities) in constructed wetlands. Fang 
et al. [3] investigated the influence of emergent plants on 
microbial communities in wetlands. But only a few research 
focuses on the influence of different variables (plants, sub-
strates, wastewater types, solid accumulation) on the growth 
of microbial diversity and density. This review highlights 
the most recent findings about the influence of different 
variables (plants, substrates, wastewater types, biofilm) 
on the diversity of communities in microbial growth, the 
removal mechanisms associated with processes, techniques 
to measure the parameters to design and operate the wetland. 
In addition, the nutrients/pollutants removal processes by 

microorganisms in constructed wetlands are also highlighted 
in this paper.

Formation and Construction  
of Microbiome Wetlands

Constructed wetlands are vital engineered systems to treat 
different types of wastewaters such as stormwater, domes-
tic sewage, agricultural runoff, mining water, and industrial 
drainage. They mainly consist of substrates, macrophytes 
(plants), and microorganisms. These constructed wetlands 
can be categorized into surface flow constructed wetlands, 
subsurface flow constructed wetlands, and hybrid systems. 
They can also be divided into vertical flow-constructed wet-
lands and horizontal flow-constructed wetlands based on 
the flow path. It is observed that the density and diversity 
of microorganisms vary with different types of wastewaters. 
As an example, Adrados et al. [4] observed Acinetobacter 
sp. (γ-Proteobacteria), Arthrobacter sp., Flavobacterium 
sp., Thauera terpenica, Xanthomonas sp., Dokdonella sp., 
Rhodanobacter sp., and Stenotrophomonas sp. microorgan-
isms present in their domestic wastewater. Alternatively, 
Fu et al. [2] observed Vibrio, Candidatus Competibacter, 
Denitratisoma, Nitrospira, Thauera, Nitrosomonas, Planc-
tomyces, Marinobacterium, Magnetospira, and Dechlo-
romonas microorganisms present in sewage wastewater. 
This abundance of microorganisms depends on the influent 
COD/N ratio. In addition, these different types of microor-
ganisms such as proteobacterial ammonia oxidizers (AOB) 
can carry out aerobic and anaerobic ammonia oxidation, 
nitrite-oxidizing bacteria (NOB) help to convert the nitrite 
to nitrate, Deltaproteobacteria sulfate-reducing bacteria 
(SRB) help to oxidize organic substrates anaerobically, and 
phylum Bacteroidetes helps to degrade complex organic 
matter [5]. A list of microorganisms along with the type of 
pollutants they remove is given in Table 1. In addition, this 
microbial diversity depends on environmental factors such 
as wetland plants, hydraulic design of the wetland, organic 
matter availability, and substrate types. The importance of 
vegetation on microbial diversity is highlighted in different 
research such as the diversity of microbial pollutants is more 
in planted constructed wetlands compared to unplanted con-
structed wetlands. This microbial density also varies with 

Table 1  Types of 
microorganisms and their 
pollutant removal capabilities

Nutrient/pollutants Microorganisms Reference

Nitrogen Nitrosomonas, Nitrosovibrio (Nitrosospira), Rhizobium, 
Bradyrhizobium, Azorhizobium and Azovibrio

[8]

Phosphorus Comamonadaceae (e.g., Hydrogenophaga) [9]
Polythylene Pseudomonas [8]
Sulfur Desulfobacter, Desulfovibrio, Desulfobulbus, Desulfobacterium [10]
Organic matter Bacteroidetes [11]
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plant species, and for example, Phalaris arundinacea shows 
higher microbial density compared with Typha angustifolia 
and Phragmites australis [6]. In addition, the root provides 
an important role by providing oxygen to microbes and cre-
ating biofilm space. Substrate influences the diversity and 
density of microbial communities. The hydraulic configura-
tion of constructed wetlands also has an impact on microbial 
communities. For example, subsurface flow wetlands pro-
vide an anoxic environment for the growth of denitrifying 
bacteria compared to the free water surface [7].

Microbiome wetlands can form naturally. This micro-
biome wetlands are enriched by different types of micro-
organisms and flora which play a crucial role in nutrient 
cycling, organic matter decomposition, and overall ecosys-
tem functioning. The example of some natural wetlands is 
given in Table 2.

Effects of Plants (Macrophytes) on Microbial 
Community Growth in Constructed Wetlands

Plants have a vital influence on microbial growth in con-
structed wetlands due to their root systems. Because roots 
act as suitable surfaces for the formation of biofilms which 
helps to extend the retention time of pollutants and provides 
them as feed for microbes. These roots also provide oxygen 
to rhizospheric bacteria which enhance the degradation of 
organic pollutants and removal of nutrients from wastewater. 
So, trapping particulate matter in the biofilm of the roots 
of macrophytes is an essential mechanism for particulate 
matter removal. In addition, plant roots help to create an 
aerobic region in the close vicinity of roots by penetrating 
atmospheric oxygen into the deeper layers of the substrate. 
So, these zones help the aerobic degradation of pollut-
ants by Methanotrophs, Nitrosomonas, and Pseudomonas 

aeruginosa spp. In addition, anaerobic regions are cre-
ated away from the aerobic regions and are dominated by 
methanogenic and sulfur reducing bacteria [16]. So, plants 
need to be selected very carefully based on their local avail-
ability, the nature of pollutants, and the climate zone. In 
addition, plants should be able to thrive in an extreme envi-
ronment with an extensive root system, robust growth, and 
large aerenchyma in their roots and rhizomes. A literature 
survey also showed that plant diversity increases plant bio-
mass production which also influences the soil microbial 
community patterns in constructed wetlands [17]. It is also 
noticed that plant growth depends on the influent nutrient 
load which, if high, can be harmful to plants and damage 
the root system at earlier plant stages [18]. Wetland plants 
come under the category of macrophytes which includes 
four types namely emergent macrophytes, floating-leaved 
macrophytes, submerged macrophytes, and freely floating 
macrophytes [16]. But the choice of types of plants is based 
on the constructed wetland types, wastewater type, local 
condition, and their availability. For example, plants such 
as Canna, Typha, Phragmites, Cyperus, Carex, Acorus, and 
Juncus genera types of plants are used in floating treatment 
wetlands (FTWs). In addition, some species of the Poaceae 
family (Lollium sp., Zizania sp., and Chrysopogon sp.) have 
been applied to develop FTWs in Italy, China, Singapore, 
and Thailand. A list of different types of plants with wetland 
types is given in Table 3. Different removal mechanisms 
such as microbial-mediated processes, chemical networks, 
volatilization, sedimentation, sorption, photo-degradation, 
plant uptake, and transpiration flux occur in constructed 
wetlands. Plants contribute significantly in combination of 
two or more of the above processes. Plant uptake, microbial-
mediated photo degradation, etc. are a couple of examples 
[16]. The growth of rhizomes increases the porosity of  

