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Foreword

Current traditional agriculture management practices heavily rely on the application 
of chemical fertilizers and pesticides, and practices like land use changes otherwise 
lead to overexploitation of natural resources like soil and water, causing environ-
mental pollution. Now there is a need to adapt such sustainable practices which are 
not only eco-friendly but are also cost effective and help us to attain long-term 
sustainable development. An eco-friendly management approach for various eco-
systems without disturbing the interactions among a number of ecological compo-
nents, including water and climatic factors, offers a long-term strategy for sustainable 
ecosystems development. The application of microbes in the management of soil 
and environment includes economic benefits (reduced input costs), environmental 
protection and restoration of degraded soils and ecosystems through microbial-
based technology. Though it is crucial to persist with these efforts, the ongoing 
speed of ecosystem quality deterioration and the non-viable and cost-effective 
remediation responses suggest that the microbial-mediated bioremediation option 
could be a more efficient, cost-effective, eco-friendly and sustainable tool.

The present book is relevant to the expertise of the editors. This volume is not 
intended to serve as a review of the subject. However, the choice of chapters includes 
both practical and theoretical features and may provide a baseline idea required for 
future research need, which may be helpful in the management of environmental 
pollution and sustainability. I am confident that this book will provide up-to-date 
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information on the application of microbes/microbial tools in remediation of envi-
ronmental toxicants and mitigation of greenhouse gases. This book covers the bio-
remediation potential of efficient microbes such as methanotrophs, cyanobacteria, 
and aromatic plant-microbe interactions as a green technology for the management 
of disturbed soil and environment in a more sustainable way. This book will discuss 
microbial tools in pollution reduction, creation of a sustainable biosphere, as well as 
general maintenance of the pristine (natural) environment for the benefit of all life 
on this planet.

I am happy after observing the book from beginning to end, edited by  
Dr. Jay Shankar Singh and Dr. Gamini Seneviratne, entitled Agro-environmental 
Sustainability: Managing Environmental Pollution (Volume II). The editors, who 
are distinguished scientists themselves in the field of environmental microbiology, 
have performed creditable research work via publishing good scientific articles in 
the area of environmental sustainability. Their interest in editing this volume, which 
offers a lot of rational approaches that may help to improve the quantity and quality 
of agriculture and environment, is highly appreciable. I congratulate the editors and 
the subject expert contributors to this noteworthy scientific book.

Prof. Panjab Singh
National Academy of Agricultural Sciences (NAAS),  
NASC Complex, DPS Marg, Pusa, New Delhi, India

Foreword
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Preface

Microorganisms, with a massive genetic pool and cosmopolitan distribution, have the 
enormous potential to contribute significantly in sustainable agriculture and environ-
mental development. Microbes, the key living micro-biota of soil are playing a very 
crucial role in ecosystem and environmental viability, and agricultural health and 
productivity.

This book addresses the applications of microbial agents for boosting agricul-
tural sustainability. This volume contains relevant topics contributed by the well-
known leading authors from different universities and institutes. Satisfactory 
information about diverse groups of microbes (rhizobia, cyanobacteria, actinomy-
cetes, methanotrophs, mycorrhiza, endophytes, etc.) for beneficial roles in agricul-
ture and ecological services is discussed.

Plant growth promoting rhizobacteria, cyanobacteria, and mycorrhizae have been 
considered for their crucial role in stressed agricultural and environmental manage-
ment. Therefore, selection of such efficient microbial strains with well defined plant 
growth promoting attributes for production of bio-fertilizer/bio-pesticide may pro-
vide economical and viable options to achieve safe and secure agricultural produc-
tivity. In addition, these microbial agents (bioinoculants) with better results can be 
selected to sustain agricultural productivity with fewer unfavourable ecological 
impacts.

The book Agro-Environmental Sustainability: Managing Environmental 
Pollution (Volume II) assesses current and future prospects of microbial world and 
plant-microbe interactions to enhance soil and environmental sustainability and dis-
cuss possible steps ahead. The book has articles related to: (1) Methanotrophs in 
remediation of various toxic compounds and mitigation of green house gases; (2) 
Plant-microbe interactions in remediation of metals contaminated soils; and (3) 
Rhizoremediation and Cyanoremediation as innovative tools for decontamination 
of agro- and aquatic ecosystems. Each chapter will cover a different component 
relevant to the above described areas.
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We thank all authors for contributing valuable chapters to this volume. We are 
confident that this volume of the book will resolve the problems of all readers con-
cerned with the endeavor of agriculture and environmental development.

Lucknow, Uttar Pradesh, India� Jay Shankar Singh 
Kandy, Sri Lanka� Gamini Seneviratne

Preface
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Chapter 1
Methanotrophs: An Emerging Bioremediation 
Tool with Unique Broad Spectrum Methane 
Monooxygenase (MMO) Enzyme

Jay Shankar Singh and D.P. Singh

Abstract  This review is proposed to emphasize the contribution of methanotrophs 
as potential bioagents in mitigating the effect of toxic environmental pollutants like 
heavy metals, petroleum hydrocarbons, lindane (γ-HCH) and trichloroethylene 
(TCE). Methane-oxidizing bacteria (methanotrophs) are widespread in natural envi-
ronments and have emerged as one of the potential bioagents in the environmental 
remediation. Methanotrophs are fast emerging as potential tools of bioremediation 
due to the presence of methane monooxygenase (MMOs: pMMOs and sMMO) 
enzymes with unique characteristics of utilizing the broad spectrum of organic sub-
strates. The MMOs can co-metabolize aliphatic halides, aromatic compounds, 
heavy metals, etc. The significant role of MMOs in biodegradation activity of meth-
anotrophs, examined in situ condition, supports the argument that pMMO per-
formed better in methane-augmented bioremediation. Stimulated rate of 
methanotrophic bioremediation could be better accomplished through the addition 
of methane, oxygen and other nutrients. Defining the temporal and spatial relation-
ships and population dynamics of methanotrophs in natural environmental setting 
would be the crucial factors for evaluation of bioremediation potential. Besides, 
adaptability, genetic modifications and manageability of indigenous methanotrophs 
are the important components required for achieving a viable, more sustainable and 
eco-friendly bioremediation technology. So, it is considered that application of 
methanotrophs, particularly extremophilic methanotrophs, would help us to over-
come the limitations of conventional methods of pollution mitigation due to their 
unique physiology, phylogenetic diversity and presence of MMOs.

Keywords  Bioremediation • Contamination • Extremophiles • Methanotrophs 
• MMOs
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1.1  �Introduction

Recently, the researchers have started looking for an efficient and unique system of 
bioremediation to decontaminate the polluted sites. In recent years, there has been a 
growing interest in the application of microorganisms to address the agricultural 
and environmental issues including decontamination of polluted fields (Singh et al. 
2010; Singh 2013a, b). The microorganisms with a diverse type of metabolic activi-
ties offer an advantage over other living systems in successful bioremediation of the 
polluted soil and water bodies (Singh and Singh 2013a, b; Singh 2014; Singh et al. 
2016; Singh and Gupta 2016). The major challenge before the researchers has been 
to enhance the activity of these microorganisms and develop means to bring the 
contaminant into direct contact with these microorganisms to achieve an optimal 
efficiency of bioremediation (Singh 2015a, b, c). The ever-expanding horizons of 
biotechnology offer an effective tool to overcome many metabolic limitations in the 
microorganisms which can be exploited to achieve the desired changes in the micro-
organisms and stimulate the specific activity of indigenous or introduced microor-
ganisms (Singh et al. 2011a, b, c, d).

Methanotrophs are cosmopolitan in their occurrence and are well known for oxi-
dation of potent greenhouse gas methane (CH4) in various upland soil ecosystems 
(Singh 2011; Singh and Pandey 2013; Singh and Strong 2016). In order to metabo-
lize their growth substrate, the methanotrophs synthesize both particulate and solu-
ble forms of methane monooxygenases (MMOs), which exhibit ability to 
co-metabolize diverse types of hydrocarbons and halogenated toxic compounds 
(Singh and Singh 2012). The significant pollutants like heavy metals, petroleum 
hydrocarbons, lindane (γ-HCH) and trichloroethylene (TCE) are known to be easily 
degraded by application of methanotrophs (Kikuchi et al. 2002; Shukla et al. 2009; 
Jiang et al. 2010). The various types of methanotrophs with potential to contribute 
in bioremediation process are given in Fig. 1.1.

MMO is known to exist in at least two forms. One form, the pMMO is found in 
most known aerobic methanotrophs as well as M. oxyfera and is located in the 
cytoplasmic membrane (Ettwig et al. 2010; Semrau et al. 2010). Another form, the 
soluble methane monooxygenase (sMMO) is found in some aerobic methanotrophs 
and is located in the cytoplasm (Semrau et al. 2010). A great majority of the metha-
notrophs are known to produce particulate methane-monooxygenase (pMMO) 
except few strains (Singh and Gupta 2016). The Methylocella palustris (Dedysh 
et al. 2000)—a known producer of soluble methane-monooxygenase (sMMO)—
are capable of oxidizing a wider range of organic compounds including aliphatic, 
aromatic hydrocarbons and their halogenated derivatives (Trotsenko and Murrell 
2008). Thus, sMMO-containing methanotrophs exhibit ability to utilize a relatively 
broad range of substrates for their growth (Shigematsu et al. 1999) and show faster 
pollutant turnover kinetics, i.e. a fast decline in the pollutants than that observed in 
pMMO-producing methanotrophs. On the contrary, pMMO works on a very nar-
row spectrum of carbon substrate (alkanes and alkenes). Further, it has been 
observed that the MMO is not constitutively present in all the methanotrophic bac-
teria. The type II methanotrophs of the genus Methylobacter dominate the meth-

J.S. Singh and D.P. Singh
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ane-oxidizing flora of Mono Lake, but molecular signals (pmoA amplicons) that 
were found in type II methanotrophs of the Methylocystis genus (Lin et al. 2005) 
are considered to have come from conjugative transfer of DNA between 
Gammaproteobacteria and Methylobacter. However, type I methanotrophs have 
the Calvin–Benson–Bassham pathway of C assimilation, while the genome of 
Methylobacter has annotation for the serine pathway, a feature of type II methano-
trophs of the Alphaproteobacteria (Anthony 1982). In the absence of natural sub-
strate, the conditions existing in some of the specific ecosystems appear to favour 
the growth of type II methanotrophs (Lee et  al. 2006; Yoon and Semrau 2008), 
which synthesize methane monooxygenase (MMO) enzyme, which can easily 
mediate the rapid degradation of low-molecular-weight halogenated hydrocarbons 
like TCE and some other (Shukla et al. 2009). Very recently, it has been demon-
strated that the facultative methanotrophy and utility of methanotrophs is very 
useful in biodegradation of several organic pollutants (Im and Semrau 2001). A 
summary of the current genera of methanotrophs known to synthesize MMOs, 
responsible for bioremediation of diverse inorganic and organic pollutants is pre-
sented in Fig. 1.2.

It is now well-established fact that both the sMMO and pMMO are involved in 
the degradation of halogenated hydrocarbons (Henry and Grbic-Galic 1994) and 
have potential application in environment and human health (Bolt 2005; Scott and 

Fig. 1.1  A proposed diagram with different factors that can enhance the in situ bioremediation by 
methanotrophs

1  Methanotrophs: An Emerging Bioremediation Tool with Unique Broad Spectrum…
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Chiu 2006). In contrast to other microbes that are recognized to degrade haloge-
nated hydrocarbons via reductive pathways (Maymo-Gatell et al. 1999), the biodeg-
radation of chlorinated hydrocarbons by methanotrophs occurs under aerobic 
condition mediated by an oxidative process (Lontoh et al. 2000). The oxidative bio-
degradation carried out by MMOs is apparently more significant than the reductive 
dehalogenation of chlorinated ethenes, such as TCE and tetrachloroethylene, which 
often results into accumulation of several toxic intermediates, e.g. vinyl chloride, a 
known potent carcinogen (Maymo-Gatell et al. 1999). The MMO-mediated oxida-
tive mechanisms of degradation of halogenated compounds by the methanotrophs 
do not accumulate hazardous intermediates (McCue et al. 2002). Thus, the applica-
bility of methanotrophic degradation of halogenated hydrocarbons for in situ biore-
mediation of contaminated ecosystems can be a major focus of the future studies 
(Takeuchi et al. 2004).

Methanotrophic bacteria (MB) also have considerable potential for their appli-
cation in bioremediation due to the amenability of these bacteria for large-scale 
cultivation (Semrau et al. 2010; Øverland et al. 2010; Pandey et al. 2014). It has 
been suggested that methanotrophs influence the speciation and bioavailability of 
metals in the environment (Choi et al. 2006). Hasin et al. (2010) as observed in case 
of transformation of soluble and more toxic Cr(VI) into a less toxic Cr(III) species, 
which is insoluble and therefore tends to get precipitated at high pH. There is a 
possibility of reverse methanogenesis by methanotrophs, where anaerobic methane 

Methane monooxygenase (MMOs) enzyme in 
diverse methanotrophic genera

Methanotrophs having pMMO

· Methylocapsa
· Methylocystis
· Methylosinus
· Methylobacter
· Methylocaldum
· Methylococcus
· Methylohalobius
· Methylomicrobium
· Methylomonas
· Methylosarcina
· Methylosoma
· Methylosphaera
· Methylothermus
· Methylovulum
· Methylomirabilis
· Methylacidiphilum

Methanotrophs having sMMO

· Methylocella*
· Methyloferula
· Methylosinus
· Methylococcus
· Methylovulum

Fig. 1.2  Distribution of pMMO and sMMO among different know methanotrophic genera. *Some 
Methylocella spp. expresses sMMO exclusively

J.S. Singh and D.P. Singh
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oxidation can be coupled to iron or manganese reduction due to co-metabolic activity 
of archaea and methanotrophic bacteria. It is still not clear how methane oxidation 
is coupled to metal reduction process. Perhaps the bacteria solely responsible for 
anaerobic oxidation of methane may prefer coupling of manganese reduction (Beal 
et al. 2009). The flexibility in survival of methanotrophs confers them added advan-
tage and makes them an ideal tool for remediation of hazardous environmental 
wastes under a diverse range of habitats (i.e. terrestrial, marine, Arctic and Antarctic 
Polar Regions) (Aislabie et al. 2004).

During in situ bioremediation, the growth of indigenous populations of methano-
trophs is augmented after the supply of CH4 and oxygen (Hazen et al. 2009) as the 
degradation of pollutants by methanotrophs is typically a co-metabolic process and it 
can be sustained only in the presence of growth substrate. Further, there are reports 
about the limitations offered by methanotrophy in biodegradation of pollutants 
(Semrau et al. 2010), arising due to toxicity of pollutants to methanotrophs. The sec-
ond important point is that the degradation of pollutants by either form of the MMO 
(pMMO & sMMO) requires a source of reducing equivalents for the reduction of 
dioxygen (Sullivan et al. 1998; Stein et al. 2010). This review paper aims at emphasiz-
ing the potential of MB in bioremediation of environmental pollutants. This review 
article provides updated information on methanotrophic degradation of environmental 
toxicants (Table 1.1) and also highlights the potential application of molecular biology 
and biotechnology in order to make the methanotrophs an efficient tool for bioreme-
diation, which offers not only cost effective, but also a more sustainable clean-up tech-
nology for remediation of environment.

Table 1.1  Methanotrophic bacteria and bioremediation of various toxic hydrocarbon and heavy 
metal pollutants

Methanotrophic species
Experimental 
conditions Pollutants References

Methylosinus trichosporium 
OB3b

In laboratory Halogenated 
hydrocarbons

Hanson et al. 
(1990)
Oldenhuis 
et al. (1991)

Methylomonas albus BG8, 
Methylocystis parvus OBBP 
and Methylosinus 
trichosporium OB3b

Aquifer material Polynuclear aromatic 
hydrocarbons and 
transition metals

Jenkins et al. 
(1994)

Methylosinus trichosporium 
OB3b

In laboratory TCE Lontoh and 
Semrau (1998)

Type II methanotrophs Marine 
enrichment culture

Phenanthrene, 
Anthracene and Fluorene

Rockne et al. 
(1998)

Methylocystis sp. M, 
Methylococcus capsulatus 
(Bath), Methylosinus 
trichosporium OB3b, 
Methylosinus sporium strain 
5 and unidentified strains of 
methanotrophs (MP18, 
MP20, P14)

Isolated from 
TCE-
contaminated 
groundwater

TCE degradation Kikuchi et al. 
(2002), Travis 
and Rosenberg 
(1997)

(continued)

1  Methanotrophs: An Emerging Bioremediation Tool with Unique Broad Spectrum…
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1.2  �Methanotrophs in Heavy Metal Remediation

The relevance of reducing the heavy metal toxicity by methanotrophs is associated 
with Cu-containing protein molecule present in methanotrophs which can work even 
in the typically distinct microaerophilic zones. In such locations, intense redox 
cycling leads to active precipitation of Mn and Fe oxides (Ferris et al. 1999). CH4 
oxidation requires presence of Cu (due to its high reactivity), which, in turn, demands 
a strong intracellular Cu defence system. The molecular carrier for Cu, termed as 
methanobactin (mb)—a 1216-Da fluorescent metal-binding chromopeptide (Kim 
et al. 2004), confers protection to the cells both from external and internal Cu toxicity. 
The study of Knapp et al. (2007) provided a strong evidence about the mb-mediated 
Cu release from the mineral stage, which changes the availability of Cu and allows 
pMMO gene expression in methanotrophs. Therefore, methanobactin (mb) might be 
particularly critical for ecological succession of methanotrophs in such metal-pol-
luted environments where mb-like proteins allow the selective acquisition of Cu, 
while protecting the methanotrophs against other similar potentially toxic metals.

By using microorganism-based bioremediation of heavy metals, highly toxic and 
soluble form of Cr(VI), produced from metal plating, tanning, paper making indus-
tries (Cervantes et al. 2001; Zayed and Terry 2003; Hasin et al. 2010), is detoxified by 
transforming the metal to less toxic and less soluble form of Cr(III). Hasin et  al. 
(2010) reported a well-characterized model of methanotroph Methylococcus capsula-
tus (Bath), capable of bioremediation of chromium (VI) pollution over a wide range 
of concentrations (1.4–1000 mg L−1 of Cr6+). The genome sequence of M. capsulatus 
(Bath) suggested at least five genes for the chromium (VI) reductase activity in this 
bacterium. The study of DeMarco et al. (2004) has been considered as the first attempt 
to systematically analyse the capability of methylotrophic strains to tolerate the pres-
ence of heavy metal pollutants. These workers isolated thirty one novel methylotrophic 

Methanotrophic species
Experimental 
conditions Pollutants References

Type II methanotrophs In laboratory TCE Shukla et al. 
(2009)

Methylosinus trichosporium 
OB3b and Methylocystis 
daltona SB2

In laboratory TCE, DCE and VC Yoon (2010)

Methylocystis strain SB2 In laboratory Vinyl chloride (VC), 
dichloroethylene (DCE), 
trichloroethylene (TCE) 
and chloroform (CF)

Im and 
Semrau (2001)

Methylophilus 
methylotrophus EHg7

Industrially 
contaminated soil

Cadmium (Cd) De Marco 
et al. (2004)

Methylophilus 
methylotrophus ECr4

Industrially 
contaminated soil

Chromium (Cr) De Marco 
et al. (2004)

Methylococcus  
capsulatus Bath

In laboratory Chromium (Cr) Hasin et al. 
(2010)

Table 1.1  (continued)
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bacterial strains from a range of soil and sediment sources (both pristine and pol-
luted). Furthermore, they noted that some of the isolates exhibited interesting charac-
teristics of resistance to heavy metals, arsenate or organic pollutants. Among them, 
four strains were considered as real ‘super-bugs’ for their ability to withstand 
extremely high concentrations of a variety of heavy metal pollutants.

The mercury (II) ion is the most toxic heavy metal and is found to be detoxified 
by bacterial reduction to elemental mercury, catalysed by an NAD(P)H-dependent 
mercuric reductase enzyme (EC 1.16.1.1). It has been proved that Methylococcus 
capsulatus (Bath)—a methanotrophic member of the Gammaproteobacteria—can 
also detoxify mercury. In radio respirometry studies, it was found that cells exposed 
to mercury dissimilated 100  % of [14C]-methane provided to generate reducing 
equivalents to fuel mercury (II) reduction (Boden and Murrel 2011). Several other 
workers have suggested that methanotrophic bacteria influence the speciation and 
bioavailability of various heavy metals in the environment (Choi et al. 2006). Hasin 
et al. (2010) reported that methanotrophic bacterium (Methylococcus capsulatus) 
converts a more toxic heavy metal into a less toxic form. Few methanotrophic bac-
teria produce extracellular polymers with potential application in industries as well 
as in metal bioremediation (Hasin et al. 2010; Boden and Murrel 2011). Thus, the 
use of methanotrophic bacteria in remediation of such toxic heavy metals from the 
contaminated sites could be an emerging innovative tool, offering a more eco-
friendly, low-cost sustainable technology for bioremediation (Fig. 1.3).

1.3  �Methanotrophs in Petroleum Hydrocarbons Remediation

One of the major environmental problems today is caused by petroleum industry-
based pollutants. Discharge of huge petroleum hydrocarbons into the environment, 
whether by mistake or due to anthropogenic activities, is a major reason of water and 
soil contamination. The oil-contaminated environments can easily stimulate the 
growth of indigenous methanotrophic bacteria. The populations of methanotrophs 

Fig. 1.3  Role of different methanotrophic MMOs enzymes in bioremediation of inorganic and 
organic pollutants

1  Methanotrophs: An Emerging Bioremediation Tool with Unique Broad Spectrum…
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may be considered a source of biopolymers and colloids, both of which facilitate the 
transport of organic hydrocarbons in a hydrophobic environment. This property of 
methanotrophs may be exploited to accelerate the removal and biodegradation of 
hydrophobic toxicants. Further study is needed to better understand the ecological 
and environmental ramifications of exogenous stimulation of indigenous methano-
trophs population and their interactions with organic and inorganic pollutants 
(Jenkins et al. 1994). Many reports have shown that compatible and mixed microbial 
populations with overall broad base enzymatic capability are required to degrade 
complex mixtures of hydrocarbons such as crude oil in soil, fresh water and marine 
environments (Das and Mukherjee 2007; Throne-Holst et al. 2007; Yakimov et al. 
2007; Brooijmans et al. 2009). Type II alpha proteobacteria methanotrophs are capa-
ble of a wide range of co-metabolic transformations of complex hydrocarbons, and 
this activity has been exploited in many terrestrial bioremediation systems (Rockne 
and Strand 2003). Methanotrophic bacteria have been isolated from marine sedi-
ments which exhibited ability to biodegrade the aromatic hydrocarbons (Rockne 
et al. 1998). Rockne and Strand (2003) provided further evidence for the existence 
of type II marine methanotrophs, indicating the possibility of exploiting co-metabolic 
activity in remediation of marine ecosystems. The methanotrophic bioremediation is 
now considered to be a promising technology for the treatment of oil-contaminated 
marine environment as it is both environment friendly and provides low-cost degra-
dation of toxic components of petroleum (Rockne and Strand 2003).

The most rapid and complete degradation of the majority of organic pollutants is 
generally carried out under aerobic conditions. The initial cellular attack on organic 
pollutants is an oxidative process mediated by activation as well as incorporation of 
molecular oxygen through key enzymatic reaction, particularly catalysed by oxy-
genases (Das and Chandran 2011). The methane monooxygenases (i.e. sMMO and 
pMMO) present in diverse type of obligate aerobic methanotrophs can actively par-
ticipate in the degradation of various alkanes (Table 1.2) as suggested by van Beilen 
and Funhoff (2005).

But, the knowledge and understanding of bioremediation of petroleum hydrocar-
bons in polar environment by microbes is limited (Simpson et al. 1995). In extreme 
habitats such as in the Polar Regions, very cold and fluctuating temperature, low 
nutrient levels, stressful moisture and alkaline pH conditions do not favour an effi-
cient biodegradation process (Thomassin-Lacroix et  al. 2002; Rike et  al. 2005). 

Table 1.2  Methanotrophic methane monooxygenase (MMO) enzymes involved in the biodegradation 
of petroleum hydrocarbons

MMO enzymes Methanotrophs
Petroleum 
contaminants References

Soluble methane 
monooxygenase 
(sMMO)

Methylococcus, Methylosinus, 
Methylocystis, Methylomonas, 
Methylocella, etc.

C1–C8 alkanes, 
alkenes and 
cycloalkanes

McDonald 
et al. (2006)

Particulate methane 
monooxygenase 
(pMMO)

Methylobacter, Methylococcus, 
Methylocystis, etc.

C1–C5 (halogenated) 
alkanes and 
cycloalkanes

McDonald 
et al. (2006)

Modified from Das and Chandran (2011)
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Since the process is slow, it also leaves behind residual toxic intermediates (Pelletier 
et al. 2004). Investigations have been carried out to evaluate the importance of bio-
stimulation by fertilizing the soil with N and P so as to enhance the biodegradation 
of hydrocarbons (Whyte et al. 1999, 2002). Pure cultures of psychrophilic and psy-
chrotolerant methanotrophs isolated and characterized as new genera are as follows: 
Methylobacter psychrophilus, Methylosphaera hansonii, Methylocella palustris, 
Methylocella silvestris, Methylocella tundrae, Methylocapsa acidiphila and 
Methylomonas scandinavica (Trotsenko and Khmelenina 2005). These isolated 
psychrophiles are capable of growing at freezing temperatures (0 °C) and exhibit 
optimum growth between 10 and 13 °C. The combination of cold adaptation and 
seawater requirements appears to be a frequent event, which has been observed in 
these Antarctic psychrophilic isolates (Bowman et  al. 1997). Trotsenko and 
Khmelenina (2005) suggested that even after long-term storage in permafrost, 
some methanotrophs can oxidize the carbon substrate. The presence of six sterols, 
lanosterol, lanost-8(9)-en-3β-ol, 4,4-dimethylcholesta-8(14), 24-dien-3β-ol, 
4,4-dimethylcholest-8(14)-en-3β-ol, 4-methylcholesta-8(14),24-dien-3β-ol and 
4-methylcholest-8(14)-en-3β-ol, in the psychrophilic methanotrophic bacterium, 
Methylosphaera hansonii, indicated its capability to survive over a diverse range of 
temperatures (Schouten et al. 2000; Sinninghe Damste et al. 2000). However, in fact 
comparatively very little information are available about nature of extremophilic 
methanotrophs, dynamics of their diversity in contaminated sites, the genes that 
confer them the capability for bioremediation and their survival in the extreme envi-
ronmental conditions.

1.4  �Methanotrophs in Halogenated Hydrocarbon Remediation

The pollution of natural environment like groundwater and soil by halogenated 
hydrocarbons has become a serious ecological problem (Kikuchi et  al. 2002; 
Takeuch et al. 2005). Low-molecular-weight halogenated hydrocarbons are suscep-
tible to degradation by anaerobic and aerobic bacteria Hanson et  al. (1990). 
Methanotrophic bacterium Methylosinus trichosporium 0B3b degrades TCE more 
rapidly than other bacteria and a correlation between the synthesis of sMMO and 
TCE biodegradation was confirmed. Chlorinated ethenes are synthetic compounds 
with no recognized natural sources and are commonly applied in diverse business 
practices including degreasing operations, dry cleaning, dying, textile production, 
etc. (Bakke et  al. 2007; van Hylckama Vlieg and Janssen 2001). The reductive 
anaerobic bioremediation of chlorinated hydrocarbons, for example tetrachloroeth-
ylene to ethene through TCE, dichloroethylene (DCE), and vinyl chloride (VC) as 
intermediates, has been known for some time (Maymo-Gatell et al. 1999). However, 
in situ application of anaerobic biodechlorination has been imperfect as this process 
does not result in complete dechlorination in the presence of sulphate due to meta-
bolic competition with the sulphate-reducing bacteria for hydrogen (Daugulis and 
McCracken 2003; Singh et al. 2008). Thus, incomplete dechlorination leads to accu-
mulation of TCE, cis-dichloroethylene (c-DCE), trans-dichloroethylene (t-DCE) 
and VC (Maymo-Gatell et al. 1999).

1  Methanotrophs: An Emerging Bioremediation Tool with Unique Broad Spectrum…
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There have been dearth of information on aerobic bacterial strains that can 
consume halogenated hydrocarbons such as chlorinated ethenes as growth sub-
strates (Verce et  al. 2000; Coleman et  al. 2002) or co-metabolize these com-
pounds (Futamata et al. 2001). Population density of methanotrophic bacteria in 
rhizosphere soils of vascular plants contaminated with a mixture of chemicals, 
including TCE showed significantly higher number of methanotrophic bacteria 
(Brigmon et al. 1999).

Methanotrophic bacteria are one of those groups of microbes capable of degrad-
ing these hazardous compounds via co-oxidation. Due to their omnipresence in 
diverse environment, these bacteria have been widely applied for cleaning the sites 
contaminated with chlorinated ethenes (Hanson and Hanson 1996; Semrau et al. 
2010). Due to capability of methanotrophs to degrade a wide variety of potential 
pollutants including halogenated hydrocarbons has prompted the workers to study 
their potential applications in bioremediation (Lontoh et al. 2000; Nikiema et al. 
2005; Lee et al. 2006). Application of high levels of biostimulating substances could 
cause other problems with environmental pollutants due to their interaction with 
organic compounds. In contrast, methanotrophs induce the MMO involved in TCE 
degradation only in the presence of CH4 (Takeuchi et al. 2005; Shukla et al. 2009). 
Since the CH4 is one of the natural end products of anaerobic microbial processes it 
should not cause environmental problems at the levels of bioremediation of organic 
contaminants. Due to all the required considerations and precautions, in situ-
stimulated bioremediation by augmenting the methanotrophic populations is under 
way in many laboratories (Pfiffner et al. 1997; Iwamoto et al. 2000).

An increase in the population of indigenous methanotrophs due to addition of 
nutrients and natural gas to a sand column demonstrated that the TCE was degraded 
to carbon dioxide (Wilson and Wilson 1985). The abundance of methanotrophs in the 
TCE-contaminated aquifers in a natural gas field implied that the coarse sand stratum 
plays an important role for in situ bioremediation (Takeuchi et al. 2001). Expanding 
this idea of in situ bioremediation, additional considerations for selection of microbes 
as well as suitable habitat are the primary requirement for successful bioremediation. 
The diversity of the methanotrophic community involved in degradation of TCE 
from non-contaminated environment provides an indication of the in situ bioreme-
diation potential of natural soil environments (Newby et al. 2004; Erwin et al. 2005).

1.5  �Methanotrophs in Lindane Remediation

Lindane-contaminated soils cause potentially serious problems to surface and 
ground water quality, especially when its concentration is high due to unwarranted 
spills or discharges (Singh 2008). It is still considered to be a serious threat to the 
environment due to its persistent nature in environment and its potential to bioac-
cumulate in the food chain. Though the γ-HCH is biodegradable, higher concentra-
tions are inhibitory to the degradation potential of applied microbes (Abhilash and 
Singh 2008). A significant increase in the population densities of methanotrophs in 
the soil contaminated by γ-HCH indicated the survival capacity of these microbes 

J.S. Singh and D.P. Singh



11

against the insecticide lindane (Rubinos et al. 2007). A possible way to improve the 
bioremediation efficiency is possible through application of native methanotrophic 
bacteria adapted to the contaminated site. Slow-release bioaugmentation approach, 
using encapsulated Sphingomonas spp. cells, for the biodegradation of lindane in 
laboratory condition has also been used (Bhatt et al. 2007). Therefore, bioremedia-
tion based on methanotrophic bacteria might be an emerging tool and has been 
receiving more attention as an eco-friendly and efficient means of lindane remedia-
tion (Mertens et al. 2005). There is need for further improvement in the technology 
in order to achieve a reliable bioaugmentation technology for bioremediation of 
lindane-contaminated sites. Emphasis should be laid on the enhanced effort to 
screen for more indigenous methanotrophic population and appropriate inoculation 
practice to optimize the technology.

1.6  �Plant–Methanotrophs Associations in Bioremediation

A plant–microbe association has been recognized as an important relationship for 
benefit of both the partners as well as for sustainable ecosystem functioning (Singh 
2015c). A viable methanotroph–plant association in the soil environment could be 
imperative to create a favourable condition for better performance of methanotrophs 
with respect to bioremediation as well as methane removal from the environment. 
Such environment supporting the plant–methanotrophs association can greatly ben-
efit the plants as growth-promoting agents. However, a mutualistic association 
between transgenic methanotrophs and plants augmenting the bioremediation of 
contaminated sites is still conjecturable (Pandey et  al. 2014). The information 
related to plant–methanotrophs associations in soils and their co-operative role in 
methane consumption and bioremediation of toxic substances from various polluted 
soils are almost lacking. Therefore, there is an urgent need to investigate and exploit 
plant–methanotrophs interaction services for mutual benefit of both plant and meth-
anotrophs that may enhance and stabilize the environmental sustainability.

1.7  �Can Extremophilic Methanotrophs (Verrucomicrobia) 
Be Used for Bioremediation?

Due to various sophisticated and advanced molecular tools, the methanotrophs 
well  adapted to extreme environmental conditions are not a remote possibility 
(Tiwari et  al. 2015). Various extremophilic species of aerobic methanotrophic 
bacteria including psychrophiles, thermophiles, acidophiles, halophiles, alkaliphi-
les, etc. have been reported and isolated in pure culture from the environment 
(Dunfield 2009). These extremophilic methanotrophs have been placed in a sepa-
rate phylogenetic group known as Verrucomicrobia. Given their ability to survive in 
extremophilic conditions, it is possible that these extremophilic methanotrophic 
strains can be exploited as potential bioagents to degrade various noxious pollutants 
under a wide range of environmental conditions.

1  Methanotrophs: An Emerging Bioremediation Tool with Unique Broad Spectrum…
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As acidophilic methanotrophs show interesting possibilities for their application 
in bioremediation of pollutants, the findings on thermoacidophilic methanotrophs 
within the Verrucomicrobia phylum are presumably going to open new avenues for 
potential use of these extremophilic methanotrophs as new bioremediation tools. 
There have been no reports on thermoacidophilic methanotrophs which degrade 
various pollutants mediated by MMOs. Recently, it has been reported that CO2 is 
assimilated by extremophilic methanotrophs similar to facultative methanotrophs; 
the use of C sources instead of CH4 may increase the usefulness of these bioagents 
for bioremediation. However, it should be kept in mind that CH4 utilization by these 
microbes is the primary source of energy (Khadem et al. 2011). It is now well known 
that many of these extremophilic methanotrophic strains, predominantly species 
within the Methylocella genera, are capable to synthesize the sMMO, but none are 
reported to have the potential to degrade the pollutants (Tiwari et al. 2015). Hence, 
an extensive effort is required to proceed cautiously on this new emerging area of 
bioremediation by methanotrophs, particularly these unique extremophilic metha-
notrophs. There is still need to isolate and identify the methanotrophs from extreme 
habitats and explore their potential role in degradation of hazardous chemicals. 
Further researches on extremophilic methanotrophs isolated from extreme environ-
ment should focus on isolation of strains with cellular tolerance to different 
concentrations of pollutants. The natural diversity of extremophilic methanotrophs 
using the functional genes involved in the remediation of complex needs to be tested 
against persistent noxious pollutants.

1.8  �Conclusions and Future Research Opinions

Methanotrophic bacteria have a ubiquitous distribution in the environment and the 
use of natural gas or methane with other nutrients is used to stimulate their bioreme-
diation potential through MMO enzymes. The pMMO-expressing methanotrophs 
may be preferred over sMMO-expressing methanotrophs over a broad range of pol-
lutant concentrations as those microorganisms are better able to bind and turn over 
methane in the presence of competing compounds, and thus increase cell numbers 
and generate reducing equivalents, both of which enhance pollutant degradation. 
The methanotrophic MMOs potential to degrade diverse toxic pollutants have led to 
greater commercial application of this unique microbe. Bioaugmentation of con-
taminated sites with microbial cells continues to be a source of argument within the 
community of environmental microbiologists. Therefore, there is need to develop a 
reliable bioaugmentation technology for the biodegradation of toxicants (Shukla 
et al. 2010) by surveying the most suitable methanotrophic strains and a suitable 
inoculation procedure for their introduction into the environment. Under 
extreme adverse conditions, a number of methanotrophs have shown potential to 
facilitate the degradation of several toxicants.

Based on the molecular techniques, Verrucomicrobia (a group of extremophilic 
methanotrophs) has been identified in a broad range of aquatic and terrestrial habitats 
(Fig. 1.4). In soil system, they can cover up to 1–10 % of the total bacterial 16s RNA, 
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indicating that the microbes of this group could play a very crucial ecological role 
(Islam et  al. 2008). A unique thermoacidophilic methanotroph, i.e. Methyloacida 
kamchatkensis (Kam1) belonging to the Verrucomicrobia phylum has been reported 
from an acidic hot spring in Kamchatka, Russia. Due to its unusual phylogenetic 
position, apparent lack of classical methane oxidation genes and intracellular mem-
brane systems (ICM), and the presence of polyhedral organelles, the extremophilic 
methanotroph M. kamchatkensis is a novel type of methane-oxidizing system which 
could be exploited to develop bioremediation machinery for extreme environmental 
conditions. The polyhedral organelle in Kam1 may substitute for ICM and result in 
a novel subcellular compartment for methane oxidation. It may be speculated that 
the M. kamchatkensis, with unique polyhedral organelles offer an efficient methano-
troph for bioremediation of various pollutants. Further biochemical and genomic 
studies of M. kamchatkensis are expected to provide insight into the evolution and 
adaptation of the methane oxidation pathways and bioremediation mechanisms 
under extreme environmental habitats.

A reasonable in situ bioremediation of pollutants requires designing of unique 
ecological niches or microhabitats along with genetic manipulation of the organ-
isms capable of showing better performance in bioremediation (Davidson 2005; 
Ward et al. 2004). Further, application of locally isolated indigenous methanotrophs 
(type I, II or X) which are well adapted to local climatic conditions can be a boon to 
bioremediation technology. Methanotrophic in situ bioremediation appears to be a 
viable and interesting topic of future research. Hence, a deep understanding of phys-
iology and genetics of methanotrophs in detail may prove to be a very useful tool for 
improved bioremediation.

Group of methanotrophs

Type I
(g-Proteobacteria)

Type II
(a-Proteobacteria)

Methylobacter, 
Methylocaldum, 
Methylococcus, 
Methylomicrobium, 
Methylomonas,
Methylosphaera and 
Methylothermus

Methylocella, 
Methylocapsa, 
Methylocystis and
Methylosinus

Verrucomicrobia
(Extremophilic methanotrophs)

Methylacidiphilum
Methyloacida

Fig. 1.4  Diverse methanotrophs genera reported from various types of ecosystems
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Chapter 2
Methanotrophs: Methane Mitigation, 
Denitrification and Bioremediation

Peter James Strong, Obulisamy Parthiba Karthikeyan, Jing Zhu, 
William Clarke, and Weixiang Wu

Abstract  Methanotrophs are bacteria capable of using methane as a carbon source. 
They can lower atmospheric methane emissions, remove N in environmental and 
wastewater treatment systems and even transform organic pollutants in soils. 
Methanotrophic methane mitigation technologies have been demonstrated beyond 
the laboratories as adaptable field-scale systems that may be engineered to meet 
site-specific climatic variations and ensure minimal atmospheric methane emission. 
In agricultural sediments and soils, methanotrophs sequester methane but are 
affected by fertiliser applications, while in wastewater treatment systems they can 
lower the costs associated with N removal. Finally, the methanotrophs are particu-
larly appealing as bioremediation agents in methane-containing environments, as 
their primary enzymes have a broad substrate range that can transform various 
hydrocarbons, including aromatic compounds and halogenated aliphatics. These 
diverse bacteria are an important global methane sink and this importance is set to 
increase as anthropogenic emissions increase over the coming decades.
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2.1  �Introduction

Methane is a potent long-lived highly radiative gas responsible for up to 20 % of the 
current warming induced by greenhouse gas emissions (Kirschke et  al. 2013). 
Global annual methane emissions are estimated at approximately 550  Tg CH4.
year−1, and 60–70 % of this originates from biogenic sources and the rest from non-
biogenic sources (IPCC 2013; Kirschke et al. 2013). Biogenic methane emissions 
are regulated by syntrophic microbial communities, which vary widely according to 
environmental factors such as temperature: moisture: salinity: pH: redox condi-
tions: and available sulphate, nitrate and organic matter. Non-biogenic methane 
emission sources include geological settings, waste treatment facilities, fossil fuel 
industries and biomass burning, while biogenic sources include lakes, wetlands, rice 
cultivation, forests, livestock farming, oceans, wild animals, termites and perma-
frost (Kirschke et al. 2013; IPCC 2013; Karthikeyan et al. 2015; Strong et al. 2015).

Among the different microbes, methane oxidisers (primarily methanotrophs) 
and sulphate-reducing bacteria (SRBs) are the key microbial groups that degrade 
methane. Sulphate-reducing bacteria reduce sulphate into sulphide using methane 
as an electron donor. The SRBs are reported to be syntrophically associated with 
anaerobic methane-oxidising bacteria/archaea, but none of these anaerobic microbes 
have been isolated and the syntrophic mechanisms are still unclear (Knittel and 
Boetius 2009). Methanotrophs are capable of using methane as a carbon source. 
They are ubiquitous in nature, can be aerobic or anaerobic and serve as a global sink 
for methane (Hanson and Hanson 1996). Aerobic methane oxidation is well studied 
and many pure cultures have been isolated from various environments such as land-
fills, coal-bed rocks, rice fields, compost, forest soils, peat bogs, wetlands, soda 
lakes, thermal springs and marine sediments (Dunfield et al. 2003; Kalyuzhnaya 
et al. 2005; Kim et al. 2008; Hirayama et al. 2011; Lee et al. 2011; Antony et al. 
2012; Saidi-Mehrabad et al. 2013). Their main enzymes for oxidising methane have 
broad substrate ranges (including ammonia), which allows their use in methane 
mitigation, bioremediation of organic pollutants and even N removal in wastewater 
treatment systems.

Methanotrophs were traditionally classified as Type I (gammaproteobacteria) or 
Type II (alphaproteobacteria), primarily according to their use of the ribulose mono-
phosphate pathway (Type I) or serine pathways (Type II) for formaldehyde assimi-
lation and arrangement of internal structures. They were further subdivided into a 
Type X group, consisting of gammaproteobacteria that had biochemical capabilities 
associated with Type II methanotrophs. The traditional classification scheme had its 
shortcomings, as the methanotrophic bacteria are more diverse and have greater 
biochemical capability than previously imagined. Methanotrophs are now predomi-
nantly classified according to whether they are gammaproteobacteria or alphapro-
teobacteria; Type X is regarded as a subdivision of Type 1 gammaproteobacteria. A 
recently discovered phylum that consists of thermophiles Verrucomicrobium 
(Methylacidiphilum and Methylacidimicrobium spp.) has also been added (Sharp 
et al. 2014; Kalyuzhnaya et al. 2015; Strong et al. 2015).

P.J. Strong et al.
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Methanotrophs are able to consume methane because of an enzyme called meth-
ane monooxygenase, which uses O2 to oxidise methane to methanol. Methane 
monooxygenase (MMO) occurs commonly as particulate membrane-bound enzyme 
(pMMO) or as a soluble form (sMMO) that is synthesised in copper-deficient envi-
ronments by some methanotrophs (Semrau et al. 2010). The methane monooxygen-
ase enzymes (pMMO and sMMO) are unique functional enzymes of methanotrophs. 
The presence of the genes responsible (pmoA and mmoX) is particularly useful for 
molecular ecology studies (McDonald et al. 2008). The catalytic pathways that are 
initiated by the MMO enzyme are illustrated in Fig. 2.1. The pathways can split 
towards regenerating reducing equivalents or assimilation or into biomass. 
Essentially, MMO catalyses the O2-coupled conversion of methane to methanol in 
methanotrophic bacteria that may be represented as follows:

CH4 + 2e− + 2H+ + O2 = CH3OH + H2O (Feig and Lippard 1994; Shiemke et al. 1995).