Table 2  Natural wetlands with flora and fauna

Wetland name and location Flora and fauna in the vicinity References

Bamen Bay and Dongzhai Bay in China 78 phyla and Proteobacteria, marine-related microbial communities, 
such as sulphate-reducing bacteria, and more terrestrial related 
communities, such as Verrucomicrobia methanotrophs

[12]

Ombeyi natural wetland in Kore irrigation scheme in Kenya Cyperus papyrus, Phragmites australis, Cyperus sp., and Typha 
domingensis

[13]

Salt marshes can be found in coastal areas such as the eastern 
coast of North America, parts of Europe, Australia, and 
Asia. It provides important ecosystem services such as 
buffers against coastal erosion, improving water quality and 
providing habitat for numerous species.

These wetlands are home to plants like cordgrasses and rushes that 
are adapted to the saline conditions. They also support various bird 
species, fish, shellfish, and other aquatic organisms that utilize the 
diverse food resources available in these ecosystems.

[14]

Mangrove swamps are found in tropical and subtropical coastal 
areas, particularly in regions like the coasts of Southeast 
Asia, Africa, the Americas, and Australia. Mangroves serve 
as natural coastal buffers protecting coastlines from storms, 
erosion, and tsunamis. They also provide nursery habitats for 
fish and other aquatic organisms.

The flora includes salt-tolerant mangrove trees like Rhizophora, 
Avicennia, and Laguncularia species. The fauna includes various 
fish, crabs, birds, and other species adapted to the brackish water 
and muddy environments.

[15]
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constructed wetlands and transfer oxygen through the root 
systems. So, the microbial activity increases and provides 
enough time to oxidize  NH4-N and  NO3-N by nitrifying 
bacteria [19, 20]. In addition, the plant root serves as car-
bon source for heterotrophic denitrifying bacteria (e.g., 
Comamonadaceae and Gemmatimonadaceae) [21]. The 
plant also contributes to controlling hydraulic efficiency 
by modifying internal flow patterns in constructed wet-
lands as well as decreasing the wind effects. The plants 
also balance the water temperature by providing shade 
[22].

The overall influence of plant on microbial community 
can be summarized as (i) providing  O2 to improve bacterial 
diversity of constructed wetlands [28], (ii) creating aerobic 
zone, (iii) decaying products of plant litter which play a part 
of the growth of microorganisms [29], (iv) improved sedi-
ment quality by providing deep-rooted macrophytes [30], 
and (v) controlling temperature.

Effects of Substrate on Microbial Community 
Diversity Indices in Constructed Wetlands

Different types of substrates have been used to provide 
support to the plants growing in constructed wetlands. 
These substrates can be coconut fiber, peat, soil, bamboo 
crush, sand, peat rice straw, compost, etc. But these sub-
strate influences the pollutant removal process. Cheng et al.  
[19••] observed that the removal mechanism of phos-
phorus was different between two types of substrates 
such as ceramisite showed better performance compared  
to gravel and slag. Because ceramisite is composed of 

quartz  (SiO2), large crystals containing Al, Fe, and Mg, it 
has enhanced cation absorption, and numerous micropo-
rous structures make phosphorus to be easily fixed to the 
substrate compared to gravel and slag [31]. They also com-
pleted a microbial community analysis, and found that 
ceramisite constructed wetlands (C-CWs) exhibited the 
highest relative abundance of Comamonadaceae, Plancto-
mycetaceae, and Burkholderiaceae microorganisms among 
the four tested substrates (i.e., gravel (G-CWs), ceramsite 
(C-CWs), iron-carbon (I-CWs), and slag (S-CWs)). Another 
research conducted by Ge et al. [9] observed that Coma-
monadaceae can absorb the dissolved phosphorus to form 
polyphosphates for energy accumulation, which was con-
sidered as the main contributor to phosphorus removal. 
Thus, ceramisite may be more beneficial as a support for 
the growth of phosphorus accumulating bacteria such 
as Comamonadaceae. In another research, it was observed 
that the use of rice straw (composed of cellulose and lignin) 
compared to plastic filling (composed of polymethyl meth-
acrylate) as a growth medium in ecological floating beds  
(EFBs) improved the removal process of total nitrogen. 
Because rice straw can break up into soluble matter by the 
bacteria present on its surface resulting in a thicker biofilm 
on the surface and providing carbon source. This thicker bio-
film provided the anaerobic conditions necessary [32]. So,  
the important factors which need to be considered while 
selecting the substrate materials are high sorption capac-
ity, efficiency, easy availability and economic factor/aspect, 
and absorption capacity. A list of different substrates used 
along with the microbial diversity (statistics or quantity 
of microorganisms per mL) is given in Table 4. Different 

Table 3  Different types of plants with the presence of microorganisms and their removal efficiency of pollutants

Types of constructed 
wetlands

Wastewater type Plant Microbes Removal efficiency Region/country References

Horizontal flow 
constructed 
wetlands (HFCW)

Natural water Reeds (Phrag-
mites commu-
nis) and irises 
(Iris tectorum 
Maxim)

Proteobacteria 
(40.65%), Chloro-
flexi (14.87%), 
Actinobacteria 
(9.96%), Bacteroi-
detes (8.45%)

NH4
+-N 36.7%, 

total nitrogen (TN) 
70.2%, total phos-
phorus 75.3%,

Jiangsu Province, 
China

[23]

Floating treatment 
wetland (FTW)

Phenol containing 
wastewater

Phragmite aus-
tralis

Acinetobacter lwofii, 
Bacillus cereus, and 
Pseudomonas sp.

COD 88.5%, BOD 
81.5%

Faisalabad, Paki-
stan

[24]

Vertical flow con-
structed wetlands 
(VFCWs)

Saline wastewater K. candel Z. denitrificans TN removal 
rate > 89.9 ± 3.5%)

Guangzhou, China [25]

Surface flow con-
structed wetlands 
(SFCW)

Swine wastewater Myriophyllum 
elatinoides

Ammonia-oxidizing 
bacteria (AOB)

COD 81.1%, TN 
91.9%,  NH4

+ 
94.2%

China [26]

Subsurface con-
structed wetlands 
(SSFCW)

Saline wastewater 
treatment

Phragmites 
australis

Anaerolineae, Des-
ulfobacterales, and 
Desulfuromonadales

COD 27.20% to 
51.80%

Jinan, China [27]
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techniques were used by different researchers to investi-
gate the influence of substrate types on the formation of 
microbial biofilms such as fingerprint analysis, numerical 
analysis of DGGE profiles, and HTS technique (Illumina 
MiSeq) measurement of phosphate lipid fatty acid (PLFA). 
It was reported that the density and diversity of microbial 
communities depend on the filter media (expanded clay, 
sand, zeolite, gravel, etc.) [5, 33–36]. The combination of 
different substrates can form different types of zones which 
is suitable to grow different microorganisms. If the upper 
layer of CW is constructed with high porosity substrate and 
the lower layer with low porosity substrate, then the upper 
layer is suitable for growing aerobic organisms because of 
the availability of high DO. Alternatively, if the upper layer 
is constructed with low porosity substrate and the bottom 
layer is constructed with high porosity substrate then it can 
facilitate the formation of anaerobic environment which can 
help to improve the denitrification efficiency of wastewater 
treatment [2]. Several factors can influence the porosity of 
constructed wetlands and the oxygen transfer rates within 
these systems. The following are some key factors which 
play significant roles:

Media composition: The type and composition of the 
media or substrate used in the wetland can affect its poros-
ity and oxygen transfer rates. Porous media, such as gravel, 
coarse sand, or specialized engineered materials, provide 
space for oxygen to diffuse into the wetland bed.

Media size and packing density: The size and arrange-
ment of media particles can impact porosity and oxygen 
transfer rates. Larger media particles with less packing 

density generally have higher porosity and better oxygen 
diffusion compared to smaller, tightly packed particles.

Hydraulic loading rate: The hydraulic loading rate, which 
refers to the volume of water passing through the wetland 
per unit area and time, can affect porosity and oxygen trans-
fer rates. High loading rates can cause compaction of the 
media and decrease porosity, limiting oxygen transfer.

Vegetation density: The presence and density of plants in 
the wetland can influence porosity and oxygen transfer. Plant 
roots create channels and macropores within the media, 
enhancing porosity and facilitating oxygen movement.

Water depth: The depth of water in the wetland affects the 
available surface area for oxygen exchange. Shallow water 
depths generally promote better oxygen transfer rates com-
pared to deeper water.

Temperature: Temperature can influence both porosity 
and oxygen transfer rates. Warmer temperatures generally 
enhance microbial activity and oxygen consumption, poten-
tially affecting oxygen availability within the wetland.

Water velocity: Water velocity or flow rate can impact the 
oxygen transfer rates. Higher velocities increase the turbu-
lence and enhance oxygen exchange at the air–water interface.

Good examples of factors affecting porosity and oxy-
gen transfer rates in constructed wetlands can be observed 
in real-world applications. For instance, in a vertical flow 
constructed wetland, the choice of media composition (e.g., 
gravel or specialized filter media), media size, and hydrau-
lic loading rate will influence porosity and oxygen transfer 
efficiency [37]. In a free water surface constructed wetland, 
the presence of emergent plants like cattails (Typha spp.) or 

Table 4  Types of substrates along with the diversity of microorganisms

SWCNT single-walled carbon nanotubes, MWCNT multi-walled carbon nanotubes, and C60 fullerene nanoparticles

Substrates Statistical analysis/quantity of microorganisms 
per mL

References

Experiment 1 Gravel-CWs Chao index 2526 ± 43 [19•]
Ceramsite (artificial substrate)-CWs Chao index 2433 ± 150
Iron-carbon (volume ratio of 5:1)-CWs Chao index 1200 ± 153
Slag (industrial by-product) Chao index 2079 ± 220

Experiment 2 Control Chao index 2590.17 ± 69.73 [39]
SWCNTs (10 µg/L) Chao index 2105.58 ± 172.56
SWCNTs (1000 µg/L) Chao index 2594.38 ± 71.83
MWCNTs (10 µg/L) Chao index 2325.03 ± 62.83
MWCNTs (1000 µg/L) Chao index 2504.27 ± 26.78
C60 (10 µg/L) Chao index 2358.63 ± 46.03
C60 (1000 µg/L) Chao index 2444.10 ± 3.30

Experiment 3 Rice straw (composed of cellulose and lignin, porosity: 
85%; specific surface area: 158  m2/m3; bulk density: 
1.1 kg/L)

Nitrifying bacteria 1.9 ×  108 cfu/mL
Denitrifying bacteria 6.7 ×  107 cfu/mL

[32]

Plastic filling (composed of polymethyl methacrylate, 
porosity: 48%; specific surface area: 160  m2/m3; 
bulk density: 0.66 kg/L)

Nitrifying bacteria 8.1 ×  108 cfu/mL
Denitrifying bacteria 0.97 ×  107 cfu/mL
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bulrushes (Scirpus spp.) contributes to enhanced porosity 
and oxygen transfer due to their dense root systems and the 
creation of oxygen pathways [38]. The design of a horizontal 
subsurface flow constructed wetland, including factors like 
media size, depth, and water flow velocity, will influence 
porosity and oxygen transfer rates.

Overall, these factors highlight the importance of care-
ful design and optimization to ensure adequate porosity 
and efficient oxygen transfer within constructed wetlands, 
thereby supporting the desired treatment processes and eco-
logical functions.