The physiological reductant for pMMO has not been identified definitively but 
may involve quinones from the quinone pool reduced by a Type II NADH:quinone 
oxidoreductase or by methanol dehydrogenase (Culpepper and Rosenzweig 2012). 
The most likely physiological electron donor to pMMO is ubiquinol, but the source 
of electrons to reduce the resultant ubiquinone is not yet substantiated (Kalyuzhnaya 
et  al. 2015). Artificial reductants such as duroquinol and NADH can be used to 
complete the oxidation (Shiemke et al. 1995). Methane monooxygenase (sMMO in 
particular) has a broad substrate range that includes various hydrocarbons and halo-
genated hydrocarbons (Jiang et al. 2010). Methane monooxygenase is also capable 
of oxidising ammonium, which means methanotrophs participate in the global 
cycling of nitrogen and methane. In natural systems, methanotrophs may play an 
important role in the nitrogen cycle and contribute significantly to nitrification in the 
rhizosphere. The relationships of methanotrophs within microbial communities are 
complex and can be affected by N type and availability; the complexity is 
compounded by their ability to fix CO2 (Chistoserdova et al. 2005; Jiang et al. 2010; 
Smith and Murrell 2010) and N2 (Pfluger et al. 2011; Singh and Strong 2015).

Fig. 2.1  Generalised pathways for oxidising methane to carbon dioxide, or assimilating the inter-
mediates as biomass. sMMO soluble methane monooxygenase, pMMO particulate methane mono-
oxygenase, MDH methanol dehydrogenase, FaDH formaldehyde dehydrogenase, FDH formate 
dehydrogenase
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2.2  �Methane Mitigation in Soils Associated with Agriculture, 
Coal Mining and Landfills

Globally, agricultural activities (including livestock farming); waste management 
(including landfilling); and fossil fuel retrieval, processing and delivery (including 
coal mining) are the three largest sources of anthropogenic methane (Hanson and 
Hanson 1996). Biological methane oxidation is vitally important to reduce these 
emissions. It is predicted that methanotrophs consume up to 40 Tg CH4 year−1 and 
sequester more than 50 % of the methane produced in soils (IPCC 2001; Reeburgh 
2003; Reeburgh et al. 1993). The ability of the methanotrophs to lower methane 
emissions and degrade hazardous organic compounds has been reviewed (Hanson 
and Hanson 1996; Jiang et al. 2010; Semrau et al. 2010; Smith and Dalton 2004; 
Wendlandt et al. 2010). Methane oxidation rates may vary according to methane 
and oxygen concentrations. The following environmental variables (based on labo-
ratory studies) regulate methane oxidation in soil:

•	 Temperature. Most methanotrophs are mesophilic and function optimally within 
a temperature ranging from 25 to 35 °C. Methane oxidation may cease at tem-
peratures below 10 °C. Type I methanotrophs tend to have lower temperature 
optima and become more prolific under these conditions (Börjesson et al. 2004; 
Gebert et al. 2003).

•	 Oxygen supply. Methanotrophic bacteria are obligate aerobes that can achieve 
optimum methane conversion rates even at low oxygen concentrations. For bio-
filters, methane oxidation only commenced when oxygen levels were above 
1.7 %, and maximum methane oxidation rates were achieved at approximately 
9 % oxygen content (Gebert et al. 2003).

•	 Nutrients. Inorganic N (ammonium/nitrate) might stimulate or inhibit methane oxi-
dation in soils depending on N type and its concentration, methane concentration, 
pH and methanotroph species present. Methanotrophic bacteria have a relatively 
high N demand: 0.25 mole of N is required for every mole of assimilated carbon.

•	 Moisture. Soil pore volume strongly affects this parameter, but an optimum soil 
moisture content is generally between 10 and 20  % w/w. Too little moisture 
(<5 %) significantly lowers oxidation activity due to desiccation, while too much 
moisture inhibits gas transfer—molecular diffusion is approximately 10,000 
times slower through water than air (Cabral et al. 2007).

2.2.1  �Agriculture: Rice Paddy Soils

Modern agriculture has increased in scale and intensity and production is expected to 
double by 2050 because of greater food, feed and energy demands (Raja 2013). 
Meeting this growing demand will require more land and greater crop production 
efficiencies. Inevitably, this will lead to increased fertiliser use, which will impact the 
methane flux from agricultural soils as the microbially mediated production and con-
sumption of methane is regulated by soil physico-chemical properties and strongly 
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impacted by fertiliser use, crop type, irrigation and organic amendment (Zheng et al. 
2010). Nitrogen fertilisers containing ammonium or nitrate are widely recognised as 
one of the key factors affecting methane oxidation in agricultural soils (Kravchenko 
et  al. 2002; Seghers et  al. 2003). However, reports are contradictory due to unac-
counted for variability of the sample sites. Ammonium-based fertilisers have caused 
inhibition (Hütsch et al. 1994), stimulation (Mohanty et al. 2006) or had no effect on 
methane oxidation (Delgado and Mosier 1996). Ammonium can inhibit methano-
trophs by outcompeting methane oxidation by MMOs, generating hydroxylamine, 
which prevents assimilation and energy production. Ammonium inhibition was a 
common assumption applied to various ecosystems, until Bodelier et  al. (2000) 
observed ammonium-stimulated methane oxidation and methanotroph growth in rice 
paddy soils. Methanotrophs are significant contributors to nitrification in the rhizo-
sphere of model microcosms associated with rice plants (Bodelier and Frenzel, 1999). 
Generally, the short-term use of ammonium-based fertilisers may initially prevent 
enzymatic methane oxidation, while the long-term use affects various populations of 
the soil microbial communities and can impact methane production or oxidation 
(Bodelier and Laanbroek 2004; Ho et al. 2014), as it may also facilitate methane pro-
duction by methanogens by providing an N source (Schimel 2000).

Rice production generates a large fraction of the agriculturally generated meth-
ane, which is troubling because production as this is anticipated to increase from 
600 million tonnes in 2000 to 930 million tonnes by 2030 (Kubo and Purevdorj 
2004). Simple strategies, such as adopting alternate wetting and drying cycles in 
rice production, have delivered promising results by reducing CO2-equivalent emis-
sions up to 30 % (IRRI 2015). Alternatively, organic fertilisers or amendments may 
be incorporated into the soils. Using organic fertilisers may improve crop yields and 
the methane sink potential within agricultural systems, which may be further 
improved when combined with beneficial microbes (i.e. biofertilisers) that improve 
the activity of methane-oxidising bacteria such as methanotrophs. Biofertilisers 
may be an effective tool for agriculture that is environmentally beneficial compared 
to conventional inorganic fertilisers.

There are reports of the prospective role of biofertilisers with regard to methane 
mitigation (Singh and Strong 2015). Biofertilisers that contain aerobic photosyn-
thetic organisms, such as Azolla (Yadav et al. 2014) or cyanobacteria (Mandal and 
Mitra 1982; Lakshmanan et al. 1994; Prasanna et al. 2002) or diazotrophs (Bhardwaj 
et al. 2014; Pingak et al. 2014) have lowered methane emissions from agricultural 
activity. Frequently, this is a result of improved dissolved oxygen availability. This 
has two significant effects on microbial communities. The first is that it provides 
oxygen that the methanotrophs require to oxidise methane, allowing for greater 
methane sequestration efficiencies—frequently in flooded soils poor in oxygen. 
Second, oxygen is toxic to the methanogens and may suppress the biological pro-
duction of methane. These two outcomes have been noted to significantly lower 
overall methane emission normally associated with rice production. Additionally, 
incorporating nitrogen-fixing bacteria such as rhizobia (Rösch et al. 2002), metha-
notrophs (Hackl et al. 2004; Knief et al. 2003) or Archaea (Kemnitz et al. 2005) into 
a biofertiliser can increase N availability to paddy crops and lower N fertiliser 
requirements (Table 2.1).

2  Methanotrophs: Methane Mitigation, Denitrification and Bioremediation



24

If agricultural output is to increase as steadily as the human population growth, 
sustainable and efficient tools are vitally required to mitigate methane emissions via 
natural soil microflora such as the methanotrophs, while simultaneously improving 
soil quality and crop yields. More research is still required to better understand the 
complex relationship between methane-oxidising bacteria and other soil microbes, 
microbially enriched organic amendments, N source, N concentration, phosphate 
availability, C:N ratio, to enhance the methane sink within agricultural soils.

2.2.2  �Coal Mines

Coal bed or coal mine gas is a complicated gas mixture with a high methane content 
that is released during mining operations. Fugitive methane, emitted from coal mines 
around the world, represents approximately 8 % of the world’s anthropogenic meth-
ane emissions (Su et al. 2005). The concentration of methane varies for different min-
ing sites and varies locally according to coal quality and coal depth. Methane is 
emitted as it desorbs from coal during mining, crushing or inefficient combustion, or 
is actively diluted and pumped out of coal mines to prevent it reaching an explosive 
concentration. As with landfills, it is important to monitor, regulate and treat methane 
emissions from coal mines on-site. In gassy mines, the trapped methane is released as 

Table 2.1  Amendments that improve soil and sediment fertility or decrease methane emissions.

Amendment Beneficial role Soil type References

Biochars Improve methanotroph 
activity

Landfill soils Sadasivam and 
Reddy (2015)

Farmyard manure 
(pressmud) combined 
with pyrite

Increase methanotroph 
population

Salinity-disturbed 
paddy soils

Singh et al. (2010)

Organic amendments 
combined with pyrite 
or fly ash

Improve methanotroph 
activity

Salinity-disturbed 
paddy soils

Organic manure 
combined with fly ash

Increase methanotroph 
population

Dry tropical nutrient- 
poor saline soils

Singh and Pandey 
(2013)

Diazotrophs 
Ochrobactrum 
anthropi, Azotobacter 
and Azospirillum

Increased O2 content—
emit less CH4

Paddy fields Pingak et al. (2014)

Biofertiliser Azolla  
and Anabaena azollae

Increased O2 content—
emit less CH4

Flooded paddy soils Lakshmanan et al. 
(1994); Prasanna 
et al. (2002)

Biofertiliser Promoted rice yields 
and emit less CH4

Paddy fields Lakshmi et al. 
(2012)

Inoculating rice plant 
roots with Azospirillum

Increased O2 in the 
rhizospheric region—
emit less CH4

Paddy fields Sahoo et al. (2014)

Cyanobacteria: 
Synechocystis

Increased O2 content—
emit less CH4

Paddy fields Prasanna et al. 
(2002)
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either fugitive or as continuous emissions, with more than 70 % of the mines relying 
on dilution to obtain acceptable methane concentrations within the mine site (Heimann 
et al. 2013; Limbri et al. 2014). Here, methane is released or treated as follows:

•	 Ventilation air methane (VAM) is coal bed methane that is diluted with air to 
concentrations below 1 % ( generally 0.1 to 0.7 % methane), or below the explo-
sive limit;

•	 Gas drained from the coal seam or coal mine before mining at (60–95 % meth-
ane) that is generally collected for direct combustion and energy recovery; and

•	 Gas drained from worked, or partially worked, areas (30–95 % methane) that is 
either diluted or used either for energy recovery (Su et al. 2005).

There are implementation and cost barriers for biological treatment of 
VAM. Technically, using methanotrophic bacteria to remove methane is difficult 
because it is produced in large volumes with low methane concentrations (average 
of 0.65 %). There are issues associated with gas solubility, mass transfer, contami-
nant volatile organic carbon (VOCs) and particulate dust. Gas residence times rep-
resent a major hurdle for methanotroph-based biofilters. While 70 % of methane can 
be removed at a retention time of 15  min, longer retention times (30  min) are 
required for 90 % removal (Limbri et al. 2013; Sly et al. 1993). The low methane 
content is also problematic from a physiological perspective. Adding methanol, for-
mate or other reducing equivalents, along with essential nutrients such as nitrogen 
or trace metals, is recommended to maintain cell activity (Dijk et al. 2012; Andreasen 
et al. 2013). Biological treatment is compounded by flow rates that fluctuate during 
operation because of fluctuating methane content with different coal quality and 
removal depths. Nonetheless, a handful of studies have assessed pilot-scale biofil-
ters for methane removal from simulated VAM. Their results are difficult to com-
pare directly because of differences in optimisation conditions, use of pure or mixed 
methanotrophs cultures, methane flow rates, gas residence times and reactor types, 
but high removal efficiencies of 85–98 % were achieved (Limbri et al. 2013).

Based on the operation, mine safety regulation and other methane mitigation 
system arrangements, the VAM flow and methane concentrations will be varied for 
different mine sites. It is very difficult to adapt biofilters for VAM treatment unless 
the methanotrophs are robust and optimised to withstand fluctuating environmental 
conditions. Currently, the scale of the biofilters required to treat the large volume of 
VAM is not economically feasible. If the carbon credits or other financial incentives 
are not imposed, the commercialisation of biofilter technology will struggle. 
However, there are potential alternatives such as the use of alternative filter packing 
material and the use of immobilised biocatalysts.

2.2.3  �Landfills

Landfill gas (LFG) is mainly composed of methane and carbon dioxide, along 
with other trace gases or VOCs. Monitoring, control and treatment/prevention 
of  LFG emissions are an integral part of landfill operations and maintenance. 
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The  contribution of LFG emission to anthropogenic greenhouse effects has 
received considerable attention in recent years and much research has focused on 
emission control. The potential to exploit the microbial methane oxidation in bio-
based engineered systems was recognised by various researchers for LFG treat-
ment (Park et  al. 2002; Börjesson et  al. 2004; Haubrichs and Widmann 2006; 
Einola et al. 2007; He et al. 2008; Park et al. 2009; Rachor et al. 2011). Generally, 
the landfill methane is oxidised naturally by methanotrophs in the uppermost 
cover layers. Various factors govern methane oxidation in landfill cover soils, viz. 
methane flux, temperature, moisture content, oxygen distribution, extracellular 
polymeric substances formation, ammonium content and other VOCs. Further, 
when the top cover soils are vegetated, plant-mediated transport mechanisms may 
also affect the overall methane emissions from landfills (Chanton 2005).

Biobased methane mitigation systems mimic the landfill top soil cover systems 
with controlled environmental conditions that support methanotrophs. There are 
four types of biobased methane mitigation systems: biocovers, biowindows, biofil-
ters and biotarps (Fig. 2.2). These are considered promising and cost-effective 

Fig. 2.2  Biobased methane mitigation systems mimic the landfill top soil cover systems (Huber-
Humer et al. 2008) (This requires copyright permission)
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systems that can provide methane mitigation for high or low levels of methane 
under prolonged conditions, i.e. during landfill operation/post-closure periods. 
Biobased systems can be readily configured to meet local conditions (topography 
and climatic conditions) and exploit naturally available materials.

2.2.3.1  �Biocover

The first prototype biocover system was proposed by Humer and Lechner (1999). It 
consisted of a layer of coarse gravel material to provide high gas permeability and a 
matured well-structured compost material to support methanotroph growth. Generally, 
biocovers offer the advantage of full landfill coverage, where the methane flux burden 
is spread over a large surface area and risk of LFG emission is minimised.

2.2.3.2  �Biowindow

These are similar to biocovers, but the difference is that they target relatively spe-
cific regions of landfill where point source emissions are observed. Biowindows are 
useful when covering the entire site is neither warranted nor economically feasible, 
and no gas collection system is available. Biowindow systems are generally arranged 
in discrete integrated structures in the top cover where LFG passively migrates 
through due to its increased permeability.

2.2.3.3  �Biofilter

Biofilters are engineered, self-contained, fixed bed systems, packed with materials 
that can support/sustain methanotroph growth. In contrast to biocovers, biofilters 
require either an active or passive gas collection system to feed through it and is 
suitable when active landfill extraction and subsequent energy recovery or flaring is 
no longer viable or not available. They require skilled operators and are more expen-
sive than passively vented, robust open bed applications, but they have a small foot-
print and high gas removal capacity (Jiang et al. 2010).

2.2.3.4  �Biotarp

This is generally applied during the initial stages of landfilling to avoid early LFG 
emissions. It is similar to a daily cover and must be managed on a daily basis. It 
must be moist enough to support microbial growth but light enough to roll or fold. 
Its major advantage over other biobased systems is that the support matrix is inert 
and not subject to biochemical degradation.

The most commonly used biological solid substrates in biobased designs are 
mature compost, degraded or mechanically pre-treated municipal solid waste, wood 
chips and sludge. These biogenic materials naturally harbour methanotrophs and 
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are often locally available. Inorganic porous materials like gravel, clay pellets, glass 
beads, sands and soil are used as bulking agents in different layers. Substrate selec-
tion is important to ensure optimum conditions for microbial growth and efficient 
routing of LFG in biobased systems to support effective mitigation. Artificially 
designed and engineered media can also favour biobased systems, as they are homo-
geneous and have consistent physical and biochemical properties. However, in the 
construction of methane oxidation systems covering the large tracts of the landfill 
surface, huge amounts of suitable substrates are needed, and availability or costs 
incurred frequently limit application.

Methanotrophic methane mitigation technologies have been demonstrated as 
adaptable field-scale systems that may be engineered to meet site-specific climatic 
variations and ensure minimal atmospheric methane emission (Dever et al. 2007, 
2011; Huber-Humer et al. 2008). Methane oxidation efficiencies as high as 100 % 
have been reported for field-scale applications (Nikiema et al. 2007; Gebert et al. 
2009). Dever et al. (2011) conducted a field-scale trial at a landfill site (Sydney, 
Australia) investigating passive drainage and biofiltration of landfill gas as a means 
of managing landfill gas emissions from low to moderate gas generation landfill 
sites. Passively aerated biofilters operating in a temperate climate achieved maxi-
mum methane oxidation efficiencies greater than 90 % and average oxidation effi-
ciencies greater than 50 % over 4 years of operation. Although temperature and 
moisture within the biofilter were affected by local climatic conditions, their effect 
on biofilter performance was overshadowed by landfill gas loading. A very interest-
ing observation with implications for methane mitigation was that landfill loading 
and subsequent gas production was the primary factor governing the performance of 
passively aerated biofilters. Microbial methane oxidation was limited by outflowing 
biogas as it prevented diffusion of atmospheric oxygen into the biofilter.

A number of full-scale biobased research projects are underway in USA, 
Germany, Denmark, Australia and Canada. In Germany, the MiMethox (Microbial 
Methane Oxidation in landfill covers) developed a biocover system to reduce the 
methane emitted from landfills generating low-quality biogas. In Canada and 
Australia, biofilter test cells of different layering and materials have been con-
structed on landfills to evaluate the methane abatement under Nordic and arid cli-
matic conditions, respectively. In the US, research towards applying biotarps, 
instead of daily topical applications of soil and wood chips, is underway for meth-
ane mitigation. The increasing use of gas collection systems bodes well for biofil-
ters, their small footprint and high removal capacity. The IPCC 2007 assessment 
report lists biocovers and biofilters as key mitigation technologies that are projected 
to be commercialised before 2030.

2.3  �Denitrification

The interaction between methane and nitrogen has been identified as one of the major 
gaps in carbon–nitrogen cycle interactions (Gärdenäs et al. 2011; Stein et al. 2012). 
Methanotrophs and autotrophic nitrifiers share many similarities. Methane oxidisers 
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and ammonium oxidisers are proposed to have a common evolutionary history as the 
enzyme systems are similar and the bacteria occupy similar ecological niches 
(Holmes et al. 1999; Stein et al. 2012). Genes that encode for pMMO or ammonia 
monooxygenase share high sequence similarities and, despite their different physio-
logical roles, appear to be evolutionarily related enzymes (Holmes et al. 1999).

Methanotrophs can directly or indirectly participate in denitrification, especially 
in wastewater treatment systems. Modern wastewater treatment systems frequently 
supplement with costly external carbon sources, such as methanol, to achieve more 
stringent N discharge limits (Strong et al. 2011). Using methane as a low-cost car-
bon source to facilitate denitrification would be highly beneficial (Modin et  al. 
2007). Incorporating methane into the denitrification process was suggested by vari-
ous researchers in the 1970s (Harremoes and Henze Christensen 1971; Davies 
1973; Mason 1977), and four decades later, there have been striking discoveries and 
substantial progress regarding this coupled process. Methane-dependent denitrifica-
tion can be divided into two categories according to oxygen availability: aerobic 
methane oxidation coupled to denitrification (AME-D) or anaerobic methane oxida-
tion coupled to denitrification (ANME-D) (Modin et al. 2007). In spite of the func-
tional differences between the microorganisms responsible for these two processes, 
the inherent mechanism is dependent on both microbes.

As alternatives are investigated to enable cheaper wastewater denitrification, 
there has been a recent increase in research published regarding aerobic methane 
oxidation coupled to denitrification (Zhu et al. 2011; Long et al. 2013; Sun et al. 
2013; Liu et  al. 2014). It simultaneously ameliorates two environmental issues: 
methane emissions and soluble nitrogen content in wastewaters. Methane-dependent 
denitrification appears to be an economical and environment-friendly technology to 
enable denitrification of nitrogen-contaminated wastewaters (including landfill 
leachate) by mixed microbial cultures using a cheap, sustainable carbon source 
(Long et al. 2013; Sun et al. 2013).

2.3.1  �Aerobic Methane Oxidation Coupled to Denitrification

As early as the 1970s, it was hypothesised that the responsible agent in the mixed 
methanotrophic culture was a denitrifying methanol-consuming bacteria that used a 
methanotroph by-product to perform the initial reduction of nitrate to nitrite. Since 
then, AME-D has become an attractive focus for both atmospheric methane mitiga-
tion and nitrogen removal in wastewater treatment. Although the detailed process 
mechanisms remain unclear, two main pathways have been proposed. The first 
mechanism is direct nitrate/nitrite reduction by aerobic methanotrophic bacteria. 
Although no aerobic methanotroph has demonstrated ability of complete denitrifi-
cation (i.e. releasing N2 as the terminal product), partial denitrification is possible. 
Certain aerobic methanotrophs can produce substantial amounts of nitrous oxide 
when exposed to high nitrite concentrations (Nyerges et  al. 2010), and some of 
these methanotrophs contain functional denitrification genes (Stein and Klotz 
2011). Very recently, Methylomonas denitrificans FJG1 directly reduced nitrate to 
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nitrous oxide (incomplete denitrification) under hypoxic conditions with nitrate as 
the electron acceptor and methane as the electron donor (Kits et al. 2015). In natural 
habitats such as lake sediments, incomplete denitrification can be performed by the 
cooperation of different types of aerobic methanotrophs with one or two denitrify-
ing genes. Incomplete denitrification in the sediment of Lake Dagow (Brandenburg 
Germany) was initially catalysed by Methylobacter tundripaludum (narG and nirS 
genes) and completed by Methylomonas methanica or Methylomicrobium alcaliphi-
lum (norB gene) (Dumont et al. 2013).

The second mechanism is indirect denitrification. Here, methanotrophs release 
soluble organic metabolites (methanol, formaldehyde, formate, acetate, etc.) that 
provide an electron donor for denitrifying bacteria (Modin et al. 2007). In wastewa-
ter treatment systems, nitrate/nitrite reduction is achieved by a consortium of aero-
bic methanotrophs and denitrifying bacteria. This syntrophic relationship, where 
one organism lives off the products of another organism, has been verified. 
Denitrifiers isolated from a methanotrophic environment exposed to an oxygen gra-
dient were able to use methanol, formaldehyde and formate (i.e. methane oxidation 
intermediates) to achieve denitrification (Knowles 2005). Additionally, methanol- 
and acetate-consuming denitrifiers performed the denitrification in earlier research, 
where denitrification was achieved with methane as the carbon source under micro-
aerophilic conditions (Costa et al. 2000).

2.3.2  �Anaerobic Methane Oxidation Coupled to Denitrification

Nitrite-dependent anaerobic methane oxidation (n-damo) is a recently discovered 
process that couples anaerobic methane oxidation to nitrite reduction (Raghoebarsing 
et  al. 2006).The novel mechanism for methane-dependent denitrification uses an 
intra-aerobic denitrification pathway and was performed by a new species with the 
proposed name: Methylomirabilis oxyfera (Ettwig et al. 2010). Even though it exists 
in a strictly anoxic environment, M. oxyfera encodes, transcribes and expresses all 
genes involved in aerobic methane oxidation. It was hypothesised to produce oxy-
gen required in methane oxidation via dismutation of nitric oxide to dinitrogen gas 
and oxygen (Ettwig et al. 2010). It may also be a novel pathway to achieve complete 
denitrification from nitrite, instead of traditional process that requires nitrous oxide 
reductase. Since its discovery, the ecology of M. oxyfera and n-damo process has 
been intensely studied. The bacterium is widely distributed in sediments (Deutzmann 
and Schink 2011; Kojima et al. 2012), wetlands (Hu et al. 2014) and wastewater 
sludge (Luesken et al. 2011). More recently, the n-damo process was coupled with 
anaerobic ammonium oxidation to remove nitrogen (ammonium and nitrate) with 
high removal rates (Zhu et al. 2011; Hu et al. 2012; Shi et  al. 2013), which has 
strong potential as a future wastewater nitrogen removal technology.
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2.4  �Bioremediation of Organic Contaminants

Methanotrophs are useful bioremediation agents because of the broad substrate 
range of their MMO enzymes, which allows their use in heavy metal removal (Al 
Hasin et al. 2010) and transformation of organic pollutants (Pandey et al. 2014). 
The sMMO and pMMO enzymes can transform a variety of hydrocarbons 
(summarised in Table 2.2), including alkanes, alkenes, alicyclic hydrocarbons, 

Table 2.2  Various hydrocarbons that can be oxidised by sMMO and pMMO enzymes and can 
transform a variety of hydrocarbons

Substrate
sMMO: major reaction products 
(relative molar proportions)

pMMO: major reaction 
products

Alkanes

Methane Methanol Methanol
Ethane Ethanol Ethanol; Ethanal
Propane Propan-1-ol (39); propan-2-ol (61) Propan-1-ol; Propan-2-ol
Butane Butan-1-ol (54); butan-2-ol (46) Butan-2-ol
Pentane Pentan-2-ol
Hexane Hexan-1-ol (63); hexan-2-ol (37)
Octane Octan-1-ol (9); octan-2-ol (91).
2-Methylpropane 2-Methylpropan-2-ol (70); 2- 

methylpropan-1-ol (30)
Alkenes

Ethene Epoxyethane
Propene Epoxypropane/Propene oxide Epoxypropane/Propene oxide
But-1-ene 1,2-Epoxybutane 1,2-Epoxybutane; 3-Buten-2-ol
cis-But-2-ene cis-2,3-Epoxybutane (47); 

cis-2- buten-1-ol (53)
cis-2,3-Epoxybutane; 
Crotonaldehyde

trans-But-2-ene trans-2,3-Epoxybutane (27); 
trans-2-buten-1-ol (73)

1,3-Butadiene 1,2-Epoxybut-3-ene
cis-But-2-ene cis-2,3-Epoxybutane; 

Crotonaldehyde
trans-But-2-ene trans-2,3-Epoxybutane; Crotyl 

alcohol; Crotonaldehyde
Alicyclic hydrocarbons

Cyclohexane Cyclohexanol
Methylene cyclohexane 1-Cyclohexane-1-methanol (13.7); 

methylene cyclohexane oxide 
(75.8); 4-hydroxymethylene 
cyclohexane (10.5)

β-Pinene 6,6-Dimethylbicyclo[3.1.1] 
hept-2-ene-2-methanol (72.3); 
β-pinene oxide (27.7)

Adamantane 1-Adamantol (50); 2-adamantol (50)
(continued)
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aromatic compounds and halogenated aliphatics (Colby et al. 1977; Schuetz et al. 
2003; Smith and Dalton 2004). The enzymes can transform C1-C8 n-alkanes into 
1- and 2-alcohols, terminal alkenes into 1,2-epoxides and diethyl ether into etha-
nol/ethanal (Colby et al. 1977). Alkanes are hydroxylated mostly at the terminal 
and sub-terminal positions, while ring hydroxylation of aromatics occurs primarily 
at the meta position. The sMMO oxygenates alkenes to epoxides with retention 
of  stereochemistry around the C=C double bond (Smith and Murrell 2009). 
Chlorinated compounds that are degradable by MMOs include chloroform 
(Alvarez-Cohen and McCarty 1991a), trichloroethylene (Alvarez-Cohen and 
McCarty 1991a, b; Henry and Grbic-Galic 1990, 1991; Koh et  al. 1993; Smith 
et  al. 1997), tetrachloro-ethene (Gerritse et  al. 1995), hydrochlorofluorocarbons 
(Chang and Criddle 1995; DeFlaun et  al. 1992), dichloroethene (Janssen et  al. 
1988) and even vinyl chloride (Nelson and Jewell 1993).

Table 2.2  (continued)

Substrate
sMMO: major reaction products 
(relative molar proportions)

pMMO: major reaction 
products

Halogenated aliphatics
Trichloroethene Formate (35); CO (53); glyoxylate 

(5); dichloroacetate (5); chloral (6)
l,l-Dichloroethene Glycolate (80); 

dichloroacetaldehyde (3)
Chlorotrifluoroethylene Oxalate
Tribromoethylene Formate (80); bromal (5)
Mono-aromatics

Benzene Phenol
Toluene Benzyl alcohol (60); cresol (40)
Ethylbenzene 1-Phenylethanol (30); 

4-hydroxyethylbenzene (70)
Styrene Styrene oxide
Pyridine Pyridine N-oxide
Di-aromatics

Naphthalene 1-Naphthol, 2-naphthol
Biphenyl 2-Hydroxybiphenyl (9); 

3-hydroxybiphenyl (1); 
4-hydroxybiphenyl (90)

2-Hydroxybiphenyl Dihydroxybiphenyls
2-Methylbiphenyl Ring (56) and side chain (44) 

hydroxylated products
2-Chlorobiphenyl Hydroxychlorobiphenyls
Other compounds

Diethyl ether Ethanol (47); ethanal (53)
Carbon monoxide Carbon dioxide

Adapted from Jiang et al. (2010)
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The oxidation of these substrates is termed co-metabolism. The broad range of 
the MMO enzymes allows for the catalysis, but unlike methanol, the oxidised 
products are essentially of no use to the cells energetically, as these compounds do 
not regenerate reducing equivalents that the MMO requires to remain functional for 
methane catalysis. High concentrations of co-substrates can starve the methano-
trophs of energy needed to survive. Methane, methanol, formate or nutrients may be 
added to stimulate the methanotrophs and enhance biodegradation and biotransfor-
mation of contaminants. Biostimulation of methanotrophs according to the site-
specific needs has even been demonstrated at a field scale in situ within contaminated 
aquifers and soils, and ex situ in bioreactors (McCarty and Semprini 1994; Semprini 
et al. 1994; Brigmon 2001; Jiang et al. 2010).

A variety of microbes have been genetically engineered to improve their reme-
diative capacities (Morrissey et al. 2002; Liu et al. 2011; Villacieros et al. 2005; 
Azad et al. 2014). Genetic engineering may further enhance methanotrophs’ toler-
ance to pollutants and degradation potential, the safety and the risk of genetic 
transfer, but will require close monitoring if applied in the natural environment 
(Morrissey et al. 2002; Singh 2011; Pandey et al. 2014). Alternatively, methano-
troph–plant associations may be worth pursuing to create a stable methanotroph 
population in a soil environment—in a symbiotic relationship with plant roots. Even 
if the methanotrophs do not benefit the host greatly (as is normally the case with 
endophytes providing nutrients or secreting plant growth-promoting factors), as 
long as they are actively present in the environment it could be considered beneficial 
(Azad et al. 2014).

Although methanotrophs are capable of environmental detoxification, providing 
conditions to maintain an introduced methanotrophic culture, or enriching for meth-
anotrophs may be difficult to implement and justify economically over large areas or 
dilute pollutant concentrations. Environmental remediation seldom has a commer-
cial value other than avoiding enforced penalties, and the methanotrophs have too 
many specialised requirements to consider the catalytic whole-cell transformation 
as a useful tool for bioremediation. However, one avenue that could yield positive 
results without requiring intensive operational monitoring is using the plant–metha-
notroph symbiont relationship to enhance phytoremediation and bioremediation.

2.5  �Conclusion

Methanotrophs are a diverse group of bacteria that are capable of mitigating anthro-
pogenic methane emissions, removing N from environmental and wastewater treat-
ment systems and can even transform organic pollutants in soils. Methanotrophic 
methane mitigation technologies have been demonstrated beyond the laboratories 
as adaptable field-scale systems that may be engineered to meet site-specific cli-
matic variations and ensure minimal atmospheric methane emission. However, they 
are not without their limitations as methane is required to maintain cell activity and 
large volumes of gas with low methane content can be difficult to treat effectively 
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and cost efficiently. In agricultural sediments and soils, methanotrophs sequester 
methane, but are affected by fertiliser applications, while in wastewater treatment 
systems they can lower the costs associated providing an external carbon source to 
remove N.  Methanotrophs are appealing as bioremediation agents in methane-
containing environments, as their primary enzymes have a broad substrate range 
that can transform various hydrocarbons, including aromatic compounds and halo-
genated aliphatics. These bacteria are an important global methane sink and their 
importance will increase as anthropogenic emissions and environmental standards 
increase over the coming decades.
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Chapter 3
Prospects of Bacterial-Assisted Remediation 
of Metal-Contaminated Soils

Muhammad Saleem, Hafiz Naeem Asghar, Waqar Ahmad, 
Muhammad Ahmed Akram, Muhammad Usman Saleem, 
Muhammad Yahya Khan, Muhammad Naveed, and Zahir Ahmad Zahir

Abstract  Industrial revolution resulted in plenty of contaminants in the environment. 
Several organic and inorganic pollutants have adversely affected soils and water 
resources, causing serious health issues in humans. Among inorganic contaminants 
heavy metals are of prime importance as they are nondegradable in the environment. 
Arsenic, cadmium, chromium, cobalt, copper, lead, mercury, selenium, zinc, and 
other metals originating from various point and nonpoint sources are contaminating 
natural resources. Elevated concentrations of poisonous metals are not only disturb-
ing soil health and microbial ecology but also decreasing crop production and global 
food security. Entry of metal pollutants into the food chain is dangerous for human 
health. Serious efforts are needed to mitigate rising threats of metal contamination. 
Physical, chemical, and biological approaches can be used to remediate such type 
of pollutants. However, bioremediation is considered as a promising technique, 
being cost effective and environment friendly with minimum adverse effects, 
esthetic advantages, and long-term applicability. Phytoremediation is a type of bio-
remediation to remove toxic metals from soil through hyperaccumulation or phyto-
stabilization in plant cells. Generally, higher contents of toxic metals in soil and 
water result in more uptake by roots and more translocation toward shoots, causing 
interference in metabolism and reduced growth. Successful phytoremediation is 
limited to the plant types, tolerance to the high metal concentrations, accumulation 
rate, growth rate, adaptability, and biomass production. Metal-tolerant bacteria 
can help plant to tolerate metal stress via different mechanisms involved including 
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production of different hormones such as auxins, cytokinin, and gibberellic acid or 
suppressing stress-induced enzymes such as plant ethylene level. This chapter 
reviews possible interactions between plant and bacteria to make situations more 
conducive for remediation of metal-contaminated soil. The chapter also covers dif-
ferent strategies/mechanisms adopted by plants and bacteria to mitigate toxic effect 
of metals on plant growth in metal-contaminated soils.

Keywords  Bioremediation • Hyperaccumulators • Phytoremediation • Soil pollution

3.1  �Introduction

Modernization has eased human life at the cost of enormous environmental pollu-
tion. Human settlements in urban areas and industrial growth have contributed 
majorly to the environmental concerns. In developing countries where industrial 
growth has become a prime focus and agricultural economics has been neglected, 
rural to urban shift has direct implications on soil, air, and water pollutions. 
Consequently, human health has to face various challenges due to the release of 
xenobiotics, pollutants, and heavy metals in the environment through industrial 
effluents. Many of the industries use heavy metals and their effluents containing 
significant concentrations of heavy metals are dumped without any treatment. The 
heavy metals released by the industries are deteriorating our soil and water resources. 
Entry of heavy metals in the food chain can be drastic as many of these heavy metals 
are carcinogenic to the human. Keeping in view the release of heavy metals to the 
environment and their associated threats, strategies to rehabilitate our environment 
must be devised. Microbial-based bioremediation has been considered as promis-
ing, cost effective, and environment friendly technique to decontaminate the heavy 
metals and other toxic compounds from environment (Singh et al. 2011). To under-
stand the gravity of this problem and to cope with the possible consequences of 
heavy metal pollution, a comprehensive understanding needs to be developed in 
masses regarding the mechanisms and roles these heavy metals are playing in dete-
rioration of environment and human health.

3.2  �Heavy Metals as Soil Pollutants

Heavy metals are the transitional elements with densities higher than 5 g cm−3. 
Metals such as Iron (Fe), Zinc (Zn), Lead (Pb), Cadmium (Cd), and Mercury 
(Hg) are some examples of heavy metals. Heavy metal pollution is a major cause 
of environmental instability, due to their extensive use, distribution, and toxicity 
to the human. However, low concentrations of some elements such as Iron (Fe) 
and Zinc (Zn) are required for the proper functioning of human body (Rouphael 
et al. 2008).
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3.3  �Sources of Heavy Metals

Metals in soil can accumulate naturally as well as by anthropogenic activities. 
Weathering of metal rocks, translocation of main land dust particles, and atmo-
spheric secretions from volcanoes are the natural sources of heavy metal release 
into the environment. Whereas, anthropogenic sources of metal release into soil, 
water, and environment include exploitation of minerals through mining, agricul-
tural utilization of sewage sludge as organic matter, increased use of electric appli-
ances, metal consumption in industrial process, burning of metal-supplemented 
fossil fuel in vehicles, and increased reliance on military training to ensure countries 
defense. The chief man-made sources of heavy metal contamination to the soil are 
the application of untreated sludge to agricultural lands and industrialization (Shi 
et al. 2005).

Although industrial effluents are the main cause of heavy metal pollution, yet the 
domestic waste water also provide significant contribution in this kind of pollution. 
Agricultural soils in the close proximity of industries are highly polluted with heavy 
metal; however, the heavy metal pollution has also been found in the suburban to 
rural areas, where the injudicious use of pesticides, fertilizers, and irrigation with 
polluted water have contributed to the accumulation of heavy metals in the soil. 
Industrial wastes are discharged into the rivers, canal, and other water bodies with-
out any sort of treatment. These metals when taken up by the human can be fatal and 
in acute case death may occur (Sanayei et al. 2009).

3.4  �Heavy Metal Concentration

Rising infestation of heavy metals in the environment has hazardous influences on 
human health and agriculture. In the industrial cities concentrations of Hg, Cd, Pb, 
As, and Ni already have crossed the permissible limits in soil. In the various geo-
logical regions of world, the concentrations of these metals vary from less than 1 to 
100,000 ppm. Whereas, permissible limits in the soil are 4960, 120, 480, 810, 460, 
and 410 ppm for tin, chromium, lead, manganese, nickel, and copper, respectively 
(Binggan and Yang 2010). The variability in the heavy metal contamination can be 
due to different agronomic practices. Increased use of phosphate fertilizers and pes-
ticides may also be one reason of contamination of heavy metals in soil (Tumuklu 
et al. 2007).

3.5  �Toxic Effects of Heavy Metals

Plants uptake ions present in the soil solution and utilize them in their metabolism. 
Simultaneously, nonspecific absorption of soluble heavy metals also occurs. Most 
of the heavy metals are nonessential for plants and are compartmentalized in the 
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plant tissues (Mohammad et al. 2003). Accumulation of heavy metals is prominent 
in the crops growing near the industrial areas. Heavy metal exposure to plants at 
lower concentrations for long duration causes functional syndrome in plants and 
human. However, metal toxicity accompanied by oxidative stress is caused by high 
concentrations (John et al. 2009). Production of reactive oxygen species such as 
superoxide (O2

−), singlet oxygen (O−), hydrogen peroxide (H2O2), and hydroxyl 
ions (OH−) due to the oxidative stress generated by the heavy metals causes disin-
tegration of cell membranes, imparts cell functioning, and eventually leads to cell 
death in plants. Bioaccumulation of heavy metals substitutes different enzymes and 
metals of prime importance by fostering oxidative stress which causes disruption 
of different functions. It also affects the plant growth by hindering the photosyn-
thetic activity which causes senescence. Heavy metals are more toxic when they 
are present in their elemental or chemically combined state. Response of plants to 
these toxic metals depends on their nature and differs from species to species 
(Talanova et al. 2000). Metal such as cadmium (Cd) reduces the uptake of essential 
nutrients, decreases the photosynthetic activity, and slows down the plant growth. 
Reactive oxygen species are produced due to oxidative stress caused by mercury 
(Hg+2) that disturbs the mitochondrial activity and lead (Pb) at elevated levels dis-
mantle mineral nutrition inhibiting the enzyme activity, causes water imbalance, 
and alters membrane permeability. In terms of growth, seedling is more susceptible 
to heavy metal toxicity as compared to seed germination. Moreover, heavy metal 
toxicity also disturbs many physiological processes such as photosynthesis, tran-
spiration, and enzymatic activity of plants. Various researchers have investigated 
the harmful effects of heavy metals; Oancea et al. (2005) concluded retardation in 
growth of tomato and structural damage due to Cr, Hg, Cd, and Zn toxicity; these 
metals also effected the physiological and biochemical activities of tested plants. 
Weiqiang et al. (2005) compared the growth of seedlings and seed germination in 
heavy metals toxicity and found that seedling growth was more susceptible to 
heavy metal toxicity as compared to seed germination Tuna et al. (2002) evaluated 
heavy metal toxicity on germination and pollen tubes in tobacco plant (Nicotiana 
tabacum L.). Outcomes of the experiment showed that with the increasing concen-
tration of heavy metal the pollen length was decreased. Peralta et al. (2004) checked 
different concentrations of heavy metals including Cd, Cu, Ni on growth of alfalfa 
(Medicago sativa) plants. Various concentrations of metals, viz., 0, 5, 10, 20, and 
40 ppm were used. Results showed that Cd strongly affected the germination and 
growth of seeds at 10 ppm, while Cu and Ni at 20 ppm and higher concentrations. 
It has also been learnt that seed germination was not affected by Zn. Gopal and 
Khurana (2011) tested different heavy metals (Pb, Cr, Cu, Ni, and Cd) on plant 
growth and stress symptoms were visible at 0.25 mM of metal in soil. It was also 
observed that these heavy metals decreased leaf mass, plant height, growth, affected 
enzymatic activity, head size of flowers, delayed flowering, and also caused inter-
veinal chlorosis.
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3.6  �Techniques Used for Remediation of Metal-
Contaminated Soils

Different approaches are used to remediate the metal-contaminated soils. The 
choice of these approaches relies on the contaminant nature, cost of technologies, 
characteristics of sites, and time.

3.6.1  �Physicochemical Techniques

Physicochemical methods used for remediation of heavy metals involved the 
following.

3.6.1.1  �Isolation

In this technique, heavy metals movement is restricted or metals mobility is pre-
vented. For this technique, physical barriers are used to prevent the vertical and 
horizontal movement of pollutant (Kabata-Pendias et al. 2010).

3.6.1.2  �Separation of Heavy Metals Mechanically

This method involves separation of larger noncontaminated particles from smaller 
contaminated particles (Wuana and Okieimen 2011).