Effects of Solid Accumulation and Water Flow 
on Biofilm Growth

Bacteria have a unique ability to form biofilms, and the 
formation can begin with the attachment of free-floating 
microbes to gas–liquid and solid–liquid interfaces. These 
biofilms consist of an extracellular matrix comprised of pol-
ysaccharide biopolymers, proteins, and DNA that hold the 
cell together. The nature of biofilms and associated matrices 
depends upon the types of substrates, medium, and growth 
conditions. Different methods are used to determine the 
development of biofilm. Ding et al. [40•] used total viable 
cell counts (TVC), extracellular polysaccharide (EPS), and 
extracellular protein (EP) to determine biofilm development. 
Total viable cell counts (TVC) represent the absolute num-
ber of bacterial cells that contribute to pollutant degradation.  
Ding et al. [40••] observed in their research that multilayer 
substrate in horizontal subsurface flow constructed wetlands 
(comprised of six equal layers with 0.1-m thickness, dif-
ferent sizes of sand, hydraulic conductivity K values of 26, 
36, 43, 55, 75, and 176 m/d, respectively) showed higher 
concentrations of TVC, EPS, and EP than the monolayer 
(filled with quartz sand (0–6 mm) with hydraulic conduc-
tivity (K) of 65 m/d). Multilayer configuration promoted 
better biofilm growth by accumulating the solids homog-
enously between different layers. But most solids accumu-
lated in the bottom layers of constructed wetlands. Another 
research conducted by Caselles-Osorio et al. [41] observed 
that most solids accumulated heterogeneously near the inlet 
of the constructed wetlands. But the inlet solids accumula-
tion was rather homogeneous in Almatret north constructed 
wetlands which were treating the town’s wastewater flow. 
Thus, the flow pattern could impact this phenomenon and 
multi-layers can produce turbulence to disperse the solids 
uniformly. Sanchez-Huerta et al. [42] observed that the 
increase in biofilm thickness enhanced the system effi-
ciency in removing the organic micropollutants through 
the development of a denser, more diverse and adapted 
microbial consortium in membrane-aerated biofilm reac-
tor (MABRs). Biofilm formation is also influenced by  
the water flow of constructed wetlands. The moderate water 

velocities (5–45 cm/s) significantly enhanced the trapping 
and retention of fine particles by submerged macrophytes 
which increased the biomass. At the same time, water helps 
to provide oxygen profiles at leaf-biofilm. So, it can increase 
the chances to develop single colony-like biofilm bacterial 
biodiversity in submerged macrophytes [43]. But excessive 
water flow can also destroy this biofilm.

Effects of Hydraulic Design and Nutrients Load 
on Microbial Community Structure

The hydraulic configuration of constructed wetlands plays 
a crucial role in shaping the microbial community dynam-
ics within these systems. The design and operation of con-
structed wetlands determine the flow patterns, residence 
times, and oxygen availability, which, in turn, influence the 
composition and activity of microbial populations. Water 
depth controls the oxygen transfer from the atmosphere to 
water where shallow horizontal subsurface constructed wet-
lands having higher redox value and produce more oxidized  
condition and are suitable to grow aerobic microorganisms 
[44]. Ding et al. [40•] mentioned in their research that the 
top layer of the horizontal surface constructed wetlands 
were mainly consisted of aerobic microorganisms, such as 
heterotrophic and nitrifying bacteria [45]. Another research 
conducted by Huang et al. [46•] showed that the DO concen-
tration above 1.5 mg/L is essential for nitrification and the 
denitrification will be optimal at 0.5 mg/L [46, 47]. The fol-
lowing are some key aspects of hydraulic configuration and its 
relation to the microbial community in constructed wetlands:

Flow direction: The direction of flow, whether horizontal 
or vertical, affects the distribution of oxygen and other nutri-
ents within the wetland. Horizontal flow wetlands (HFWs) 
typically have a shallower water depth, promoting more oxy-
gen transfer to the root zone. Vertical flow wetlands (VFWs) 
have a deeper water column, leading to reduced oxygen 
availability in the root zone. These variations in oxygen lev-
els shape the types of microbial communities that thrive in 
different sections of the wetland.

Retention time: The hydraulic retention time (HRT), 
which is the average time water spends within the wetland, 
influences the contact between the wastewater and the 
microbial community. Longer HRTs provide more opportu-
nities for microbial processes, such as nutrient removal and 
organic matter degradation. Shorter HRTs may limit the effi-
ciency of certain microbial transformations. The microbial 
community adapts to the specific HRT conditions, and their 
activities contribute to the wetland’s overall performance.

Substrate design: The presence of different substrates in 
constructed wetlands, such as gravel, sand, or organic media, 
creates variations in hydraulic flow paths and distribution of 
oxygen and nutrients. These substrates provide attachment 
surfaces for microbial biofilms, which play a significant role 
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in pollutant removal processes. The composition of the bio-
film communities can differ depending on the substrate type 
and the specific environmental conditions provided by the 
hydraulic configuration.

Plant influence: In wetlands with vegetation, the hydrau-
lic configuration affects the spatial distribution of plant 
roots, which, in turn, influence the microbial community. 
Roots provide physical support, release oxygen, and sup-
ply organic matter as a substrate for microbial growth. The 
flow patterns within the wetland determine the availability 
of oxygen and nutrients to the rhizosphere, influencing the 
microbial diversity and activity associated with plant roots.

Influent carbon source (CS) or COD/N ratio has a great 
influence on microbial structure. This COD/N ratio is 
considered a critical representative energy that can impact 
nitrification and denitrification. Huang et  al. [46••]  
observed a significant relationship between CS or COD/N 
ratio on microbial community structure in CWs. They used 
phospholipid fatty acids (PLFAs) to assess the changes in 
microbial biomass. They found that when the COD/N ratio 
is increased by 80%, then the PLFA concentration of micro-
bial biofilm in glucose constructed wetlands is increased 
by 50%. At the same time, the biomass of bacteria, aerobic 
bacteria, anaerobic bacteria, and fungi increased signifi-
cantly. Moreover, it was also observed that the average pH 
value decreased with increasing COD/N ratio. So, nitrifica-
tion and anaerobic fermentation occurred at the initial stage 
because of the availability of sufficient DO and organic 
matter. But if a large number of acidic metabolites are pro-
duced, then the pH value decreases rapidly. So nitrifying 
bacteria activity will be disturbed, and denitrification will 
start to play a major role. Another research conducted by 
Lai et al. [48] observed that proper carbon sources com-
bined with intermittent  O2 supply enhanced bacterial  
diversity and density.

Overall, the hydraulic configuration of constructed wet-
lands and carbon source in the influent play critical roles in 
creating distinct microenvironments within the system. These 
microenvironments, characterized by variations in oxygen 
availability, nutrient gradients, and substrate characteristics, 
shape the microbial community composition and metabolic 
activities. Understanding the relationship between hydraulic 
design and microbial communities is important for optimizing 
the performance and efficiency of constructed wetlands for 
wastewater treatment and ecological restoration.

Mechanisms Involved in the Pollutant  
Removal Processes

Several removal processes may occur in constructed wet-
lands which are very complex. These removal processes 
can be divided broadly into two categories such as (a) 
non-destructive processes and (b) destructive processes. 

Volatilization and phytovolatilization, plant uptake and phy-
toaccumulation, sorption and sedimentation are classified as 
non-destructive processes. Phytodegradation and microbial 
degradation are classified as destructive process [49]. Each 
process is described below:

Volatilization: Volatilization refers to the process of pol-
lutants being released into the atmosphere as vapors. This 
can occur for volatile compounds present in the water. For 
example, in a constructed wetland treating wastewater con-
taminated with volatile organic compounds (VOCs), such as 
benzene, toluene, and xylene, a fraction of these compounds 
may volatilize from the water surface into the air [49]. The 
rate of volatilization can be estimated using mathematical 
models that consider factors such as temperature, wind speed, 
and the physical and chemical properties of the compounds.

The volatilization of  NH3 was measured once using the 
static chamber technique. To analyze the  NH3 volatilization 
flux (F, µg N  m−2  h−1) in the CWs, the gas was collected 
and the concentration of  NH4

+-N in the absorption liquid 
was detected by Nessler’s reagent colorimetry. The follow-
ing equation was used to determine the  NH3 volatilization 
flux: (Table 5)

where C is the concentration of  NH4
+-N in the absorption 

liquid (µg N  mL−1); V is the volume of absorption liquid 
(mL); T is absorption time (16 h); S is the trapping area of 
the chamber (0.194  m2).

In addition, to estimate the volatilization of volatile 
organic compound (VOC) called trichloroethylene (TCE) 
from a constructed wetland surface, the air–water partition-
ing coefficient and Henry’s law constant can be used.

Sedimentation: Sedimentation is the process by which 
suspended particles in the water settle down and accumu-
late in the bed of a constructed wetland. This process is 
particularly important for the removal of suspended solids 
and associated pollutants. For instance, in a wetland treating 
stormwater, sedimentation can remove particulate matter and 
associated heavy metals. The settling velocity of particles 
and the hydraulic residence time of the wetland influence 
the efficiency of sedimentation.

F =
C × V

T × S

Table 5  NH3 volatilization (µg N  m−2  h−1) in the presence of the four 
species [50]

Plant species NH3 volatilization 
(µg N  m−2  h−1)

Cichorium intybus L 17.75 ± 2.01
Lolium perenne L 16.06 ± 1.82
Medicago sativa L 14.94 ± 1.60
Rumex japonicus Houtt 8.80 ± 0.76
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Sorption: Sorption refers to the attachment or adsorp-
tion of pollutants onto the surfaces of soil particles, organic 
matter, or other solid materials present in the wetland. This 
process helps in the removal of contaminants from the water 
column. For example, in a wetland designed to remove 
nutrients like nitrogen and phosphorus, the pollutants can 
be sorbed onto the surface of the wetland substrate. The 
sorption capacity of the materials present in the wetland 
determines the extent of pollutant removal. This efficiency 
of sorption depends on the compound’s hydrophobic charac-
teristics as well as on the organic carbon content, the chemi-
cal structure and composition of soil organic matter [49].

Langmuir sorption isotherm can be used to determine the 
phosphorus (P) sorption capacity of various substrates in 
constructed wetlands (CW). The linear form of the Langmuir 
equation to determine the P sorption capacity of substrates is

where, Ce is the concentration of P in solution at equi-
librium, q is the mass of P adsorbed to the substrates, b is 
the apparent P sorption capacity, and a is a constant related 
to the binding strength of P. Luo et al. [50] used nine dif-
ferent substrates including four sands, two soils, bentonite, 
and two industrial by-products of furnace slag and fly ash 
to calculate the P sorption. Results showed that the furnace 
slag had the highest P sorption capacity (8.89 g P  kg−1) fol-
lowed by the fly ash (8.81 g P  kg−1), and that of sand II was 
the lowest. Different kinds of sands also showed varying P 
sorption capacity (0.13–0.29 g P  kg−1).

Plant uptake and transpiration flux: Constructed wetlands 
often include aquatic plants that can uptake pollutants from 
the water and release them into the atmosphere through 
transpiration. For example, plants in a wetland can uptake 
nutrients like nitrogen and phosphorus, as well as metals 
and organic contaminants, through their roots. These pol-
lutants can then be transported to the above-ground parts 
of the plants and released into the air through transpiration. 
The extent of plant uptake and transpiration flux depends on 
factors such as plant species, pollutant concentrations, and 
hydrological conditions.

Photodegradation: Photodegradation involves the deg-
radation or breakdown of pollutants through exposure to 
sunlight or UV radiation. This process is particularly rel-
evant for the degradation of certain organic compounds, 
such as pesticides or pharmaceuticals that are suscepti-
ble to photolytic reactions. The rate of photodegradation 
depends on factors like sunlight intensity, water depth, and 
the specific chemical properties of the pollutants.

Phytodegradation: Phytodegradation is the metabolic 
degradation or breakdown of organic contaminants by 
plant enzymes or enzyme cofactors. Which plant degrade 

q =

abCe
(

1 + aCe

)

organic chemicals mainly depends on the specific com-
pound of interest such as P. australis has been shown to 
possess enzymes degrading PCB with up to three chlo-
rine atoms, whereas higher chlorinated PCBs were not 
transformed. This phytodegradation is very effective to 
contaminants removal such as it is a popular treatment to 
carbon tetrachloride contaminated water [49].

Microbial-mediated transformations: Microorganisms 
play a vital role in the transformation and removal of 
pollutants in constructed wetlands. They can degrade or 
transform various contaminants through processes such 
as biodegradation, nitrification, denitrification, and sul-
phate reduction. For example, microorganisms in a wet-
land can break down organic matter and convert ammonia 
to nitrate or nitrogen gas. The activity and diversity of 
microbial communities are influenced by factors such as 
oxygen availability, temperature, pH, and the nature of 
the pollutants.