3.6.1.3  �Remediation of Heavy Metals by Chemical Treatment

This technology involves use of chemicals such as hydrogen peroxide and chlo-
rine to reduce the heavy metals movement in situ. This technology is performed in 
situ and has disadvantage of causing new source of pollution (Kabata-Pendias 
et al. 2010).

3.6.1.4  �Electroremediation

This method involves passing of current having low intensity between anode and 
cathode in heavy metal polluted soil. In this process, metals can be recovered or 
removed through precipitation and electroplating (Kabata-Pendias et al. 2010).
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3.6.1.5  �Binding of Chemicals with Different Chelating Agent

This technique involves use of chemicals that may be organic and inorganic as che-
lating agent to bind the heavy metals. This process takes place in reactors. The 
chemicals involved in this process are organic acids and EDTA. The cleaned soil 
from which metals are removed is then returned to its former location. The efficacy 
of this process depends on the characteristics of soil (Kabata-Pendias et al. 2010).

3.6.1.6  �Removal of Metals by Ion-Exchanging Process

This technique involves use of ion-exchanging materials to remove metal from con-
taminated soil. Ion-exchanging materials used in this process are chelating resins, 
zeolites, plant, and microbial biomass. This technique depends on pH and disadvan-
tage of this technique is high cost (Kabata-Pendias et al. 2010).

3.6.2  �Remediation of Metals by Biochemical Methods

Biochemical methods of metal remediation are as follows.

3.6.2.1  �Bioleaching

This technique involves use of living organisms to extract the heavy metals from 
their ores. This technique uses several sulfur- and iron-oxidizing bacteria such as 
Thiobacillus ferrooxidans and Thiobacillus thiooxidans. These species are respon-
sible for the formation of sulfuric acid from the oxidation of inorganic sulfur. This 
acid acts as metal chelator and used to remove the heavy metals from contaminated 
soil. Aspergillus niger is also involved in bioleaching process (Mulligan et al. 2004).

3.6.2.2  �Biosorption

Biosorption involves concentration and interaction of organic pollutants or toxic 
metals in the biomass; this is taken as a potential tool for the remediation of metal-
contaminated sites and for recovery of costly metals, offering a substitute to old 
methods such as adsorption and ion exchange on activated carbon. In biosorption, 
pollutants are bound to bacterial cell wall surface and are used to remove heavy 
metals from wastewaters, ground waters, and contaminated soils (Chojnacka 2010; 
Ansari and Malik 2007).

Bioremediation is an in situ remediation technique providing more advantages 
over the conventional chemical and physical treatments (Radhika et al. 2006).
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3.6.2.3  �Metal–Microbe Interactions

Metal–microbe interactions are of utmost importance both from plant growth pro-
motion and bioremediation point of view (Ianeva 2009). Although certain heavy 
metals are needed by the plants for metabolic functioning but their higher concen-
trations are toxic to the plants (Hynninen et al. 2009). On the contrary, nonessential 
heavy metals are poisonous to plants and animals. Such metals are arsenic, cad-
mium, lead, and mercury. They are therefore termed as “toxic metals” (Janssen et al. 
2010). These enter into the plant body through the uptake system of essential nutri-
ent elements. At molecular level, these heavy metals get attached with thiol groups 
and did not allow essential metals to attach. Basically these nontoxic metals dis-
place the essential metals (Ca, K, and Mg) and attach themselves.

Moreover, Pb has the ability to enter into plant body by attaching with the Ca and 
Zn transport proteins. Resultantly, conformational arrangements of proteins, 
enzymes, and nucleic acids are disrupted. It also causes disturbance in membrane 
functions, osmotic balance, and interference with oxidative phosphorylation (Bruins 
et al. 2000). Bioavailability of metals/metalloids governs their toxicity to the micro-
organisms. Consequently, with the decrease in pH, the bioavailability of metals to 
plants increases. It is because of more available concentration of metals in solution 
form. To overcome this situation, bacteria have adopted mechanisms to resist the 
higher concentration of these metals. They either pump metals out of their body or 
hyperaccumulate by converting into less toxic form (Bruins et  al. 2000; Ianeva 
2009). Additionally, bacterial population exists in the environments with high metal 
concentration (Bruins et  al. 2000). Under heavy metal-stressed environment, 
microbes have developed numerous mechanisms to help them out. They can mobi-
lize, immobilize, or transform metals. It renders metal ions subjected to plant intake 
(Shukla et al. 2010). Microorganisms in metal contamination can use either single 
or combination of mechanisms for existence (Hu et al. 2006).

Isolation of bacterial strains, resilient to the heavy metal toxicity, has been 
reported in many studies. Since 1970s, aerobic bacteria were mostly found resistant 
to the heavy metal infestation. Major examples of resistive microorganisms include 
species of Bacillus and Staphylococcus, in addition to Pseudomonas aeruginosa and 
Escherichia coli (Bruins et al. 2000). For instance, certain bacteria were identified to 
survive in Lead (Pb) and Zinc (Zn) mining sites even at massively high 204 μg Pb/g 
soil (Hu et al. 2006). Resilience to the heavy metal toxicity in bacteria may be due 
to genetic determinants localized on chromosomes and extra-chromosomal genetic 
materials like transposons and plasmids (Bruins et  al. 2000). Transfer of genetic 
tendencies to the bacteria has a significant contribution in the heavy metal resistance 
(Gadd 2010). Among the various mechanisms involved in metal stress tolerance in 
bacteria (Shukla et al. 2010), the following five are of prime importance:

•	 Metal ion efflux
•	 Metal exclusion
•	 Enzymatic detoxification
•	 Intracellular sequestration
•	 Extracellular sequestration
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Primarily, prokaryotes depict resistance to the toxicity by the active efflux of 
poisonous metal ions from the cell (Hynninen et al. 2009). Metal resistance system 
is majorly managed by this active efflux of ions (Bruins et al. 2000). However, intra-
cellular complex formation (mainly in eukaryotes), certain binding factors, and 
enzyme-mediated reactions such as methylation, demethylation, oxidation, and 
reduction of metal also contribute significantly in preventing of adverse impact of 
heavy metals (Hynninen et al. 2009).

3.7  �Metal Resistance Mechanisms Used by Microorganisms

Various genera of gram positive and negative bacteria have been identified for metal 
resilience in polluted soils (Taghavi et al. 2009b). Although in the current literature 
the mechanism of resistance to metal is still unknown and bacterial approaches of 
defense against metal toxicity are little known, some important strategies have been 
identified. In particular, mechanisms of active efflux and precipitation of the heavy 
metals in insoluble forms are common strategies employed by bacteria against 
heavy metals tolerance (Mire et al. 2004). Indeed energy-consuming transportation 
of ions against the gradient by employing ATP-dependent efflux pumps and seques-
tration of metal ions at the intracellular spaces are effective to remediate highly 
bioavailable metals accessing the cell membranes.

3.8  �Metal Sequestration

Heavy metal-tolerant bacteria have the ability to sequester metals intra as well as 
extracellular and results in reduced mobilization of the metals. These bacteria actu-
ally use intra and extracellular mechanisms to avoid toxicity and it is well reported 
in the literature. A vast variety of these bacteria can precipitate metals particularly 
as metal–phosphate and some other forms. Accumulation of sequestered metal 
depends upon the type of bacterial strain, its growth stage, and environmental condi-
tions containing metals (Mire et al. 2004).

3.8.1  �Intracellular Sequestration

Intracellular sequestration is a metal accumulation strategy of bacteria in which 
metals are accumulated internally especially in cytoplasm to protect the other essen-
tial parts of the cell from exposure to toxic metals (Bruins et al. 2000; Mire et al. 
2004). These bacteria have the ability to overexpress the Metallothionein (MT) 
genes after the exposure to heavy metals. MTs are cysteine-containing proteins with 
low molecular weight. These have high affinity for toxic (Cr and As) and essential 
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(Mn and Fe) metals. Abundant quantity of this protein is also present in fungi, animals, 
and plants. Proper biological function of MTs is still not illustrated properly but its 
role for metal sequestration is well documented. In fact the transcription of MT 
gene is induced by the metal such as Pb, as indicated for a Streptomyces strain’s 
ability to resist to high concentration of the heavy metals such as Zn, Cu, and Pb 
(Rifaat et al. 2009). Intracellular sequestrations by binding proteins have also been 
reported in a Synechococcus sp. by producing MT proteins as a form of resistance 
(Bruins et al. 2000). Besides, the molecular mechanism remains to be elucidated, 
resistant strains of Bacillus megaterium, Staphylococcus aureus, Citrobacter freun-
dii, and Vibrio harveyi have been reported to lower the concentration of free lead 
ions by precipitating lead and accumulating the metal as an intracellular cytoplas-
mic phosphate salt. In particular, the Vibrio harveyi strain was capable of precipitat-
ing Pb in large quantity as phosphate compound (Mire et al. 2004). The product 
accumulated by the Citrobacter sp. is recognized as PbHPO4 and same precipitate 
also produced by Staphylococcus aureus strains. Staphylococcus aureus strains, 
both Pb-resistant and Pb-sensitive strains were able to sequester the lead, but only 
the Pb-resistant bacteria stored the metal as intracellular lead–phosphate in electron-
dense inclusions. Actually metal sequestration by bacteria is a two-step process. In 
the first step, metals are attached to the negatively charged surface of the microbe. 
Negative charge on the surface of microbe is due to the negatively charged func-
tional groups on the surface. In the second step, these metals are taken inside the 
body of microbe. Although Pb-sensitive cells also bind Pb(II) initially, the crystals 
of Pb–phosphate were not present in different compartments of the cells of sensitive 
isolates of bacteria as probably lacking the system for precipitating the metal as 
Pb–phosphate. After examination, negligibly soluble nontoxic phosphate crystals 
were found and the mechanism was supposed to continue until the Pb(II) concentra-
tion overwhelms the binding capacity of the cell (Levinson et al. 1996).

Metal-solubilizing bacteria precipitation has also been reported in a Klebsiella 
strain cultured in phosphate-limited medium. This bacterium was in fact able to 
precipitate PbHPO4 granules on the cellular surface as reported for a Citrobacter 
species grown in the presence of lead, while it accumulates PBS in electron-dense 
granules in the cells in phosphate-limited cultures (Mire et al. 2004).

3.8.2  �Extracellular Sequestration

Metal resistance based on extracellular sequestration results from the binding of 
toxic metal in a complex, thus it cannot enter the cell membrane. This mechanism 
has been found in bacteria and even in many species of yeast and fungi. 
Saccharomyces cerevisiae excretes large amounts of glutathione which may reduce 
absorption of Ni(II), which binds with great affinity to heavy metals. Other organ-
isms such as yeast form insoluble complexes of phosphate to increase resistance 
(Bruins et al. 2000).
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A lead-resistant Pseudomonas marginalis strain has been reported to avoid lead 
toxicity by precipitating it as an extracellular polymer. In the absence of Pb, P. mar-
ginalis still produced the polymer indicating that it is a metal independent process. 
Extracellular polymer production is a frequent and unique process by some 
microbes to overcome metal stress. Detailed and comprehensive investigations of 
microbial sequestered compounds are scarce. P. fluorescens produced precipitates 
that contain abundant phosphate and Pb. Furthermore, both phosphate-starved and 
phosphate-replete P. fluorescens cultures have been reported to generate an insolu-
ble material containing both lead and phosphorus, although phosphate-replete cul-
tures are apparently more efficient at expelling the material.

3.8.3  �Plant–Microbe Interactions

Plant root surface and soil area around root called rhizosphere is a very complex 
medium that contains huge microbial activity. Rhizosphere contains about one to 
two fold more microbial population as compared to the bulk soil (Maier et al. 2009). 
It might be due to the high concentration of nutrients in the rhizosphere. As we 
move from rhizosphere to bulk soil, the nutrient concentration reduces and similar 
trend is observed in microbial population density. Furthermore, plant roots also pro-
duce organic metabolites that act as carbon, energy, and food source for the bacteria. 
Roots aerate rhizosphere to support the microbial activity (Belimov et al. 2001). 
Some of the bacteria in reverse have also the ability to support the plant either by 
enhancing the nutrient availability or by producing the plant growth regulators and 
protecting plant from the pathogens. This group of bacteria is called plant growth 
promoting rhizobacteria (PGPR). These bacteria consolidate the plant defense 
mechanisms under stress conditions like heavy metal stress, salinity, and drought 
(Erturk et al. 2010; Khan et al. 2009; Jing et al. 2007) and ultimately improve the 
plant growth in heavy metal-contaminated soil (Dary et al. 2010).

3.9  �Phytoremediation of Contaminated Soils

It is a process that uses different plants to remediate the metal-contaminated sites 
either by extracting them out or stabilizing them in the soil. Some of the plants have 
the capacity to permanently remove the metals from soil by accumulating metal in 
under and above grounds parts while others produce such rhizospheric compounds 
that made compounds with metals by reducing their availability to the plants. In this 
process, metals remain in soil and only their mobility is minimized. The main pro-
cess involved in the uptake of metals is absorption. This method is among the most 
economical and eco-friendly approach (Mangkoedihardjo, 2007).

Different processes involved in phytoremediation of heavy metal-contaminated 
soil are phytoextraction, phytostabilization, phytovolatilization, and microbe-assisted 
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phytoremediation. The process in which contaminants are contained by plant or 
immobilized in the soil or ground water is known as phytostabilization. It comprises 
the application of plants to decrease the bioavailability and movement of contami-
nants in soil. Plants directly stabilize contaminants by adsorption of the contaminants 
on the root surface, accumulation by the roots, or isolation within the root zone using 
plants as organic pumps (Pilon-Smits 2005). Phytovolatilization is the movement of 
a contaminant out of the soil or groundwater and into, through, and out of a plant into 
the atmosphere. In this process, the contaminant or its metabolite is released into the 
atmosphere (Pilon-Smits 2005). Phytoextraction (or phytoaccumulation) is the use 
of plants to remove pollutants from contaminated soil into their above ground parts 
which can then be harvested and it has been considered as a cost-effective, environ-
ment friendly strategy for the cleanup of metal-enriched soils (Manousaki and 
Nicolas 2009). Actually at the time of plant disposal, which can be composted or 
incinerated, contaminants are stored in the much smaller plant matter volume than in 
initially polluted soil or sediments. In fact, plants absorb heavy metals by the root 
system and concentrate them in the biomass of root and/or transport them into shoots 
and/or leaves, and plant may continue to uptake these heavy metals until it is har-
vested. After harvest, a minute concentration of heavy metals will remain in soil, so 
growth or harvest cycle must be repeated through many crops to get a significant 
cleanup. After this process, the soil can support other vegetations (Shukla et  al. 
2010).

However, higher contents of toxic metals in soil and water have resulted in more 
uptakes by roots and more translocation toward shoots, causing interference in nor-
mal metabolism and reduced growth. The success of phytoremediation is limited 
even with hyperaccumulators due to slow growth and less biomass production 
because of toxicity and elevated levels of metal ions. Phytoremediation alone is a 
time-consuming process and its success depends upon the metal tolerance, accumula-
tion, and high biomass production capability of plants (Grčman et al. 2001). So, this 
situation could be improved and enhanced by assistance of plants with metal-tolerant 
bacteria having plant growth promotion activities (Ma et al. 2011; Khan et al. 2013).

3.10  �Plant Growth-Promoting Rhizobacteria

Heterogeneous group of bacteria that have ability to enhance plant growth in asso-
ciation with plant roots inhabiting around the root is called plant growth-promoting 
rhizobacteria (PGPR). Mainly reported PGPR species are Pseudomonas, 
Azotobacter, Klebsiella, Enterobacter, Arthrobacter, Azospirillum, Burkholderia, 
Serratia, and Bacillus. In the past few years, comprehensive research work has been 
carried out to get the better understanding of mechanisms of PGPR (Khan et al. 
2009). These bacteria can enhance the plant growth by different direct and indirect 
mechanisms. Direct mechanisms include nutrient availability (solubilization of 
mineral phosphates and nitrogen fixation and synthesis of siderophore) and produc-
tion of plant growth regulators (indole-3-acetic acid (IAA), cytokinins, ethylene, 
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and gibberellic acid). While in indirect mechanism bacteria protect plant from 
pathogens by producing cyanide and antibiotics. But still exact mechanisms of plant 
growth promotion are not fully figured out (Erturk et al. 2010; Banerjee et al. 2010).

These bacteria are also helpful for the plant under stressed conditions. Under 
stressed conditions plants produce more ethylene that has a negative impact on plant 
growth. PGPR has the ability to reduce the plant ethylene level through enzymatic 
breakdown of ACC into ammonia and α-ketobutyrate. It is reported that establish-
ment of ACC sink by bacterial population and reduction in the ethylene level conse-
quently cause elongation of root, encourage the formation of longer roots, and 
decrease hazardous effects of stress that may increase the plant growth and seedling 
viability. Moreover, rhizobacteria play crucial role in the plant–bacterial interactions 
through the production of indole-3-acetic acid and phytostimulation efficiency. Under 
contaminated condition, biosynthesis of auxins and their release into the soil makes 
important contribution in plant growth promotion (Erturk et al. 2010). It is well docu-
mented that under high level of heavy metals condition, even metal-accumulating and 
tolerant plants are also affected by the heavy metals. So iron deficiency was detected 
in different plant species in the soil contaminated with heavy metals. Consequently, 
plant becomes chlorotic due to iron deficiency that causes inhibition of chloroplast 
development and chlorophyll biosynthesis. However, siderophores–iron complexes 
can mitigate the iron deficiency and act as a source of iron for plant. Under iron limit-
ing conditions, siderophores produced by bacteria have iron acquisition ability in the 
form of Fe(III) chelators which is taken up by the plant roots (Kuffner et al. 2008).

3.11  �Microbial-Induced Bioremediation

Microbial-induced bioremediation exploits the genetic and biochemical capacities 
of bacteria for the remediation of organic compounds and heavy metals. Therefore, 
due to the ability to tolerate metal toxicity, adsorb and accumulate heavy metals 
ions, or degrade organic pollutants, specific microorganisms can be studied and 
used in bioremediation of polluted environments. First, it is important to consider 
that every remediation approach is site specific and has to take into account the 
peculiar characteristics of the contamination and contaminated area. Moreover, no 
organisms or groups of organisms are universally applicable to all cases, although 
some can be metabolically versatile and are capable of degrading a wide spectrum 
of substrates, thus all procedures will be necessarily site specific. Depending on the 
detection in the contaminated matrix of metabolic activity functional to the con-
taminant detoxification, microbe induced-bioremediation relies on two approaches: 
biostimulation, stimulating native microbial population; and bioaugmentation, 
which imply an introduction of viable population to the contaminated area (Shukla 
et al. 2010). Actually if a functional metabolic activity is present, in a biostimulation 
protocol, soil conditions are modified to enhance catalytic capacities of autochtho-
nous microorganism by supplementing nutrients (nitrogen and phosphorus) and/or 
electron acceptors (oxygen) until a decontaminated desired threshold is reached. 
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On the other side, in absence of a sufficient metabolic activity, functional to the 
contaminant remediation, it is possible to introduce a viable population with desired 
catalytic capabilities adopting a bioaugmentation protocol. In the case, a massive 
quantity of autochthonous microorganisms previously cultivated or allochthonous 
microorganisms with desired metabolic characteristics are bioaugmentated to the 
soil itself (Shukla et al. 2010). Bacteria can adopt bioaccumulation and biosorption 
mechanism. Bioaccumulation and biosorption involve concentration and interac-
tions of organic pollutants or toxic metals in the biomass, either nonliving (biosorp-
tion) or living (bioaccumulation) is taken as a potential tool for the remediation of 
metal-contaminated sites and for recovery of costly metals, offering a substitute to 
old methods like adsorption and ion exchange on activated carbon. In biosorption, 
pollutants are bound to bacterial cell wall surface while in bioaccumulation these 
become accumulated under the cell. These both techniques are used to remove 
heavy metals from wastewaters, ground waters, and contaminated soils (Chojnacka 
2010).

3.12  �Plant Growth-Promoting Rhizobacteria-Assisted 
Phytoremediation

Phytoremediation can be considered as the most successful methodology for reme-
diation of pollutants from contaminated water and soils. In this method, plant endur-
ance and accumulation ability are very imperative (Paz-Alberto and Sigua 2013). 
Hyperaccumulators have the capability to extract considerable amounts of pollut-
ants from shallow soil surfaces and water (Garbisu and Alkorta 2003). Different 
crops such as Indian mustard, sunflower, and alfalfa are efficient hyperaccumulators 
of Pb from soils but even then these gains are small size. In such a scenario, even by 
the use of hyperaccumulating plant for the removal of metals it could take years to 
completely remediate soils.

An alternative strategy to increase the efficiency of the phytoremediation is the 
inoculation with plant growth-promoting bacteria that facilitate the growth of hyper-
accumulator in metal stress. In stress conditions, growth suppressing ethylene in 
plants can be lowered by inoculation with selected bacteria (Ahmad et al. 2011); 
such bacteria can also provide the plant with growth regulators and ultimately could 
improve the efficiency of phytoremediation (Fassler et al. 2010). Numerous findings 
have been reported, which support application of plant growth-promoting bacteria 
to facilitate metal phytoextraction (Table 3.1).

In stress conditions, microbial activity is also reduced (Asghar et  al. 2012) but 
plants may help microbes by producing root exudates. Therefore, plant–microbes 
interaction can improve the phytoremediation efficiency. Phytoremediation assisted by 
soil rhizobacteria (also called rhizodegradation, rhizoremediation, enhanced rhizo-
sphere biodegradation, microbially assisted phytoremediation) involves the breakdown 
of contaminants by mutual interaction of plant roots and microbes in the rhizosphere 
(Shukla et al. 2010). Plant root exudates act as source of carbon, energy, and nutrients 
for the microflora of soil and promote the activity of microbes (Shukla et al. 2010).
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Rhizospheric bacteria have ability to detoxify a variety of toxic metals/com-
pounds efficiently. Different studies on rhizoremediation to explore the symbiotic 
association reported exhaustion of volatile organic contaminants, naphthalene and 
polychlorinated biphenyls and trichloroethylene (Shukla et al. 2010). Relationship 
between plant growth-promoting rhizobacteria and plant to enhance the uptake of 
toxic metals has been well established and recently phytoremediation associated 
with microbes has arisen as a successful strategy (Koo and Cho 2009).

Table 3.1  PGPR-assisted phytoremediation

PGPR Plant(s) Metal(s) Mechanism References

Enterobacter 
sp. K3-2

Sorghum 
sudanense

Cu Promote plant shoot and root growth, 
Phytostabilization of Cu, production 
of IAA, siderophore, ACC-deaminase, 
Arginine decarboxylase

Li et al. 
(2016)

Serratia sp. 
RSC-14

Solanum 
nigrum

Cd Increase plant biomass and chlorophyll 
contents, improve phytoextraction of Cd

Khan et al. 
(2015)

Bacillus sp. 
RJ16

Tomato Pb Extensive rooting and reduced metal 
uptake
Production of IAA, ACC-deaminase 
activity protecting tomato from growth 
inhibition

He et al. 
(2009)

Streptomyces 
tendae F4

Sunflower Cd Reduce metal accumulation by 
increasing iron content, increase 
siderophore secretion

Dimpka 
et al. (2009)

Rahnella 
aquatilis

Indian 
mustard

Cr Promote biomass and rooting and 
reduce the uptake of cadmium;
Increase siderophores, IAA 
production, and solubilization of 
inorganic phosphate

Kumar et al. 
(2009)

P. aeruginosa 
MKRh3

Lentil Cd Increase root and shoot biomass and 
reduce uptake of Cd
Enhance siderophores, IAA, phosphate 
solubilization, and ACC-deaminase 
production

Ganesan 
(2008)

Pseudomonas 
sp.

Chickpea Ni Reduce translocation of Cd, enhance 
plant growth via production of 
siderophores, IAA, phosphate 
solubilization, and ACC-deaminase

Kuffner et al. 
(2008)

Enterobacter 
sp. NBRI 
K28

Indian 
mustard

Zn Enhance root and shoot growth (height 
and weight)
Reduce uptake of Cd
Promote siderophores, IAA, phosphate 
solubilization and ACC-deaminase 
activity

Kumar et al. 
(2008)

Pseudomonas 
fluorescens

Sunflower As Plant growth promotion (mechanism 
unknown)

Shilev et al. 
(2006)

Psuedomonas 
aspleni AC

Canola Cu Enhance plant biomass and IAA 
production

Reed and 
Glick (2005)

M. Saleem et al.
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PGPR have ability to enhance the growth of the host plant by various mechanisms 
involving production of specific compounds and increasing nutrient uptake. Further 
these bacteria can reduce the toxicity of heavy metals and promote the growth of 
plants under the toxicity of Ni, Pb, or As (Jing et al. 2007). Furthermore, some rhizo-
bacteria can excrete organic acids to enhance the bioavailability of heavy metals and 
a variety of bacteria (mainly PGPR) have been reported as phytoextraction assistants, 
such as Pseudomonas spp., Bacillus spp., Mesorhizobium sp., Microbacterium spp., 
Rhizobium spp., Sinorhizobium sp., and Achromobacter sp. (Koo and Cho 2009).

Plant roots can also increase metal bioavailability by exuding low molecular 
weight organic acids and protons that cause decrease in pH of the soil and mobilize 
the metals. Retardation of heavy metals adsorption and high accumulation is just 
because of the decrease in the soil pH; moreover, the formation of soluble complex 
of heavy metals reacting with exuded organic acids also increases bioavailability of 
heavy metals to plants (Glick et al. 2007).

There are several other mechanisms and bacterial traits that increase the metals 
phytoremediation along with other previously reported growth promotion activities. 
For example, increased bioavailability of some metals for phytoremediation is sup-
plemented with metal-binding peptides synthesis by genetically engineered bacteria 
(Wu et al. 2006). In addition, several scientists have found that efficient phosphate 
solubilization system present in bacteria can facilitate phytoremediation by its vital 
role in acquisition of metals. Metals bioavailability is increased when biosurfactant-
producing bacteria are used in phytoremediation. The advanced experimentations 
on PGPR for the remediation of contaminated soils show a novel and innovative 
prospect for the successive studies. For example, rhizobacteria have proved to 
increase the acquisition of Cd in Brassica napus (Sheng and Xia 2006), of Ni in 
Alyssum murale (Abou-Shanab et al. 2007), and significantly improved Cu uptake 
by B. juncea (Ma et al. 2009). Along with free-living microbial association with 
plants to mitigate phytoremediation process, symbiotic relationship between metal-
resistant rhizobial strains and their respective host has also promising output as 
metal uptake up to 80 % more in inoculated M. pudica than noninoculated plant has 
been observed (Chen et al. 2008).

3.13  �Conclusions

Bacterial-assisted phytoremediation is considered a promising approach as com-
pared to conventional remediation techniques for metal-contaminated soils. Plant 
growth-promoting rhizobacteria produce certain plant growth regulators and differ-
ent enzymes that enhance plant growth under stress conditions. While in response 
plants provide carbon, energy, and nutrients in the form of root exudates and make 
conducive environment for the microbes.

However, there are several knowledge barriers that need to be addressed. Prominent 
among them include the understanding of the ecology and dynamics of PGPR under 
field conditions. Further, research needs to be focused on understanding the mecha-
nism involved in the remediation process and their genetic characteristics.
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Chapter 4
Cyanoremediation: A Green-Clean Tool 
for Decontamination of Synthetic Pesticides 
from Agro- and Aquatic Ecosystems

Arun Kumar and Jay Shankar Singh

Abstract  Immense use of synthetic chemicals in agriculture has deleterious effects 
on the environment even outside agro-ecosystem, microbial biodiversity, water bod-
ies, and on life especially at the end of food chain, including humans. Therefore, 
there is a need to develop some viable and eco-friendly tools to remove these lethal 
chemicals from the environment. Bioremediation has been considered as a less-
expensive alternative to physical and chemical means to decontaminate and degrade 
the pesticides from the contaminated sites. A number of microorganisms such as 
bacteria, fungi, actinomycetes, and cyanobacteria have been reported to degrade the 
pesticides. However, cyanobacteria (formally known as blue–green algae—BGA), 
the only known group of prokaryotes, capable of oxygenic photosynthesis and ubiq-
uitous in distribution, have the remarkable ability to survive in harsh environments. 
Therefore, cyanobacteria could be a potential bioagent in degradation of noxious 
chemicals including pesticides. As a bioremediating agent, cyanobacteria have 
some advantages over other microbes in bioremediation, i.e., phototrophic nature 
makes them self-sufficient in growth, ability to fix nitrogen, and ease in biomass 
recovery. Some efficient and potential cyanobacterial genera such as Anabaena, 
Leptolyngbya, Microcystis, Nostoc, Spirulina, and Synechocystis have been found 
to tolerate and degrade various pesticides and herbicides. Biodegradation capabili-
ties of cyanobacteria can be improved through genetic engineering, which can be 
exploited as cost-effective and eco-friendly remediation technology. This review 
focuses on the potential of cyanobacteria in the biodegradation of synthetic chemi-
cal residues from agro- and aquatic ecosystems.

Keywords  Bioremediation • Cyanobacteria • Ecosystems • Insecticides • Synthetic 
Pesticides • Cell Immobilization
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4.1  �Introduction

Synthetic pesticides are excessively applied in current agriculture practices to 
protect crops from various diseases and damages caused by fungi, insects, mites, 
and nematodes, to protect crops from abundant growth of weeds, and to control 
vectors responsible for certain diseases like malaria, dengue in human beings 
(Freedman 1995; Palanisami et al. 2009). These pesticides are known to be persis-
tent in nature, causing toxicity and teratogenicity. They also cause deleterious side 
effects, not only in the cultivated soils where they are applied, but also can be 
accumulated into food crops; but also can be accumulated into food crops; and 
finally enter in food chain (El-Bestawy et  al. 2007). In agro-ecosystems, they 
affect the growth of nontarget organisms such as beneficial microorganisms which 
play very crucial role in soil fertility and enhance plant growth (Araujo et  al. 
2003). Apart from this, they can enter into aquatic ecosystems by spraying, drift-
ing, leaching, surface runoff, discharges from the pesticide manufacturing plants, 
and by accidental spills; this leads to the killings of fishes and aquatic inverte-
brates (Akhtar et al. 2009).

Bioremediation is an effective and eco-friendly approach for the decontamina-
tion of synthetic pesticides from agro- and aquatic ecosystems; it is a microorganism-
mediated transformation or degradation of pollutants into nontoxic or less-toxic 
substances (Singh et al. 2011a, b, c). The application of various organisms like bac-
teria, actinomycetes, algae, methanotrophs (Singh and Gupta 2016), and cyanobac-
teria for efficient bioremediation of pesticide has been reported. Cyanobacteria are 
successively applied in wastewater treatment to remove nitrogen and phosphorus, 
textile dyes, and heavy metals (Palanisami et  al. 2009; Singh et  al. 2016). 
Cyanobacteria have been shown to be highly effective degraders of pesticides 
(Megharaj et al. 1994; Singh et al. 2011a, b, c).

Cyanobacteria, generally known as blue–green algae, are considered among the 
oldest photosynthetic organisms on planet Earth that existed since about 2.6–3.5 
billion years ago (Hedges et al. 2001). They show diverse morphology including 
unicellular, filamentous, and colonial forms; benthic as well as planktonic (Whitton 
and Potts 2000; Burja et al. 2001). Cyanobacteria can flourish in a variety of habi-
tats: from marine to freshwater and to terrestrial ecosystems; from arctic to 
Antarctica and to tropical deserts (Kulasooriya 2011). Some filamentous cyanobac-
teria have endowed with specialized cells known as heterocysts, known for the sites 
of nitrogen fixation (Capone et al. 2005).

This chapter gives us little information on synthetic pesticides and their fate and 
impact on agro- and aquatic ecosystems, but prime focus is on cyanobacteria-
mediated bioremediation or cyanoremediation of synthetic pesticides and also 
focuses; how immobilization and genetically engineering enhance the capability to 
tolerate and degrade the synthetic pesticides.

A. Kumar and J.S. Singh
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4.2  �Synthetic Pesticides

According to FAO (1989), “Pesticides are natural or synthetic substances or mix-
ture of substances intended for preventing, destroying, or controlling any pest 
including vectors of human or animal diseases, unwanted species of plants or 
animals causing harm during, or otherwise interfering with, the production, pro-
cessing, storage, or marketing of food, agricultural commodities, wood and wood 
products, or animal feedstuffs, or which may be administered to animals for the 
control of insects, arachnids or other pests in or on their bodies.” Nowadays, the 
term “pesticide” is generally applied for synthetic chemicals used to prevent crop 
loss from various insects, fungi, bacteria, and nematodes; to suppress excess 
growth of weeds and other substances used for storage and transportation of agri-
cultural commodities.

4.2.1  �Classification of Synthetic Pesticides (Based 
on Zacharia 2011; EPA 2012; Ortiz-Hernández et al. 
2013)

Synthetic pesticides could be classified according to their toxicity, chemical group, 
environmental persistence, target organism, or other features (Tables 4.1 and 4.2). 
According to their chemical nature, pesticides are divided into following groups:

4.2.1.1  �Organochlorines

Organochlorine pesticides are organic compounds with five or more chlorine atoms, 
and they are widely used as insecticides for the control of a wide range of insects. 
Organochlorine pesticides also show long persistence in the environment. These 
pesticides (mostly insecticides) disrupt nervous system, leading to convulsions and 
paralysis of the insect and its eventual death. DDT, lindane, endosulfan, aldrin, diel-
drin, and chlordane are the commonly used organochlorine pesticides.

4.2.1.2  �Organophosphorous

Organophosphorous pesticides possess a phosphate group as their basic structure; 
this is defined by Schrader’s formula:
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Table 4.1  Synthetic pesticides: types, mode of action and their examples

Types Mode of action Examples

Insecticides
Organochlorines Nervous system disruptors Lindane, DDT, Heptachlor
Organophosphorous Cholinesterase inhibitors, not 

specific
Malathion, Chloroprifos

Carbamates Cholinesterase inhibitors, but 
specific

Carbendizm, Aldicarb

Pyrethroids Synthetic analogues of the 
naturally occurring pyrethrins

Cypermethrin, Fenvalerate

Insect growth regulators Inhibit endocrine or hormone 
system of insects

Azadirachtin, Methoprene

Nicotinic Affect the central nervous system 
of insects

Imidacloprid, Acetamiprid

Pyrajole/Pyrrole Inhibits mitochondrial electron 
transport

Chlorantrailiprole, 
Pyraclofos

Herbicides
Phenoxics Growth regulators Bromofnoxim, 2,4,5-T
Trizines Photosynthesis 

inhibitors(Photosystem II)
Trihydroxytrizine, 
Chlorazine

Benzoics Growth regulators Fenquinotrione
Sulfonylureas ALS Inhibitors Amidosulfuron
Bipyridilium Photosynthesis 

inhibitors(Photosystem I)
Paraquat, diquat

Chloroacetamide Shoot growth inhibitors Acetochlor
Glycine Aromatic amino acid synthesis 

inhibitors
Glyphosate

Dinitroaniline Root growth inhibitors Pendimethalin
Phenylpyrazoline ACCase inhibitors Fluazolate
Fungicides
MBC Inhibits tubulin formation in 

mitosis
Thiophanate-methyl

DMI Sterol biosynthesis inhibition Triforine, Tebuconazole
Phenylamide Inhibits RNA synthesis Mefenoxam
Anilopyrimidine Methionine biosynthesis and 

hydrolytic enzymes
Cyprodinil, Pyrimethanil

QoI Inhibits respiration (MET-III, 
cyto-bc1)

Azoxystrobin

Phenylpyrrole Disrupts membrane integrity Fludioxonil
Aromatic hydrocarbon Thought to act on lipids Dicloran, Etridiazole
Host plant defense inducers 
(SAR)

Activates plant’s systemic 
acquired resistance (SAR)

Acibenzolar-S-methyl, 
Harpin

Note: MBC methyl benzimidazole carbamate; DMI demethylation inhibitor; QoI quinone outside 
inhibitor
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In this formula, R1 and R2 are usually methyl or ethyl groups; the O in the OX 
group can be replaced with S in some compounds, whereas the X group can take a 
wide diversity of forms. Organophosphorous insecticides are not persistent in the 
environment (Martin 1968) like organochlorine pesticides, but it is observed that 
they are more harmful for vertebrates and invertebrates due to cholinesterase inhibi-
tors, leading to paralysis and death. Some of the widely used organophosphorous 
insecticides include parathion, malathion, diaznon, and glyphosate.

4.2.1.3  �Carbamates

Carbamates are organic compounds which are derivatives of carbamic acid and 
defined through this formula:

R1 O

O

C  N

R2

R3 

Where R1 is an alcohol group, R2 is a methyl group, and R3 is usually hydrogen. 
Carbamates (both aryl and oxime) are heavily toxic to insects and mammalians due 
to cholinesterase inhibitors. Although both carbamates and organophosphorous are 
cholinesterase inhibitors, the difference is in species specificity and reversibility 
(Drum 1980). Carbaryl, carbofuran, and aminocarb are the common example of 
carbamate pesticides.

4.2.1.4  �Pyrethoids

Pyrethroids are synthetic equivalents of the naturally occurring pyrethrins extracted 
from flowers of Chrysanthemum cinerariaefolium. Pyrethroids are known to be 
very effective against insect pests, with minimal toxicity to mammals and easily 
biodegradable. The most widely used synthetic pyrethroids include permethrin, 
cypermethrin, and deltamethrin. Although less toxic and persistent than other 
groups of insecticides, they can still represent a problem. Pyrethroids display high 

Table 4.2  Synthetic 
pesticides: classified 
according to their toxicity

Class Toxicity

Ia Extremely hazardous
Ib Highly hazardous
II Moderately hazardous
III Slightly hazardous
IV Product unlikely to 

present acute hazard in 
normal value
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affinity to Na+-channels and its binding to these channels causes a prolonged chan-
nel opening that may result in a complete depolarization of the cell membrane thus 
blocking neuronal activity.

Other groups of synthetic pesticides that are widely used in control of weeds 
include among others phenoxyacetic acid under which the herbicide 2,4-D belongs 
and bipyridyls under which the herbicides paraquat and diquat belong.

There is another group that includes the pesticides which can be applied for the 
control of fungal infections in crops. There are inorganic and organic fungicides. 
Inorganic fungicides include Bordeaux mixture, Cu(OH)2.CaSO4 and malachite, 
Cu(HO)2·CuCO3. Organic fungicides, on the other hand, include among others, 
benomyl and xine copper (Manahan 2001).

4.3  �Fate of Synthetic Pesticides in Agro- and Aquatic 
Ecosystems

Synthetic pesticides are applied in agriculture through various ways like spraying, 
dusting or spreading. These pesticides are taken up by pests or crop plants that are 
converted into degradable products and bio accumulated into plant parts or animal 
tissues (Babu et  al. 2003; Waliszewski et  al. 2008). Some parts of the pesticides 
applied in agricultural fields are also removed upon crop harvesting. The remaining 
parts of the pesticides can be degraded through chemical reactions and microbial 
actions in the soil, can be mineralized through sorption onto soil organic matter and 
clay minerals, and can also be lost to atmosphere through volatilization. Some syn-
thetic pesticides that are not degraded, immobilized, detoxified, or removed with the 
harvested crop are escaped from the applied sites. The major loss pathways of pes-
ticides to the environment are volatilization into the atmosphere and aerial drift, 
runoff to surface water bodies in dissolved and particulate forms, and leaching into 
groundwater basins (Fig. 4.1). The fate and transfer pathways of pesticide applied to 
crop plants are complex, requiring some knowledge of their chemical properties, 
their transformations (breakdown), and the physical transport process. Transforms 
and transport are strongly influenced by site-specific conditions and management 
practices.

4.4  �Impact of Pesticides

Synthetic pesticides help enhancing economic potential through increased produc-
tion of agricultural commodities and prevention of vector-borne diseases (Igbedioh 
1991; Forget 1993). This negative impact of pesticides is mainly due to the high 
toxicity, stable nature, less soluble active ingredients of pesticide.
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4.4.1  �Soil Contamination

The major portion of the synthetic pesticides remains unused after application and is 
responsible for the contamination of the soil. In the soil, it can remain persistent, 
degraded, or transformed. Several researchers reported a variety of transformation prod-
ucts (TPs) from a wide range of pesticides (Barcelo and Hennion 1997; Roberts 1998; 
Roberts and Hutson 1999). The pesticides and their TPs are sorbed by soils to different 
degrees, depending on the interactions between soil and pesticide properties. The most 
influential soil characteristic is the organic matter content; larger the organic matter con-
tent, the greater the adsorption of pesticides and TPs (Akhtar et al. 2009).

4.4.2  �Surface and Groundwater Contamination

From applied sites, pesticides can escape to surface water through runoff from treated 
plants and soil. Contamination of surface water by pesticides is a widespread problem. 
During a survey in India, 58 % of drinking water samples drawn from various hand 
pumps and wells around Bhopal were contaminated with organochlorine pesticides 
above the EPA standards (Kole and Bagchi 1995). Once ground water is polluted with 
toxic chemicals, it may take many years for the contamination to dissipate or be cleaned 
up. Cleanup may also be very costly and complex, if not impossible (Waskom 1994; 
O’Neil et al. 1998; US EPA 2001).

Fig. 4.1  Fate of synthetic pesticides in agro- and aquatic ecosystems
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4.4.3  �Effect on Soil Fertility

Due to indiscriminate use, pesticides have a negative impact on beneficial soil 
microorganisms. Elaine Ingham stated that if both bacteria and fungi populations 
are affected, then the soil starts to degrade. Overuse of chemical fertilizers and pes-
ticides have the same side effects on the soil organisms that are similar to human 
overuse of antibiotics. Although after application of chemicals, it takes days, 
months, or years to be sort out or escape, but after a while, there aren’t enough 
"beneficial soil organisms to hold onto the nutrients” (Savonen 1997). Soil microor-
ganisms play a vital role in plants in terms of transformation of atmospheric nitro-
gen into nitrates, which plants can use, enhancing bioavailability on nutrients.

4.4.4  �Nontarget Organisms

Nowadays, synthetic pesticides are found as common contaminants in soil, air, 
water, and our urban landscapes. They can also harm plants and animals ranging 
from nontarget insects, plants, fish, birds, and other wildlife. Synthetic pesticides 
are continuously applied and can be responsible for the extinction of useful organ-
isms present in the agro- and aquatic ecosystems. Pesticide residues not only affect 
the soil features but also affect useful organisms like earthworms, bees, spiders, and 
plants (Singh et al. 2014).

4.4.5  �Contamination of Vegetation

Pesticide application can directly affect nontarget vegetation or can drift or volatil-
ize from the applied area and contaminate air, soil, and nontarget plants. Some pes-
ticide drift occurs during every application, even from ground equipment (Glotfelty 
and Schomburg 1989). Pesticide drift can be responsible for a loss of 2–25 % of the 
pesticide being applied, which can spread over a distance of a few yards to several 
hundred miles and after few days of application, up to 80–90 % of an applied pesti-
cide can be volatilized (Majewski and Capel 1995).

4.4.6  �Human Health

Increase in the use of pesticides can result in various health and environmental prob-
lems like poisoning of farmers and farm workers, leading to cardiopulmonary, neuro-
logical, and skin disorders, fetal irregularities, miscarriages, lowering the sperm count 
of applicators, etc. These are categorized into acute and chronic poisoning: (a) Acute 
pesticide poisoning causes fatigue, headaches and body aches, skin discomfort, skin 
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rashes, poor concentration, feelings of weakness, circulatory problems, dizziness, nau-
sea, vomiting, excessive sweating, impaired vision, tremors, panic attacks, cramps, etc., 
and in severe cases, coma and death (Bödeker and Dümmler 1993; Alavanja et  al. 
2004); (b) Chronic poisoning due to pesticide use or due to long-term ingestion of small 
amounts of these substances include weakening of the immune system and effects on 
the reproductive system, which can lead to miscarriage, still birth, and premature birth 
or to low birth weight(WWF 2002; UNEP 2004; Terre Des Hommes 2011).