It is important to note that the efficiency of these pro-
cesses in constructed wetlands can vary depending on design 
factors, hydraulic loading rates, pollutant characteristics, and 
site-specific conditions. Numerical modeling and monitor-
ing studies are often used to assess the performance of con-
structed wetlands and optimize their design for pollutant 
removal. Examples of different processes that are occurring 
in constructed wetlands are given in Table 6.

The Fate of Particulate Matter After Its 
Entrapment and the Role of Enzymes

In constructed wetlands, particulate matter that gets 
entrapped in the system undergoes a series of processes 
that contribute to its fate and transformation. Enzymes play 
a crucial role in these processes. Identifying and quanti-
fying all possible enzymes in a constructed wetland is a 
complex task due to the diversity of microbial communi-
ties and the wide range of enzymatic activities involved in 
organic matter degradation. It is important to note that the 
specific enzyme composition and levels of presence can 
vary depending on the wetland’s design, operational con-
ditions, and the types of organic substrates present. Some 
examples of enzymes are:

Cellulases: Produced by bacteria and fungi, cellulases 
break down cellulose, a major component of plant cell walls, 
into glucose units [57].

Ligninases: Produced by fungi and some bacteria, ligni-
nases help in the decomposition of lignin, a complex poly-
mer found in plant tissues [58].

Proteases: Produced by bacteria, proteases break down 
proteins into smaller peptides and amino acids [59].

Lipases: Produced by bacteria and fungi, lipases catalyze 
the hydrolysis of lipids (fats and oils) into fatty acids and 
glycerol [60].
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Amylases: Produced by bacteria and fungi, amylases 
assist in the degradation of starch and other complex carbo-
hydrates into simpler sugars [61].

Xylanases: Produced by bacteria and fungi, xylanases target 
xylan, a complex polysaccharide present in plant cell walls [62].

Phosphatases: Produced by bacteria and fungi, phos-
phatases help in the release of phosphate from organic com-
pounds, making it available for plant uptake [63].

Nitrogenases: Produced by certain bacteria, nitrogenases 
convert atmospheric nitrogen  (N2) into ammonia  (NH3) 
through nitrogen fixation, contributing to nitrogen cycling 
in the wetland [64].

Sulfatases: Produced by bacteria and fungi, sulfatases 
catalyze the hydrolysis of sulfate esters, participating in 
sulfur cycling [65].

Enzymes involved in denitrification: Denitrifying bacte-
ria produce various enzymes involved in the conversion of 
nitrate  (NO3

−) to gaseous nitrogen compounds (e.g., nitrous 
oxide,  N2O, and nitrogen gas,  N2) contributing to nitrogen 
removal in the wetland.

It is important to emphasize that the presence and lev-
els of specific enzymes in a constructed wetland can vary 
depending on factors such as the composition of the micro-
bial community, the availability of organic substrates, and 
the prevailing environmental conditions. Additionally, the 
identification and quantification of enzymes in a constructed 
wetland typically require specialized laboratory techniques, 
such as enzyme assays and metagenomic analyses, to accu-
rately assess their presence and activities.

Different Software, Analytical Tools, 
and Techniques Used to Measure/Quantify 
in Biofilm Engineering

Different software, analytical equipment, tools, and tech-
niques are required to measure/quantify parameters in wet-
lands. Geographic information systems (GIS) can be used to 
map wetland location and site characteristics, DNA sequenc-
ing and metagenomics can be used to studying microbial 
community composition and function, etc. A summarized 
table outlining different software, analytical equipment, tools, 
and techniques commonly used to measure/quantify param-
eters of interest, design, and operation of wetlands, includ-
ing how they incorporate biofilm engineering and microbial 
community analysis are given in Table 7. The selection of 
specific software or equipment may vary depending on the 
objectives and scope of the wetland study or project.

Role of Microorganisms in the Removal 
of Nutrients and Contaminants 
from Wastewater in Wetlands

Nitrogen Removal

Nitrogen removal by microorganisms in constructed wetlands 
is a critical step. This removal process occurs through different 
steps such as amination, aerobic ammonia oxidation, nitrite 
oxidation, anoxic denitrification, heterotrophic nitrification, 

Table 6  Pollutant removal processes in constructed wetlands

Processes Example References

Volatilization Ammonia volatilization is affected more by species composition compared to species richness in constructed 
wetlands. Rumex japonicus has shown better result to reduce ammonia volatilization compared to Cichorium 
intybus, Lolium perenne, and Medicago sativa.

[50]

Sedimentation Physico-chemistry of sediments and incoming water determine different P retention mechanisms in wetland. 
P is retained mainly in inorganic fractions. High alkalinity and  Ca2+ concentrations in water in Constructed 
wetlands determine the precipitation reactions on  CaCO3 which are responsible for significant P removal.

[51]

Sorption Phosphorus sorption capacity is influenced by both the physico-chemical characteristics of the substrates and 
the amount of organic matter (OM) added. The phosphorus (P) removal in constructed wetlands (CW) can be 
determined by using Langmuir sorption isotherm.

[52]

Photodegradation The photodegradation by sunlight varies with water depth and seasons. It is observed that a significant decrease 
in photodegradation kinetics between 10 and 30 cm for all micropollutants. The corresponding important 
attenuation of UV rays was observed in the first 10 cm of the water column. In addition, a significant decrease 
of direct photodegradation was observed in winter compared to summer.

[53]

Plant uptake Phosphorus and nitrogen were accumulated in aerial parts compared to the underground parts. Because macro-
nutrients can quickly be absorbed by roots and then translocated to leaves.

[54]

Transpiration flux The rate of evapotranspiration depends on climatic factors, such as precipitation, temperature, and wind as well 
as on the growth and the height of the plants in the system and the density of the leaves. It is observed that 
transpiration affected the water balance of the constructed wetlands to a large degree in summer.

[55]

Microbial-
mediated 
transformations

The composition of the microbial community changes with nitrogen reduction. It is observed that when the 
denitrification rates recovered, Burkholderia_Paraburkholderia and Gordonia exhibited a significant positive 
correlation with sulfonamides sulfamethoxazole (SMX) exposure, which simultaneously reduced nitrate 
concentrations and degraded antibiotics.