4.5  �Bioremediation of Synthetic Pesticides

Conventionally, bioremediation of synthetic pesticides is attained through the use of 
microorganisms; but nowadays, several other gents such as plants, fungi, algae, or 
enzymes (obtained from organisms) are also used in bioremediation which extends 
the application of bioremediation in various aspects. Bioremediation of synthetic 
pesticides includes two terms, biodegradation and biotransformation, recognized 
similar to each other but they are quite different.

Biodegradation involves the biological reactions that modify the chemical struc-
ture of the compound so this implies a decrease in toxicity, while biotransformation 
reduces the pollutant concentration by either modification or translocation. Thus, 
biotransformation could end decreasing or increasing the undesirable effects. Their 
difference is clear in the case of pollutants translocation when biodegradation does 
not occur but biotransformation does. Biotransformation concept has been devel-
oped for biological detoxification systems (Alexander 1999; Parkinson 2001). 
When microorganisms are imported to a contaminated site to enhance degradation, 
the process is known as bioaugmentation (Murali et al. 2014).

4.6  �Factors Affecting the Bioremediation of Synthetic 
Pesticides

The biodegradation or biotransformation of synthetic pesticides is a complex pro-
cess, and it is influenced by several physical and chemical attributes such as struc-
ture and concentration of pesticide, environmental conditions (temperature, pH, 
moisture), salinity, and sustainable population of microorganisms.

4.6.1  �Structure and Concentration of Pesticide

The structure of synthetic pesticides is an important attribute; pesticides have some 
of their own physical and chemical properties which varyfrom pesticide to pesti-
cide. Cork and Krueger 1991 stated that in a pesticide polar group such as OH, 
COOH and NH2

+3 are available to the microbial system; it could be an easier site for 
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attack but if the pesticide molecule is available as a substituent of halogen or alkyl, 
it makes it more resistant to biodegradation. The rate of degradation of pesticides 
can be influenced by minor difference in the arrangement or nature of substituent in 
pesticides of the same class (Topp et al. 1997). Beside the structure, the concentra-
tion of pesticide considerably affects the bioremediation of pesticides. The rate of 
degradation decreases generally quantitatively with the residual pesticide concen-
tration (Topp et al. 1997).

4.6.2  �Effect of Temperature, pH, and Moisture

Various environmental factors such as temperature, pH, and moisture also affect the 
process of biodegradation of synthetic pesticides. According to Alexander 1977, the 
entire process of biodegradation is carried out at mesophillic (30–37 °C with opti-
mum temperature 35 °C) and thermophillic (50–60 °C with optimum temperature 
55 °C) temperature ranges. The optimal temperature required for both the ranges is 
not invariably critical for the biodegradation.

Soil pH is a crucial factor for adsorption of pesticides for the abiotic and biotic 
degradation processes, and it also effects the adsorption behavior of pesticide mol-
ecules on clay and organic surfaces. This also affects the chemical speciation, 
mobility, and bioavailability (Burns 1975; Hicks et al. 1990). Racke et al. (1997) 
reported that degradation of a given pesticide depends mostly on the soil alkaline or 
acidic pH. In fact, the biodegradation of pesticides depends upon the susceptibility 
of the microorganism in the optimum pH of the medium. Moisture is another envi-
ronmental factor which affects the rate of biodegradation; water facilitates as 
medium for the movement and diffusion of pesticides; it is necessary for microbial 
availability of pesticides.

Moisture maintains the osmotic pressure and pH of agro- and aquatic ecosys-
tems; it also affects the exchange of respiratory gases in pore spaces of soil. Under 
saturated conditions, oxygen can be consumed faster than it is replenished in the 
soil space and the soil becomes anaerobic; this leads to slowing the rate of biodeg-
radation and also changes metabolic activity of microorganisms to occur. Soil mois-
ture content should be between 25 and 85 % of the water holding capacity (with 
optimum range of 50–80 %) for effective biodegradation of synthetic pesticides.

4.6.3  �Effect of Salinity

There is not much information about the effects of salinity on the degradation of 
synthetic pesticides. Salinity is a big problem in many arid, semiarid, and coastal 
regions; it could affect the biodegradation of synthetic pesticides. Reddy and 
Sethunathan (1985) reported that parathion degradation is faster in nonsaline soils. 
It is also reported that the stability of pesticides in estuarine and sea water, varying 
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degrees of salinity; high salt content in seawater may be barrier for biodegradation 
(Walker 1976) or inhibit biodegradation of pesticides (Weber 1976; Kodama and 
Kuwatsuka 1980).

4.6.4  �Sustainable Population of Microorganisms

Although microorganisms are able to survive in subzero temperatures, extreme 
heat, desert conditions, in aerobic or anaerobic conditions, with the presence of 
hazardous compounds but for the effective biodegradation of synthetic pesticides, it 
is necessary to meet these variables such as availability of pesticide or metabolite to 
the microorganisms, physiological status of the microorganisms, survival and/or 
proliferation of pesticide degrading microorganisms at contaminated site and most 
important is sustainable population of these microorganisms (Singh 2008).

4.7  �Cyanoremediation

Cyanoremediation is the use of cyanobacteria for the removal or degradation or 
transformation of pollutants including heavy metal, dyes, or pesticides from waste-
water or contaminated soil. Figure 4.2 illustrates the advantages using cyanobacte-
ria over other microbes for bioremediation of pesticide contamination. There are 
numerous examples of cyanobacterial genera which are successfully implemented 
for the bioremediation of synthetic pesticides (Table 4.3).

According to Hatzios (1991), pesticide degradation is a process involving three 
phases: (a) Phase I involves oxidation, reduction, or hydrolysis, which makes the 
pesticide more water soluble and less toxic pesticide metabolites. In this phase, 
oxygenation is the crucial step in the degradation of pesticides and many of 
oxygenation reactions are carried out by oxidative enzymes, e.g., cytochrome P450s, 
peroxidases, and polyphenol oxidases. (b) Phase II involves conjugation of a pesti-
cide or pesticide metabolites to a sugar, amino acid or glutathione, which enhances 
the water solubility and reduces the toxicity compared to parent pesticide com-
pound. Generally, metabolites obtained from Phase II have little or no toxicity and 
may be stored in cellular organelles. In this phase, enzyme Glutathione S-transferase 
plays a great role which catalyzes the nucleophilic attack of the sulfur atom of GSH 
by the electrophilic center of the substrate (Armstrong 1994; Marrs 1996); (c) Phase 
III involves conversion of Phase II metabolites into secondary conjugates, which are 
also nontoxic.

In the degradation process, pesticides produce singlet oxygen and other active 
oxygen species at various sites of photosynthetic electron transport chain. These 
active oxygen species are scavenged by cellular systems through raising antioxida-
tive machinery such as superoxide dismutase, catalase, and peroxidase (Palanisami 
et al. 2009).
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4.7.1  �Organochlorine Insecticides

Organochlorines are chlorinated hydrocarbon chemicals used to control various 
agricultural, horticultural, and public health pests (Lal et al. 2010). Their residues 
cause serious problems, not only in the cultivated soils where they are applied, but 
also in the crops that systematically retain part of these residues in nontarget 
organisms (El-Bestawy et al. 2007; González et al. 2012).
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Fig. 4.2  Advantages of using Cyanobacteria over other microbes for bioremediation
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Table 4.3  Some synthetic pesticides and cyanobacteria species responsible for their degradation

Synthetic pesticides Cyanobacteria References

2,4-d (Dichlorophenoxyacetic 
acid)

Anabaena fertilissima, 
Aulosira fertilissima, 
Westiellopsis prolifica

Kumar et al. (2013)

2,4-DNP (Dinitrophenol) Anabaena variabilis
A. cylindrica

Hirooka et al. (2006)

Anilofos Synechocystis sp. Strain 
PUPCCC 64

Singh et al. (2013)

Acetachlor Cyanobacteria mat consisting 
Phormidium and Oscillatoria

El-Nahhal et al. (2013)

Carbaryl Calothrix berevissima Habib et al. (2011)
Carbendizm Oscillatoria sp. Ravindran et al. (2000)
Carbofuran Anabaena sphaerica, Nostoc 

hatei, Westiellopsis prolifica
Jha and Mishra (2005)

Chlorpyrifos Phormidium valderianum, 
Spirulina platensis, 
Synechocystis sp. Strain 
PUPCCC64

Palanisami et al. (2009)

Cypermethrin Oscillatoria Thengodkar and Sivakami 
(2010)

Endosulfan Anabaena sp. PCC 7120
A. flos-aquae
Aulosira fertilissima

Singh et al. (2011a, b, c)
Ravindran et al. (2000)
Lee et al. (2003)

Fenamiphos Nostoc muscorum, Anabaena 
sp.

Glyphosate S. platensis, N. punctiforme, 
M. aeroginosa, L. boryana

Kumar et al. (2012); 
Caceres et al. (2008); 
Forlani et al. (2008); Lipok 
et al. (2009)

Isoproturon Anabaena inaequalis Arunakumara et al. (2013)
Lindane M. aeruginosa, 

Pseudoanabaena limnetica
Mostafa and Helling (2001)

Anabaena sp. Strain PCC 
7120
Nostoc elliposporum

González et al. (2012)

Malathion Anabaena oryzae, N. 
muscorum, S. platensis

Kuritz and Wolk (1995)

Anabaena sp. Strain PCC 
7120

El-Bestawy et al. (2007)

Methyl parathion Anabaena fertilissima, 
Aulosira fertilissima, 
Westiellopsis prolifica

Ibrahim et al. (2014)

Monocrotophos
Penycuron

Barton et al. (2004)
Kumar et al. (2013)
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Among organochlorines, lindane (a common A-hexachlorocyclohexane (HCH) 
formulation) is a wisely applicable pesticide, mainly used for rice crop protection in 
rice-producing countries (Abdullah et  al. 1997). Lindane persists in the environ-
ment (Alexander 1994) and can be noticed in the air, rain, and surface water at 90 % 
of sites long after its application (Majewski and Capel 1995). Singh (1973) reported 
that some cyanobacterial strains isolated from paddy fields, i.e., Cylindrospermurn 
sp., Aulosira fertilissirna, and Plectonema boyanurn, are able to tolerate commer-
cial preparations of lindane in concentrations up to 80  pg/mL.  Kuritz and Wolk 
(1995) also showed that two laboratory strains, Anabaena sp. PCC7120 and Nostoc 
ellipsosporurn, degraded A-HCH to a mixture of 1,2,3-and 1,2,4-trichlorobenzenes 
(and, possibly, beyond) via pentachlorocyclohexene as an intermediate. It is also 
observed that lindane did not affect the growth rates of these cyanobacteria at con-
centrations up to 20 pg/mL (Singh 1973).

It is reported that Anabaena sp. Strain PCC 7120 and Anabaena flos-aquae bio-
transformed endosulfan into endodiol, primary product and trace the amount of 
endosulfan sulfate (Lee et al. 2003). Endodiol is a nontoxic metabolite to fish and 
other organisms. But endosulfan sulfate has a similar toxicity compared to parent 
compound endosulfan, and it has a much longer tolerance into soil environment in 
comparison to endosulfan (Kennedy et al. 2001).

4.7.2  �Organophosphorous Insecticides

Organophosphorous insecticides are esters of phosphoric acids and commonly 
known as organophosphates, which include aliphatic, phenyl, and heterocyclic 
derivatives and have one of the basic building blocks as a part of their much more 
complex chemical structure. They are applied for a variety of sucking, chewing, and 
boring insects, spiders and mites, aphids and pests attacking crops like cotton, sug-
arcane, peanuts, tobacco, vegetables, fruits, and ornamentals. Some of the main 
agricultural products are parathion, methyl parathion, chloropyrifos, malathion, 
monocrotofos, and dimethoate (Kanekar et al. 2004).

Organophosphorus pesticides are less environmentally persistent than organochlo-
rine compounds; however, they still can be detected in air and water due to heavy use 
(Majewski and Capel 1995). In aquatic environments, nonenzymatic hydrolysis of 
organophosphates is responsible for their slow decomposition to more toxic and per-
sistent para-nitrophenol (Megharaj et al. 1994). To overcome this problem, microal-
gae (including cyanobacteria)-mediated degradation could be an effective approach 
for their cleanup in the environment (Megharaj et al. 1994). Cyanobacteria are not so 
much affected by organophosphorus pesticides at working concentrations and con-
centrations present in wastewaters (Singh 1973; Doggett and Rhodes 1991; Megharaj 
et  al. 1994; Subramanian et  al. 1994). Pure cultures of Nostoc, Oscillatoria, and 
Phomidium isolated from methyl parathion-enriched soil, grew in media supple-
mented with methyl parathion or other organophosphorus pesticides as a sole source 
of organic phosphorus and nitrate (Megharaj et  al. 1987; Orus and Marco 1991; 
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Megharaj et  al. 1994; Subramanian et  al. 1994) and utilized phosphorus from the 
pesticide for growth and development (Megharaj et  al. 1994; Subramanian et  al. 
1994). Megharaj et al. (1994) stated that cyanobacteria are also able to oxidize the 
nitro group of para-nitrophenol accompanied by the release of nitrite into growth 
media, but enzymatic system which is involved in this process is not known. The 
metabolism/assimilation of the released nitrite is likely to depend on the activity of 
nitrite reductase encoded by the nir operon. Subramanian et al. (1994) also noted that 
the link between nitrogen metabolism and the effectiveness of phosphorus utilization 
from organophosphorus pesticides; however, the authors did not analyze possible 
effects of various sources of fixed nitrogen on biodegradation (Kuritz 1999).

Palanisami et al. (2009) reported that cyanobacterium Phormidium valderianum 
BDU 20041 tolerant to chloropyrifos exposure showed increased activity of oxido-
reductase enzymes to degradation of chloropyrifos. Sprirulina platensis are able to 
grow in media containing up to 80 ppm choloropyrifos and converted to its primary 
metabolite TCP(3, 5, 6-trichloro-2-pyridinol) through the enzyme alkaline phos-
phatase (ALP) (Thengodkar and Sivakami 2010). Singh et al. (2011) concluded that 
cyanobacterium Synechocystis sp. Strain PUPCCC 64 is able to degrade the pesti-
cide chloropyrifos. Three strains of cyanobacteria Anabaena oryzae, Nostoc musco-
rum, and Spirulina platensis are able to degrade and utilize malathion as a source of 
phosphorous. These strains grow under high concentration of malathion with 
enhancement of biomass carbohydrate and protein content (Ibrahim et al. 2014). It 
is also reported that cyanobacterium Anabaena sp. Strain PCC 7120 reduced the 
nitro group of methyl parathion to an amino group via a nitroso group intermediate 
under aerobic conditions (Barton et al. 2004).

4.7.3  �Herbicides

Gimsing et al. (2004) reported that the degradation rate of pesticide is strongly corre-
lated with the population size of soil microbes in case of Pseudomonas spp. Lipok 
et al. (2007) concluded that mixed culture of Spirulina sp. exhibited a remarkable 
ability to degrade glyphosate and the rate of glyphosate disappearance from the aque-
ous medium was independent of its initial concentration. They also suggested that the 
degradative pathway for glyphosate in Spirulina sp. might differ from those exhibited 
in other bacteria. In fact, Lipok et al. (2009) reconfirmed the ability of the cyanobac-
terium S. platensis and bacterium Streptomyces lusitanus to catalyze glyphosate 
metabolism. Four cyanobacterial strains (Anabaena sp., L. boryana, M. aeruginosa, 
and N. punctiforme) are able to use the glyphosate as the only source of phosphorus 
(Forlani et  al. 2008). Dyhrman et  al. (2006) also stated that marine cyanobacteria 
Trichodesmium erythraeum showed existence of phosphorous-dependent glyphosate 
transformation. However, reports on the utilization of glyphosate as a source of nitro-
gen by cyanobacteria are not yet available in the literature. Ravi and Balakumar (1998) 
reported that extracellular phosphatases are able to hydrolyze the C-P bond of glypho-
sate with working on cyanobacterium A. variabilis; however, this claim has not been 
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reiterated so far by the other authors. Forlani et al. (2008) stated that extracellular 
phosphatases seem unlikely to contribute any substantial scale to glyphosate degrada-
tion. Cyanobacterial strains which possess the ability to use this phosphonate as a 
source of phosphorus is of practically significance because such strains could effec-
tively be employed for the cleanup of pesticides (Arunakumara et al. 2013).

4.8  �Cyanobacterial Immobilization

The concept of immobilization of microorganisms in matrix or material may 
enhance the current benefits from the mass culture of the microorganism by degrad-
ing a specific metabolite or removing pollutants (De-Bashan and Yoav Bashan 2010; 
Ortiz-Hernández et al. 2011, 2013). And it can be employed for the bioremediation 
of synthetic pesticides because it confers the possibility of maintaining catalytic 
activity over long periods of time (Martín et al. 2000; Richins et al. 2000; Chen and 
Georgiou 2002). There are many advantages of immobilization of microorganisms 
over free-living microorganisms, such as the maintaining high cell density, the mini-
mum cell washout, even at high dilution rates, easy separation of cells from the 
reaction system, repeated use of cells, and better protection of cells from the toxic 
effects of hazardous compounds and harsh environments. Immobilization can 
increase the cells’ survival and metabolic activity in bioremediation systems 
(Moslemy et al. 2002; Tao et al. 2009; Ha et al. 2008, 2009; Sun et al. 2010). Two 
types of immobilization are as follows:

4.8.1  �Passive Immobilization

Some microorganisms (including some groups of microalgae/cyanobacteria) have a 
natural tendency to attach to surfaces and grow on them (Robinson et al. 1986). This 
characteristic can be exploited in order to immobilize cells on carriers of different 
types (Codd 1987). In passive immobilization, carriers (adsorbent materials) can be 
natural or synthetic, and this process is reversible (Cohen 2001; Moreno-Garrido 
2008). The natural carrier loofa biomass is widely used and accepted for passive 
immobilization while synthetic materials, polyvinyl and polyurethane, are widely 
used in experiments involving passive immobilization (Urrutia et al. 1995).

4.8.2  �Active Immobilization

For active immobilization, a variety of carriers such as flocculant agents, chemical 
attachment, and gel entrapment are currently in use. Among flocculants, chitosan 
has been the most widely employed. Chemical attachment is carried out through the 
chemical interaction (mainly due to covalent bonding, cross-linking) by common 
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carriers such as glutaraldehyde, or cells. Apart from flocculant and chemical attach-
ment, gel entrapment can be performed by the use of synthetic polymers (acryl-
amide, photocrosslinkable resins, polyurethanes), proteins (gelatine, collagen, or 
egg white), or natural polysaccharides (Taha et al. 2013).

Entrapment in natural polymeric gels has become the best suitable technique for 
the immobilization of cells (Mallick 2002); however, immobilized cells on supports 
have been used more frequently in xenobiotics biodegradation than for pesticides 
(Lusta et al. 1990). For cyanoremediation of synthetic pesticides, it is important to 
search for materials with favorable characteristics for the immobilization of cells, 
including aspects such as physical structure, ease of sterilization, and the possibility 
of using it repeatedly. Above all, the support must be affordable enough to allow its 
future use for pesticide degradation.

4.9  �GE Cyanobacteria as Biopesticides

Gene manipulation offers a way of engineering microorganisms to deal with a pol-
lutant, including pesticides that may be present in the contaminated sites. The sim-
plest approach is to extend the degradative capabilities of existing metabolic pathways 
within an organism either by introducing additional enzymes from other organisms 
or by modifying the specificity of the catabolic genes already present. Cyanobacteria 
have long been studied as model organisms for photosynthesis (Vermaas 2001; Dong 
and Golden 2008); the engineering of cyanobacteria for applied purposes remains an 
underdeveloped field of interest. The potential of genetically modified cyanobacteria 
is still in the initial stages of exploration. Only a handful of cyanobacterial species 
have been investigated as host organisms for industrial and bioremediation purposes 
(Table 4.4). As new species are discovered and sequenced and new tools become 
available for genetic manipulation, the rich diversity of cyanobacterial phenotypes 
and genotypes can be exploited for new applications. Increased knowledge of native 
cyanobacterial genetics, metabolism, and regulatory systems will provide targets for 
increased production, enabling the synthesis of new products and improving the abil-
ity to predict the effects of targeted genetic manipulation.

Genetic engineering in filamentous N2-fixing cyanobacteria usually involves 
Anabaena sp. PCC 7120 and several other non-aggregating species. Mass culture 
and harvest of such species are more energy consuming relative to aggregating spe-
cies. To establish a gene transfer system for aggregating species, Qiong et al. (2010) 
tested many species of Anabaena and Nostoc and identified Nostoc muscorum 
FACHB244 as a species that can be genetically manipulated using conjugative gene 
transfer system. To promote biodegradation of organophosphorous pollutants in 
environments, they introduced a plasmid containing the organophosphorous degra-
dation gene (opd) into Anabaena sp. PCC 7120 and N. muscorum FACHB244 by 
conjugation. The opd gene was driven by a story promoter, PpsbA.  From both 
species, they obtained transgenic strains having organophosphorous degradation 
activities. The genetic manipulation of cyanobacteria could be utilized in the elimi-
nation of pollutants and large-scale production of valuable proteins or metabolites.
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4.10  �Conclusions

Although the use of chemical pesticides in agriculture is helpful in the increment of 
crop production, soil productivity, and products quality, it is also reflected in eco-
nomic benefits, vector disease control, and in general, in public health. But approxi-
mately only 10 % of applied pesticides reach the target organism and rest of the 
applied pesticides is deposited into soil, water, and sediments which affects the 
nontarget organism in agro- and aquatic ecosystems besides affecting public health. 
For this reason, it is necessary to generate strategies for the removal of pesticide 
contamination from polluted sites, and the biological treatment is an important tech-
nology from an economical and environmental point of view for the cleanup of 
pesticide contamination.

The choice of the bioremediation strategy should be made on the basis of the 
type of pesticide, environment, and the target organisms present in the ecosystem. 
Since, the target organism is the only major concern and the information about fea-
tures, advantages or disadvantages of target organisms can be helpful for better and 
successive bioremediation. Some parameters like pH, temperature, cell count, bio-
mass growth rate, substrate bioavailability, and moisture, which are crucial for 
microbial population, can be addressed for bioremediation (Velázquez-Fernández 
et  al. 2012). Moreover, it is important to understand the molecular mechanisms 
involved in enzymatic catalysis, which will be possible to design new alternatives 
and/or efficient tools for the treatment of pesticide residues or for the bioremedia-
tion of contaminated sites.

Table 4.4  Some GE cyanobacterial strains and their transformation methods

Cyanobacterial strains Transformation methods References

Anabaena & Nostoc sp. PCC 
7120

Conjugation Khasdan et al. (2003); Masukawa 
et al. (2007)

A.variabilis ATCC 29413 Conjugation Roessler et al. (2009); Happe 
et al. (2000)

N. punctiforme ATCC 29133 Conjugation Lindberg et al. 2002
Nostoc sp. PCC 7422 Conjugation Yoshino et al. (2007)
Synechococcus elongatus PCC 
7942

Natural Niederholtmeyer et al. (2010); 
Kaczmarzyk and Fulda (2010);

Natural Takeshima et al. (1994)
Synechococcus sp. PCC 6301
Synechococcus sp. PCC 7002

Natural McNeely et al. (2010); Reppas 
and Ridley (2010)

Conjugation Asada et al. (1999); Miyake et al. 
(2000)

Synechococcus sp. MA 19 Conjugation Sode et al. (1998); Yu et al. (2000)
Synechococcus sp. 
NKBG15041c

Conjugation Nobles and Brown (2008)

S. leopoliensis UTCC 100
Synechococcus sp. PCC 6803

Natural conjugation 
electroporation

Lindberg et al. (2010); 
Kaczmarzyk and Fulda (2010)
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Use of cyanobacteria and microlage for the degradation of synthetic pesticides 
either by increasing the degradation capability of the cyanobacterial community to 
remove the pollutant is cost-effective and safe technology (Kumar and Singh 2016). 
Among the cyanobacterial genera, the high tolerance of some cyanobacterial genera 
toward synthetic pesticides resulted in colonized contaminated environments. It 
should also be kept in mind that cyanobacteria provide high product selectivity, 
simple catalyst preparation, and a recycling system.

Moreover, in implementing strategies to increase the efficiency of degradation, 
such as immobilization of cyanobacterial cells, we may have tools to decline the 
existence of obsolete pesticides and waste generated; it will reduce the danger of 
pesticides on the environment and health (Ortiz-Hernández et al. 2013). However, 
there is a suggestion that immobilization affects the cell’s behavior, but many of the 
observations, particularly with respect to productivity are contradictory. It is there-
fore, there is a need to increase understanding on the effects of immobilization on 
cyanobacterial cell physiology and biochemistry. The leakage problem is one of the 
key concerns in cell immobilization since it obviates the primary purpose of delim-
iting viable cells in a confined matrix.

Despite the uncertainty regarding the development of GE algae as production 
strains, development of genetic tools is still imperative from a research standpoint. 
Understanding the basic biology that will inform such aspects as lateral gene trans-
fer, potential for toxin production, potential for large-scale blooms and subsequent 
anoxic zone formation, and choice of cultivation methods in terms of organism 
containment, are very important.
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Abstract  Plant–microbe association is a key driving factor for proper functioning 
of an ecosystem. Microbes are being popularly used to facilitate plant growth and 
agricultural productivity as they are actively involved in decomposition of organic 
matter, biogeochemical cycling, and soil structure formation. In spite of these func-
tions, current empirical studies support the use of microbes for bioremediation (bio-
accumulation, bio-transformation, volatilization, etc.) of various pollutants in our 
environment. As food crops cannot be recommended for cultivation on polluted 
sites due to potential risks of pollutants’ bioaccumulation, on the other hand, arable 
lands, cannot be utilized for cultivation of aromatic plants due to pressure of food 
demand. Hence, cultivation of aromatic crops on such contaminated sites will be a 
safe strategy as aromatic plants are stress-tolerant and their end product is essential 
oils, which are non-edible and remain free from pollutants. Reports suggest that the 
use of suitable plant–microbe association can be helpful in remediation of polluted 
sites as microbial secondary metabolites favor the plant growth, increase plant toler-
ance to pollutants, and also enhance the phytoextraction efficiency of plant by 
increasing the bioavailability of pollutants in rhizosphere. In this chapter, therefore, 
we review the available literature and discuss future perspectives on application of 
microbes in association with aromatic plants for remediation of heavy metal and 
xenobiotic polluted soils.
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5.1  �Introduction

Soil pollution is a serious global problem and it is increasing at an alarming rate. 
Soil pollutants may be of different types like plastics, synthetic organic and inor-
ganic chemicals, industrial effluents, municipal garbage, etc. Due to soil pollution, 
several problems are emerging such as health hazards to human and animals, loss of 
biodiversity, loss of soil fertility and productivity, and loss of natural resources due 
to contamination (Wall et al. 2015).

The physical, chemical, and biological methods are being implicated for reme-
diation of polluted soil for long time back (Sims 1990). Due to economical and 
ecological constraints in physical and chemical methods, biological methods of 
remediation or bioremediation have been considered better strategy than the earlier 
two. The remediation of polluted sites through biological means is generally termed 
as bioremediation, either we use plants or microbes. In this chapter, therefore, for 
the convenience of the readers, biological remediation is divided into bioremedia-
tion (use of microbial system) and phytoremediation (use of plant system). 
Bioremediation is popularly known as the use of naturally occurring organisms, 
mainly microbes, to detoxify and degrade environmental contaminants. It is an 
effective approach, useful to clean up both heavy metals (Brierley 1990; Ghosh 
et  al. 2015) and synthetic chemicals (Farhadian et  al. 2008). Microbes produce 
organic chelates by decomposing the soil organic matter, which increase metal solu-
bilization. They have capability to mobilize or immobilize the metals. Secondary 
metabolites and siderophore produced by the microbes take part in ion exchange 
mechanism through which they solubilize and bind the metals (Gadd 2004; 
Rajkumar et al. 2010).

The term ‘Phytoremediation’ comprised of two words ‘phyto’ (Gk.) means plant 
and ‘remedium’ (Latin) means to remove an evil (Cunningham et  al. 1996). 
Phytoremediation is a cost-effective, in situ, low-cost, ecologically benign, socially 
accepted technology to remediate polluted soils (Radzali et al. 2015; Garbisu et al. 
2002; Weber et al. 2001). Phytoremediation may take one of the several forms like 
phytoextraction, rhizofiltration, phytostabilization, and phytovolatilization (He and 
Yang 2007). This technology can be applied to both organic and inorganic pollut-
ants present in soil (Salt et al. 1998). Plants can be used to extract, sequester, and/or 
detoxify a wide variety of environmental contaminants. Phytoremediation could be 
more appropriate technique at a large scale to restore land and water that have been 
polluted by human activities.

There is plethora of literature supporting the use of edible crops for phytoreme-
diation. But the cultivation of edible crops leads to biomagnification of xenobiotics 
in humans and other animals via food chain. Alternatively, some researchers have 
proposed use of aromatic plants for remediation purposes (Gupta et al. 2013; Verma 
et al. 2014; Pandey and Singh 2015). Aromatic plants are a class of plants which 
produce or exude aroma due to the presence of volatile aromatic compounds in its 
essential oil. The commercial product of aromatic plants, i.e. essential oil, is 
extracted through hydro-distillation or steam distillation process (Clevenger 1928). 
Essential oil is of great industrial importance for high-grade perfumes, culinary, 
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toiletries, cosmetics, insect repellants, and food processing industries. Since these 
plants are unpalatable and tolerant to different stress conditions, they become the 
most suitable candidates for phytoremediation of polluted soils (Gupta et al. 2013; 
Verma et al. 2014).

Healthy plant–microbe interaction is fundamental for any ecosystem. Plant–
microbe associations may be positive as well as negative. Microbes remain associ-
ated to every part of plants (Rosenblueth and Martinez-Romero 2006). These 
microbes consist of specific beneficial associations as well as detrimental patho-
genic ones (Raaijmakers et al. 2009). Beneficial microbes are applied as biofertil-
izers, biopesticides or plant protection products, rhizoremediators, phytostimulators, 
or stress controllers, for example, plant growth promoting bacteria like Bacillus and 
Pseudomonas, the symbiotic Arbuscular Mycorrhizal Fungi (AMF), and fungus 
Trichoderma (Pereg and McMillan 2015; Dobbelaere et al. 2003; Alabouvette et al. 
2006; Nehra and Choudhary 2015). Pathogens of plant species include viruses, bac-
teria, fungi, or nematodes.

In this chapter, we have emphasized on the applicability of aromatic plant–
microbe association for remediation of polluted soils. Although bioremediation 
using plants and microbes alone is a good approach in this concern, it has some 
constraints and needs more improvisations. As the plants are not able to grow well 
under certain stress conditions until the belowground microflora provides growth 
support (nutrients, hormones, siderophores, etc.), microbes can perform better in 
association with plants. Use of appropriate plant–microbe associations would be a 
better alternative as both of them complement each other for proper functioning and 
growth. Aromatic plants are the best suited for cultivation on polluted land; at the 
same time, use of resistant microbes can enhance the remediation of polluted sites. 
The utilization of aromatic plants–microbe associations could be a novel technique 
for remediation of polluted sites.

5.2  �Soil Pollution

Soil pollution or contamination is the presence of any undesirable inorganic or 
organic chemicals or other alterations in the natural composition of soil, which 
change the normal functioning of soil ecosystem. Like all other cases of pollutions, 
soil pollution is also largely due to human activities. Some main contributors of soil 
pollution are: (a) agrochemicals, (b) industrial effluents, (c) urban, and (d) nuclear 
wastes (Rieuwerts 2015; Gavrilescu et al. 2015).

•	 Agrochemicals: Maintaining soil quality is the major need for sustainable agri-
culture. Nowadays, intensive farming is adapted to meet the increasing demand 
of food (Matson et al. 1997). In these practices, pesticides, fertilizers, and fumi-
gants are used indiscriminately, which adversely affect soil environment 
(Edwards et al. 1998). These pollutants are either toxic or they convert into toxic 
entities after transformation. Higher amount of NPK fertilizers also lead to low 
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quality of crops grown over the years. Pesticides such as aldrin, malathion, diel-
drin, chlorinated hydrocarbons, organophosphates, furadan, etc. are less prone to 
biodegradation and alter the physical, chemical, and biological properties of soil 
(Edwards and Thompson 1973). Some residues of these chemicals retain in the 
soil and later taken by the plants and enter into the food chain.

•	 Industrial effluents: Industries involved in manufacture/production of textiles, 
dyes, soaps, detergents, drugs, cement, rubber, metal, paper, etc. release consid-
erable amount of solid, semi-solid, and liquid wastes in the environment (Islam 
et al. 2006). These chemicals pollute the land, nearby manufacturing plants as 
well as the place where the waste has been taken to dispose-off (Kuperman 
1996). Industrial wastes mainly comprise pollutants like heavy metals, inorganic 
chemicals, volatile organic compounds (VOCs), polychlorinated biphenyls 
(PCBs), hydrocarbons, polycyclic aromatic hydrocarbons (PAHs), etc. These 
pollutants have an adverse effect on soil’s physical, chemical, and biological 
properties and eventually reduce the crop production (Islam et al. 2006).

•	 Urban wastes: The amount of municipal or urban waste has increased tremen-
dously in recent decades and new disposal techniques are required to overcome 
this problem (Madrid et  al. 2007). It includes large amount of biodegradable 
materials such as papers, food residues, animal wastes, wooden pieces, carcasses, 
plant twigs, sweepings, etc. as well as non-biodegradable materials such as plas-
tic items, glass pieces, stone/cement pieces, etc. (Bogomolov et al. 1996).

5.3  �Remediation of Polluted Soils

Soil remediation deals with the removal of pollutants or contaminants from polluted 
sites. The soil has innate capability to attenuate any undesirable and harmful changes 
via different physico-chemical and biological processes (Suthersan 1999; Gianfreda 
and Rao 2004). Most of these natural processes are ineffective, except abiotic oxida-
tion, hydrolysis, and biodegradation, since they have the capability to destroy the 
pollutants and transform them into harmless products (Gianfreda and Rao 2004). To 
remediate the pollutants, several physical and chemical methods were also devel-
oped by the researchers, but they are forfeited towards economical and/or ecological 
front. Therefore, biological strategies using plants (phytoremediation) and microbes 
(bioremediation) seem to be a better approach to remediate the soil in a sustainable 
manner (Chibuike and Obiora 2014) (Fig. 5.1).

5.3.1  �Bioremediation

Bioremediation refers to the use of naturally occurring organisms mainly microbes 
to detoxify and degrade environmental contaminants (Vidali 2001). It has received 
increasing attention as an effective approach to clean up polluted environments. 
Microorganisms are useful in both heavy metals (Banerjee et  al. 2015; 
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Dixit et al. 2015) and organic compounds’ polluted soils (Chen et al. 2015; Farhadian 
et al. 2008). They decompose the soil organic matter and produce organic ligands 
which lead to increased metal solubilization and altered speciation of metal or metal-
loids. They have capability to mobilize or immobilize the metals. Secondary metabo-
lites and siderophore produced by a number of microbes are also able to bind toxic 
cationic metals or desorb anionic species via ligand exchange (Gadd 2004; Rajkumar 
et al. 2010). Apart from this, many soil bacteria have the capability to degrade toxic 
organic compounds like PAHs including fluorene, phenanthrene, anthracene, fluor-
anthene pyrene, etc. (Sayara et al. 2015), DDT (Foght et al. 2001), and compounds 
from oil spills (Atlas 1991). There are a number of microbes that are able to degrade 
various xenobiotic compounds such as refrigerants herbicides, pesticides, solvents, 
and other organic compounds. Wang et al. (2015) reported a bacterial strain WJ4 
(genus Rhodococcus) that had a strong ability to degrade Di-2-ethylhexyl phthalate 
(DEHP-high-molecular-weight phthalate ester (PAE) that has been widely used in 
the manufacture of polyvinylchloride) in both liquid culture and soil.

Yateem et al. (1998) reported that white rot fungi (Phanerochaete chrysosporium, 
Pleurotus ostreatus, and Coriolus versicolor, etc.) possess the ability to degrade a 
wide spectrum of environmental pollutants like petroleum hydrocarbon using per-
oxidase enzymes. In another report, Mycobacteria, Sphingomonas, and white rot 
fungi are considered as capable of degrading polycyclic aromatic hydrocarbons 
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Fig. 5.1  Schematic diagram showing different strategies for remediation of polluted soils
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(PAHs) (four or more fused ring) degrading organisms due to the presence of lignin 
peroxidases and P450 monooxygenase (Harayama 1997). Use of effective microbial 
consortia is also a promising method for remediating polluted soils. Kumar et al. 
(2008) reported that consortia of Ochrobacterum sp., Arthrobacter sp., and 
Burkholderia sp. are able to degrade xenobiotics like α-endosulfan and β-endosulfan. 
Mixture of heavy metal-resistant bacteria comprised of different species of 
Enterobacter, Enterobacter, Stenotrophomonas, Providencia, Chryseobacterium, 
Comamonas, Ochrobactrum, and Delftia isolated from the activated sludge were 
found more efficient in removing heavy metals (Bestawy et al. 2013).

Microbes have a range of potentials to remediate polluted sites; however, modi-
fications by use of genetic and metabolic engineering can further increase the effec-
tiveness and efficiency of them (Samanta et  al. 2002). Sayler and Ripp (2000) 
showed potential of genetically engineered microorganisms (GEMs) to remediate 
soil, water and activated sludge, etc. With the help of modern molecular techniques 
like fluorescence in situ hybridization (FISH), in situ PCR, and quantitative PCR, 
etc., we can detect and identify those bacteria, pathways, enzymes, etc., which are 
solely related to the degradation of inorganic and organic contaminants (Singh et al. 
2008; Timmis and Pieper 1999; Pieper and Reineke 2000; Chen et al. 1999). To 
monitor changes in microbial community composition during remediation process, 
certain nucleic acid-based molecular techniques like denaturing gradient gel elec-
trophoresis (DGGE) and terminal restriction fragment length polymorphism 
(T-RFLP) are found to be very useful (Iwamoto and Nasu 2001).

Apart from this, Christofi and Ivshina (2002)suggested that use of biosurfactant-
producing bacteria or surface-active compounds (biosurfactant) can increase the 
efficiency of organic and metal-contaminated site remediation. However, Harayama 
(1997) found the microbes having capability to degrade PAHs and suggested that it 
is important to explain the effect of these biosurfactants on biodegradation through 
mathematical models. Malik (2004) focuses on the applicability of growing bacte-
rial/fungal/algal cells for metal removal that are isolated from contaminated sites 
and possess excellent capability of metal scavenging. Therefore, bioremediation is 
a widely accepted environment- and economy-friendly method for remediation 
(Iwamoto and Nasu 2001).

5.3.2  �Phytoremediation

The term ‘Phytoremediation’ comprised of two words ‘phyto’ (Gk.) means plant 
and ‘remedium’ (Latin) means to remove an evil (Cunningham et  al. 1996). 
Phytoremediation may take one of the several forms like phytoextraction, rhizofil-
tration, phytostabilization, and phytovolatilization. Phytoextraction refers to the 
processes in which plants are used to concentrate metals from the soil into the roots 
and shoots of the plant. Rhizofiltration is the use of plant roots to absorb, concen-
trate, or precipitate metals from effluents. Phytostabilization is the use of plants to 
reduce the mobility of heavy metals through absorption and precipitation by plants, 
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thus reducing their bioavailability. Phytovolatilization is the uptake and release into 
the atmosphere of volatile materials such as mercury- or arsenic-containing com-
pounds (He and Yang 2007). Phytoremediation is cost-effective, in situ, non-
intrusive, low-cost, aesthetically pleasing, ecologically benign, socially accepted 
technology to remediate polluted soils (Radzali et  al. 2015; Garbisu et  al. 2002; 
Weber et al. 2001). To remove pollutants, plants use several biophysical and bio-
chemical processes, like adsorption, translocation, accumulation, transformation, 
and mineralization (Gupta et al. 2013).

This technology can be applied to both organic and inorganic pollutants present 
in soil (Salt et al. 1998). Plants can be used to extract, sequester, and/or detoxify a 
wide variety of environmental contaminants. This field is generating great excite-
ment because phytoremediation techniques may offer the only effective means of 
restoring the hundreds of thousands of square miles of land and water that have been 
polluted by human activities.

5.4  �Suitability of Aromatic Crops for Phytoremediation

A number of investigations and opinions support the suitability of aromatic plants for 
phytoremediation potential (Singer et al. 2003; Gupta et al. 2013; Verma et al. 2014). 
Aromatic plants are such a gift of nature which can be used as a cash crop under pol-
luted sites because their end product, i.e. essential oil, is extracted through hydro-
distillation process. In hydro-distillation process, the essential oil form an azeotropic 
mixture with water, from which the oil is further separated. In this process, the essen-
tial oil components volatilize when come in contact with steam; the non-volatile 
components (like pollutants and heavy metals) do not volatilize and hence the essen-
tial oil remains free from any contamination (Gupta et al. 2013). During crop produc-
tion, certain precautions should be kept in mind to avoid physical contact of 
pollutants. The essential oil is of great industrial importance for high-grade perfumes, 
culinary, toiletries, cosmetics, insect repellants, and food processing industries.

Unlike edible crops, aromatic plants are free from the risk of being eaten by the 
animals or humans due to their bad taste and fragrance; hence, the contaminants 
will not enter into food chain. There are several views proposing that the cultivation 
of aromatic plants will be a safe strategy to phytoremediate the polluted sites along 
with economical benefit and without any ecological, economical, and health hazard 
(Gupta et al. 2013; Verma et al. 2014). Aromatic plants are better stress-tolerant and 
perennial in nature, hence such crops have high value with low input.

Rosmarinus officinalis flourished well in bio-wastes containing heavy metals 
such as Pb, Cr, Cd, and Ni without compromising the biomass production and 
essential oil yield (Cala et al. 2005). R. officinalis can be grown in the Pb, As, Sb, 
Zn, and Cu contaminated soil because the bioaccumulation factors of the aerial parts 
were less than 1 (Affholder et al. 2013). While at higher concentration of metals, the 
growth of the plant decreases (Gaida et  al. 2013). Mentha piperita and Ocimum 
basilicum yields were not affected by the Cu, Pb, and Cd at the concentration of 60 
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and 150 ppm; however, the yield and growth of Anethum graveolens was affected by 
Cu. Oils of these three plants do not contaminate with heavy metals, but oil compo-
sition was slightly changed (Zheljazkov et al. 2006). Licina et al. (2014) demon-
strated different genotypes of basil (Ocimum sp.) for their mineral nutrients and 
heavy metal accumulation potential. Genotypes have shown different accumulation 
behavior for different elements. Marrubium vulgare, Melissa officinalis, and 
Origanum heracleoticum were tested against Cd, Pb, Cu, Mn, and Zn metals. The 
heavy metals accumulation was different in different plant parts; the maximum 
accumulation of Cd, Pb, and Cu was in roots, while of Mn and Zn was found in 
leaves without availability of pollutant in essential oil, a commercial product 
(Zheljazkov et al. 2008). Origanum majorana inoculated with arbuscularmycorrhi-
zal fungi (AMF) performs well on Cd and Pb polluted soils (Hristozkova et  al. 
2015). The heavy metal-tolerant AMF strains reduce the accumulation of heavy 
metals in the plant. The content of major constituents changes with the inoculation 
of AMF.  Antioxidant activity in the plant also increases with AMF due to the 
increase of phenolic content (Fig. 5.3).

Vetiver (Crysopogon zizanioides), an aromatic grass having essential oil in its 
roots, was found suitable for phytostabilization and phytoextraction of heavy metal 
like As, Cd, Cr, Cu, Hg, Ni, Pb, Se, and Zn. Vetiver also has some chelating agents 
which help in binding these toxic elements and promote biodegradation of organic 
pollutants like 2,4,6-trinitroluene, phenol, ethidium bromide, benzo[a]pyrene, atra-
zine, etc. Vetiver differentially accumulates heavy metals in root and shoots (Danh 
et al. 2009).

Cultivation of aromatic plants in association with organic manures or natural 
chemicals, which have high cation exchange capacity, was also tested under pol-
luted soils. Danh et al. (2011) have also demonstrated the effect of Ca on growth, 
essential oil yield, and composition of vetiver (C. zizanioides) on Pb (4000 ppm) 
contaminated soils. Danh et al. (2011) concluded that calcium addition decreases 
the accumulation of Pb in the root and shoot of vetiver, but up to a certain limit 
(2000 ppm). The accumulation of Pb was >22 % more in roots than shoots of veti-
ver. Ocimum gratissimum performed differently towards the Cd and Zn metal uptake 
due to the addition of cow manure and hydroxyaptite. They found that, with the 
addition of cow manure, the uptake of Cd was decreased, while Zn uptake was 
decreased due to hydroxyapetite (Chaiyarat et  al. 2011). Vermicompost-assisted 
cultivation of chammomile (Matricaria chamomilla) accumulates more heavy met-
als (Ni, Cd) as compared to in absence of vermicompost. The accumulation of 
heavy metals in flowers of the crop does not affect the quality and quantity of main 
component of commercial importance (Chand et al. 2012) (Table 5.1).

Soil properties like soil microbial biomass nitrogen (SMBN) and soil enzymes 
change due to the addition of heavy metals-rich tannery sludge in soil, which was used 
for growing Tagetes minuta. At moderate level of heavy metal concentration, SMBN 
and urease activity found higher, while at higher sludge concentration these parame-
ters decrease. The heavy metals were found higher in roots as compared to shoot and 
there be no contamination in essential oil (Patel and Patra 2014). In aromatic plants, 
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the concentration and activity of antioxidants starts due to stress created by the pollut-
ants. Glutathione activity increases in the aromatic plants (T. minuta, M. spicata, O. 
basilicum, and Pelargonium graveolens) with increasing heavy metal dose given in 
the form of tannery sludge (Patel and Patra 2015). M. spicata have shown higher glu-
tathione and glutathione reductase activity as compared to other tested species. Chand 
et al. (2015) in another experiment found that Cd and Pb uptake by O. basilicum was 
higher at 20 t ha−1use of sludge. However, Cr accumulation was increasing with dose 

Fig. 5.2  Schematic diagram showing suitability of aromatic crops for phytoremediation as com-
pared to edible crops [adapted with permission from Gupta et  al. (2013) Copyright (2013) 
American Chemical Society]
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up to 50 t ha−1. The yield of essential oil decreases at higher dose of sludge application. 
The essential oil composition of O. basilicum changes due to Cu, Cd, and Pb contami-
nation, while that of M. spicata does not (Kunwar et  al. 2015). Cd-contaminated 
hydroponic culture of O. basilicum and O. citriodurum results indicate that biomass 
was higher in O. basilicum, while Cd accumulation was higher in O. citriodurum. 
Another experiment in which cow dung manure was used suggests that biomass pro-
ductivity and Cd accumulation have increased manyfold. The use of silicate increases 
the biomass production, while Cd accumulation was decreased (Putwattana 2008). O. 
basilicum (sweet basil) and Origanum vulgare (Oregano) both accumulate Cd, while 
Pb was accumulated only in oregano shoots. Due to heavy metals, the leaf blades 
thickness of both plant increased. In basil stomatal conductance, gaseous exchange, 
and transpiration increased, while water-use efficiency decreases. While in oregano 
gas exchange and transpiration were reduced, but stomatal conductance and water-use 
efficiency increases due to heavy metals. Antioxidant defense system (glutathione 
peroxidase, quaiacol peroxidase, glutathione S-transferase, and glutathione reductase) 
triggered in both the plants due to heavy metals treatments (Stancheva et al. 2014). 
Ocimum tenuiflorum (holy basil) and O. gratissimum (African basil) were tested for 
HM tolerance towards Cd, Zn. O. gratissimum had a higher tolerance for Cd and Zn 
(Suebsimma 2008). O. gratissimum accumulates more Arsenic (As) than O. basilicum 
and O. tenuiflorum. Growth of all the species was reduced due to availability of As, 
while at lower As concentration the essential oil yield was increased and the constitu-
ents were not affected (Siddiqui et al. 2013).

Rorippa spp. (yellow cresses) shows species-specific behavior towards Cd metal. 
R. globosa was hyperaccumulator, while R. palustris was not. Root lengths, total 
root surface areas, and total root volumes of R. globosa were not affected by Cd, 
while all the growth parameters of R. palustris were reduced (Wei et al. 2012). The 
performance of two varieties of Cymbopogon martinii has been tested by Pandey 
et  al. (2015) and found that Trishna variety was better performer than PRC-1  in 
heavy metal-contaminated soil, for improving soil properties and plant growth. In 
C. martinii, the heavy metal uptake was in order of Cr>Ni>Pb>Cd, in both root and 
shoot. Translocation factor was <1, while bioconcentration factor was >1 in case of 
all tested heavy metals. There was no contamination found in essential oil.

The coal fly ash is hazardous due to the presence of toxic heavy metals like Cr, 
As, Cd, Pb, Hg, Se, polycyclic aromatic hydrocarbons, and several other pollutants 
(Verma et al. 2014). Fly ash at 50 % concentration gives positive results over growth 
and yield of M. piperita. Fly ash along with oil cake of Jatropha supported growth 
and development of plant and essential oil yield (Kumar and Patra 2012). The ratios 
of heavy metal containing municipal waste water and ground water were used for 
irrigation of lemon grass (Cymbopogon flexuosus). The yield of lemon grass was 
16 % more in waste water-treated plots than normal water-irrigated plots, and the 
contamination in essential oil was also below the permissible limits of present heavy 
metals (Cr, Ni, Pb, and Cd) (Lal et al. 2013).

With increasing concentration of cadmium (Cd; 10–100 ppm) and lead (Pb; 100–
1500 ppm), there was a decrease in biomass production, plant height, leaf area, and 
number of leaves per plant and essential oil content of peppermint can tolerate 
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medium range of Cd and Pb (Amirmoradi et al. 2012). Lavender (Lavandula spica) 
acts as a hyperaccumulator of Pb and accumulator of Cd and Zn and can be culti-
vated successfully in heavy metal-polluted area without compromising the yield 
and quality of essential oil (Angelova et al. 2015). Pb contamination increases the 
oil production in Mentha crispa. It tolerates higher concentration of Pb, rather it is 
not a Pb hyperaccumulator sp.; yet it accumulates in root and aerial parts. The 
chemical composition of essential oil also changes due to Pb treatment and the 
major component, carvone, increased from 39.3 % (control) to 90 % (Sa et al. 2015).

5.5  �Plant–Microbe Associations with Reference to Aromatic 
Plants

Plants are highly colonized with diverse group of microorganisms, which may 
reside in the rhizosphere, phyllosphere, or as endophytes (Rosenblueth and 
Martinez-Romero 2006). These microbes consist of different beneficial associations 
as well as detrimental pathogenic ones (Raaijmakers et  al. 2009). Beneficial 
microbes are applied as biofertilizers, biopesticides or plant protection products, 
rhizoremediators, phytostimulators, as reductants or stress controllers (Rajendran 
et al. 2008; Pereg and McMillan 2015; Dobbelaere et al. 2003; Alabouvette et al. 
2006; Nehra and Choudhary 2015). Secondary metabolites of aromatic plants have 
diverse effects on soil microbial community. The application of PGPRs and mycor-
rhiza in the aromatic crop field may enhance growth of plants through positive effect 
of secondary metabolites on soil microbes, and in return, this may increase essential 
oil production (Banchio et al. 2008). The microbes which are pathogenic to normal 
crops may behave differently with aromatic plants because there are many broad 
spectrum pathogens which do not cause disease to aromatic plants (Bennett and 
Wallsgrove 1994). The cotton seeds inoculated with aromatic compounds (citral 
and benzaldehyde) along with PGPR increase plant growth and reduce disease inci-
dence (Bauske et al. 1997) (Fig. 5.3).

Aromatic plants are rich in secondary metabolites, which belong to diverse 
chemical groups. Use of plant residues (pine needles, eucalyptus leaves) containing 
secondary metabolites was found to enhance the microbes which degrade polychlo-
rinated biphenyls (PCB) (Hernandez et al. 1997). Later on, it was found that plant 
secondary metabolites like terpenoids (carvone, carvone, cumene, carvacrol, thy-
mol, limonene, cymene, trans-cinnamic acid, etc.) and flavonoids (myrcetin) sup-
port growth of different microbes (Ralstonia eutropha, Rhodococcus opacus, 
Burkh-olderia cepacia,Corynebacterium sp.) that degrade/transform various xeno-
biotics (PCB, PAH, toluene, phenol, naphthalene, trichloroethane, etc.) (Singer 
et  al. 2003; Gilbert and Crowley 1997). The a-hydroxylase enzyme could effec-
tively be induced by secondary metabolites for enhancing biotransformation of a 
number of compounds and can be potentially used for bioremediation (Singer et al. 
2003). Jones et al. (2001) manipulated the cyp101 gene to increase substrate range 
of substrate, mainly pollutants.
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98

The cultivation of aromatic plants on polluted sites will be ecologically safe, 
economically viable as well as sustainable technology than other known methods. 
The agricultural land is a constraint to meet the rising food demand and increase in 
polluted land is creating a menace to this problem. The essential oil production in 
aromatic plants also increases with stress condition, which will benefit the growers, 
while in stress the productivity of edible crops decreases. The polluted land can be 
converted into normal agricultural land through long-term cultivation of aromatic 
crops (Gupta et  al. 2013) along with beneficial microbes (Banchio et  al. 2008). 
Hence, we propose cultivation of aromatic plants in place of edible crops or other 
plant crop.

5.6  �Conclusion

Aromatic plant–microbe association can be exploited for remediation of polluted 
sites as well as achieving several ecological, economical, and societal/cultural ben-
efits. Aromatic plants can add up secondary plant metabolites into the polluted soil, 
which enhances the activity of xenobiotics-degrading microbes. The degradation or 
transformation of pollutants and phytoextraction by plant will reduce the stress in 
the soil ecosystem, which will further enhance the growth of flora and fauna. The 
use of aromatic plants in place of edible crops as well as any other non-commercially 
important crop gives an extra advantage. As edible crops grown under polluted envi-
ronment are ecologically not safe, while the other plants may be hyper-accumulator 

Secondary metabolites rich rhizosphere attracts microbes and 
helps to penetrate the impermeable soil layers.

PGPR  produce  phytohormones, siderophores  and  other
growth promoting substances, increase nutrients’ availability
which favours plant growth.

Secondary plant metabolites (flavonoids, terpenes etc.) attract 
diverse microbes that are involved in the degradation of 
xenobiotics and broaden the spectrum of their activity.

Mycorrhizal  associations  increase  nutrient  and  water
acquisition and increase plants’ resistance to pollutants and
enhance phytoremediation

Microbes  affect  the  availability  of  pollutants  to  the  plant
through acidification, chelation and redox changes.

Under stress conditions aromatic plant produce metabolites
that stimulate the survival and action of microbes, which 
results in more efficient pollutant degradation.

Fig. 5.3  Schematic representation of aromatic plant–microbe association under polluted 
environment
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but, without economical importance, is of no use. Phytoremediation technology 
needs commercialization by harnessing the phyto-microbial diversity for more 
attention. There is an urgent need to develop technological interventions at policy 
level, which will promote the cultivation of aromatic plants on polluted and degraded 
land sites. Moreover, the use of aromatic plants has additional benefits (ecosystem 
services) for farmers as well as for society than conventional technologies used for 
phytoremediation.
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Chapter 6
Cyanobacteria-Mediated Heavy Metal 
Remediation

Vidya Dhar Pandey

Abstract  Heavy metals constitute toxic, non-biodegradable and persistent envi-
ronment pollutants which adversely affect all life forms, including humans, and 
cause ecological damage. The detrimental effects of heavy metals on living organ-
isms are attributable to their action on a number of cellular and biochemical pro-
cesses, biomolecules and structures in living organisms, including human beings. In 
humans, they are known to cause various patho-physiological disorders of hepatic, 
renal, respiratory and gastrointestinal system. The biotoxicity of heavy metals 
depends on their concentration, bioavailability, chemical forms and duration of 
exposure. Globally, the ever-increasing contamination of aquatic bodies and soil by 
heavy metals (e.g. Cd, Hg, Ag, As, Pb, Ni, Cr, Cu, Zn) owing to various anthropo-
genic activities is an issue of serious concern and challenge. Bioremediation of 
heavy metals, employing various microorganisms, including cyanobacteria (blue–
green algae), has been recognized as a cheaper, more effective and an eco-friendly 
alternative to the conventional physico-chemical remediation methods. Because of 
their tremendous adaptability and effective protective mechanisms against various 
abiotic stresses, cyanobacteria colonize and inhabit diverse terrestrial and aquatic 
habitats, including extreme and polluted ones. Various cyanobacterial species pos-
sess efficient heavy metal removal capabilities from aqueous solutions. They pro-
duce metal-binding proteins (metallothioneins) and metal-sequestering agents (e.g. 
exopolysaccharides). The bioremoval of heavy metals by cyanobacteria is mediated 
by biosorption and bioaccumulation. Cyanobacteria, because of their ubiquity, 
abundance, rapid growth rate, simple growth requirements, heavy metal tolerance 
and removal, and amenability to controlled laboratory culture and immobilization 
are the promising candidates for the bioremediation of heavy metal pollutants.
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Bioaccumulation
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6.1  �Introduction

Excessive contamination of aquatic and terrestrial environments by heavy metals, 
such as cadmium (Cd), mercury (Hg), lead (Pb), nickel (Ni), chromium (Cr), arse-
nic (As), silver (Ag), copper (Cu) and zinc (Zn) discharged as a result of industrial 
and other anthropogenic activities is an issue of major concern. Heavy metals are 
toxic, non-biodegradable, persistent and biomagnifiable environmental pollutants 
which adversely affect growth, development and survival of all life forms—
microbes, plants, animals and humans. They are known to be major risk factor for 
human health. Although the term ‘heavy metal’ has been redefined over the years, it 
mostly refers to the metallic elements with density greater than 5 g/cm3 and high 
atomic weight (Duffus 2002). They are mainly discharged from various mining and 
industrial sites and find way into the food chain and drinking water. Among 90 natu-
rally occurring elements found in earth’s crusts, nearly 53 are heavy metals (Weast 
1984). Bioremediation of heavy metal-bearing industrial effluents and wastewater 
using the potential of various microorganisms, including cyanobacteria (blue–green 
algae), to sequester and remove various toxic heavy metals efficiently is viewed as 
a cheaper, more effective, eco-friendly and technologically simple alternative to the 
conventional physico-chemical remediation methods which are known to have vari-
ous limitations.

Cyanobacteria (blue–green algae) are an ancient, morphologically diverse and 
widely distributed group of photosynthetic prokaryotes which resemble Gram-
negative bacteria in cellular structure and green plants in oxygenic (O2-evolving) 
photosynthesis (Stanier and Cohen-Bazire 1977; Castenholz and Waterbury 1989; 
Schopf 2000). They are classified by bacteriologists as the class Oxyphotobacteria 
in the eubacterial division Gracilicutes and by phycologists as the class Cyanophyceae 
or Myxophyceae in the algal division Cyanophyta (Carr and Whitton 1982; 
Castenholz and Waterbury 1989; Murray 1989). Historically, cyanobacteria were 
classified as algae (blue–green algae) based on the international code of botanical 
nomenclature (Oren 2004). After the establishment of their prokaryotic nature, their 
nomenclature was proposed to be governed by the international code of nomencla-
ture of bacteria (Stanier et al. 1978). Comprising 150 genera with more than 2000 
species, they exhibit remarkable diversity in their morphology, which may be uni-
cellular, colonial or filamentous (branched or unbranched) (Van den Hoek et  al. 
1995). Because of their unique physiology and metabolism, they are considered to 
be highly productive and efficient biological system. Both ecologically and eco-
nomically, they are important organisms with varied implications and applications 
(Waterbury et al. 1979; Patterson 1996; Pandey et al. 2007; Abed et al. 2009; Gupta 
et al. 2013). Due to their potential applications in diverse fields, viz. agriculture, 
aquaculture, human nutrition, bioenergy and biofuels, pharmaceuticals and pollu-
tion control, they have received considerable attention world wide. Owing to their 
tremendous adaptability to varying environmental conditions as well as effective 
protective mechanisms against various abiotic stresses (e.g. desiccation, salinity, 
ultraviolet radiation, heavy metals, high light intensity, oxidative and extremes of 
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temperature), they colonize, grow and survive in various types of terrestrial and 
aquatic (freshwater and marine) habitats, including those with extreme conditions 
and contaminated with various pollutants (Tandeau de Marsac and Houmard 1993; 
Turner and Robinson 1995; Potts 1999; Ehling-Schulz and Scherer 1999). 
Cyanobacteria are important primary producers in aquatic ecosystems, many of 
which are contaminated with various heavy metals. Many cyanobacterial species 
are able to tolerate elevated concentrations of various heavy metals due to the pres-
ence of well-developed and effective metal resistance mechanisms, and possess effi-
cient heavy metal removal or sequestration capabilities from aqueous solution 
(Wilde and Benemann 1993; Fiore and Trevors 1994; Fiore et al. 1998; Robinson 
et al. 2000). Heavy metal tolerance and bioremoval capabilities as well as various 
intrinsic qualities and merits of cyanobacteria make them promising agents of bio-
remediation for the mitigation of heavy metal pollutants.

6.2  �Heavy Metals as Pollutants

Heavy metals have gained notoriety as hazardous environmental pollutants with 
varying degree of toxicities to living organisms. With pronounced level biotoxicity 
and ecotoxicity, they adversely affect different levels of biological organization 
from biomolecules to ecosystem. Various industrial, agricultural, domestic, medical 
and technological applications as well as production and processing of heavy metals 
or heavy metal-containing compounds have resulted in their extensive distribution 
and accumulation in the environment, contributing significantly to the pollution of 
water, soil and air. Because of their prevalence and toxicity, they are the agents of 
public health significance. Unlike organic pollutants, they cannot be degraded and, 
therefore, persist in the environment indefinitely. Hg, Cd and their compounds have 
been placed under ‘black list’, the list of most dangerously toxic compounds, and 
other heavy metals, viz. Zn, Cu, Ni, Cr, Pb, Co, etc. and their compounds, which are 
regarded as less dangerous pollutants, have been included in the ‘grey list’ by 
European Economic Community (EEC) (McEldowney et  al. 1993). Because of 
their toxicities, these heavy metals, along with other pollutants, have been included 
in EPA (Environmental Protection Agency) list of ‘priority pollutants’ (McEldowney 
et al. 1993). Although some heavy metals, such as Cu, Zn, Co, Ni and Se, are essen-
tial to living organisms in trace amounts as they are important constituents of sev-
eral key enzymes and metalloproteins, and play roles in maintenance of metabolism, 
they are extremely toxic at higher concentrations. Heavy metals like Hg, Cd, As, Ag 
and Pb are not known to perform any biological function in metabolism of living 
organisms and are considered as non-essential metals (Duruibe et  al. 2007). 
Although heavy metals are released from natural (weathering and volcanoes) and 
anthropogenic sources, their discharge and environmental accumulation due to vari-
ous anthropogenic sources or activities (e.g. smelting, mining, tanning, use of pes-
ticides, automobiles) is many times greater than those from natural sources (Nriagu 
and Pacyna 1988). In aquatic and terrestrial environment, heavy metals exist as 
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hydrated ionic species or they form complexes with inorganic and organic ligands 
or associated with colloids and suspended particulate matter. The behaviour and 
toxicity of heavy metals are closely related to their position in periodic table. The 
toxicity of a heavy metal towards a living organism depends upon its concentration, 
bioavailability, chemical forms or chemical speciation and duration of exposure. 
Moreover, the pH of water and soil is known to control their mobility, bioavailabil-
ity and toxicity. For instance, acidification of aquatic bodies by acid rain exacer-
bates the problem of heavy metal toxicity (McEldowney et al. 1993). Heavy metals 
present in aquatic and terrestrial environment may enter into food chain and tend to 
bioaccumulate in living organisms (Grimanis et al. 1978; Rayms-Keller et al. 1998).

The detrimental or biotoxic effects of heavy metals are due to their action on a 
number of cellular and biochemical processes, biomolecules and structures in living 
organisms. Being systemic toxicants, they may cause a wide variety of patho-
physiological conditions or induce multiple organ damage in animals and humans, 
such as liver damage, renal dysfunction, pulmonary edema, bronchitis, osteomala-
cia, osteoporosis, arthritis and neurological damage. Moreover, few of them, viz. 
Cd, Cr and As, are known to be carcinogenic (Fan and Harding-Barlow 1987; 
Bencko 1987; Hayes 1997; Zweig et al. 1999; Costa and Klein 2006). Human expo-
sure to heavy metals occurs through contamination of food, air and water. 
Occupational exposure to various heavy metals is known to occur in many occupa-
tional or industrial settings (Sorahan and Waterhouse 1985; Pauls et  al. 2003). 
Excessive accumulation of heavy metals in the environment may cause ecological 
damage with adverse effects on ecosystem functions and biodiversity. Their plau-
sible ecological impacts include reduction in species diversity and abundance, dis-
ruption of nutrient cycling, inhibition of microbial or decomposer activities, slowing 
down of decomposition of dead biomass, and emergence and dominance of metal-
tolerant ecotypes and species.

6.3  �Microbial Bioremediation

The increasing level of contamination of environment by toxic heavy metals neces-
sitated the development of cost-effective and eco-friendly remediation technologies 
for the mitigation or removal of heavy metal pollutants. The conventional technolo-
gies based on physico-chemical methods or processes, such as precipitation, ion-
exchange, membrane separation, chemical oxidation/reduction and reverse-osmosis, 
are known to be expensive, technologically complex and non-eco-friendly, and 
loose effectiveness when heavy metals are present in very low concentrations 
(Volesky 1994; Kapoor and Viraraghavan 1995). Bioremediation of heavy metal-
polluted soil and water, employing plants (phytoremediation) and microorganisms 
(microbial bioremediation or microbial remediation) is gaining importance as a 
cost-effective, technologically simple, efficient and eco-friendly alternative to the 
conventional physico-chemical remediation methods. Bioremediation is the process 
of removal, degradation or detoxification of toxic environmental pollutants using 
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biological activities or capacities of living organisms, especially plants and microbes, 
which may be indigenous to a contaminated site or introduced from elsewhere. The 
contaminants or pollutants, depending on their chemical nature and properties as 
well as on the metabolic capacities or activities of organisms involved, are either 
completely or partially removed from the ambient environment or degraded into 
products which may be harmless or less harmful. Due to ubiquitous distribution in 
environment, tremendous adaptability to environmental conditions, fast growth rate 
and metabolic versatility of microorganisms, microbial bioremediation has attracted 
more attention as compared to phytoremediation. Microbes from taxonomically dif-
ferent groups, viz. bacteria, cyanobacteria, microalgae and fungi (yeasts and molds), 
are important bioremediation agents. The importance of bioremediation as a sus-
tainable method for mitigation and control of various environmental pollutants, 
including heavy metals, and restoration of contaminated sites or ecosystems is 
widely accepted. Bioremediation can be applied directly at the site of contamination 
(in situ) or away from it (ex situ). In the latter case, the contaminated material (i.e. 
soil or water) is removed from the original site to another place for treatment. In 
order to accelerate the process of bioremediation, promising microorganisms, natu-
ral or genetically engineered, are added or inoculated to the contaminated site. This 
is referred to as bio-augmentation. If naturally occurring or indigenous microbial 
population is induced to proliferate by the addition of inorganic or organic microbial 
nutrients and/or by the adjusting certain physico-chemical factors, such as tempera-
ture, pH, moisture and oxygen, optimally, this is called bio-stimulation.

Microbial cells can sequester and accumulate metals essential for their growth 
and metabolism as well as those with unknown physiological or metabolic roles. 
Microbial remediation of heavy metals is widely advocated due to certain merits, 
such as rapid kinetics of metal removal and removal of metal ions from very dilute 
aqueous solutions (De Philippis et  al. 2003). Both prokaryotic (e.g. bacteria and 
cyanobacteria) and eukaryotic (e.g. microalgae and fungi) microbes have been 
reported as effective agents for heavy metal bioremediation (Brady and Duncan 
1994; Kapoor and Viraraghavan 1995; Blanco et al. 1999; Vieira and Volesky 2000; 
De Philippis et al. 2003; Gaur and Adholeya 2004; Rao et al. 2005; Wang and Chen 
2006). The large surface area to volume ratio of microbes confers them selective 
advantage to interact efficiently with metals and inorganic nutrients in the environ-
ment. The underlying mechanisms of microbial remediation of heavy metals include 
biosorption, bioaccumulation and chemical transformation. The term biosorption 
can be defined as the metabolically passive physico-chemical process which occurs 
naturally in certain microbial cells or biomass, leading to the binding, concentration 
or immobilization of heavy metal ions on to the cell surface, primarily cell wall. 
Being a passive process, it does not involve the expenditure of metabolic energy and 
occurs in both dead (inactive) and living (active) cells or biomass. Due to sequestra-
tion of metals from the aqueous solution of even very low or dilute concentrations, 
the process is considered to be efficient. The processes which are generally impli-
cated in biosorption include chelation, complexation, co-ordination and ion-
exchange. Cell wall, the first cellular structure of microbes that comes in contact 
with the metal ions present in soil and water, contains a wide variety of polymeric 
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constituents with negatively charged chemical groups, such as carboxyl, carbonyl, 
hydroxyl, sulfhydryl, sulfonate and phosphate, which have significant potential for 
metal binding due to their high affinity for metal cations (Kuyucak and Volesky 
1988; Vieira and Volesky 2000). In many microbes, extracellular polymeric sub-
stances, e.g. exopolysaccharides (EPS), which lies outside the cell wall, contributes 
significantly to metal biosorption. Microbial biosorbents, both viable (living) and 
non-viable (non-living) biomass of various microbes, can be employed for the 
decontamination of heavy metal-containing industrial effluents and wastewater 
(Volesky 1994; Gupta et al. 2000). The metal sorption capacity of microbial biosor-
bents varies with the type and species of the organism as well as with the nature and 
properties of metal ions. Additionally, factors like temperature and pH strongly 
influence the biosorption of metals. The variation in metal-binding properties of 
different microorganisms can be attributed to the difference in their cell wall struc-
ture and composition. In addition to the use of microbial biosorbents for the removal 
of heavy metals from industrial effluents and wastewater, they can be used for the 
recovery of valuable and commercially important metals or elements, such as gold, 
silver, platinum and uranium after appropriate treatment (e.g. pH adjustment and 
addition of ligands) (Nakajima et al. 1982; Darnall et al. 1986; Brierley et al. 1986; 
Kuyucak and Volesky 1988; Chakarborty et al. 2009). Bioaccumulation refers to the 
intracellular uptake or accumulation of heavy metals from the ambient environ-
ment. As opposed to biosorption, it is an energy-dependent active process that 
occurs only in the living microbial cells. It can be defined as the process by which 
the intracellular concentration of a chemical in an organism achieves a level that 
exceeds its concentration in the surrounding environment. Due to high degree of 
metal resistance, many microbes can accumulate and tolerate elevated concentra-
tions of heavy metals (Nies 1999). Microbial cells are known to possess metal 
uptake systems which facilitate the intracellular transport of various heavy metal 
ions (Nies 1999). In chemical transformation, a toxic heavy metal is converted into 
a non-toxic or less toxic form by the metabolic or enzymatic activities of microor-
ganisms. Microbial transformation of metals mostly involves reactions like oxida-
tion, reduction, methylation and demethylation (Chirwa and Wang 1997; Lloyd 
2003; Barkay et al. 2003).

Few microbial biosorbents are known to be commercialized for the removal and 
recovery of heavy metals. These include AlgaSORB™, AMT-BIOCLAIM™ and 
BIO-FIX which are prepared by immobilization of specific biomass (Michalak et al. 
2013). AlgaSORB™, a potent algal biosorbent, is composed of non-living biomass 
of Chlorella vulgaris (unicellular green alga) immobilized in silica gel polymer that 
was developed by Bio-recovery Systems, Inc. (Las Cruces, NM, USA) (Darnall 
et al. 1986). With remarkable affinity for heavy metal ions, it can efficiently remove 
them from dilute solutions. It works like a commercial ion-exchange resin. It can be 
packed into columns and can be recycled or reused without loss in its efficiency. It 
can be employed in the treatment of metal-bearing wastewater, ground water and 
drinking water as well as in the recovery of precious metals. AMT-BIOCLAIM™, 
developed by Advanced Mineral Technology Inc. (AMT), is a bacterial biosorbent 
that uses the biomass of Bacillus subtilis (Brierley et al. 1986; Brierley 1990). It can 
be used for both wastewater treatment and metal recovery with very high removal 
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efficiency. BIO-FIX, which was proposed by U.S. Bureau of Mines, consists of the 
biomass of cyanobacterium (Spirulina sp.), yeast, algae and plants like Lemna sp. 
and Sphagnum sp. immobilized in artificial polymers, such as polysulphone, poly-
ethylene and polypropylene, to form porous beads (Michalak et al. 2013).

6.4  �Cyanobacteria in Bioremediation of Heavy Metals

Over the years, cyanobacteria have attracted considerable attention as potential 
agents of bioremediation for the control of pollution caused by various pollutants, 
including heavy metals (Lem and Glick 1985; Subramanian and Uma 1996, 2001; 
Kuritz 1999; Radwan and Al-Hasan 2000; Gupta et al. 2013). They have the capac-
ity to degrade a wide range of organic pollutants, such as pesticides (Megharaj et al. 
1994; Mansy and El-Bestawy 2002; El-Bestawy et al. 2007), hydrocarbons or crude 
oil (Al-Hasan et al. 1998, 2001; Sorkhoh et al. 1992), phenol and catechol (Ellis 
1977; Shashirekha et al. 1997; Wurster et al. 2003), naphthalene (Cerniglia et al. 
1980a, b), phenanthrene (Narro et  al. 1992) and synthetic dyes (Parikh and 
Madamwar 2005). They have been reported to be effective biological agents for the 
transformation and removal of heavy metals (Bender et al. 1995; Faisal et al. 2005; 
Lefebvre et al. 2007). They can be employed as a suitable and low-cost agents in 
biological wastewater treatment systems for the treatment of domestic and indus-
trial wastewater (El-Bestawy 2008), dairy wastewater (Lincoln et  al. 1996), fish 
farm effluents (Duma et al. 1998) and wastewater containing excess amount inor-
ganic nutrients, such as nitrate and phosphate, which may lead to the eutrophication 
of water bodies (Hu et al. 2000; Ogbonna et al. 2000; Chevalier et al. 2000; Lodi 
et al. 2003; De-Bashana and Bashana 2004). Moreover, they can be used in biore-
mediation of oil spills and oil-polluted sites (Sorkhoh et  al. 1995; Radwan and 
Al-Hasan 2001; Raghukumar et al. 2001; Cohen 2002).

The studies on cyanobacteria–metal interactions received increased attention in 
view of potential applications in bioremoval of heavy metals from polluted water or 
wastewater (Wilde and Benemann 1993; Liehr et  al. 1994; Bender et  al. 1994; 
Mehta and Gaur 2005; Roeselers et al. 2008). Aquatic bodies are favourable habitats 
of cyanobacteria, supporting their rich growth and biodiversity. The aquatic ecosys-
tems, where cyanobacteria constitute important primary producers, are major sinks 
of heavy metals released as a result of various anthropogenic activities. Cyanobacteria 
have developed several effective mechanisms for tolerating heavy metals which 
enable resistant species/strains to grow and survive under high levels of heavy met-
als (Verma and Singh 1995; Faisal et al. 2005). Moreover, they are abundant and can 
be dominant organisms in certain metal-contaminated aquatic bodies and soil (Say 
and Whitton 1980; Whitton 1980; Whitton and Shehata 1982). Due to their remark-
able ability to sequester metals and to their abundance in natural environments, 
particularly water and soil, they contribute significantly to the heavy metal 
sequestration in nature. Known mechanisms of metal resistance in cyanobacteria 
include (1) exogenous (extracellular) metal chelation by exopolysaccharides (EPS) 
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of mucilaginous sheath or capsule (Fiore and Trevors 1994; Ozturk and Aslim 
2008), (2) transformation or reduction of toxic form of a metal to relatively less 
toxic or non-toxic form (Garnham and Green 1995; Faisal et  al. 2005; Lefebvre 
et al. 2007), for instance, toxic Cr6+ to less toxic Cr3+, (3) energy-dependent metal 
efflux (Verma and Singh 1991, 1995), and (4) endogenous (intracellular) metal che-
lation or sequestration by metallothioneins (MTs), a group of inducible low molecu-
lar weight cysteine-rich metal-binding proteins (Turner and Robinson 1995; Olafson 
1986), and by polyphosphate granules, the linear polymers of inorganic phosphate 
synthesized as cellular inclusions under the phosphorus surplus (Jensen et al. 1982; 
Pettersson et al. 1985). Cyanobacteria take up heavy metals from the ambient envi-
ronment or medium in two phases: initial rapid binding of metal cations to the nega-
tively charged groups on the cell surface, a metabolism-independent passive process, 
followed by relatively slower metabolism-dependent active intracellular import or 
transport of metal cations (Pant et  al. 1992; Pandey and Singh 1993; Fiore and 
Trevors 1994). The former process is referred to as adsorption or biosorption, while 
the latter one is called uptake or bioaccumulation. Factors, such as cell population 
or density, physiological state of cells, initial metal concentration, pH, temperature, 
light intensity, membrane potential of target cells, presence of co-ions, available 
nutrients, salinity and contact time influence the metal uptake or biosorption in cya-
nobacteria (Verma and Singh 1990; Singh et al. 1992; Fiore et al. 1998; Cain et al. 
2008). A large number of cyanobacteria are known to possess heavy metal removal 
capability (Table 6.1). There is considerable potential in the use of such cyanobac-
teria in the detoxification heavy metal-bearing industrial effluents and wastewater 
(Wilde and Benemann 1993; Bender et al. 1994; Mehta and Gaur 2005). Like other 
microbes, the metal sorption or removal capacity of cyanobacteria varies with the 
species/strains and the type or properties of metal ions.

Cyanobacteria are promising biosorbents for heavy metal bioremediation. The 
justifiable and relevant merits, in addition to heavy metal tolerance and removal, 
include their ubiquity, rapid growth rate, simple growth requirements, production of 
copious amount of EPS and amenability to controlled laboratory or mass culture. 
Furthermore, due to their photoautotrophic nature and the ability of some species to 
fix atmospheric nitrogen, the growth and maintenance of cyanobacteria is less 
expensive than those of other microbes. Both living (De Philippis et al. 2003; Tien 
et al. 2005; De Philippis et al. 2007) and non-living (Corder and Reeves 1994; Tien 
et al. 2005; Gupta and Rastogi 2008; Aneja et al. 2010) biomass of cyanobacteria can 
be utilized for the biosorption of heavy metals. The mass culture of cyanobacteria for 
commercial and bioremediation applications can be grown in both open-culture and 
highly controlled closed-culture systems. EPS of mucilaginous sheaths or capsules 
contribute significantly to the heavy metal sorption or sequestration in cyanobacte-
ria. Therefore, EPS-producing cyanobacteria have attracted increased attention due 
to their immense potential in metal sorption (De Philippis et al. 2003; De Philippis 
and Vincenzini 1998; Parker et al. 2000; Raungsomboon et al. 2006; Paperi et al. 
2006; De Philippis et al. 2007; Micheletti et al. 2008). EPS-containing sheaths/cap-
sules act as buffer zone between cyanobacterial cells and ambient physico-chemical 
environment and contribute to desiccation tolerance, UV tolerance, formation of 
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biofilms, adherence to the substratum and gliding motility in cyanobacteria (De 
Philippis and Vincenzini 1998; Pereira et al. 2009). In addition to their use as metal 
biosorbents in wastewater treatment, these biopolymers have various industrial or 
biotechnological applications (De Philippis and Vincenzini 1998; De Philippis et al. 
2001). Cyanobacterial EPS are complex heteropolymers (heteropolysaccharides) of 
anionic nature, consisting of ten different monosaccharides belonging to hexoses 

Table 6.1  Cyanobacteria with heavy metal removal capability

Cyanobacteria Heavy metals References

Synechococcus PCC7942 
and PCC6301

Cu, Pb, Ni, 
Cd, Cr

Gardea-Torresdey et al. (1998); Garnham and 
Green (1995)

Synechocystis sp. PCC6803 Cu Kumar et al. (2014)
Anacystis nidulans Ni, Zn, Cd Singh and Yadava (1985); Awasthi and Rai 

(2004)
Aphanothece halophytica Hg, As, Cd Laloknam et al. (2009)
Aphanothece flocculosa Hg Cain et al. (2008)
Chroococcus paris Cd, Cu, Zn Les and Walker (1984)
Cyanothece strain ET5 and 
16Som2

Cu, Cr Micheletti et al. (2008)

Gloeocapsa gelatinosa Pb Raungsomboon et al. (2006)
Microcystis aeruginosa Cu Tien et al. (2005)
Phormidium sp. Pb, Cu, Cd, 

Zn, Ni
Wang et al. (1998)

Phormidium sp.NTMS02 Pb, Cr Kumar et al. (2011); Rajeshwari et al. (2012)
Oscillatoria sp.NTMS01 Pb, Cr Kumar et al. (2011); Rajeshwari et al. (2012)
Oscillatoria laete-virens Cr, Pb Miranda et al. (2012a, b)
Oscillatoria trichoides Cr Miranda et al. (2012a)
Spirulina sp. Pb, Zn Aneja et al. (2010)
Spirulina platensis Hg, Cu, Cd Cain et al. (2008); Johnson and Subert (1986); 

Fang et al. (2011)
Anabaena variabilis Cr, Zn, Cu Garnham and Green (1995); El-Bestawy (2008)
Anabaena oryzae Zn, Cu El-Bestawy (2008)
Anabaena cylindrica Cu, Ni Tien et al. (2005); Corder and Reeves (1994); 

Campbell and Smith (1986)
Anabaena spiroides Cu Tien et al. (2005)
Anabaena flos-aquae Ni Corder and Reeves (1994)
Nostoc PCC7936 Cu, Cr, Zn, Ni Micheletti et al. (2008), De Philippis et al. 

(2007); De Philippis et al. (2003)
Nostoc calcicola Cu, Hg Singh et al. (1989, 1992); Pandey et al. (1992); 

Pandey and Singh (1993)
Nostoc muscorum Cu, Zn, Pb, Cd Hazarika et al. (2015); Goswami et al. (2015)
Cyanospira capsulata Cu, Cr, Zn, Ni De Philippis et al. (2003); Paperi et al. (2006); 

De Philippis et al. (2007); Micheletti et al. 
(2008)

Aulosira fertilissima Pb, Cu, Cd, 
Zn, Ni

Singh et al. (2007)

Tolypothrix ceytonica Zn, Cu El-Bestawy (2008)
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(glucose, galactose and mannose), pentoses (ribose, xylose and arabinose), deoxy-
hexoses (fucose and rhamnose) and acidic hexoses (glucuronic acid and galacturonic 
acid) (De Philippis and Vincenzini 1998). The presence of acidic sugars—glucuronic 
acid and galacturonic acid accounts for the anionic (negatively charged) nature of 
EPS due to which EPS have high affinity for metal cations. In some cases, EPS are 
released into surrounding environment and are referred to as released polysaccha-
rides (RPS). Several major and minor factors controlling the production of EPS in 
cyanobacteria are known. These include nutrients, light intensity, temperature, salin-
ity, aeration, pH and culture age (growth phase) (Pereira et al. 2009).

Immobilization, the technique of entrapment or encapsulation of cells or biomol-
ecules in a suitable polymer matrix, of whole microbial cells has attracted consider-
able attention particularly because of their potential for industrial applications. 
Immobilization of cyanobacteria and other microalgae offers several advantages 
over freely suspended (non-immobilized) cells in heavy metal removal (Nakajima 
et al. 1982; Rai and Singh et al. 1989; Wilkinson et al. 1990; Mallick and Rai 1993, 
1994). These include (1) higher metal uptake rate or enhanced efficiency in metal 
removal, (2) better mechanical stability and strength, (3) resistance to microbial 
degradation, (4) improvement of functional longevity, (5) packing of spherical 
immobilized biomass beads in biosorption columns with great ease, (6) no washout 
of cells, (7) regeneration and reuse of the biomass after the desorption or elution of 
metals, (8) easier solid–liquid separation and (9) ease of harvesting. Additionally, 
the use of immobilized cyanobacteria can offer significant advantages in bioreactors 
due to better operational stability (Karel et al. 1985). In wastewater treatment opera-
tion, the employment of immobilized cyanobacterial cells can evade the problem of 
cell harvesting and separation of biomass from the treated water (de la Noüe and de 
Pauw 1988; Brouers et al. 1989; Mallick 2002). Several natural (e.g. alginate, agar, 
agarose, carrageenan, chitosan) and synthetic (e.g. polysulfone and epoxy resins, 
polyurethane, acrylamide) polymers are used as immobilization matrices (Blanco 
et  al. 1999; Mallick 2002). Several studies have demonstrated the superiority of 
immobilized cells over non-immobilized free cells in heavy metal uptake and 
removal in cyanobacteria, such as Anabaena doliolum (Rai and Mallick 1992; 
Mallick and Rai 1994), Phormidium laminosum (Blanco et al. 1999), Phormidium 
sp. (Kumar et al. 2011; Rajeshwari et al. 2012), Oscillatoria sp. (Kumar et al. 2011; 
Rajeshwari et al. 2012), Nostoc calcicola (Singh et al. 1989) and Anacystis nidulans 
(Awasthi and Rai 2004).