[56]
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and aerobic denitrification in constructed wetlands. The 
required oxygen and nutrients to facilitate the growth of nitrifi-
ers and required carbon and energy for denitrifiers are supplied 
from the roots to the enrichment of nitrogen-metabolizing  
microorganisms in the rhizosphere [66–68]. So, most of 
the nitrogen metabolism occurs at or near the roots in wet-
lands [69, 70]. In the first step, ammonia is first oxidized to 
nitrite and then to nitrate, and nitrate is next reduced to  N2O 
or  N2 step by step. Ammonia-oxidizing archaea (AOA) and 
ammonia-oxidizing bacteria (AOB) are responsible for this 
ammonia oxidation but it depends on the temperature and 
nutrient content of the wastewater [71, 72, 26, 73–75]. The 
nitrification process occurred by two of the ammonia-oxi-
dizing prokaryotes (AOP) coupled with nitrobacteria (NOB) 
(which is composed of four genera: Nitrocellulose, Nitrobac-
ter, Nitrococuus, and Nitrocellubrium). In the next step, nitro-
gen reduction occurs in two different ways: denitrification 
and dissimilatory nitrate reduction to ammonium (DNRA). 

Nitrate is finally reduced to  N2 in the denitrification process, 
but nitrate is reduced to ammonium which can be used by 
other microorganisms in the DNRA process [72•]. Denitrify-
ing microorganisms are facultative anaerobic heterotrophic 
and DNRA microorganisms are anaerobic. The two different 
pathways of denitrification and DNRA depend on electron 
donors, organic carbon, and ferrous compounds present [72, 
76].

The nitrogen removal pathway is:

Nitrification:  NH4
+ →  NH2OH →  NO2

− →  NO3
−

Denitrification:  NH2OH →  N2O →  N2

Phosphorus Removal

Phosphorus removal is essential to reduce the eutrophica-
tion. Constructed and natural wetlands show good perfor-
mances in removing phosphorus. Phosphorus can be present 

Table 7  Different techniques used to measure the parameters in biofilm engineering

Tool/technique Purpose/use Incorporation of biofilm engineering and microbial 
community analysis

Geographic information systems (GIS) Mapping wetland location and site characteristics Not directly related to biofilm engineering or 
microbial community analysis but essential to 
understand the hydraulic operations of a wetland.

Hydrological models Assessing water flow dynamics and treatment 
performance

Not directly related to biofilm engineering or 
microbial community analysis but essential to 
understand the hydraulic operations of a wetland.

Water quality sensors Monitoring parameters like pH, DO, temperature, 
etc

Biofilm engineering can be studied by assessing the 
growth and structure of biofilms on sensor sur-
faces. Microbial community analysis can provide 
insights into biofilm composition and functional 
diversity.

Water sampling and analysis Chemical and microbiological analysis of water 
samples

Biofilm engineering can be studied by collect-
ing and analyzing biofilm samples. Microbial 
community analysis can provide insights into the 
microbial composition and activity in the wetland.

DNA sequencing and metagenomics Studying microbial community composition and 
function

DNA sequencing techniques can be used to analyze 
the microbial diversity and functional potential 
of the wetland microbial community, including 
biofilm communities.

Reverse transcription-quantitative 
polymerase chain reaction (RT-
qPCR)

Used to detect and quantify RNA RT-qPCR is used in a variety of applications 
including gene expression analysis, RNAi valida-
tion, microarray validation, pathogen detection, 
genetic testing, and disease research.

Microscopic Imaging Visualizing biofilm structure and microbial com-
munities

Microscopic imaging techniques (e.g., microscopy, 
confocal laser scanning microscopy) can provide 
detailed information about biofilm structure and 
microbial organization.

Biokinetic modeling Predicting treatment performance and optimizing 
design

Biofilm engineering concepts and microbial com-
munity parameters can be incorporated into bioki-
netic models to simulate and optimize wetland 
performance.

Remote sensing technologies Monitoring wetland vegetation and spatial 
dynamics

Not directly related to biofilm engineering or 
microbial community analysis.
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in different forms such as organic (phospholipids, nucleic 
acids, nucleoproteins, etc.) and inorganic (polyphosphates, 
etc.). There are different ways to remove phosphorus in wet-
lands such as (a) uptake by plant roots, (b) sorption onto 
or desorption from substrates, (c) the formation and accre-
tion of new sediments and soils, (d) bacterial action, and 
incorporation into organic matter (OM). Phosphorus can 
interact strongly with soil and biota which can remove the 
phosphorus for short terms. On the other hand, phosphorus 
removal by biota (such as bacteria, algae, and macrophytes) 
can provide a long-term removal by a continuous cycling 
through growth, death, and decomposition [77]. In addition, 
vegetation in wetlands shows a better performance in phos-
phorus removal compared to unvegetated wetlands. Phos-
phorus can be removed from wastewater by polyphosphate-
accumulating organisms (PAOs) present in constructed 
wetlands. PAOs contain three internal cell storage which 
is used for excess phosphorus removal: (1) polyphosphate, 
(2) polyhydroxy-alkanoates (mainly present as PHB), and 
(3) glycogen. The enzymes exopolyphosphatase (PPX) 
and polyphosphate kinase (PPK) are directly related to this 
activity. PPK can transfer a phosphate group from adenosine 
triphosphate (ATP) to the Poly-P chain [78]. PAOs utilize 
adenosine triphosphate (ATP) and volatile fatty acid (VFA) 
to produce polyhydroxyalkanoates (PHA) in the cell. Here, 
3-nicotinamide adenine dinucleotide (NADH2) is used as an 
energy carrier released during the formation of PHB from 
glycogen in anaerobic condition [79]. This process is graphi-
cally displayed in Fig. 1. In addition, Cyanobacteria is one 
of the most important microorganisms to remove phospho-
rus in wetlands. Because it can enhance plant stress resist-
ance by inducing signals, such as indole acetic acid, cyto-
kinin, and other pro-growth regulators. Thus, it helps plants 
to promote phosphorus absorption [80]. In addition, Actino-
bacteria which is a phosphate solubilizing bacteria (PSB) 
can play an important role in immobilizing phosphate by 
producing phosphatase enzymes [81, 82]. In another study, 

it was found that Rhodocyclaceae which is a group of PAOs 
can produce extracellular polymeric substances that help 
to absorb an excessive amount of phosphate under aerobic 
conditions [83, 84]. Acidovorax and Paracoccus, as typical 
denitrifying phosphate-accumulating organisms (DPAOs), 
can remove P from water by utilizing nitrate as an electron 
acceptor to the absorbed phosphate [85, 86].