6.5  �Conclusions

Due to various merits and advantages, bioremediation has emerged as an attractive 
alternative to the existing conventional clean-up technologies that has tremendous 
application in environmental management and pollution control. Although the pro-
cess of heavy metal biosorption and microbial biosorbents have been extensively 
investigated in laboratories, the development of suitable biosorption technologies 
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and their implementation in various sectors releasing heavy metals have not gained 
desired momentum. However, a limited number of companies have developed and 
commercialized microbe-based bioremediation technologies. Evaluation and devel-
opment of biosorbent materials from microbial biomass is a rapidly developing area 
of research. Removal as well as recovery of metals, including heavy metals, from 
metal-contaminated industrial effluents and wastewater exploiting the metal accu-
mulation or biosorption capacity of a wide range of organisms, including cyanobac-
teria, has attracted increased attention. Cyanobacteria are a fascinating and unique 
group of organisms with remarkable adaptability, ubiquity and diversity. Although 
cyanobacteria growing in aquatic and terrestrial habitats are easily accessible, 
screening and selection of the promising cyanobacterial species/strains with high 
metal sorption or removal capacity is a challenging task. The promising species/
strains can be suitable candidates for the development of new and efficient biosor-
bents which can be packed in biosorption columns. In order to fully utilize the 
potential of cyanobacteria in bioremediation of heavy metals, efforts should be 
directed towards screening and selection of promising species/strains, development 
of more efficient biosorption columns with better performance, low-cost immobili-
zation and mass culture techniques, and genetic manipulation of cyanobacteria for 
the enhancement of metal biosorption or uptake capacity and over expression of 
genes encoding metal-binding proteins and surface-bound chemical groups.
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Chapter 7
Biochar Application in Management of Paddy 
Crop Production and Methane Mitigation

Chhatarpal Singh, Shashank Tiwari, Siddharth Boudh, 
and Jay Shankar Singh

Abstract  Paddy agriculture is one of the major anthropogenic sources of methane 
(CH4) emission at global level. A decrease in CH4 release in the atmosphere from 
paddy fields can add significantly to the management of global warming and climate 
change. Biochar production and application in agriculture prepared from crop straw 
has been proposed as one of the effective countermeasure to mitigate the greenhouse 
gas emissions (GHGs) during farming. Biochar, a co-product of a controlled pyrolysis 
process, can be used as a tool to offset GHGs emissions and as a soil conditioner. 
Biochar application increased rice productivity, soil pH, soil organic carbon, total N but 
decreased soil bulk density in the long term. Recent studies have confirmed that the 
use of biochar in paddy agriculture has the capability to minimise the CH4 production, 
but its essential mechanism has yet to be clarified. The additions of biochar to the 
agriculture soil showed higher CH4 consumption because it improves soil aeration and 
porosity and enhances methanotrophs performance. However, further investigations 
are needed to evaluate the effect of biochar addition on net CH4 emissions and con-
sumptions, respectively, by methanogens and methanotrophs. Long-term experiments 
should be conducted to monitor any changes over the years on the influence of biochar 
amendments on soil–methanotrophs–paddy systems.
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7.1  �Introduction

Methane (CH4) is one of the most widespread greenhouse gases (GHGs) emitted 
from paddy fields and other sources such as wetlands, ruminants, coal mines as well 
as anthropogenic activities such as leakage from natural gas systems and the raising 
of livestock. In the early nineteenth century, the atmospheric concentration of CH4 
was 700 ppb, but the current concentration is 1750 ppb and has shown a 1 % year−1 
increase rate over a century (IPCC 2001; Tiwari et al. 2015). The concentration of 
CH4 in the atmosphere is increasing due to discrepancy in CH4 emanation and its 
removal (Singh 2010). The lifetime of CH4 in the atmosphere is 8–12 years, but it is 
more efficient in trapping radiation and 23–30 times more potential than CO2 
(Tiwari et al. 2015). Global surface temperature has increased by 0.8 °C in the last 
100 years and CH4 also contributed to this phenomenon as a potent GHG (Hanson 
et al. 1996). Recent global estimates of CH4 emission rates from wetland rice fields 
ranged from 20 to 100 Tg year−1, which corresponds to 6–29 % of the total annual 
anthropogenic CH4 emission (Neue 1993). According to Demisie and Zhang (2015) 
the processes of CH4 emission are affected by soil texture, inorganic electron accep-
tors, soil physico-chemical properties and methanogenic population. CH4 affects 
the chemistry and oxidation capacity of the atmosphere, e.g. by influencing concen-
trations of tropospheric ozone, hydroxyl radicals and carbon monoxide. The current 
burden of CH4 in the atmosphere is approximately 4700 Tg year−1 (Neue 1993). 
CH4 is produced in flooded paddy soils by a group of bacteria designated as metha-
nogens (also called marshy soil bacteria). The flooding rice fields restrict the oxy-
gen supply to the soil, which may result in the anaerobic fermentation of soil organic 
matter and consequently release of sufficient amount of CH4 to the atmosphere. 
From deeper layer of flooded soil CH4 reaches to the atmosphere by diffusion, ebul-
lition and through aerenchyma conduits of paddy plant. It is now well accepted that 
rice cultivation is the substantial source of CH4 emissions therefore, there is need to 
management of flooded paddy agriculture to minimise the soil CH4 emissions.

Keppler et al. (2006) demonstrated that significant amounts of CH4 are produced 
from terrestrial plants and detached leaves. They assumed that living plants and 
plant litter produce 62–236 Tg year−1 and 1–7 Tg year−1 CH4, respectively. Natural 
sources are accountable for about 30 % (up to160 Tg year−1) of the CH4 flux; how-
ever, the anthropogenic sources are responsible for contributing 70 % (up to 375 Tg 
year−1) (Mer and Roger 2001). Soil amended with biochar produced less quantities 
of CH4 than without biochar amendments. Biochar is a co-product of high concen-
tration of carbon and silica which is produced by pyrolysis of biomass/organic 
material or plant residues under high temperature (400–500 °C) and low oxygen 
conditions (Lehmann 2007; Lehmann and Joseph 2009). It contains highly con-
densed aromatic compounds which are resistant to decomposition in soil and thus 
can effectively sequester the carbon. It is assumed that biochar application in agri-
culture may improve the soil fertility, crops yields, water holding capacity, degraded 
land restoration and support CH4-assimilating microorganism, i.e. methanotrophs 
(Singh and Gupta 2016). Biochar used in agriculture soil as a soil conditioner and 
plant growth enhancer also increases microbial biomass in paddy ecosystem. 
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Impacts of biochar application on soil physico-chemical properties are widely known, 
while the research on agriculture productivity and CH4 emission/consumption with 
reference to biochar application in paddy agriculture is scarce. Therefore, the 
objectives of this review are (1) to describe the impact of biochar on paddy produc-
tivity and CH4 emission/consumption, (2) to assess the role of biochar amendment 
on soil microbial processes and biomass and (3) to discuss impact of biochar 
application on soil N dynamics.

7.2  �What Is Biochar?

Biochar is a unique product, which enhances the plant-available nutrients and 
significantly improves the crop yield. Biochar is produced by pyrolysis of biomass 
or organic materials and this practice is termed as thermal degradation of biomass 
such as rice straw, grass, wood, agricultural wastes and manure (Wu et al. 2015). 
In addition, biochar can significantly improve soil properties by decreasing methane 
emission, soil bulk density; enhancing soil pH, organic carbon; increasing available 
nutrients; removing heavy metals and increasing number of methanotrophs, thus 
ultimately increasing crop yields (Milla et al. 2013). Biochar is fine-grained residue 
with a high carbon content and works as soil conditioner and carbon sequestrating 
agent in the soil (Johannes 2007; Gaunt and Johannes 2008; Peter 2007). As stated 
earlier, biochar enhances the crop yield and it is also indirectly involved in the miti-
gation of environmental pollution, such as reduction of GHGs. Therefore, most of 
the studies on biochar concentrated over large-scale production. (Peter 2007; Laird 
2008; Johannes 2007; Ghoneim and Ebid 2013). Previously, it was reported that 
biochar increases the agriculture production and mitigates CH4 emissions. However, 
biochar also increases the soil methanotrophic community structure and reduces the 
soil CH4-generating bacteria (methanogens). Therefore, extensive work is required 
to assess the use of biochar and its impact to restore the methanotrophs niche in the 
disturbed paddy agriculture and its contribution to stabilise the atmospheric CH4 
concentration.

7.3  �Biochar Production and Its Properties

Biochar production is a thermal degradation phenomenon of organic material and 
biomass, using a small-scale reactor and drum method at 400–500 °C with the resi-
dence time of up to 1 h. Table 7.1 presents different types of biochar produced from 
various sources (feedstock) (Gaunt and Johannes 2008; Peter 2007). Ca, Si, Al and K 
are common elements in biochar but C, N, H and S are also determined by a dry 
oxidation using an elemental analyser (Hmid et al. 2014). According to Gaunt and 
Johannes (2008) and Peter (2007) the performance of biochar in their original shapes 
can be detected by using grinders or sieves, including scanning electron microscopy 
(SEM) equipped with an energy-dispersive X-ray spectroscopy (EDX), Fourier 
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transform infrared spectroscopy (FTIR), volatile matter (VM), electrical conductiv-
ity (EC), total dissolved solids (TDS) analysis, water holding capacity (WHC) and 
heavy metal assessment. Peter (2007) and Milla et al. (2013) reported that the sample 
powder is sprinkled as a thin layer on an adhesive tape placed on the brass sample 
holder. Excess amounts of the sample are removed with a small manual air blower. 
The adhered sample is then coated with gold powder using a sputtering device, FTIR 
spectrometer identified the sample to determine the organic functional groups pres-
ent for each biomass, especially carbons. Volatile matter in biochar is determined 
following the ASTM D 3175-07 standard test method. A Beckman Coulter SA 3100 
BET analyser containing approximately 0.1000 g to 0.2000 g of each biochar sample 
is then used at a temperature of 50 °C for 60 min. Electrical conductivity and total 
dissolved solid analysis are theoretically the best measure to indicate the actual salin-
ity level experienced by the plant root (Peter 2007). Hence, electrical conductivity 
and total dissolved solids are measured using a portable conductivity meter.

7.4  �Biochar Types

Currently, varieties of feedstock are being used as raw material for the preparation 
of biochar at variable temperatures such as 250, 300, 400, 500, 600 and 700 °C. 
The composition of various nutrients of biochar varied during its preparation at 
variable temperatures. A variety of biochar from different feedstock has been 
presented in Fig. 7.1.

Table 7.1  Physico-chemical properties of feedstock for biochar production

Component

Woodchip 
Yargicoglu 
et al. 
(2015)

Grass 
Jouiada 
et al. (2015) 
and 
Mohammed 
et al. (2015)

Poultry 
litter 
Jindo 
et al. 
(2012)

Rice 
Husk 
Shackley 
et al. 
(2012)

Sugarcane 
Carriea 
et al. 
(2012)

Wheat straw 
Bruun et al. 
(2012), 
Mahinpeye et al. 
(2009), and 
Khan and 
Mubeen (2012)

Soil C (%) 74.5 – 71.47 – – –
Ash (%) 25.4 14.7 28.53 6.5 11.9–16.4 5.9
pH 7.88 6.1 23.596 6.6 – 6.76
EC (mS cm−1) 0.14 – 3.0 – – 2770
CEC (c mol kg−1) – – – 45–110 – –
C (%) 51.9 42.5 38.6 41 60.4–65.3 43.7
N (%) 0.4 1.9 1.37 1.4 0.8–1.0 0.9
S (%) – 5.3 – 0.1 25.4–15.1 0.283
Ca (ppm) 0.56 4.3 4 1.85 250 – 0.18
K (ppm) 0.21 64.80 0.99 2604 – 0.15
Mg (ppm) 0.04 2.3 4 0.19 827 – –
Si mg kg −1 – 7.44 – 5.8 – 0.18
P (ppm) 0.06 2.31 0.35 – – 0.05
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7.4.1  �Biochar Produced from Grass

Grass biochar is produced by a variety of grasses such as Switchgrass (Panicum 
virgatum L.), Sawgrass (Cladium jamaicense), etc. and has been declared as a 
model bioenergy crop for the production of biochar. These are preferred due to its 
high yield potential, low input requirements on marginal soils and potentially active 
in soil carbon sequestration and alleviation of GHGs (McLaughlin and Walsh 1998; 
Sadaka et al. 2014; Mukherjee and Lal 2013). The switchgrass has a gross calorific 
value between 18 and 19 MJ kg−1 as compared to hardwoods 20–21 MJ kg−1 (Sadaka 
et al. 2014). There were several barriers in the way of switchgrass to be used as the 
sole source of fuel in combustors such as high moisture and ash contents in biomass, 
which cause ignition and combustion problems. It has been observed that blending 
of biomass with coal would reduce flame stability problems and will also lead to sig-
nificant reductions in methane emissions. Consequently, a multitude of studies has 
investigated about conversion of switchgrass to biochar for the safe and eco-friendly 
cultivation of agriculture crops (Sadaka et al. 2014).

7.4.2  �Woodchips Biochar

Woodchips are a medium-sized solid material made by cutting, or chipping, larger 
pieces of wood. Today, woodchips are used as a raw material for the production of 
biochar. It has more carbon concentration as compared to other feedstock biochar 

Fig. 7.1  Different feedstocks used for biochar production
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including the highest carbon sequestration potential. Woodchips feedstock produce 
a high quality biochar at 400–500 °C, its good residential time is 2–3 h. Woodchips 
absorb moisture at 15–20  °C, therefore it requires drying before the pyrolysis 
(Milla et  al. 2013; Lai et  al. 2013; Spokas et  al. 2009). The Camellia japonica 
(Japanese Cedar) waste wood chips are used for biochar production by pyrolysis at 
either 290 °C or 700 °C and called biochar 290 (BC290) and biochar 700 (BC700), 
respectively (Lai et al. 2013). The percentage amount of C, N, H and available K 
contents have been found to be about 59.1 %, 0.35 %, 5.73 % and 0.78 g/kg for 
woodchips biochar 290 (BC290) and 83.0 %, 0.34 %, 2.57 % and 3.90 g/kg for 
BC700, respectively (Lai et al. 2013).

7.4.3  �Rice Husk Biochar

Rice hulls (husk) are the coatings of seeds, or grains, of rice. The husk protects the 
seed during the growing season, because it is formed from hard materials, including 
silica, carbon, magnesium and phosphorus. Presently rice husk, used as a raw mate-
rial for the production of biochar, improves the soil fertility and crop productivity. 
For making biochar, rice husk is put in a pyrolysis apparatus which consists of a 
stainless reactor of 500 mm length with a 15 cm inside diameter. The rice husk is 
then heated externally by an electric furnace (5000 W) to a temperature of 600 °C 
and it has more concentration of silica and carbon (Zhang and Liu 2012). The use of 
rice husk biochar in agriculture field in place of synthetic fertilisers is advantageous 
because the synthetic fertilisers generate many harmful effects such as reduction in 
microflora, crop yield, nutrient availability, water holding capacity, etc. The studies 
on cowpea, soybean and maize have also supported the application of biochar as a 
way to increase crop yields. In Asian region due to elevated production of rice, it is 
estimated that up to 560 and 112 million tons of rice straw and rice husks are pro-
duced, respectively. These residues may be a valuable resource for the production of 
biochar that may be used in agricultural applications (Masulili and Utomo 2010).

7.4.4  �Poultry Litter Biochar

For the production of poultry litter biochar chicken manure (CM), the feedstocks 
used are wood feedstock, rice husk, plant residue, etc. (Songa and Guo 2012; 
Demirbas 2001). According to Songa and Guo (2012) CM is a solid waste material, 
resulting from chicken rearing and is being explored as a feedstock for biofuels and 
biochar. CM is a mixture of bedding materials of bird feather, hen’s excreta and feed 
spills. These are pyrolysed by thermochemical conversion technology whereby 
organic materials are heated in the absence of oxygen. CM can be readily trans-
formed into biochar, biofuel and syngas for the enhancing production of agricultural 
crop (Songa and Guo 2012; Kim et al. 2009).
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7.4.5  �Sugarcane Bagasse Biochar

Sugarcane industry produces several pyrolysable residues. These include bagasse 
(crushed cane stalks), cane trash (leaves and stalk tips removed during harvest) 
and filter cake, a sludge that is removed via filtration after the juice clarification 
step and bagasse used for many purposes such as biochar production, biofuels, 
burning purpose, etc. Currently, sugarcane bagasse is being used on large scale 
for the production of biochar. The raw material/feedstock should be dry in wet 
season because moisture content creates difficulties during pyrolysis; dry feed-
stock has a low residential time (1–2 h) for the production of biochar (Eykelbosh 
et al. 2014). Sugarcane biochar contains a high concentration of carbon, silica, 
magnesium, etc. and may play a significant role in agriculture field to enhance 
the crop production and as a conditioner for saline and degraded soil (Eykelbosh 
et al. 2014).

7.4.6  �Wheat Straw Biochar

Wheat straw containing lignocelluloses biomass is the most abundant organic 
raw material and is being used widely for biochar production. Wheat straw is 
collected by a cutting machine and then shipped to the production plant and air-
dried. Pyrolysis of wheat straw is performed in a vertical kiln at 350–550  °C, 
converting 35  % of the biomass to biochar. The biochar mass originally in a 
particulate form is ground to pass through a 2 mm sieve and mixed thoroughly to 
obtain a fine granular consistency that would mix more uniformly with the soil 
mass (Wu et al. 2013).

7.5  �Impact of Biochar on Soil and Plant Growth

•	 Increases water holding capacity and reduces soil bulk density of the soil
•	 Enhances cation exchange capacity
•	 Improves fertiliser utilisation by reducing leaching from the root zone
•	 Retains minerals in plant available form
•	 Supports soil microbial life and biodiversity
•	 Plants resistance to diseases and pathogens
•	 Reduces soil CH4 emission
•	 Increases soil methanotrophs population
•	 Improves soil carbon pool
•	 Increases nitrogen retention
•	 Promotes paddy root growth (Fig. 7.2)
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7.6  �Impact of Biochar on Crop Yields and Soil Properties

Biochar applications to increasing crop productivity by improving the physico-
chemical and biological properties of the soil with variation in crop response. 
These impacts depend on the chemical and physical properties of the biochar, soil 
conditions and the crop type (Zwieten et al. 2010; Yamato et al. 2006). Zhanga 
et al. (2010a, b) found that biochar amendment at 10  t ha−1 and conventional N 
fertilisation at 300  kg ha−1 enhance the crop yield by 9  %, while only biochar 
amendment at 40 t ha−1 yields increased by12 %. However, the exact mechanism 
about the biochar effect on rice yield in presence or absence of fertiliser is still not 
known. Most of the previously reported field trials have been conducted mostly in 
tropical regions having relatively poor soils with the rain-fed crops (Zhanga et al. 
2010a, b). Zhanga et al. (2010a, b) reported that biochar application increased rice 
yields by around 10 %. The biochar amendments can increase N availability to 
crops and that high level of soil organic C accumulation can enhance N efficiency 
and increase rice productivity in a long-term monitored rice paddy (Pan et  al. 
2009). This is of particular importance for world’s rice agriculture as the farming 
has tremendous challenge of N pollution from overuse of N fertilisers (Zhanga 
et al. 2010a, b).

Fig. 7.2  Biochar applications in paddy field
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7.6.1  �Paddy Productivity

Biochar amendment significantly impacts the crop yield including the improvement 
of root length, shoot biomass, panicle length, number of tiller per plan, rice yield, 
nutrient availability and carbon sequestration (Milla et al. 2013; Abdullah and Wu 
2009; Meyer et al. 2011). However, Yang et al. (2015) reported that 2 ton ha−1 biochar 
application could increase the yield by 5–15 % and biochar of 4 ton ha−1 may increase 
the yield by about 20 %. The property of cation exchange capacity (CEC), pH and 
WHC of soils amended with biochar also increases (Yang et al. 2015).

7.6.2  �Physico-chemical Properties of Soil

Biochar-amended soil shows the variation in many of its chemical properties, viz. pH, 
K, Ca, Mg, NH4-N and NO3-N as well as in the ratios of organic C, N and P (Jien and 
Wang 2013). They demonstrated that pH significantly increased from 7.41 to 9.26 
with the application of biochar in the farming land. However, Prommer et al. (2014) 
reported that, after biochar amendment the soil pH and cation exchange capacity 
decreased slightly from a preliminary 7.5 to 7.4 (Table 7.2). The biochar-amended 

Parameter Unit Control Biochar

pH (CaCl2) 7.5 7.4
CaCO3 % 15.8 15.2
Humus % 2.4 18.1
Total N % 0.148 0.203
P (CAL) mg kg−1 49 84
Ptot (acid digest) g kg−1 5.46 5.54
Sand % 18.3 Not determined
Silt % 57.2 Not determined
Clay % 24.5 Not determined
CEC cmol kg−1 22.5 20.8
Ca (CEC) cmol kg−1 20.7 18.2
Mg (CEC) cmol kg−1 1.46 1.53
K (CEC) cmol kg−1 0.36 0.99
Na (CEC) cmol kg−1 ˂0.04 ˂0.04
Al (CEC) cmol kg−1 ˂0.06 ˂0.06
Fe (CEC) cmol kg−1 ˂0.01 ˂0.01
Mn (CEC) cmol kg−1 ˂0.01 ˂0.01
H (CEC) cmol kg−1 0.002 0.002
Fe (EDTA) mg kg−1 40 67
Mn (EDTA) mg kg−1 107 128
Cu (EDTA) mg kg−1 7.2 7.1
Zn (EDTA) mg kg−1 2.3 7.5

Adapted from Prommer et al. (2014)

Table 7.2  Physico-chemical 
properties of soil after 
amendment of biochar
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soils also showed an enhancement in the mineral content such as K, Ca, Mg, NH4-N 
and NO3-N, etc. as compared to the control (Agegnehu et al. 2015; Jien and Wang 
2013). Biochar significantly increased soil C by 7 % (Mukherjee et al. 2014). In 
addition, the incubation about 3–4 months after biochar application indicates an 
increase in the nutrient status of highly weathered soils (Agegnehu et al. 2015; Jien 
and Wang 2013). The information concerning impact of biochar application on 
chemical properties of soil is still in an incipient stage; therefore, further research and 
investigation are required in the area.

Application of biochar in agriculture fields improves soil physical quality for 
crop production such as electrical conductivity (EC) and WHC. Humus level also 
increases in the amended soil due to the activity of soil microflora. Therefore, 
improved soil properties increase the level of nutrients available for the crops. Jien 
and Wang (2013) reported that addition of biochar in soil decreases the bulk density 
as compared to control; Mukherjee et al. (2014) also reported that biochar applica-
tion increased subnanopore surface area of soil by 15 % and reduced soil bulk den-
sity by 13 % compared to control. It is reported that biochar-amended soil has an 
11 % higher porosity than the unamended soil (Gul et al. 2015). Therefore, biochar 
plays an effective role to supporting environmental changes with soil microflora and 
reduction of methane gas emission in soil. The effect of biochar on soil pH and 
cation exchange capacity may be minimal. Prommer et  al. (2014) applied three 
amendments in silty-loam soil 0.5  % (w/w) in triplicated plots of paddy field: 
Biochar (oak woodchip), Humic acid (HA) and water treatment residual (WTR) and 
reported that all amendments significantly augmented soil pH, nevertheless the 
impact of biochar was the immense. The above results are based on short-term 
investigation study about the impact of biochar application on soils properties. 
However, long-term studies with respect to use of biochar on soil physico-chemical 
properties are yet to be investigated.

7.6.3  �Microbial Biomass of Soil

Soil microbial biomass is the key indicator of soil productivity and microbial diver-
sity. The microbial biomass is not only responsible for carrying the nutrient cycles 
in paddy ecosystems, including carbon (C), nitrogen (N) and phosphorus (P) but 
also plays a significant role in soil nutrient transformations and acting as a labile 
nutrient pool offered to plants (Liu et al. 2010). Microbial biomass is responsive to 
biochar application to the soil of agriculture fields. As the stability period of biochar 
in soil is assumed to be many years, the changes in microbial biomass size and 
properties may continue for a long period. Jien and Wang (2013) found some 
changes in soil microbial activity and microbial biomass after biochar treatment. 
The highest contents of MBC were found at 21 days for each treated plots, which 
were 3200  mg kg−1 for 5  % biochar-amended soil, 1145  mg kg−1 for 2.5  % 
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biochar-amended soil and 1759 mg kg−1 for the control, respectively. The pH in the 
5 % biochar-amended soil is more suitable for the growth of microbes, particularly 
for fungal hyphae. Wuddivira et  al. (2009) demonstrated that because of higher 
porosity the biochar-treated soil creates suitable condition for the microbial growth 
and activity. Biochar has a high concentration of macropores that extends from the 
surface to the interior and minerals and small organic particles might accumulate in 
these pores. The increase in microbial biomass as a result of biochar amendment can 
help detect the presence of a given microbial genera or species via DNA/RNA-
based techniques, due to increase in their population size and density in the soil 
matrix (Gul et al. 2015). This indicated that application of biochar in agriculture 
could maintain microbial activity in the soils for a longer period. The application of 
biochar may be considered as a soil conditioner as well as enhancing the microbial 
activity in benefits of agriculture and environment.

7.6.4  �Soil Nitrification

Biochar amendment causes primary changes in soil nutrient cycles, commonly result-
ing in marked enhancement in crop yields, mostly in saline and unproductive soils 
having poor soil organic matter contents (Prommer et al. 2014). Prommer et al. (2014) 
reported that biochar application increased total soil organic carbon but decreased the 
extractable organic C pool and soil nitrate. Although gross organic N transformation 
rates were reduced by 50–80 %, the gross N mineralisation process remains unaf-
fected. Biochar application increases the ammonia oxidisers population in soil and 
consequently more than twofold higher in nitrification rates noted (Ball et al. 2010). 
Prommer et al. (2014) suggested that addition of any inorganic fertiliser with the com-
bination of biochar may compensate the reduction in organic N mineralisation and as 
a consequent accelerate the belowground build-up of organic N.

Biochar applications have significant effects on microbial-mediated N transfor-
mations (Ball et al. 2010) and ammonia- and methane-oxidising bacterial commu-
nity composition in paddy soil (Ball et al. 2010). Changes in pH that can start similar 
responses in soil were not able to explain the observed changes in nitrification. 
Prommer et al. (2014) after applying biochar, ammonium level increased 0.001 mg 
kg−1 in the conventionally managed soils (about 88 mg kg−1 dry soils) compared 
with the organic soils (about 9 mg kg−1 dry soil). After increasing biochar applica-
tion rate ammonium contents became 66, 30 and 15 mg kg−1, respectively, but does 
not show significant reductions from the small initial ammonium contents in the 
organically managed soil. Initial nitrate contents of 5 mg kg−1 increased over the 60 
days. Study showed that single or combined application of biochar with any inor-
ganic fertiliser may increase soil organic N in turn enhancing soil carbon sequestra-
tion and thereby could play a significant role in future soil and environmental 
management planning (Prommer et al. 2014).

7  Biochar Application in Management of Paddy Crop Production…



134

7.6.5  �Soil Mycorrhizal Fungi

Biochar and mycorrhizal applications have been contributing to the sustainable crop 
production, ecosystem restoration, and soil carbon sequestration and mitigation of 
methane emission (Warnock et al. 2007). Mycorrhizal fungi are ubiquitous key indi-
cator in nearly all terrestrial vegetation and crop systems, showing a very high 
degree of specificity and mutualism, enhancing plant growth. Biochar incorporation 
in soil has a positive impact on mycorrhizal fungi that may influence the nutrient 
absorption by plant roots (Ishii and Kadoya 1994; Warnock et al. 2007). Biochar can 
also increase endomycorrhizal plant associations that could enhance P availability 
in soil (Atkinson et al. 2010). In biochar-amended soil, the favourable soil condi-
tions enhance the ability of MF to resist against plant-fungal pathogen infection 
through enhanced root colonisation (Atkinson et al. 2010). A number of investiga-
tions examined that biochar may influence the mycorrhizal population in terrestrial 
and paddy ecosystem (Warnock et al. 2007; Ishii and Kadoya 1994) but biochar 
application in soil and its effect on the diversity of mycorrhizal fungi is still not clear 
and hence there is need of further detailed study.

7.7  �Impact of Biochar on Methanogens and Methanogenesis 
in Paddy Ecosystem

Biochar amendment affects the methanogenic archaeal community compositions in 
paddy soils (Dong et al. 2013). No statistically significant differences in methano-
genic activities are noted in the rhizosphere of biochar amended and control soil 
during the rice growing seasons (Dong et al. 2013). But in a field experiment bio-
char addition at the rate of 9 t ha−1 significantly decreased CH4 emission without 
affecting the CO2 and N2O emissions (Karhu et al. 2011). But in a laboratory incu-
bation experiment the CH4 emission from paddy soil was completely inhibited com-
pared with the non-amendment control soil (Liu et  al. 2011; Bosse and Frenzel 
1997). Feng et  al. (2012) also reported that amendment of wheat straw biochar 
significantly reduced CH4 emission from paddy ecosystem. Liu et al. (2011) found 
that CH4 emission from a rice paddy field was significantly increased (compared 
with the non-amendment control soil) in the first year after biochar amendment but 
was not as prominent as in the next year. It has been observed that soil CH4 emission 
in response to the biochar amendment may vary with biochar types and properties. 
Most of the studies supported that decreasing methanogenic activity in paddy soil 
amended with biochar could be due to the increase in porosity of soil in presence of 
biochar that may inhibit the growth and multiplication of anaerobic methanogens. 
Although by using rice straw instead of biochar in soil, the rate of methanogenesis 
can be enhanced because readily degradable carbon in rice straw offered more sub-
strates to methanogenesis to generate CH4 than that in rice straw biochar. In contrast, 
there was no significant increase in CH4 emissions associated with biochar 
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amendment due to their resistance to decomposition (Liu et  al. 2011). However, 
there is no considerable information about biochar application in paddy fields 
related to methanogenic activity; methanogens diversity decreases with biochar 
amendments hence there is need of detailed study on this aspect.

7.7.1  �Methane-Producing Bacteria (Methanogens)

Methanogenic archaea (methanogens) are strictly anaerobic microbes that play a 
vital role in anoxic environments of flooded paddy soil in the generation of CH4 and 
CO2 (Conrad 1999). Methanogens use acetate (contributes about 80% to CH4 
production) as a carbon substrate, but another substrate like H2/CO2 and formats 
also accelerate 10–30  % CH4 production. According to Methanobacteriales, 
Methanococcales and Methanomicrobiales orders of methanogens have the ability 
to fix molecular nitrogen as they have the nif genes (Dannenberg and Conrad 1999). 
Methane is produced in the anaerobic layers of paddy soil mediated by bacterial 
decomposition of organic and plant residues (Dubey 2011). The characteristics of 
methanogens that carried anaerobic degradation of organic matter are described in 
Table 7.3. Methanogenesis from all substrates requires some unique coenzymes, 
some of which are exclusively found in methanogens (Ludmila et al. 1998; Yao and 
Conrad 2001). At least nine methanogen-specific enzymes are involved in the path-
way of methane formation from H2 and CO2 (Shima 1998). In paddy soil, acetate and 
H2 are the two main intermediate precursors for CH4 formation (Yao and Conrad 
1999).

Table 7.3  Some important characteristics of methanogens

Characteristics Methanogens

Cell form Rods, cocci, spirilla, filamentous, sarcina
Gram stain reaction Gram +/–
Classification Archaebacteria

Cell wall pseudomurein, protein, heteropolysaccharide
Metabolism Anaerobic
Energy and carbon source H2+CO2; H2+methanol; formate; methylamines; methanol, acetate
Catabolic products CH4 or CH4+CO2

TCA cycle Incomplete
Carbon assimilation 
pathways

TCA cycle, gluconeogenesis

GC content % 26–60
Typical species Methanobacterium bryantii

Methanobrevibacter smithii

Methanomicrobium mobile

Methanogenium cariaci

Adapted from Dubey et al. (2005)
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7.7.2  �Methanogenesis

Biochar affects methanogenesis because numbers of methanogens reduced in anaer-
obic environments where sulphate and nitrate present in low concentration complete 
mineralisation of organic matter take place through methanogenic fermentation, 
which produces CH4 and CO2 according to reaction: C6H12O6 → 3 CO2 + 3 CH4 
(Fig. 7.3). Four types of microorganism play important roles in this transformation 
and convert complex molecules into their simpler forms (Mer and Roger 2001). 
The transformation takes place by the following steps.

•	 Hydrolysis of biological polymers into monomers (glucides, fatty acids, amino 
acids) by an hydrolytic microflora that can be either aerobic, or facultatively, or 
strictly anaerobic;

•	 Acidogenesis from monomeric compounds and intermediary compounds formed 
during fermentation (production of volatile fatty acids, organic acids, alcohols, 
H2 and CO2) by a fermentative microflora that can be either facultatively or 
strictly anaerobic.

•	 Acetogenesis from the previous metabolites by a syntrophic or homoacetogenic 
microflora; and

•	 Methanogenesis from the simple compounds that can be used by methanogens 
(in particular, H2 + CO2 and acetate) which constitutes the last step of the metha-
nogenic fermentation.

CH4
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Rice plant

Oxidized soil

Soil
Methanotroph

Organic
matter

Organic
Carbon

Acetogenesis

Acetate

Methanogenesis
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water

Diffusion
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H2O
H2O+CO2

O2CO2

Fig. 7.3  Production, consumption and transfer of CH4 to the atmosphere in paddy fields. Modified 
from Mer and Roger (2001)
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Methanogens have a limited trophic spectra comprised of a small number of 
simple substrates: H2+CO2, acetate, formate, methylated compounds (methanol, 
methylamines, dimethyl sulphur) and primary and secondary alcohols.

7.8  �Impact of Biochar on Methanotrophs and Methane 
Oxidation

Currently, biochar is used as an environmental and agriculturally supportive agent 
and hence many parts of world are applying it as a strong soil conditioner for the 
enrichment of soil nutrient status. The most important aspect related to biochar 
application in paddy field is the mitigation of methane emission and stimulation of 
the methane oxidation rate. Reddy et al. (2014) reported that variation in oxidation 
rates and kinetics of methane in soils depth was variable, therefore samples were 
taken from different depth of soils and examine that higher oxidation rate was found 
in upper layer of soil amended with biochar than lower depth of soil. Higher numbers 
of methanotrophs communities exist in upper layer of soil after amendment of bio-
char (Feng et al. 2012). Methanotrophs, aerobic bacteria, are present in the upper 
layer of soil (Reddy et al. 2014; Feng et al. 2012). According to Zhang et al. (2012), 
biochar plays significant role in the reduction of greenhouse gases mostly methane 
emissions in paddy soil. The different rates of greenhouse gas emissions in biochar-
amended soil are presented in Fig. 7.4.

Biochar plays a significant role in methane mitigation with promoting the 
methanotrophs population and reducing diversity of methanogens. Paddy is one 
of the largest anthropogenic sources of CH4 (6–29 % total methane emission) 
(Neue 1993). Mukherjee and Lal (2013) reported that biochar amendment in soil 
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from Zhang et al. (2012)

7  Biochar Application in Management of Paddy Crop Production…



138

increases the aeration and porosity therefore, production of CH4 decreases and 
oxidation of CH4 increases. Furthermore, the aerobic, well-drained soils due to 
biochar applications can be a sink for CH4 due to the CH4 diffusion and subsequent 
oxidation by methanotrophs. Hence two mechanisms are involved here: (1) 
decrease the CH4 production, and (2) increase the CH4 oxidation by methanotrophs 
may be operational in the biochar-amended soil (Mukherjee and Lal 2013; Zwieten 
et al. 2009. According to Jien and Wang (2013) increase in soil microbes, nitrogen 
and phosphorus was observed after 63 and 105 days of biochar application. The 
highest contents of microbial carbon were found at 21 days for each treated soil, 
which were 3200 mg kg−1 for 5 % biochar-amended soil (Jien and Wang 2013). 
This shows that amendment of biochar in soil supports the microbial growth, 
mostly methanotrophs which play significant role in CH4 uptake. Therefore, an 
effective process to decrease CH4 emission in paddy soil may be application of 
biochar (Lehmann 2007). Previous work has shown that CH4-oxidising bacteria are 
readily enriched within landfill cover soil by exposure to the CH4 generated from 
the waste (Reddy et al. 2014).

7.8.1  �Methanotrophs or Methane-Oxidising Bacteria

Methanotrophs are Gram-negative bacteria that utilise CH4 as their sole source of 
carbon and energy play a crucial role in reducing global CH4 load due its CH4 con-
sumption characteristics. Studies on CH4 sink measurement from various agro and 
natural ecosystems showed that the soils of these ecosystems exhibited a significant 
variation in CH4 sink activity due to methanotrophic bacteria. Paddy soil methano-
trophic communities exhibit the highest CH4 sink activity on a global scale (Tiwari 
et al. 2015). Based on physiology, phylogeny, biochemistry, resting stage, intracel-
lular membrane, genetic characters, ultrastructure and phospholipid ester-linked 
fatty acid (PLFA) analyses of 14 culturable genera (Han et  al. 2009) of aerobic 
proteobacterial methanotrophs are classified as type I belongs to Gammaproteobacteria 
group and contain genera Methylobacter, Methylomonas, Methylosphaera, 
Methylomicrobium, Methylothermus, Methylosarcina, Methylohalobius, and 
Methylosoma while type II belongs to Alphaproteobacteria group of CH4-oxidising 
bacteria and include genera Methylocystis, Methylosinus, Methylocapsa, 
Methylocella. Type I group of methanotrophs is further subdivided into types Ia and 
Ib (Bodrossy et al. 2003; Krause et al. 2010). Type I subgroup contains several cul-
turable methanotrophs, for example Methylomonas, Methylosarcina, Methylobacter, 
etc. However, Methylocaldum and Methylococcus come under the subgroup Type Ib 
or rare type X (Hanson and Hanson 1996; Graef et al. 2011; Giri et al. 2014; Tiwari 
et  al. 2015). Type I methanotrophs also referred as ‘high capacity–low affinity’ 
methanotrophs are adapted for high CH4 concentrations and assimilate it through 
RuMP pathway whereas Type II is generally termed as ‘low capacity–high affinity’ 
methanotrophs capable of using trace quantity of CH4 from the environment and 
follow the serine pathway for CH4 oxidation (Hanson and Hanson 1996; Tiwari 
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et al. 2015). Verrucomicrobia, a new group of CH4 oxidiser discovered in recent past 
involved in methane oxidation (Siljanen et al. 2011; Luke et al. 2011; Graef et al. 
2011; Tiwari et al. 2015) The methane oxidation pathways by Type I and Type II 
methanotrophs is presented in Fig. 7.5.

Singh (2010) reported that during last 10 years the extensive study has been done 
related to population dynamics and diversity of methanotrophic genera bacteria. 
Currently, 18 genera of cultivated aerobic methanotrophs (Gammaproteobacteria) 
and five genera of Alphaproteobacteria are represented by approximately 60 differ-
ent species of the bacteria (Singh 2010). Rising temperature around the earth’s sur-
face is directly associated with the increasing atmospheric level of water vapour, 
CO2, CH4, N2O, SF6, etc. due to anthropogenic activities (IPCC 2007; EPA 2010; 
Krause et al. 2010; Li and Wang 2013). Though the atmospheric concentration of 
CH4 is extremely less than CO2 (IPCC 2007), CH4 is more efficient to trap radiation 
than CO2 (Solomon et  al. 2007; Siljanen et  al. 2011; Pandey et  al. 2014). It is 
assumed that methane, 27 times potent GHG than CO2 (Houghton et  al. 1995; 
Phillips et al. 2001; Singh and Gupta 2016), accounting about 15–20 % of the global 
warming effect (Phillips et al. 2001; Wuebbles and Hayhoe 2002; Jang et al. 2006; 
IPCC 2007; Dalal and Allen 2008; Tiwari et  al. 2015). Being highly reactive in 
nature, CH4 affects the chemistry and oxidation capacity of the environment by 
influencing the level of CO, OH−, tropospheric ozone, etc. (Cicerone and Oremland 
1988). Global atmospheric concentration of CH4 has almost tripled since pre-
industrial times (Krause et  al. 2010) increasing rate up to 0.5–1  % year−1 
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(IPCC 2001, 2007; Tamai et al. 2007; Tiwari et al. 2015). The annual release of CH4 
into the atmosphere was 180 Tg year−1 (Khalil and Rasmussen 1994; Mer and Roger 
2001; Hill et al. 2016).

In global perspective, most of the atmospheric CH4 is eliminated from the environ-
ment through chemical reactions with hydroxyl radicals (OH−) in the troposphere 
(CH4 + OH− → CH3

− + H2O), and in stratosphere CH4 reacts with the chlorine origi-
nated from CFCs (Chlorofluorocarbons) (CH4 + Cl− → HCl + CH3

−.) which involve 
around 90 % of the total Global CH4 sinks (Schlesinger 1997; IPCC 2001; Hutsch 
2001, Mer and Roger 2001; Tiwari et al. 2015). Mer and Roger (2001) state that if 
equilibrium between by methanogens CH4 emission and methanotrophs CH4 oxidation 
is positive, the environment may be a CH4 source and if the equilibrium is negative the 
environment may be a CH4 sink. Aerobic soils are the important biological sink for CH4 
due to the presence of unique methanotrophic bacteria (Singh 2010; Tiwari et  al. 
2015). Methanotrophs utilise CH4 as their carbon and electron source from the sur-
rounding environment. The estimated amount of CH4 consumed by methanotrophic 
bacteria is between 10 and 40 Tg year−1 and comprises approximately 6–10 % of the 
total CH4 oxidation of the atmosphere (IPCC 2001; Tiwari et al. 2015). Up to 95 % 
of the CH4 emitted anoxically may be consumed before destined into the atmosphere 
(Frenzel et al. 1990; Graef et al. 2011). Therefore, even minute alteration in con-
sumption capacity may have a global significance if key regions such as the Arctic 
and Antarctica are concerned (Graef et al. 2011). It is assumed that 10–30 % of the 
CH4 emitted by methanogenic bacteria in submerged conditions of paddy fields is 
oxidised by methanotrophs linked with the roots of rice crop (King 1997; Schlesinger 
1997; IPCC 2001; Mohanty et al. 2007; Tiwari et al. 2015).

7.9  �Conclusions and Future Research Directions

Results indicate that biochar and/or compost in a range of combinations added as 
soil amendments with supplementary fertiliser can improve soil health and boost 
productivity of paddy crops with the additional environmental benefits of global 
warming and climate change mitigation. This approach can therefore contribute 
positively to agricultural and environmental sustainability. Biochar and biochar-
compost applications positively impact soil fertility, for example, through their 
effect on soil physico-chemical properties and plant available nutrients.

Significant increases in various crop yields and plant available soil nutrients were 
observed due to biochar and compost addition in comparison to the fertiliser only 
treatment, indicating that application of organic amendments does provide agro-
nomic benefits. The response of paddy crop to biochar and organic amendments 
could be due to their effects on plant available nutrients, biological N fixation, soil 
water and nutrient retention, although other mechanisms cannot be discounted. 
Study indicates that fresh biochar mitigates CH4 emissions immediately after its 
addition to soil. It has been reported that biochar application to increase CH4 uptake, 
probably due to better soil aeration and optimum moisture availability.
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Application of biochar can significantly improve soil physical quality in terms of 
bulk density, aeration, porosity and WHC. Biochar has a potentially positive role to 
play in limiting GHGs emissions but a greater understanding of the mechanisms 
involved is required. The study showed that biochar addition may reduce the climate 
change impact of agriculture in both perennial bioenergy crop soils and arable soils. 
However, further research is required to confirm these results in a variety of agricul-
ture soils using a variety of biochar types. Longer term experiments need to be 
conducted in order to monitor the effect of biochar on soil CH4 emissions/consumptions 
following rainfall or N fertilisation events, taking measurements from the day of 
biochar application onwards. Future studies should investigate whether biochar 
applications can affect the N use efficiency of paddy agriculture and population 
dynamics of methanogens/methanotrophs. Additionally, future studies should anal-
yse all of the N-based fertiliser and biochar addition to soil under a range of envi-
ronmental regimes such as different soil types, N application rates and timings and 
repeated biochar applications. Future research should make certain that the biochar 
production and methods of amendments used are sustainable in a social, environ-
mental and economic context.
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Chapter 8
Role of Rhizospheric Microbes in Heavy Metal 
Uptake by Plants

Mihiri Seneviratne, Gamini Seneviratne, HMSP Madawala, 
and Meththika Vithanage

Abstract  Due to industrialization, excessive use of pesticides and fertilizer and 
improper waste management practices cause heavy metal accumulation in both soil 
and water. Due to the nondegradable and persistent nature, heavy metals can be 
accumulated in soils for hundreds of years. They enter the bodies of plants and ani-
mals and thereby cause negative health impacts to the environment. Even though the 
soil heavy metal remediation is a must, it is not an easy task to achieve. Among 
many physical and chemical methods, phytoremediation plays an important role, 
due to its efficient and convenient nature. Rhizophere microbes play an important 
role in phytoremediation. Since, rhizosphere is the immediate vicinity of the root, 
the chemical and physical changes in that environment can easily effect heavy metal 
uptake by the plant. By siderophore production, acidification, releasing plant growth 
promoters, reducing the plant stress conditions and through redox changes rhizo-
sphere enhances the phytoreomediation processes. However, plants can bioconcen-
trate (phytoextraction) and also bioimmobilize the toxic heavy metals through 
rhizospheric processes. This chapter summaries the role of rhizospheric organisms 
for facilitation of heavy metal uptake, the different mechanisms of enhancing the 
availability of heavy metals in the rhizosphere, the genetic diversity, and the micro-
bial genera that involve in these processes.
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8.1  �Introduction

The term heavy metals is defined as metals with high relative atomic weight and 
atomic number greater than 20 (Raskin et al. 1994). Some heavy metals such as Co, 
Cu, Fe, Mn, Mo, Ni, V, and Zn are required in minute quantities by organisms, and 
they are defined as trace elements. However, heavy metals such as Pb, Cd, Hg, and 
As do not have any biological role in living cells, but they cause hazardous effects 
so that they are labeled as toxic metals. Due to industrialization, excessive use of 
pesticides and fertilizer and improper waste management practices cause heavy 
metal accumulation in both soil and water. As they enter to the soil system, they 
harbor in different fractions; exchangeable ions, insoluble inorganic metal com-
pounds such as carbonates and phosphates, soluble metal compound or free metal 
ions in the soil solution, metal complex of organic materials, and metals attached to 
silicate minerals (Marques et al. 2009). Not like many other pollutants, heavy met-
als do not degrade either chemically or biologically. Therefore, the exchangeable 
fraction easily enters into the plant and animal bodies and causes bioaccumulation. 
Bioaccumulation of heavy metals causes a many diseases and disorders in humans, 
animals, and plants.

Since soil remediation is a global concern, where a variety of physical, chemical, 
and  biological methods are used. Physical remediation techniques include soil 
washing and soil vapor extraction, whereas chemical remediation involves the use 
of chemicals to extract pollutants from contaminated media. Soil physical and 
chemical remediation are quite costly and need skilled labor. In biological remedia-
tion, both plants and microbes are used in the process of pollutant removal (Khan 
et  al. 2000). Bioremediation is a cost-beneficial and an environmental friendly 
method.

Phytoremediation is a branch of bioremediation that uses plants for the removal 
of pollutants from contaminated soils. It is effective for contaminated sites with pol-
lutants that are distributed within the root zone of the plant (Garbisu and Alkorta 
2003). The rhizosphere bacteria which inhabit the root zone of the plant play an 
important role in phytoremdiation process, via various mechanisms.

Rhizosphere is the immediate vicinity of the root. Since most of the physical and 
chemical activities which take place in the rhizosphere have a direct impact on the 
root system. It is well understood that plant–microbe interactions determine the 
efficiency of metal extraction. Metalliferous plants are able to grow on trace element-
enriched soils and rocks without any symptoms of toxicity. Comparisons between 
sterile and nonsterile soil systems showed that heavy metal accumulators achieve 
their full accumulation capacity only in the presence of their indigenous rhizosphere 
microflora (de Souza et al. 1999). Whiting et al. (2001) showed that Thlaspi caer-
ulescens plants inoculated with rhizosphere bacteria accumulated the highest 
amounts of Zn. Different mechanisms, EPS production, rhizosphere acidification 
through organic acids, siderophore production, indole-3-acetic (IAA) or 1-amino-
1-cyclopropanoic acid (ACC) deaminase production, or the release of growth-limiting 
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nutrients from the soil, are involved in improving the rate of heavy metal accumulation 
in plants. This chapter discusses the role of rhizospheric microorganisms in heavy 
metal uptake, the different mechanisms engaged, the rhizospheric microorganisms 
involved in plant heavy metal uptake, the research needs, and the future direction.

8.2  �Role of Microbial EPS Production in Bioremediation

Among many different mechanisms, extracellular polymeric substances (EPS) play 
a very important role in biosorption of heavy metals, and EPS are produced by most 
bacteria (Table 8.1). Rhizosphere bacteria produce more EPS than non-rhizospheric 
isolates (Kunito et al. 2001). The exopolymer production increased in the presence 
of Cu, and this was more prominent for the isolates from the rhizosphere. The harm-
ful effect of Cu on the growth rate was small for the Cu-resistant bacteria which 
produce a high quantity of exopolymers. This was explained as the involvement of 
exopolymers in the detoxification of Cu (Kunito et al. 2001). Exopolymers that are 
produced by bacteria are able to bind strongly with trace elements (Bitton and 
Freihofer 1977) and form organo-metallic complexes, which are difficult to degrade 
or decompose naturally (Hattori 1996). Moreover, the trace element concentrations 
enhance the production of exopolymers (Kidambi et al. 1995). The EPS production 
is reported as a potential mechanism of mercury tolerance in bacteria (Cruz 2014). 
EPS with different chemical compositions was tested for their ability to sorb mer-
cury, and it was observed that the EPS containing hexosamines was the most effec-
tive in removing mercury from the solution whereas EPS consisting neutral sugars 
removed the least amount of mercury from the solution (Cruz 2014). Studies 
reported that EPS producing Azotobacter spp. was able to bind CrO4

2− and Cd2+ 
(Joshi and Juwarkar 2009). Other than bacteria, biofilms, which are communities of 
microorganisms, are also able to produce EPS (Flemming et al. 2007). It has been 
reported that bacterial EPS production is involved in many heavy metal adsorption 
(Lau et  al. 2005). The adsorption of heavy metals is higher in bacterial biofilms 

Table 8.1  Heavy metal adsorption by rhizospheric bacteria

Name of the organism Heavy metal Reference

Mesorhizobium amorphae Zn Hao et al. (2014)
Paenibacillus jamilae Pb, Cd, Co, Ni,  

Zn, and Cu
Pérez et al. (2008)

Pseudomonas aeruginosa Cu, Pb, Zn Teitzel and Parsek (2003)
Azotobacter Cd, Cr Joshi and Juwarkar (2009)
Rhizobium etli Mn(II) Pulsawat et al. (2003)
Bacillus firmus Pb, Cu, and Zn Salehizadeh and Shojaosadati (2003)
Enterobacter cloaceae Cr(VI) Iyer et al. (2004)
Ralstonia Cd Chompoothawat et al. (2010)
Micrococcus luteus Cu, Pb Puyen et al. (2012)
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compared to their planktonic counterparts. A number of studies have shown the 
ability of biofilms in heavy metal adsorption (Jang et al. 2001; Ueshima et al. 2008; 
Wilson et al. 2001). EPS production is enhanced under low N, P, and S contains and 
also in the presence of high content of C (Czaczyk and Myszka 2007).

EPS comprise a mixture of polysaccharides, mucopolysaccharides, humic 
substances, and proteins, which depends on the strain and its culture conditions 
(Ahemad and Kibret 2013). The proportion of EPS in biofilms can comprise 
between approximately 50 and 90 % of the total organic matter (Donlan 2002). The 
polysaccharides in Gram-negative bacteria are neutral or polyanionic. Uronic acids 
or ketal-linked pyruvates enhance their anionic properties which enhance the 
adsorption ability of divalent cations to the biofilm (Vu et al. 2009). In some Gram-
positive bacteria, the chemical composition of their EPS could be slightly different 
due to their cationic nature (Sutherland 2001). It was revealed that the EPS pro-
duced by Ni-resistant Cupriavidus pauculus bacteria isolated from serpentine soil 
was a homopolymer of rhamnose containing uronic acid, protein, and nucleic acid 
(Pal and Paul 2013).

Quorum sensing (QS) is one of the regulatory pathways for EPS production 
(Masák et  al. 2014). QS in EPS production is a very complex process. In 
Pseudomonas aeruginosa, QS is essential for adhesion EPS production and biofilm 
formation. They have two QS systems, namely LasI/LasR and RhlI/RhlR. Mutant  
P. aeruginosa cells, which do not produce any QS signals were found to be more 
densely populated with a very thin EPS matrix compared to the wild type (Gupta 
and Schuster 2012). Rhizobium meliloti is a soil bacterium, which fixes nitrogen in 
symbiotic association with the leguminous plant Medicago sativa (Alfalfa). It pro-
duces succinoglycan as its major exopolysaccharide which is a polymer of repeat-
ing octasaccharide subunits (Leigh and Walker 1994). Similar to other EPSs 
succinoglycan is also originated from cytoplasmic sugars.

exoR and exoS are involved in the regulation of EPS I synthesis in the free-living 
state of Rhizobium meliloti (Reuber et al. 1991). In addition, they have discovered 
that R. meliloti has a latent capacity to synthesize a second exopolysaccharide (EPS 
II) that can substitute for the role(s) of EPS I in nodulation of alfalfa (Glazebrook 
et al. 1990). Products generated by exoR and exoS play a negative roles in EPS 
synthesis.

Pseudomonas sp. is a model organism which has been used to study the EPS produc-
tion (Wei and Ma 2013). It has been reported that three exopolysaccharides (Psl, Pel, 
and alginate) are produced by P. aeruginosa. The Psl cluster consists of 15 co-transcribed 
genes (pslA to pslO, PA2231-2245) which encodes for proteins to synthesize Psl. Psl 
was found to contain a repeating pentasaccharide consisting of d-mannose, d-glucose, 
and l-rhamnose (Byrd et al. 2009). Pel polysaccharide is a glucose-rich and cellulase-
sensitive extracellular substance which is synthesized by the products of the pel gene 
cluster (pelA-F, PA3058-PA3064) (Cruz 2014). Alginate is the exopolysaccharide that 
is mainly produced by P. aeruginosa during pathogenicity.

EPS are a complex mixture of biomolecules, consist of proteins, humic-like sub-
stances, polysaccharides, uronic acid, nucleic acid, lipids, and glycoproteins, 
surrounding the bacterial cells (Sheng et al. 2010). The major functional groups of 
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EPS can be identified by Fourier transform infrared (FTIR) spectroscopy. These 
substances contain ionizable functional groups such as carboxyl, phosphoric, amine, 
and hydroxyl groups, which enable EPS to sequester heavy metals (Liu and Fang 
2002; Seneviratne et  al. 2015). Most of these functional groups are negatively 
charged at neutral pH and thereby able to form organometallic complexes with mul-
tivalent cations through electrostatic attraction, ion exchange, complexation with 
functional groups of negatively charged, adsorption and precipitation are the mech-
anisms involved in metal biosorption (Gutnick and Bach 2000; Zhang et al. 2006). 
These substances thus detoxify metals by complex formation or by forming an 
effective barrier surrounding the cell (Rajkumar et  al. 2010). The FTIR spectral 
region between 4000 and 400 cm−1 holds the major characteristic bands of the vari-
ous bonds in EPS functional groups.

EPS contain different complexing sites; “hard” (e.g., carboxylic and phenolic) 
and “soft” (e.g., nitrogen and sulfur-containing) (Zhu et al. 2012). The main elec-
tron donor atoms in the EPS are nitrogen in amino-sugars and oxygen in hydroxyl 
and carboxyl groups. These atoms can easily bind with soft metal cations of strong 
covalent characteristics (Pb2+, Cu2+, and Zn2+) (Fang et al. 2011). Whereas, other 
metal cations such as Ni2+ and Cd2+ form weaker covalent bonds with EPS ligands 
(Joshi and Juwarkar 2009). The environmental pH also effect on the metal adsorp-
tion process by EPS. Metal ion affinity by EPS varies under different conditions, 
Pb > Cu > Cd at pH 6 and Cu > Pb> Cd at pH 7–8 (Comte et al. 2008).

8.3  �Rhizosphere Acidification and Heavy Metal Mobilization

Recent research studies imply that microorganisms could be the key players in 
heavy metal mobilization. Soil microflora increases the solubility and speciation of 
heavy metal ions by secretion of various organic ligands and by decomposition of 
organic matter. Both bacteria and plant roots are able to produce organic acids, such 
as malate, citrate, gluconate, 2-oxoglutarate, succinate, and oxalate. Thereby it cre-
ates a low pH environment in the rhizosphere and enhances the heavy metal mobi-
lization and uptake. As the microbes consume root exudates, they are involved in the 
production of a wide range of organic acids especially in situations where nutrients 
may be limiting (Rózycki and Strzelczyk 1986). This could be the reason for higher 
heavy metal uptake in contaminated sites since most of those sites contain nutrient 
low degraded soils. It has been reported that LMWOA influence heavy metal 
speciation and the bioavailability of heavy metals to plants and microorganisms 
(Renella et al. 2004).

Organic acids can bind metal ions in soil solution by complexation reaction. 
However, the stability of the ligand-metal complexes is dependent on several fac-
tors: number of carboxylic groups and their position, the binding form of the heavy 
metals, pH of soil solution (Jones 1998). Organic acids released by plant-associated 
microbes play an important role in the complexation of toxic and essential ions and 
increase their mobility for plant uptake. It was observed that Zn solubilizing 
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Gluconacetobacter diazotrophicus produce gluconic acid derivative, 5-ketogluconic 
acid, which aids in the solubilization of Zn compounds. Similarly, mobilization of 
Pb and Zn were observed with inoculation of common metal-resistant Bacillus 
strains (Wani et al. 2007). The metal-resistant endophytic bacteria, Pseudomonas 
fluorescens G10 and Microbacterium sp. G16 have also been reported to enhance Pb 
accumulation in Brassica napus through excretion of organic acid. The organic acid 
producing fungi, Aspergillus niger was able to mobilize large amounts of Pb and P 
from pyromorphite indicated the presence of organic acid in dissolution of minerals 
(Sheng et al. 2008).

The role of organic acids, acetic and malic acids was exhibited in a study stimu-
lating Cd uptake by maize roots and reported that the organic acid with low stability 
constant was able to enhance large amount of Cd accumulation in maize (Han et al. 
2006). On the other hand, some studies have reported either no effect or negative 
effects of organic acids in heavy metal mobilization (Braud et al. 2006). The inocu-
lation of organic acid producing bacteria Bacillus subtilis in metal contaminated 
agriculture soils showed no significant effect on the mobilization of Cr and Pb 
(Braud et al. 2006).

Organic acids function as natural chelating agents which are capable of solubiliz-
ing heavy metals from soil (Wasay et al. 1998). Pseudomonas fluorescens is a very 
important rhizobacterium in rhizosphere (Rodríguez and Fraga 1999; Sivasakthi 
et al. 2013). It produces a variety of organic acids for various functions in the rhizo-
sphere. The gluconic acid production in fluorescent pseudomonads is catalyzed by 
membrane-bound glucose dehydrogenase (Gcd). In many Gram-negative bacteria, 
the synthesis of gluconic acid is dependent on pyrroloquinoline quinone (PQQ) as 
an enzymatic cofactor of the Gcd (de Werra et al. 2009). Biosynthesis of citric acid, 
which is also an effective organic acid involves condensation of oxaloacetate (OAA) 
and acetyl-CoA catalyzed by the enzyme citrate synthase.

8.4  �Siderosphore Production by Bacteria

Siderosphores are low-molecular-weight (>10 kDa) iron chelating compounds that 
are mainly produced under low Fe conditions by bacteria, fungi, and plants to facili-
tate uptake of iron (Chu et al. 2010; Hider and Kong 2010). Siderophores act as 
solubilizing agents for iron from minerals or organic compounds under conditions 
of iron limitation. Whereas they can also form stable complexes with other heavy 
metals (Glick and Bashan 1997; Rajkumar et al. 2010). Hence, enhance their bio-
availability in the rhizosphere. Binding of the siderophore to a metal increases the 
soluble metal concentration. Screening with 16 different metals (Ag+, Al3+, Cd2+, 
Co2+, Cr2+, Cu2+, Eu3+, Ga3+, Hg2+, Mn2+, Ni2+, Pb2+, Sn2+, Tb3+, Tl+, and Zn2+) it is 
revealed that pyoverdine siderophores produced by Pseudomonas aeruginosa are 
able to chelate all these metals (Braud et al. 2009a).
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About 500 different siderophores have been identified. Even though they differ 
in overall structure, the functional groups that coordinate Fe are not diverse. They 
are broadly classified into three main groups based on the chemical nature of the 
moieties donating the oxygen ligands for Fe(III) coordination, classified as hydroxy-
carboxylate, catecholate, or hydroxamate type siderophores (Raymond and Dertz 
2004). The biosynthetic pathways of siderophores are tightly connected to aerobic 
metabolism involving molecular oxygen and acids (citrate, succinate, and acetate) 
originating from the final oxidation of the citric acid cycle.

The production of siderophores in the rhizosphere involves in growth-promoting 
effect of bacteria on plants (Braud et al. 2009b). The role of SPB in metal uptake of 
hyperaccumulator plants are extensively studied (Table 8.2). Siderophores produced 
by soil microbes play an important role in complexing toxic metals and radionu-
clides and in increasing their mobility in soils. Metal-resistant SPB can increase the 
efficiency of phytoextraction directly by enhancing the metal accumulation in plant 
tissues (Dimkpa et al. 2009b; Rajkumar et al. 2010). Siderophores produced by rhi-
zosphere bacteria solubilize unavailable forms of heavy metal-bearing minerals by 
complexation (Braud et al. 2009b). Plants can then uptake metals from metal–sid-
erophore complexes possibly by root-mediated processes, such as chelate degrada-
tion and release of metals, the direct uptake of siderophore–metal complexes or by 
a ligand exchange reaction. The production of siderophores has also been demon-
strated in some mycorrhizal fungi also. It has been reported that the ectomycorrhizal 
fungi (EMF), Scleroderma verrucosum, Suillus luteus, and Rhizopogon luteolus 
produce catecholates and hydroxamates siderophores under iron-deficient condi-
tions (Goodell et al. 1997; Machuca et al. 2007). It is suggested that siderophore-
producing microbes are possible to improve heavy metal uptake in plants. However, 
the mechanisms essential for the plant metal uptake through microbial siderophore-
mediated processes are still under research.

Table 8.2  Siderophore production by rhizospheric bacteria

Bacterial sp. Metal Plant Reference

Streptomyces tendae Cd Helianthus annuus Dimkpa et al. 
(2009a)

Pseudomonas eruginosa Pb, Cr Zea mays Braud et al. 
(2009b)

Bacillus sp. SLS18 Mn, Cd Sorghum bicolor Luo et al. (2012)
Psychrobacter Bacillus 
weihenstephanensis Bacillus cereus

Ni Alyssum serpyllifolium 
and Phleum phleoides

Ma et al. (2009)

Pseudomonas putida Pb, Cd Vigna radiata Tripathi et al. 
(2005)
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8.5  �Biosurfactants

Biosurfactants are microbial metabolites that facilitate the metal mobilization and 
improve phytoremediation is microbially produced. These are microbial compounds 
that demonstrate high surface activity and emulsifying activity. They are amphiphilic 
molecules with a nonpolar (hydrophobic) tail and a polar/ionic (hydrophilic) head.  
A hydrophilic group consists of mono-, oligo-, or polysaccharides, peptides or 
proteins, and a hydrophobic moiety usually contains saturated, unsaturated, and 
hydroxylated fatty acids or fatty alcohols (Lang 2002). Biosurfactants are catego-
rized as glycolipids, lipopeptides, phospholipids, fatty acids, and neutral lipids. They 
are either anionic or neutral (Mulligan et al. 2001).

The microorganisms produce low- and high-molecular-weight biosurfactants. 
The low-molecular-weight types are generally glycolipids or lipopeptides. The gly-
colipids include trehalose tetraesters, dicorynomycolates, fructose lipids, sophoro-
lipids, and rhamnolipids. Lipopeptides include surfactin, viscosin, and polymixin 
(Table 8.3).

The role of surfactants possesses different mechanisms in metal removal process. 
According to the le Chatelier’s Principle, metals in a nonionic form can complex 
with biosurfactants and removed from the surface. Cationic surfactants also have 
the ability to reduce the association of metals by competition (Herman et al. 1995). 
The biosurfactants produced by microbes form complexes with heavy metals at the 
soil interface, desorbs metals from soil matrix, thus increasing metal solubility and 
bioavailability in the soil solution. Soil type, soil pH, cation exchange capacity 
(CEC), and particle size also influence biosurfactant action. They act as a soil wash-
ing agent due to their ability to solubilize metals within their micellae.

Table 8.3  Biosurfactant production by bacteria

Class of the surfactant Microorganism References

Rhamnolipids Pseudomonas aeruginosa, 
Acinetobacter, Enterobacter

Toribio et al. (2010), 
Hošková et al. (2013)

Trehalolipids Mycobacterium tuberculosis, 
Rhodococcus erythropolis, 
Arthrobacter sp.

Kuyukina and Ivshina 
(2010), Shao (2011), Desai 
and Banat (1997)

Sophorolipids Torulopsis bombicola Inoue and Ito (1982)
Corynomycolic acid Corynebacterium lepus Cooper et al. (1979, 1981a)
Fatty acids, phospholipids, 
and neutral lipids

Rhodococcus erythropolis, 
Acinetobacter sp.

Rahman and Gakpe (2008)

Surfactin Bacillus subtilis Cooper et al. (1981b)
Lichenysin Bacillus licheniformis Yakimov et al. (1996)
Polymeric biosurfactants 
(emulsan, alasan, lipomanan 
liposan)

Acinetobacter calcoaceticus, 
Candida lipolytica

Rubinovitz et al. (1982), 
Rufino et al. (2007)
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Due to their anionic nature, low toxicity, biodegradability, and excellent 
surface-active properties of biosurfactants are used in heavy metal removal in soil. 
The ability of biosurfactants to remove heavy metals from an oil-contaminated soil 
was demonstrated by batch washes with surfactin, a rhamnolipid, and a sophoro-
lipid, respectively, by Bacillus subtilis, Pseudornonas aeruginosa, and Tomlopsis 
bornhicola (Mulligan et al. 1999), whereas they observed surfactin or rhamnolipid 
could remove the organically bound copper and that the sophorolipid with acid 
could remove the carbonate and oxide-bound zinc.

8.6  �Metal Reduction and Oxidation

Oxidation or reduction reactions are also involved to alter the bioavailability of 
heavy metals in the plant microbial system. Metal oxidation by rhizosphere microbes 
is also an interesting and an important process for phytoextraction process. Sulfur-
oxidizing bacteria was found to be better than acid treatment for heavy metal solu-
bilization in sulfidic municipal sludges (Blais et al. 1992). A study compared the 
leaching potential of indigenous sulfur-oxidizing bacteria with acid treatment and 
they concluded that indigenous sulfur-oxidizing bacteria can be used for heavy 
metal mobilization (Seidel et al. 1998).

Iron- and sulfur-oxidizing bacteria, Thiobacillus ferrooxidans and Thiobacillus 
thiooxidans, respectively, were enriched from contaminated soil and were able to 
leach >50 % of the metals present (As, Cd, Co, Cu, Ni, V, Zn, B, and Be) (Gomez 
and Bosecker 1999). It was observed that sulfur-oxidizing rhizosphere bacteria are 
able to enhance Cu mobilization in contaminated soils and its uptake in plant tissue 
(Shi et al. 2011). The authors showed that the sulfur-oxidizing bacteria are able to 
reduce the rhizospheric soil pH by the conversion of reducing sulfur to sulfates, thus 
enhances the Cu availability for plant uptake. Applications of sulphur-oxidizing 
bacteria in combination with mychorhizal infection resulted in a significant additive 
effect on root’s Cd uptake and root bioaccumulation (Khorrami Vafa et al. 2012). 
While (Yang et  al. 2012) reported that addition of the As-reducing bacteria pro-
moted the growth of P. vittata, it has increased As accumulation (44 %), activated 
soil insoluble As, and reduced As leaching compared to the untreated control.

The synergistic interaction of metal-oxidizing and -reducing microbes on heavy 
metal mobilization in contaminated soils has also been studied. The co-inoculation 
of Fe-reducing bacteria and the Fe/S-oxidizing bacteria significantly increased the 
mobility of Cu, Cd, Hg, and Zn by 90 % (Beolchini et al. 2009).

8.7  �Stress Reduction

The phytoremediation process is also dependent on the plant’s ability to tolerate 
heavy metal toxicity and also to yield a certain biomass. Heavy metals (HMs) are 
toxic for plant growth development and reproduction. It is one of the major abiotic 
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stresses that cause detrimental effects to the plants growth. The redox-active HMs 
are directly involved in the redox reactions in cells and result in the reactive oxygen 
species. Redox-inactive HMs also results in oxidative stress through indirect mech-
anisms such as interaction with the antioxidant defense system, disruption of the 
enzymatic reactions, or induction of lipid peroxidation. The result of HM toxicity is 
the excessive accumulation of reactive oxygen species (ROS) and methylglyoxal 
(MG), both of which can cause peroxidation of lipids, oxidation of protein, inacti
vation of enzymes, and DNA damages in plants. The oxidative stress causes dis
colouration of leaves, deformation of leaves, growth retardation, leaf curling, and 
disorders in physiological and biochemical reactions. Thereby, it reduces the accu-
mulation of sufficient biomass of the pollutant.

Production of ethylene is one major signal molecule that induces the stress 
effects that enhances senescence. The endogenous production of ethylene is 
enhanced significantly, and it causes harmful effects on root growth and thus  
the growth of whole plant. Certain plant growth-promoting rhizobacteria (PGPR) 
contain the enzyme, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, which 
regulates ethylene production by metabolizing ACC (an immediate precursor of 
ethylene biosynthesis in higher plants) into alpha-ketobutyrate and ammonia 
(Saleem et  al. 2007). Inoculation of plants with rhizobacteria containing ACC 
deaminase activity or transgenic plants expressing ACC deaminase genes produce 
longer roots and greater root density.

Most of the ACC are synthesized by plant roots, which are subjected to 
hydrolysis by ACC deaminase bacteria to produce ammonia and a-ketobutyrate. 
Microbes are able to uptake and then hydrolyze the ACC, and thereby it results 
subsequent reduction of ACC amount outside the plant. To maintain the equilib-
rium between the internal and external ACC levels, plants secrete ACC from inner 
tissues into the rhizosphere. Rhizobacteria containing ACC deaminase activity 
stimulates ACC exudation from plant roots. And consumption of ACC by microor-
ganisms, which acts as a source of carbon and nitrogen is a driving force for ACC 
secretion by the plant. The growth of microorganisms containing ACC deaminase 
is more prominent in the rhizosphere compared to the bulk soil. And consumption 
of ACC by microorganisms, acts as a driving force for ACC secretion by the plant. 
As a result, it decreases the level of ACC within the plant, which leads to a reduc-
tion in the endogenous ethylene biosynthesis (Glick et al. 1998). The stress reduc-
tion in plants cause elimination in root inhibition and enhance root growth which 
cause an enhanced uptake of inorganic contaminants. It has been reported that due 
to the inoculation of ACC deaminase-producing heavy metal-resistant bacterium, 
Kluyvera ascorbata was able to protect canola (Brassica napus) and tomato 
(Lycopersicon esculentum) seeds from the toxicity of high concentrations of 
nickel chloride (NiCl2) grown under gnotobiotic conditions (Burd et  al. 1998). 
They ascribed this effect to the ability of the bacterium to lower the level of stress 
ethylene induced by Ni.
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8.8  �Plant Growth Promotion

It has been known that 80 % of microorganisms that isolated from the rhizosphere 
of various crops possess the ability to synthesize and release plant growth regulators 
(Patten and Glick 1996). IAA is the major plant growth regulator synthesized by the 
microorganisms. The endogenous pool of plant IAA may be altered by the acquisi-
tion of IAA that has been secreted by soil bacteria (Arshad et al. 2007; Glick 2012). 
IAA stimulates seed and tuber germination, increases the root development, and 
initiates lateral and adventitious root formation and helps to develop resistance to 
stressful conditions in plants. IAA produced by rhizobacteria interferes with the 
above ground physiological processes of plants by changing the plant auxin pool. 
Whereas bacterial IAA increases root surface area and length, and thus increase the 
soil nutrient uptake (Glick 2012).

It has been well documented that there are at least five different pathways for the 
synthesis of IAA (Spaepen and Vanderleyden 2011; Patten and Glick 1996). (1) 
IAA formation via indole-3-pyruvic acid and indole-3-acetic aldehyde is found in a 
majority of bacteria, namely, Erwinia herbicola, Pseudomonas, Bradyrhizobium, 
Rhizobium, Azospirillum, Klebsiella, and Enterobacter, (2) The conversion of tryp-
tophan into indole-3-acetic aldehyde may involve an alternative pathway, which is 
found in pseudomonads and azospirilla, (3) IAA biosynthesis via indole-3-acetamide 
formation, which is reported for phytopathogenic bacteria Agrobacterium tumefa-
ciens, Pseudomonas syringae, and E. herbicola, (4) IAA biosynthesis that involves 
tryptophan conversion into indole-3-acetonitrile is found in the cyanobacterium 
(Synechocystis sp.), and (5) the tryptophan-independent pathway which is more 
common in plants and cyanobacteria (Ahemad and Kibret 2014).

8.9  �Future Perspectives

Even though phytoremediation is a very important aspect in pollution remediation, 
the role of rhizospheric organisms is very poorly understood. In several studies, it 
has been revealed that inoculation of heavy metal-resistant microbes is able to 
enhance the metal uptake. However, further studies should be conducted to deter-
mine the mechanisms behind their role.

•	 The role of siderophores in plant heavy metal uptake has been discussed in many 
research studies, but there are no exact mechanisms that have developed to under-
stand the role of siderophores in plant metal uptake and more research towards 
siderophore interactions with heavy metals will add knowledge into science.

•	 Only a few researches have focused on the production of low-molecular-weight 
organic acids and their role in rhizosphere acidification. Further studies may 
enhance the understanding how the low-molecular-weight organic acids increase 
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rhizosphere acidity to dissolve more metals into the soil solution. In this case, the 
monoprotic, diprotic, and triprotic organic acids may need more attention to 
observe their role in reducing pH of the soil solution.

•	 Use of biosurfactants in removing organic pollutants have been investigated well 
in recent years; however, it has not been investigated against heavy metals. 
Therefore, more attention towards this may increase the potential of biosurfac-
tants in the field of environmental sciences.

•	 Many laboratory and pilot scale studies already showed that rhizoremediation 
can contribute to the restoration of polluted sites. However, a selection of suit-
able rhizoremediation system consisting of a plant inoculated with a bacterium 
or a consortium with degradation capacity has not been investigated thoroughly.

•	 Interaction of multiple metals with multiple plants and microorganisms is also an 
aspect which needs further attention as in the actual field various different types 
of microorganisms or heavy metals may hinder the rhizoremediation. Heavy 
metals in diverse valance forms, anionic and cationic forms behave in a different 
way. Depending on various conditions such as microorganisms present, their 
ability to secrete EPS, biosurfactants, pH of the rhizosphere, etc., the rhizoreme-
diation capacity may vary. This needs further studies.

•	 The microbial processes can enhance phytoextraction either by increasing the 
solubility of the metals in the soil through the production of siderophore, organic 
acid or biosurfactant or promote plant growth via the IAA or ACC deaminase or 
the release of growth-limiting nutrients from the soil. However, only a modest 
attention has been given to elucidate the processes that have the greatest impact 
on phytoextraction efficiency. More research on these areas will generate new 
information and knowledge.

•	 Studies using molecular and biotechnological advances towards biosurfactants, 
siderophores, plant growth promoters, etc. may yield useful novel information 
where engineered systems can be constructed for phytoremediation where artifi-
cially altered microbial functions supports plant growth promotion and phytoex-
traction. Such advanced systems will be an interesting tool to further improve 
and develop bioremediation.
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Chapter 9
Role of Biosurfactants on Microbial 
Degradation of Oil-Contaminated Soils

Sandamali Wijesekara, Mihiri Seneviratne, and Meththika Vithanage

Abstract  Hydrocarbon contamination of soil is one of the major environmental 
problems today due to activities related to the petrochemical industry. Mechanical 
and chemical remediation and restoration to remove hydrocarbons from contami-
nated sites have limited effectiveness and costly. Bioremediation is the promising 
technology for the treatment of these contaminated sites since it is cost-effective and 
will lead to complete mineralization. Fungi and bacteria have been considered as 
highly effective in oil degradation. Several bacteria are even known to feed exclu-
sively on hydrocarbons; Arthrobacter, Burkholderia, Mycobacterium, Pseudomonas, 
Sphingomonas, and Rhodococcus. Fungal genera, namely, Amorphoteca, Neosar
torya, Talaromyces, and Graphium are proved to be the potential organisms for 
hydrocarbon degradation. Although laboratory experiments have indicated that the 
bacteria can ubiquitously degrade oil constituents, to date there is little convincing 
evidence that bioaugmentation (addition of more bacteria) significantly enhances 
the extent of oil biodegradation in soil. The potential benefits of using genetically 
modified bacteria represent a research frontier with significant results. However, 
many concerns are often raising due to the effectiveness of indigenous species, 
limited understanding of various phytoremediation mechanisms, including the 
regulation of enzyme systems that degrade pollutants. Thus, this chapter presents an 
updated overview of petroleum hydrocarbon degradation by microorganisms focus-
ing biosurfactants and their mechanisms.
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• Phytoremediation
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9.1  �Introduction

Oil hydrocarbon pollution originates from both natural and anthropogenic activi-
ties. Contamination due to exploration, draining off from drill sites, accidental spill-
age, refinery, and transportation has led to global environmental problems (Das and 
Chandran 2010). The physical and biological effects of oil in the aquatic environ-
ment include reduction of light transmission, reduction of dissolved oxygen, dam-
age to water birds, and smothering of intertidal organisms. The toxic effects are 
exhibited mostly by the light portion (low boiling) of the oil due to the presence of 
poly aromatic hydrocarbon (PAH) (Atlas and Bartha 1992). The effects include cell 
damages and death of sensitive organisms and larval stages. The mitigation of oil 
pollution in sea, soil, and aquatic environment is a difficult task, and various efforts 
have been taken by the international community to curtail this problem.

In large-scale accidents, oil release into the environment harms the biological 
system due to the biomagnification of toxic compounds with toxic elements via 
food webs and food chains (Dillard et al. 1997; Head et al. 2006). The degradation 
of oil hydrocarbon in aquatic environment, sludge, soil, sediment, and costal eco-
system with natural phenomenon is great deal to overcome these types of problems 
arising due to the oil contamination. The xenobiotic nature of the oil products and 
its derivatives are high-risk factors of the environmental degradation due to the 
bioaccumulation (Head et al. 2006). Oil consists of different compositional ingredi-
ents with different chemical and physical properties (Hasanuzzaman et al. 2007). 
Once petroleum oil is spilled and leaked over the aquatic masses, it will disperse 
through the surface while releasing volatile compounds to atmosphere (Garrett 
et al. 2003).

Some hydrocarbons, such as PAH, are known as potent mutagens and carcino-
gens that pose serious human and environmental health risks. Therefore, the removal 
of hydrocarbons is essential to improve environmental health. Many different treat-
ment techniques have been studied in order to restore and rehabilitate the soil. The 
main remediation methods practiced are containment, thermal desorption, incinera-
tion, and microbial degradation (Henner et al. 1997).

Cleanup technologies such as physical and chemical methods, volatilization, 
photooxidation, chemical oxidation, and bioaccumulation seem to be rarely success-
ful on petroleum hydrocarbons due to the recalcitrant nature and not cost-effective 
when compared to microbial bioremediation (Prince 1997). Oil pollutants are slow 
in degradation under normal conditions due to the functional groups present and low 
water solubility (Desai et al. 2012; Hassanshahian et al. 2012). Therefore, it needs 
special specific conditions to enhance the degradation of particular oil pollutant at a 
considerable rate and has to reduce time taken to clean up the contaminated site. 
Degradation of oil depends on the nature of crude oil, composition, and genes 
responsible for the secretion of enzymes and ecological and environmental factors. 
Apart from that, efficiency of oil bioavailability is restricted by poor water solubility 
of oil contaminant (Banat et  al. 2010). However, the mechanical removal of  
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oily substances is very expensive and makes more harmful effects on animals and 
environment during the period of time (Urum et  al. 2006). Recent studies have 
focused on bioremediation through the indigenous microorganisms in the oil-
contaminated surroundings as a potential remediation measure. This chapter pro-
vides the background and updated information on microbial degradation of petroleum 
hydrocarbon contaminants towards the better understanding in bioremediation 
challenges.

9.2  �Bioremediation of Oil Contaminants

Bacteria have long been considered as one of the predominant hydrocarbon-
degrading agents found in the environment. The success of bioremediation tech-
nologies applied to hydrocarbon-polluted environments depends highly on the 
biodegrading capabilities of native microbial populations or exogenous microor-
ganisms used as inoculants (Al-Wasify and Hamed 2014; Marchant and Banat 
2012). Bioremediation is defined as the use of microorganisms in the biological 
system to detoxify or remove pollutants using their diverse metabolic capabilities. 
This process uses an evolving method for the removal and degradation of many 
environmental pollutants including the products of the petroleum industry (Tang 
et al. 2011).

Microbial biodegradation is cost-effective, and it serves as highly efficient alter-
native compared to many types of approaches (Koutinas et al. 2007). Enhancement 
of crude oil degradation with the use of microorganisms has been identified as a 
novel approach to overcome oil contamination (Banat et al. 2010). Therefore, many 
studies have focused on the enhancement of biodegradation of oil contaminants to 
recover the oil pollution through bioremediation process to clean up the contami-
nated sites not cleaning up (Soberón-Chávez and Maier 2011). On the other hand, 
only few studies have concentrated on the generation of the toxic compounds during 
the bioremediation process by microorganism in some special remediation systems 
such as salt marshes and estuarine pools (Middaugh et al. 1998; Shelton et al. 1999). 
The efficiency of microbial degradation has been revealed by with the aerobic deg-
radation (Das and Chandran 2010). According to the studies carried out to reveal the 
biodegradation of oil, it has aimed to isolate and identify the bacteria and other 
organisms having highly adapted nature to the contaminated sites to degrade con-
taminants (Zajic et al. 1977). Scientists have observed and reported isolated organ-
isms from study sites which were chemically and physically stable and their 
metabolic activities are optimum at the particular environment (Zhang et al. 2010).

Recent researches have paid their attention on natural, safe, cost-effective mate-
rials to treat oil-contaminated sites (Van Hamme et al. 2003). Simple oil contami-
nants with simple structures are processed with different metabolic pathways based 
on the unique enzyme systems present in microorganisms (Van Hamme et  al. 
2003). Therefore, they have chosen biosurfactant as the best potential method of 
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remediation of oil spills (Wei et al. 2005). Development of the possible eco-friendly 
tool to handle the contaminated sites using efficient strategies and an applicable 
model system is important (Franzetti et al. 2010a). Therefore it has been discov-
ered that the use of naturally occurring bacteria for removal of oil contaminants 
have built up the new interpretations for the oil recoveries with the production of 
biosurfactants (Ron and Rosenberg 2002).

Biodegradation of oil can be influenced by the microorganisms present in the 
natural environment as well as by introducing improved microbial cultures (Table 9.1). 
Oil spill bioremediation has two main approaches: (a) bioaugmentation, where 
known oil-degrading bacteria are added to supplement the existing microbial popu-
lation, and (b) biostimulation, where the growth of indigenous oil degraders are 
stimulated by the addition of nutrients or other growth-limiting substrates with the 
supplement of enriching factors of medium (Ojo 2005). Oil-degrading microbial 
consortia are used as the improved cultures, and it consists with one or more micro-
organisms showing an ability to degrade oil at a considerable rate (Rosenberg and 
Ron 1999). Several studies have proven with the evidence that the use of microor-
ganisms to oil recovery is a desirable alternative to remove the oily contaminants 
from the environment (Banat et al. 2000) (Table 1).

Microorganisms should possess special metabolic activities responsible for the 
production of metabolites to utilize the oily compounds. Therefore, specific bio-
chemical reactions of microorganisms are needed for the expression of the produc-
tion of metabolites for the degradation of total petroleum products (Atlas and Bartha 
1992). It is very important to know that the reasonable performance of microorgan-
ism during biodegradation depends on the enzymatic activity and its mechanism 
(Obayori et al. 2009).

But if an unexpectable oil drainage occurred, the naturally occurring microbial 
consortium is unable to degrade the spilled oil totally at considerable rate, because 
an already existing small proportion of microorganism consortium may not be 
enough to degrade the bulk of oil contaminant and some of them may inactive due 
to the toxicity nature of oil to them (Shelton et al. 1999). Therefore, it is necessary 
to use the best biotechnological approach to overcome this type of problems before 
dispersing oil over the surface. To fulfill this purpose, selection of the best biotech-
nological solution is very important as an innovative technique.

Table 9.1  Biological systems used to recover the oil contaminations in several countries

Country Biological system used References

India, Goan coast P. aeruginosa, Escherichia fergusonii Pasumarthi et al. (2013)
Egypt, Gemsa Bay P. xanthomarina, P. stutzeri ATCC 

17588
El-Sheshtawy et al. 
(2014)

China, Nanjing Refinery 
sludge

Pseudomonas sp. Gao et al. (2000)

Northeast India Bacillus subtilis P. aeruginosa sp. Das and Mukherjee 
(2007)

Taiwan P. aeruginosa EM1 Wu et al. (2008)
China—oil storage tank Pseudomonas sp. Yan et al. (2012)

S. Wijesekara et al.



169

Exxon Valdez and BP Deepwater Horizon oil spill were the two large-scale oil 
spills (Atlas and Hazen 2011). The experimental evidence suggests that those are 
the worst oil spills in US history with svere environmental impacts of oil contami-
nation (Bragg et al. 1994). Because  petroleum hydrocarbons consist in crude oil 
with diverse derivatives of both aromatic and aliphatic hydrocarbons, is easily 
escape into groundwater reservoirs and surrounding environment. Generally 
petroleum hydrocarbons naturally exist in all marine environments with the com-
patible nature of naturally occurring microorganisms. Those microorganisms are 
capable of utilizing those contaminants by using oil as an energy source (Garon 
et al. 2002).

9.3  �Mechanism of Microbial-Mediated Petroleum 
Hydrocarbon Degradation

Basically bioremediation expresses the mean of transformation and mineralization of 
toxic compounds via the endogenous or exogenous process of microorganisms 
(Franzetti et al. 2010b). In endogenous activity, carbon source has to go inside before it 
undergoes to the transformation event. Compared to endogenous process, exogenous 
process occurred in external environment. Therefore, it is essential to bind with carbon 
and the microbial cell before utilizing it (Mulligan and Gibbs 2004). The ability to form 
biosurfactants is found in numerous bacterial and fungal species (Desai and Banat 
1997), for instance, Pseudomonas sp., Rhodococcus sp., Acinetobacter sp., Bacillus 
sp., Achromobacter sp., Brevibacillus sp., Lysinibacillus sp., Alcaligenes sp., Candida 
sp., and Torulopsis sp. (Desai and Banat 1997). Biosurfactants enables them to grow on 
hydrophobic substrate. However, due to low solubility of petroleum hydrocarbon, the 
biodegradation of contaminant by microorganisms is highly restricted (Banat et  al. 
2010), but with the presence of extracellular biosurfactants, these compounds are solu-
bilized, increasing its bioavailability to microorganisms by providing contaminant as 
an effective energy source for them (Joshi et al. 2008). Studies on biosurfactants showed 
the degradation of contaminant depends on the length and nature of arrangement of the 
carbon chain. Aliphatic moieties are easily degradable than the rest of aromatic carbon 
structures (Setti et al. 1993), because aromatic fraction is a heavily branched compound 
and it is difficult to degrade. Hence, aromatic fraction may persist in the environment 
for a longer period without any change and will pose a significant harmful effect on an 
environment (Hasanuzzaman et al. 2007).