Removal of Heavy Metals

Heavy metal (HM) removal mechanisms in constructed wet-
lands by microbial processes are biosorption, bioaccumula-
tion, microbe-mediated redox reactions, and plant–microbe 
interactions [87, 88]. Metal ions can destroy the microbiome  
cell membrane by destroying DNA and disturbing cell func-
tions. But these challenges can be overcome by resistant  
microorganisms. Since resistant microorganisms have 
(i) better adaptability to the changing HM environment dur-
ing the operation and (ii) they can accumulate more HM with 
the same biomass. The development of such HM resistant 
microorganisms depends on the evolution of microbial com-
munities which can take time (e.g., 30 days). But the inocu-
lation of heavy metals resistance microorganisms accelerates 
this process. For example, Yu et al. [89] observed in their 
research that  Cd2+ and  Zn2+ can be removed by resistant 
microorganisms (Serratia and Pseudomonas) through bio-
augmentation within 15–20 days (at a shorter stabilization 
period) with 8–10% increased removal efficiency. This 
is because HM resistant microorganisms can produce spe-
cific proteins (e.g., HM–binding proteins and indole acetic 
acid (IAA)) and peptides (e.g., metallic-regulatory proteins 
and phytochelatins). These specific proteins and peptides can 
increase plant biomass and translocation of HM [8, 90, 91].  
As an example, genetically modified Ralstonia eutropha can 
reduce the harmful Cd (II) by the production of metallothio-
nein on the surface of the cell [8] (Table 8).

Fig. 1  Metabolism of PAO 
under anaerobic conditions 
and some microorganisms and 
enzyme responsible to phospho-
rus removal
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Removal of Micropollutants

Micropollutants pose potential risks to aquatic and public 
health worldwide as they are emerging contaminants and 
present at trace concentrations. Their origin can be house-
holds, hospitals, landfill leachates, and agricultural runoff, 
etc. So, it is essential to remove those micropollutants from 
water through appropriate treatments. Constructed wetlands 
show a good performance in removing micropollutants and 
their removal mechanisms include substrate sorption, plant 
uptake, and biodegradation. Biodegradation has been pointed 
as one of the major removal mechanisms in CWs but little 
is known about the effects of this mechanism on microbial 

community. Different researchers have investigated the effect 
of micropollutants on microorganism diversity and have iden-
tified that the response of microorganisms to micropollutants 
can be classified as subsidy responses and stress responses 
[96]. Subsidy responses include biodegradation, in which 
the microbes can utilize the compounds which belong to 
micropollutants as carbon sources. Alternatively, the stress 
responses include the inhibition of growth and survival of 
microorganisms. As an example, bisphenol A (BPA) and 
its substituted derivatives (e.g., bisphenol S, BPS) [97] are 
considered to produce subsidy responses, because of their 
relatively simple chemical structure and low toxicity. Micro-
organisms can use them as carbon sources. Alternatively, 
triclosan (TCS) and its substituted derivatives (e.g., triclo-
carban, TCC) [98] are considered to cause stress response 
because they inhibit the growth of several microorganisms. 
Another research by Zhang et al. [99] investigated the impact 
of micropollutants on organisms. They used community-level 
physiological profiling (CLPP) analysis which indicated that 
the presence of micropollutants can shape the microbial com-
munity metabolic function not only in the interstitial water 
but also in the biofilms. They observed that biofilm develop-
ment decreases the sorption capacity of the packing materials 
with time. But the organic removal (COD, TOC, and  BOD5) 
increased over time (between days 25 and 66), which sug-
gests organic biodegradation likely occurred. Similar find-
ings are also observed by Lv et al. [100], Zhang et al. [101], 

Table 8  Heavy metals removed by different microorganisms

Heavy metals Microorganisms References

Cd2+ and  Zn2+ Beauveria bassiana [92]
Cd2+ and  Zn2+ Serratia and Pseudomonas [89]
Cu Phragmites australis [90]
As Arthrobacter creatinolyticus [93]
Cr Pantoea stewartia, 

Microbacterium arborescens, 
Enterobacter sp.

[94]

Mn Anabaena spiroides [8]
Cd, Fe, Ni Bacillus endophyticus, Microbac-

terium arborescens, Pantoea sp.
[95]
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and Kurzbaum et al. [102] such as biofilm communities in 
CW had an important role in tebuconazole, ibuprofen, and 
phenol biodegradation. More studies are essential in order to 
understand the impacts of micropollutants on the microbial 
communities present in the wetlands and vice versa. Figure 2 
summarizes the discussions made in the sections above for 
a quick view.

Conclusion and Future Research Prospects

Microorganisms play a vital role in wetlands to purify the 
water from the contaminants. Their diversity and density 
depend on surrounding factors such as substrate types, 
microphytes, influent wastewater quality, and hydraulic 
design. But a clear direction of inter-relationship among 
those factors is still missing such as the impact of substrate 
of CW and the influence of biofilm growth on diversity of 
micropollutants. In addition, the contribution of microorgan-
isms to remove phosphorus among other mechanisms is not 
clear. Different microorganisms are responsible to remove 
nitrogen, phosphorus, heavy metals. But highly efficient 
microorganisms are not identified yet. The mechanism of 
removing micropollutants by microorganisms still needs to 
be investigated. So, the future research can be focused on:

a) Investigating the internal mechanism of phosphorus 
removal by microorganisms along with influencing factors

b) Identifying highly efficient microorganisms which are 
responsible for the removal of nitrogen, phosphorus, and 
heavy metals

c) Identifying the causes of constraints (such as problems 
of clogging, and odors) by microorganisms to improve 
the sustainability of constructed wetlands.

In addition, robust models are required to predict the influ-
ence of substrate, plants, hydraulic design, wastewater type 
on microbial diversity and density to simulate the perfor-
mance of CWs accurately and therefore they can be designed, 
constructed, and operated in a sustainable manner to remove 
the pollutants that are present in the water efficiently.
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