Most of the recent studies were focused on the degradation of crude oil. Diverse 
groups of microorganisms are able to synthesize various types of secondary metab-
olites (Banat 1995), which have an ability to produce biosurfactant effects to degrade 
pollutants in an efficient way. Especially the biosurfactants are commonly employed 
in crude oil recovery and have been explained (Banat et al. 2000).
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9.4  �Structure of the Biosurfactant

Biosurfactants are the naturally occurring structurally diverse groups showing 
surface-active mechanisms with amphiphilic properties. It consists with both hydro-
phobic and hydrophilic moieties with surface-active compounds (Fig. 9.1). Most 
biosurfactants are anionic or neutral, but few are cationic due to the presence of 
amine group. Biosurfactants are amphipathic molecules which accumulate at inter-
faces, decrease interfacial tensions, and form aggregates such as micelles. However, 
biosurfactants show unique biochemical properties which are highly important in 
biological applications. Biosurfactants are easily accessible and acceptable for the 
environmental application, especially for both land and sea (Cameotra et al. 2010).

9.5  �Classification of Biosurfactants

Biosurfactants are classified based on their chemical structure, composition, molec-
ular weight, physicochemical properties, mode of action, and the microbial origin 
that produced them (Zinjarde and Pant 2002) (Table 9.2). Its hydrophobic fraction 
may consist with the saturated or unsaturated fatty acid, and hydrophilic fraction 
may consist with the amino acids, peptides, and saccharides. Based on its chemical 
composition and chemical behavior, it can be divided into three major classes as 
follows (Desai and Banat 1997):

	1.	 Glycolipids (lipopeptides, lipoproteins, and phospholipids)
	2.	 Polymeric biosurfactants
	3.	 Particulate biosurfactants

In some cases, biosurfactants can be categorized based on its molecular weight 
as low- and high-molecular-weighted polymers (Rosenberg and Ron 1999).  
Low-molecular-mass biosurfactants include glycolipids, phospholipids, and lipo-
peptides, whereas high-molecular-mass surfactants include amphipathic poly
saccharides, lipopolysaccharides, proteins, lipoproteins, and complex mixtures of 

Fig. 9.1  Surfactant structure showing hydrophobic head and hydrophilic tail and formation of 
micelle at CMC
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biopolymers. Compared to the high-molecular-mass biosurfactants, low-molecular-
weight compounds are efficient in lowering the surface and interfacial tension of 
contaminant, whereas high-molecular-mass compounds are effective at stabilizing 
the oil in water emulsion (Calvo et al. 2009).

9.6  �Properties of Biosurfactants: Natural Choice 
for Bioremediation with Biosurfactants

Biosurfactants have been identified as eco-friendly, cost-effective, easily degradable 
substrate produce by microorganisms as their secondary metabolite, and they  
are producing mixture of biopolymers (Rosenberg and Ron 1999). It aims to miner-
alize and/or biotransform toxic contaminants to nontoxic or low-toxic compounds 
while utilizing it by microorganisms (Sanscartier et al. 2009). Due to high demand 
for the biosurfactants, the attention has been paid on artificially synthesizing this 
eco-friendly natural compound (Atlas and Bartha 1992). However, it has shown that 
synthetic chemicals had severe adverse effects on an environment over the use of 
natural surfactants. When the biosurfactant is ready to activate on any hydrophobic 
substrate to degrade it, biosurfactant accumulates at the interface between fluid and 
solid with the effective reduction of surface and interfacial tension. Hence, it is 
allowing those two dissimilar phases to mix and interact with each other more easily 
(Soberón-Chávez and Maier 2011).

Measurement of biosurfactant activity has been done by the measurement of 
surface and interfacial tension, stabilization of emulsion, and hydrophilic-lipophilic 

Table 9.2  Classification of biosurfactants and their use in remediation of oil contaminants

Biosurfactant
Microorganisms ReferencesGroup Class

Glycolipids Rhamnolipids Pseudomonas 
aeruginosa

Rosa et al. 
(2010)

Trehalolipids Rhodococcus 
erythropolis, 
Arthrobacter sp., 
Nocardia sp.

Franzetti et al. 
(2010b), Shao 
(2011)

Sophorolipids Torulopsis bombicola,  
T. petrophilum

Whang et al. 
(2008)

Fatty acids 
phospholipids  
and neutral lipids

Corynomycolic acid Corynebacterium lupus Bozo-Hurtado 
et al. (2012)

Spiculisporic acid Penicillium 
spiculisporum

Tabuchi et al. 
(1977)

Phosphatidylethanolamine Pseudomonas 
fluorescens

Appanna et al. 
(1995)

Lipopeptides Surfactin Bacillus subtilis Cooper et al. 
(1981)

9  Role of Biosurfactants on Microbial Degradation of Oil-Contaminated Soils



172

balance (HLB) of the surfactants and contaminant (Oberbremer et al. 1990). Surface 
tension was measured at the air-water and oil/water interface with the use of tensi-
ometer (Salamanca et  al. 2001). The high molecular weight surfactants are less 
effective in reducing interfacial tension, but are important at coating the oil droplets 
and preventing their coalescence (Fig. 9.2). These are highly efficient emulsifiers 
that work at low concentrations (Ron and Rosenberg 2002). Emulsification activity 
is measured by emulsification assay. It is based on the ability of the surfactant to 
regenerate droplets in particular aqueous assay system (Kim et  al. 2000). Bio
surfactants can increase the bound substrates by desorbing them from surfaces or by 
increasing their apparent water solubility.

9.7  �Relationship Between Surface Tension and Critical 
Micelle Concentration (CMC)

The efficiency and effectiveness of biosurfactant depends on the formation of critical 
micelle concentration of the surface-active compound with the collection of suffi-
cient surface-active molecules on the substrate. At the concentration above CMC, 
biosurfactant molecules gathered to form micelles, vesicles, and lamellae on the sub-
strate as a continuous bilayer (Whang et al. 2008). Formation of micelle enables to 
increase the solubility and bioavailability on hydrophobic contaminant to make easy 
degradation while reducing the surface tension (Desai and Banat 1997). However, an 
efficient biosurfactant has the lower CMC value; therefore, less amount of biosurfac-
tant is required to decrease the surface tension (Nguyen et al. 2008) (Fig. 9.3). It has 
direct relationship with the formation of microemulsion layer (Desai and Banat 
1997). That allows the contaminant to adjust to the hydrophobic environment lead-
ing the formation of stable liquid mixture of water and oily particles by the formation 
of droplets dispersed on the liquid phase (Soberón-Chávez and Maier 2011).

Relationship between surface tension and CMC is expressed in the semilogarith-
mic plot of the surface tension of a solution against the surfactant concentration as 
mentioned below (Fig. 9.4). HLB indicates the promotion of surfactant activity in 
water-in-oil or oil-in-water to emulsify the contaminant easier. If HLB value is less 

Fig. 9.2  Accumulation of biosurfactants at the interface
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than 6, it is preferred to emulsify water-in-oil; if the HLB value is in between 10–18, 
it favors the emulsification of contaminant in oil-in-water (Oberbremer et al. 1990).

In practical approaches, HLB value can be measured as follows:

HLB value = 20 * Mh/M.
Mh—molecular weight of the hydrophilic fraction
M—molecular weight of the whole molecule

HLB value of 0 corresponds to a completely lipophilic/hydrophobic molecule, and 
a value of 20 corresponds to a completely hydrophilic/lipophobic molecule. Therefore, 
HLB values of surfactants are useful in predicting the surfactant properties of the 
surface-active compounds.

If the two moieties of biosurfactant are not arranged in an equal way, this formula 
does not apply (Vollbrecht et al. 1999).

Ex-HLB value of glycolipid in the system containing water and hydrophobic 
phase consists with soybean and cyclohexane mixture. For this system, HLB value 
is measured as follows:

A = (HLBneeded – HLBB)/(HLBA – HLBB)
A = % of cyclohexane
HLBA—HLB of cyclohexane (−15)
HLBB—HLB of soybean (−6)

Using this formula, most stable emulsification index can be determined for the 
selected system.

9.8  �Effect of pH and Temperature on Biosurfactant Stability

The activity of biosurfactant decreases at extreme pH values (Champion et al. 1995). 
However, biosurfactants are stable at high temperatures (Banat 1995). Biosurfactant 
was stable during exposure to high salinity (10  % NaCl), elevated temperatures 
(120 °C for 15 min), and within a wide pH range (4.0–10.0) (Shavandi et al. 2011). 
The activity of the biosurfactant was enhanced optimally at NaCl concentration of 
5 %, pH of 8.0, and temperature of 40 °C. The biosurfactant retained 77 % of its 
original activity after 120 min of exposure to heat at a temperature of 100 °C (Ilori 
et al. 2005).

9.9  �Mechanisms of Biosurfactants in Biodegradation

The use of biosurfactants to remove oil contaminants is a promising method that can 
improve the effectiveness of bioremediation in contaminated environments. They 
can enhance hydrocarbon bioremediation by two mechanisms. The first mechanism 

S. Wijesekara et al.



175

includes the induction of substrate bioavailability for microorganisms, while the 
other involves interaction with the cell surface which increases the hydrophobicity 
of the surface allowing hydrophobic substrates to associate more easily with 
bacterial cells (Mulligan and Gibbs 2004). By reducing surface and interfacial ten-
sions, biosurfactants increase the surface areas of insoluble compounds leading to 
increased mobility and bioavailability of hydrocarbons. Addition of biosurfactants 
to the polluted site through the process of bioaugmentation is capable of degrading 
contaminants. This process is expected to enhance the hydrocarbon biodegradation 
by mobilization, solubilization, or emulsification of contaminants efficiently (Nguyen 
et al. 2008).

Usually microbial aerobic degradation of alkanes follows intracellular enzy-
matic pathway (Morgan and Watkinson 1990). Aerobic degradation is the most 
rapid and complete degradation of organic pollutants by microorganisms (Fig. 9.5). 
Organic pollutants including various oil pollutants and its derivatives are initially 
attacked by microorganisms through an oxidative process. Hereafter, activation and 
incorporation of pollutant into cell is essential before utilizing it. Those two pro-
cesses are catalyzed by two enzymes named as oxygenase and peroxidase. Then 
intermediates are formed via the peripheral degradation pathway, Eg–TCA cycle 
(Fig. 9.6).

Instead of oxygenase degradation pathway being used for the degradation of oil 
derivatives, it is linked with the many other enzymatic pathways. The activity of 
cytochrome P450 alkane hydroxylase enzyme is the well-studied enzyme on this 
event (van Beilen and Funhoff 2007). Degradation depends on the change of length, 
and the enzyme system efficiency is more important to initiate the degradation 
(Table 9.3).

Apart from that, another enzyme system has been discussed by van Beilen  
and Funhoff (2005). The enzyme is di-iron methane monooxygenase showing 
membrane-bound copper-containing monooxygenase responsible for the degra-
dation of oil with elementary constituent in toxic level (van Beilen and 
Funhoff 2007).

Fig. 9.5  Oxidative biodegradation and its mechanism
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Table 9.3  Enzymes involve in biodegradation of oil contaminants

Enzyme Substrate Organisms References

Methane 
monooxygenase

Short alkanes Methylococcus sp. Shigematsu et al. (1999)
Cyclohexane Methylomonas sp. Shigematsu et al. (1999)

Eukaryotic P450 Fatty acids, C10–C15 
alkanes

Candida bombicola Van Bogaert et al. 
(2009)

Bacterial P450 C5–C16 Acinetobacter sp., 
Mycobacterium sp.

Fujii et al. (2006)

Dioxygenase C10–C30 Acinetobacter sp. Bundy et al. (1998)
Alkane hydroxylase C5–C16 Pseudomonas sp., 

Rhodococcus sp.
Whyte et al. (2002)

Fig. 9.6  Participation of 
an enzyme system for the 
degradation of contaminant
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9.10  �Attachment of Microorganism to Substrate 
as a Mechanism to Obtain the Degradation 
of Contaminant

In the latest literature, it has explained the interaction between microorganisms and 
hydrocarbon which is used to utilize as a substrate by microorganisms (Van Hamme 
et al. 2003). However, by modulating of cell surface, hydrophobicity may increase 
the surface permeability allowing microorganisms to make direct contact with the 
oil drops (Patist et al. 2000). However, researchers have reported the low hydro
phobicity modulation by microorganism on cell surface permits their adhesion to 
micelles of emulsified oil. Based on their studies, pseudo-solubilization of substrate 
by microorganism was used to make direct contact of microbial cells with large oil 
droplets. Also it has been revealed that at the different growth stages of microorgan-
isms, their capability of producing different secondary metabolites has an ability 
with changing hydrocarbon accession modes (Singh et al. 2006). An increment of 
bioavailability of oil to the bacterial has been exhibited by the biosurfactant-coated 
contaminant (Cameotra and Makkar 2004). This process is involving internalization 
of hydrocarbon inside the cell for subsequent degradation. It is similar in the process 
called active pinocytosis (Cameotra and Singh 2009).

9.11  �Conclusions and Future Perspectives

Continuous release of oil pollutants through either natural or industrial processes is 
occurring as one of the leading environmental problems. Hence, the bioremediation 
as a green technology is an acceptable solution due to the cost and effort involved. 
Therefore, the use of biology systems is playing an important role in this novel 
strategy. Hence, currently the demand for biological system in various industries is 
steadily increasing. In this case, biosurfactants play an important role on oil hydro-
carbon degradation. However, the commercial success of biosurfactant is still lim-
ited because it has to pay high production cost. It is necessary to find out more 
economically feasible methods to produce biosurfactant in large scale. Hence, 
future research must focus on producing low-cost biosurfactants and test. Application 
of biosurfactant and other microbial degradation methods is still in under experi-
mental level. Therefore, the use of these experimental processes in the field scale is 
important in order to validate the laboratory results. Most of the studies carried  
out under in  vitro condition are needed to move to field scale evaluating its 
effectiveness.

The development of microbial degradation of contaminant with improvements in 
genetic expression via the manipulation of gene expression is very important. 
Application of this technology benefits in large-scale application of microbial deg-
radation and provides us with a cleaner environment in a safe way. The genetically 
modified (GM) bacteria give a novel approach in biotechnology. However, still 
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there is a limited understanding on their enzyme regulation systems that degrade 
pollutants. Studies must focus on degrading both aliphatic and aromatic compounds 
effectively at the same time, and in this case, the biotechnology may play a rigorous 
role. Thus, the integration of biological engineering and biotechnology is possible 
and profoundly needed in order to achieve high yields and low costs on biosurfac-
tant production. High-throughput analysis, predictive computational modeling, or 
simulation and experimental perturbation can be combined to generate new knowl-
edge in order to design strategies for efficient reactions.
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Chapter 10
Microbial Oxidation of Atmospheric Methane 
in Natural and Agricultural Upland Soils

Irina K. Kravchenko

Abstract  Methane is the second most important greenhouse gas in terms of amounts 
and effect in the atmosphere. Upland soils of the European Russia are important 
participants in the global carbon budget, but their role as a sink for atmospheric 
methane is poorly documented, and little information on biodiversity of methanotro-
phic microorganisms is available. We have found that managed soils from different 
climatic regions showed decreased methane oxidation rates in both field and labora-
tory experiments. Large fluctuations were revealed in CH4 uptake process at differ-
ent time scales (monthly, daily, hourly), and soil organic matter, water content, and 
temperature were seen as the main environmental controlling factors. Methanotrophic 
populations of unmanaged soils turned out to be much low diverse and dominated 
by uncultivated methanotrophs. In Podzoluvisol, Luvisol, and Meadow Kastanozem, 
we have identified deeply branching pmoA sequences of Alphaproteobacteria 
referred as NSUC (natural soil uncultivated cluster), formed novel monophyletic 
cluster with other uncultured methanotrophs. Pronounced shift to cultured methano-
trophs was observed in the same soils after agricultural loading.

Keywords  Methane uptake • Soils • Aerobic methanotrophs • Land management

10.1  �Introduction

Methane (CH4) is the second most important greenhouse and its increasing concen-
tration in the Earth’s atmosphere is linked to today’s global warming. Due to 
changes in human activity and land use, atmospheric methane concentration 
increased from a preindustrial mixing ratio of about 0.7 ppm to 1.8 ppm currently 
(Degelmann et al. 2010). Increases in the concentrations of methane are associated 
with global climate change and net CH4 flux is controlled by the interplay of biotic 
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and abiotic factors. Two principal pathways in atmospheric methane elimination are 
known: photochemical degradation in the stratosphere and microbial oxidation in 
aerobic, native, and agricultural soils (Bousquet et al. 2006). Taking into account a 
stratospheric sink of 40  Tg  y−1 and CH4 consumption in soils of 30  Tg  y−1, the 
present-day global chemical CH4 lifetime is estimated to be within the range 
8.45 ± 0.38 y−1 (Stevenson et al. 2006). The rates of CH4 consumption in arable soils 
is generally lower than from native ecosystems under similar environmental condi-
tions and usually are only about 10–30 % of those under forest (Smith et al. 2000). 
The proportion of biotic atmospheric methane consumption is estimated of 5–15 % 
in total removal and according to a recent meta-analysis the total annual CH4 uptake 
ranges from 12 to 59 Tg CH4 y−1, with a narrower estimate of 22 ± 12 Tg CH4 y−1 
(Dutaur and Verchot 2007).

Many studies have investigated CH4 uptake in soils of natural ecosystems and 
have found them to be the sink for atmospheric methane (Conrad and Rothfuss 
1991; Börjesson et al. 2001; Suwanwaree and Robertson 2005). Conversion of natu-
ral undisturbed soils to arable cropping ecosystems has significantly reduced the 
CH4 oxidizing capacity of soils (Le Mer and Roger 2001). Agricultural practices 
also affect the methanotrophic community structure (Knief et  al. 2003; Seghers 
et al. 2003; Kravchenko et al. 2005). The biological methane oxidation is an impor-
tant process to minimize global climate change and any negative impact or imbal-
ance may be the reason of the dramatic ecosystem change. Therefore, there is an 
insistent need of extensive research to study methanotrophic activity in various 
ecosystems.

Until now, very limited data are available for CH4 oxidation and consumption in 
Russian non-wetland, terrestrial soil ecosystems. So, monitoring and process under-
standing of CH4 consumption in these soils is required to estimate global green-
house gases balance and contribution to global warming. This chapter, firstly to our 
knowledge, synthesizes the environmental and climatic factors influencing the con-
sumption of atmospheric methane as far as diversity of methanotrophic communi-
ties in aerated soils of European Russia. We hypothesized the direct connections 
between the shifts in the microbial communities and the rates of methane fluxes due 
to the changes of climatic, environmental, and anthropogenic factors.

10.2  �CH4 Fluxes in Upland Soils: Patterns 
and Environmental Controls

Despite the active study, the ecological representativeness of the data available for 
methane oxidation in aerated soils remains insufficient. It is especially important to 
understand the role of the Russian soils, which are usually not included in the gen-
eral reviews of the atmospheric methane uptake in soils (Smith et al. 2000, 2003; Le 
Mer and Roger 2001; Dutaur and Verchot 2007; Kirschke et al. 2013; Serrano-Silva 
et al. 2014) or soil methanotrophs diversity (Aronson et al. 2013) due to the lack of 
published data. Extremely scarce are studies on methane oxidation that combine 
field and laboratory methods of soil biogeochemistry and microbiology. 
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More  detailed understanding is needed of the changes in the methane-oxidizing 
capacity of soils depending on their physicochemical and biological properties that 
change under the action of ecological and anthropogenic factors.

10.2.1  �Methane Uptake in Russian Gray Forest Soil

Since the Russian climate and seasonality is extremely variable, CH4 consumption 
is spatially and temporally variable, and temporal variability exists in many scales 
with different controlling factors. We have chosen gray forest soils (Luvisol in FAO 
classification) in Moscow Region under different ecosystems (native forest, arable 
cropping) for detailed study and evaluation of CH4 fluxes and environmental regula-
tors. Gray forest soils, one of the typical agricultural soils in the European part of 
Russia, are important participants in the global carbon budget, but their role as a 
sink for atmospheric methane is poorly documented. We have investigated the vari-
ability of CH4 uptake process and environmental and edaphic characteristics of agri-
cultural gray forest soils, Moscow region, Russia, at different time scales (monthly, 
daily, hourly). Soil CH4 uptake was measured using a closed chamber method to 
quantify soil flux and field data were analyzed in order to elucidate the mechanisms 
governing short-term and long-term trends and try to illuminate what we miss if we 
monitor or model this process coarsely in time.

Measurement of in situ surface CH4 flux at the forest biocenosis and the agrocenosis 
sites consistently showed atmospheric methane uptake and the magnitude of the flux 
varying substantially during the annual cycle. The highest methane uptake rates were 
recorded at growth season (May–September), constituting −0.048 to 0.06 mg С-СН4 
m−2 h−1 for the forest area, and −0.03 to 0.037 mg С-СН4 m−2 h−1 for the agrocenosis. 
These rates are comparable with that of other terrestrial systems at lower latitudes 
(−0.1 to −1.0 mg CH4-C m−2 day−1) (Luo et al. 2013). In the cold season (October–
April), the capacity of the forest soil for methane oxidation was retained, but its rate 
decreased. In the agrocenosis soil, methane oxidation in this period reduced signifi-
cantly and in some cases the methane emission from the soil into the atmosphere was 
recorded in February and March (Semenov et al. 2004). The average annual rate of 
methane consumption by the gray forest soil in the forest and agrocenosis was evalu-
ated as 0.026 and 0.008 mg С-СН4 m−2 h−1 (approximately 2.3 and 0.8 kg of C-CH4 
ha−1 y−1), respectively. Average for the 3 year period annual net rate of methane oxida-
tion by gray forest soil in the Moscow region was calculated as 0.02 mg С-СН4 m−2 h−1 
and aggregated CH4 sink was 0.68 Gg CH4 y−1 (Semenov et al. 2013).

The pronounced seasonal changes of methane uptake testify to a considerable 
dependence of the methanotrophic communities on the soil hydrothermal 
conditions and physicochemical properties. During the observation period, signifi-
cant changes in the soil temperature and moisture content and slight pH changes 
were noted. A positive correlation was revealed between the methane oxidation 
activity and temperature in both forests (r2 = 0.735) and arable (r2 = 0.703) soil. 
The correlation between the soil moisture content and methane consumption was 
found to be negative (r2 = −0.431 for the forest soil and r2 = −0.634 for the arable 
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soil). These values are in good agreements with findings for soils of the Swedish 
forest biocenosis (Klemedtsson and Klemedtsson 1997).

The significant monthly variations of in situ methane oxidation testified to a 
considerable dependence of the activity of the microbial community to soil hydro-
thermal conditions and physicochemical properties. The multiple regression method 
was applied in order to assess the integral effect of environmental factors on sea-
sonal changes in methane uptake fluxes. The relation between CH4 uptake fluxes 
and hydrothermal and physicochemical factors may be described using the follow-
ing equations:

Y1 = 0.257X1 – 0.499X2 + 0.172X3 – 2.168X4 – 10.28X5 – 1.561X6 + 90.8X7 – 363.8 
(r2 = 0.917)

Y2 = 1.054X1 – 0.128X2 – 0.251X3 – 0.155X4 + 70.86X5 – 22.77X6 + 117.7X7 – 741.3 
(r2 = 0.725)

where Y1 and Y2 are the rates of methane consumption in the soils of the forest and 
the agrocenosis, respectively, mg С-СН4 m−2 h−1; X1 is soil temperature, °C; X2 is 
the moisture content of soil, %; X3 is the carbon content of the microbial biomass, 
mg C per 100 g soil; X4 is the nitrogen of the microbial biomass, mg N per 100 g 
soil; X5 is N-NH4

+ content, mg per 100 g soil; X6 is N-NO3
− content, mg/100 g soil; 

and X7 is pH (Semenov et al. 2004).
The everyday time series of CH4 fluxes during the snow-free period have revealed 

wake-like variations daily average fluxes ranged from 2 to 12-fold at 2–4 days apart. 
Diurnal CH4 fluxes were determined in summer and autumn. Daily maximum in 
efflux commonly occurred during the night and large (threefold) diurnal differences 
were occasionally found. Daytime measurements alone can result in a slight or mod-
erate underestimate of the total CH4 flux. These diurnal variations were found to be 
strongly influenced by air temperature, and Q10 for methane uptake by surface soil was 
found to be 2.5±0.5. The diurnal rhythm was similar in microplots with different man-
agement and at different seasons, and all of them showed absorption peak at 15–00. 
On the diurnal uptake basis, the mean uptake at the time interval of 09:00–10:00 may 
approximately reflect the average status over a day. Based on our data, the average soil 
fluxes from measurements between 9:00 and 10:00 can be regarded as the representa-
tive of daily averages for gray forest soil (Semenov et al. 2013). These findings are in 
good agreement with data for desert soils in a semiarid region of northern China 
(Hou et al. 2012). We conclude that diurnal variation in methane fluxes can cause 
systematic errors in flux estimates, and mean values are used; measurements may 
result in gross overestimates, underestimates, or even the wrong sign of process.

10.2.2  �Methane Uptake in Soils of Different Natural Zones 
of the European Russia

The East European Plain (also called the Russian Plain) spans over about four mil-
lion square kilometers and includes a wide diversity of both cultivated and natural 
landscapes. It lies north and south and consists of gradual changing tundra, 
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coniferous forest (taiga), mixed and broadleaf forests, grassland (steppe), and semi-
desert zones.

Changes in climate, vegetation, soil properties, and nutrition greatly affect bio-
geochemical cycles of main biogenic elements such as carbon, nitrogen, and phos-
phorous. Soil zonality is well expressed in the vast plains of Russia covered by 
homogeneous deposits. Under such conditions, soil follows changes of vegetation 
formations and temperature/precipitation climate gradients. Therefore, we assessed 
methane oxidation activity and diversity of aerobic methanotrophic bacteria in nine 
soil types (both unmanaged and agricultural) geographically distributed across the 
European part of Russia.

Based on monthly variability patterns of CH4 uptake in gray forest soil, we have 
chosen the July–August period for the field studies, and all evaluations were done at 
the time interval in from 9 to 10 a.m. The soil spectra involved into research is pre-
sented in Table 10.1.

It was found that soils of the natural ecosystems, with the exceptions of Solodic 
Chernozem and Solonetz, showed methane uptake, being, sinks of atmospheric meth-
ane. Maximal surface methane oxidation rates were recorded for Podzoluvisol 
(Podsollivisol on FAO classification) and Kastanozem being 19 and 30  μg CH4 
m−2 h−1, respectively. Solodic Chernozem and Solonetz showed positive methane flux 
up to 6 and 13 μg CH4 m−2 h−1, correspondingly. The fluxes of CH4 uptake rates were 
within the range reported from other studies in temperate forests in Europe (Smith 
et al. 2000; Steinkamp et al. 2001; Borken et al. 2003), and in North America (Castro 
et al. 2000), but lower than fluxes reported in forest studies in Japan (Ishizuka et al. 
2000; Tamai et al. 2003) and China (Zhang et al. 2008).

Chernozem from natural steppe ecosystem demonstrated methane uptake flux 
being 7.6 μg CH4 m−2 h−1, and this finding has confirmed by numerous estimations 
of atmospheric methane consumption in unmanaged grasslands (Mosier et al. 1991; 
Zhou et al. 2008; Luo et al. 2013). Our results suggest that some unmanaged steppe 
biotopes (Kastanozem and Chernozem soils) may also act as natural sinks of atmo-
spheric methane; however, some other unmanaged soils in the steppe region (Solodic 
Chernozem, Solonetz) may contribute to methane emission to Earth’s atmosphere.

Overall, the ability of agricultural soils to oxidize atmospheric methane was three 
to nine times weaker than in unmanaged soils. Chernozem displayed the least meth-
ane uptake being 2.2 μg CH4 m−2 h−1. This trend has been demonstrated previously 
and, for example, methane oxidation by the soils of natural ecosystems in Iowa, USA, 
was 0.027–1.046 mg CH4 m−2 day−1, whereas in agricultural ecosystems it constituted 
0.077 mg CH4 m−2  day−1 and alternated with methane emission (Chan and Parkin 
2001). Our results support these observations, and we found agricultural soils to be 
characterized by decreased methane-consuming ability in comparison to unmanaged 
ones. The methane uptake fluxes rates are in good agreement with the data obtained 
by other authors for similar soils under similar ecological conditions. In subarctic 
and  temperate forest soils, the rate of methane oxidation was about 1–3  mg CH4 
m−2 day−1 and 2.1–6.9 mg CH4 m−2 day−1, correspondingly (Goldman et al. 1995).

Chernozem from natural steppe ecosystem demonstrated methane uptake flux 
being 7.6 μg CH4 m−2 h−1, and this finding has confirmed by numerous estimations 
of atmospheric methane consumption in unmanaged grasslands (Mosier et al. 1991; 
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Zhou et al. 2008; Luo et al. 2013). Our results suggest that some unmanaged steppe 
biotopes (Kastanozem and Chernozem soils) may also act as natural sinks of atmo-
spheric methane; however, some other unmanaged soils in the steppe region (Solodic 
Chernozem, Solonetz) may contribute to methane emission to Earth’s atmosphere.

Overall, the ability of agricultural soils to oxidize atmospheric methane was 
three to nine times weaker than in unmanaged soils. Chernozem displayed the least 
methane uptake being 2.2 μg CH4 m−2 h−1. This trend has been demonstrated previ-
ously and, for example, methane oxidation by the soils of natural ecosystems in 
Iowa, USA, was 0.027–1.046 mg CH4 m−2 day−1, whereas in agricultural ecosys-
tems it constituted 0.077 mg CH4 m−2 day−1 and alternated with methane emission 
(Chan and Parkin 2001). Our results support these observations, and we found agri-
cultural soils to be characterized by decreased methane-consuming ability in com-
parison to unmanaged ones. The methane uptake fluxes rates are in good agreement 
with the data obtained by other authors for similar soils under similar ecological 
conditions. In subarctic and temperate forest soils, the rate of methane oxidation 
was equal to 1–3 CH4 m−2 day−1 and 2.1–6.9 mg CH4 m−2 day−1, correspondingly 
(Goldman et al. 1995).

Several factors may have contributed to a drop of the methane oxidation in agri-
cultural ecosystems. First, this is possibly due to the shift from high-affinity metha-
notrophs to low-affinity methane oxidizers. A similar trend has been reported for 
Brazilian ferralsols (Dorr et al. 2010). Secondly, extensive NPK and PK fertiliza-
tions may inhibit the process of methane oxidation due to competitive and noncom-
petitive inhibition (Dunfield and Knowles 1995). Some other environmental 
variables, such as temperature, the water content in soils and carbon supply, can also 
induce changes in oxidation rates.

10.3  �Factors Affecting Atmospheric Methane Oxidation 
in Soils

Despite numerous investigations aimed to evaluate factors controlling CH4 oxida-
tion and consumption in aerobic soils, the mechanisms controlling this process are 
not yet well understood. Based on published evidence and results of our previous 
studies, it was recognized that CH4 exchange between soil and atmosphere is 
affected by different factors including temperature, precipitation, land use, N input, 
and soil properties, such as soil texture, pH and C/N ratio, and organic matter con-
tent. It is difficult to evaluate the influence of a single climate parameter on methane 
uptake because others often covary or interact. Soil temperature may influence the 
emission and uptake of the gases through the effects on the activity of microorgan-
isms and roots activity, as long as other factors (water and substrate availability) are 
not limiting (Meixner and Yang 2006). On the one hand, the water content is impor-
tant for growth of soil microorganisms (Schindlbacher et al. 2004), and on the other 
hand influences gas diffusivity (Smith et al. 2003).
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Exposure to agricultural practices induces the changes in  local environmental 
conditions and physicochemical and water physical properties of arable soils as 
compared to intact soils. Based on studies of methane oxidation kinetics, it was 
hypothesized that the rate of methane oxidation could depend on the microbial com-
munity composition (Levine et al. 2011), variations in the processes of carbon and 
nitrogen mineralization (Von Fischer and Hedin 2007), and the aeration regime 
(Flechard et al. 2005). At the same time, we are not aware of any experimental stud-
ies that experimentally tested these hypotheses. Based on results of our studies on 
gray forest soil, we have assumed that the reduction of methane oxidation activity 
in arable soil was due to significant and irreversible changes in its physicochemical 
properties that control this activity.

10.3.1  �Temperature

In field studies, the seasonal development of soil temperature usually is reflected in 
the seasonal course of soil gas emissions. In temperate climates, soil emissions typi-
cally peak during summer when temperatures are highest (Priemé and Christensen 
1997). In our study of gray forest soil, a positive correlation between CH4 uptake 
and mean annual air temperature was observed that revealed the importance of soil 
temperature in interannual variability of methane fluxes (Semenov et al. 2004).

In forest soils, soil temperature was found to be an important controller of CH4 
consumption at temperatures between −5 and 10 °C but had little effect at 10 and 
20 °C (Castro et al. 1995). At low temperatures (<10 °C), temperature was found to 
be stronger modulator than soil moisture for soil CH4 uptake (Steinkamp et  al. 
2001). The Q10 values for CH4 oxidation range from 1.1. to 4.8 (De VIisser et al. 
2001; Park et al. 2005). These findings are consistent with the results found in tem-
perate forests in Europe (Steinkamp et al. 2001) and in the USA (Castro et al. 1995). 
It was found that CH4 consumption increased with rising temperature from 5 to 
10oC and remained relatively constant at temperatures between 10 and 20 °C. The 
optimum for CH4 oxidation was suggested to be on the interval from 22 to 38 °C 
(De VIisser et al. 2001).

10.3.2  �Soil Moisture

Soil moisture content is one of the main factors limiting the methane oxidation activ-
ity affecting diffusion of the gas phase (Striegl 1993) or soil methanotrophs activity 
by osmotic stress (Schnell and King 1996). Methane oxidation negatively correlated 
with soil water content due to limited CH4 diffusion; however, net CH4 oxidation is 
possible in wet soil (WFPS > 60 %) due to localized aerobic microsites or anaerobic 
CH4 oxidation (Khalil and Baggs 2005). Low soil moisture content also reduces 
methane oxidation, probably due to stressful moisture deficiency or the accumulation 
of mineral nitrogen compound species (Steudler et  al. 1989; Castro et  al. 1995). 
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It was found that 20 % soil moisture content is the most favorable for methane oxida-
tion in aerated mineral soils (Boeckx and Van Cleemput 1996; Billings et al. 2000). 
In our study of gray forest soil, it was precisely this level of moisture content in situ 
that corresponded to the periods of the highest methane oxidation activity (Kravchenko 
et al. 2005). In very dry soils such as in deserts, CH4 oxidation is higher after precipi-
tation (Strieg et al. 1992) probably because of the osmotic stress. Maximum CH4 
uptake rates were recorded under a diverse range of moisture conditions between 20 
and 60 % water-holding capacity (Bowden et al. 1998).

10.3.3  �Soil Structure and Porosity

Soil type is strong controlling variable on the water-holding capacity of the soil, and 
the diffusion of gases into soil has a pronounced effect on CH4 oxidation. Sandy soil 
has the low water-holding capacity, and the sand content of temperate grassland has 
been correlated with CH4 consumption rates (Born et al. 1990). CH4 oxidation is asso-
ciated with air-filled pore space, and soil texture and bulk density are also related to 
CH4 oxidation in soil (Boeckx et al. 1997). Soil texture was found to be one of the 
main factors correlated with CH4 fluxes, and coarser and medium textured (loam) 
soils consuming more CH4 than fine (clay) soils (Dutaur and Verchot 2007). Methane 
fluxes correlated negatively with bulk density and were very sensitive to cultivation. 
The low CH4 uptake rates at the cropland sites and the grassland sites may be influ-
enced by higher bulk densities, which also affect gaseous diffusion (Smith et al. 2003).

The key physical property of soil controlling the gas diffusion and balance between 
aerobic and anaerobic processes is its porosity. In the gray forest soil of native forest, 
it amounted to 55–57 %, ensuring favorable conditions for water and air permeabil-
ity. At the agricultural soil, porosity was dropped down to 40–47 %, and the mean 
pore diameter decreased to 10–100 times (Kravchenko et al. 2005). Additionally, soil 
aggregates in the agrocenosis soil had low stability and were disintegrated by wet-
ting. These findings are in the agreement with data of MacDonald et al. (1996) and 
Smith et al. (2003) reported that oxidation is most rapid in coarse-textured forest soils 
with a well-developed structure We conclude that the predominance of fine and inac-
tive pores and the low water resistance of soil aggregates may be one of the reasons 
in decrease of the methanotrophic activity in cultivated soil.

10.3.4  �Organic Matter Content

Methane cycling in the soil–atmosphere system is determined by the processes of 
mineralization of organic matter in anaerobic microzones and ascending and 
descending diffusion in the pore space of the methane produced in the soil and the 
methane arriving from the atmosphere, as well as by methane oxidation by methane 
oxidizers. Methane production in aerobic soils is related to the granulometric com-
position; the presence of large-sized aggregates, inside which anaerobic conditions 
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may be created; and over consolidation of the upper horizon lower layers, especially 
in arable soils (Manucharova et al. 2001). In most forest soils, the highest methane 
oxidation activity was revealed in the upper 4- to 18-cm soil horizon (Adamsen and 
King 1993; Roslev et al. 1997). The methane produced under this layer is partially 
or completely oxidized by soil microorganisms. Thus, in aerobic soils, the closed 
chambers method measures the resultant of the processes, which characterizes the 
net gas flux and gross methane oxidation.

Organic amendments vary in their effects on CH4 consumption according to their 
C:N ratios. For example, adding fresh sugar beet leaves reduced CH4 consumption 
to 20 %, whereas adding wheat straw had no effect (Hütsch 1998). Long-term appli-
cation of organic fertilizers supports the diversity of methanotrophs, as was esti-
mated by group-specific DGGE of 16S rRNA genes (Seghers et  al. 2003). 
Application of bio-based residue (sewage sludge, aquatic plant material, compost, 
wood material, and compressed beet leaves), added at amounts typical of intensive 
agricultural practice resulted in significant transient stimulation of methane uptake 
apparently a result of induced cell-specific activity (Ho et al. 2015).

10.3.5  �Nitrogen Compounds

CH4 fluxes can be altered by N fertilization, but the magnitude and direction of 
alteration is unclear (Bodelier and Laanbroek 2004; Mohanty et al. 2006; Bodelier 
2011). Ammonium fertilization is usually reported to competitively inhibit CH4 oxi-
dation (Gulledge and Schimel 1998; Bykova et al. 2007; Acton and Baggs 2011). 
Some studies, however, reported no effect (Tate et al. 2006) or positive promotion 
(Jacinthe and Lal 2006). Nitrogen fertilization may increase CH4 uptake or have no 
effect due to an alleviation of N-limitations of methanotrophs (Bodelier and 
Laanbroek 2004; Liu and Greaver 2009) on CH4 fluxes in N-limited environments. 
Immobilization of mineral N in soils with high cation exchange capacity prevent 
inhibition of the relatively unspecific particulate methane monooxygenase (pMMO) 
enzyme of methanotrophs by NH4

+ (Purkhold et al. 2000; Kravchenko et al. 2002).
These conflicting effects may be due to diversity in methanotrophic communi-

ties. It was revealed that application of N fertilizers generally inhibits methane oxi-
dation by type II methanotrophs, but enhances by type I methanotrophs (Mohanty 
et al. 2006). As such, the coexistence of different methanotrophic communities may 
reduce the inhibitory effect of NH4

+ on methane oxidation (Kravchenko et al. 2002). 
NO2

− inhibits CH4 oxidation in arable soils (Kravchenko et al. 2002), but persists in 
soil only for a few days. The effect of NO3

− is unclear and varies from no effect 
(Tate et al. 2006) to negative effect (Wang and Ineson 2003).

A number of investigations have been carried out to evaluate the influence of 
short-term increased CH4 and ammonium concentrations on CH4 oxidation activity 
(Bender and Conrad 1993; Jensen and Olsen 1998; Tlustos et al. 1998; Kravchenko 
et al. 2002). However, the response of the microbial community structure to such 
perturbations is largely unknown.
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The data obtained for gray forest soil demonstrated a close correlation between 
methane oxidation and the main processes of nitrogen transformation. The applica-
tion of (NH4)2SO4 at a rate of 60 mg N kg−1 resulted in a direct inhibiting of methane 
oxidation activity of arable gray forest soil but had no significant effect on methane 
oxidation by the forest soil (Kravchenko et al. 2004).

10.4  �Methanotrophic Soil Communities in Upland Soils

Methane-oxidizing bacteria (methanotrophs) are ubiquitous, acting as filters for 
methane in the environments and play a central role in processes affecting climate 
change. Even though methanotrophs were intensively studied in the last decades, 
little is known about the feasibility of comparing the experimental results across the 
different laboratories performing the same procedures. Similarly, little is known 
about how methanotroph function and community composition are influenced by 
the overall microbial diversities; their resistance and resilience against disturbances 
regarding their community structure, abundance, and function.

10.4.1  �Methanotrophs

The methanotrophs are a subgroup of the methylotrophs and are generally charac-
terized by their ability to use methane as their sole carbon and energy source 
(Hanson and Hanson 1996). The key methanotrophic enzyme is methane monooxy-
genase (MMO), which occurs as both particulate (pMMO) and soluble (sMMO) 
forms. The pmoA gene encodes the α-subunit of pMMO and is included in the 
genome of majority of known methanotrophs except Methylocella and Methyloferula 
(Dedysh et al. 2000; Vorobev et al. 2011).

Methanotrophic bacteria are found in three phyla—Proteobacteria, 
Verrucomicrobia, and NC10. The traditional methanotrophs belong to the phylum 
Proteobacteria. Recently, methanotrophs in the phylum Verrucomicrobia have been 
discovered but they seem to be restricted to extreme environments (Dunfield et al. 
2007; Pol et al. 2007; Islam et al. 2008). The novel phylum, NC10, represents bac-
teria capable of aerobic methane oxidation coupled to denitrification under anoxic 
conditions (Ettwig et al. 2010). Moreover, ammonia oxidizers were also shown to 
be able to convert methane to methanol by an enzyme homologous to the methane 
monooxygenase of methanotrophs. It seems, however, that they cannot grow using 
this process (Hyman and Wood 1983; Jones and Morita 1983).

Proteobacterial methanotrophs could be further divided into type I 
(γ-Proteobacteria, families Methylococcaeae and Methylothermaceae) and type II 
(α-Proteobacteria, families Methylocystaceae and Beijerinkiaceae) according to 
their morphologies, physiologies, and phylogenies (Trotsenko and Murrell 2008).
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The phylum Verrucomicrobia methanotrophs were found to grow at low pH 
around 1–2 and high temperatures over 55 °C. Complete genome sequencing of one 
isolate suggested that the genes essential for methanotrophy came from the 
Proteobacteria by horizontal gene transfer (Hou et al. 2008). In addition, besides of 
Proteobacteria and Verrucomicrobia, there are a number of environmental sequences 
retrieved from culture-independent studies.

Methanotrophs are divided into at least two functionally distinct groups, the 
high-affinity group that uses CH4 at very low concentrations, and the low-affinity 
group that only uses CH4 at high concentrations (Bender and Conrad 1992). Most of 
the culturable methanotrophs are low affinity, which tend to be located near source 
environments (Reaya et al. 2005).

In addition to the more common methanotrophs, a group of methanogen-like 
anaerobic CH4-oxidizing archaea (MOA) has been described (Hallam et al. 2003). 
These MOA contain mcrA genes and many are involved in a consortium that cou-
ples denitrification with anaerobic CH4 oxidation (Raghoebarsing et al. 2006).

Until 2005, methanotrophs were regarded as obligatory utilizing one-carbon 
compounds for growth, but then it was reported that Methylocella could utilize 
multi-carbon compounds besides methane (Dedysh et al. 2005). Crenothrix polys-
pora a sheathed γ-Proteobacteria was identified to be another possible candidate for 
a facultative methanotroph (Stoecker et al. 2006). More recently, pMMO-possessing 
methanotroph of the genus Methylocapsa, as well as some Methylocystis species, 
was demonstrated to be able to grow on acetate as a sole substrate (Belova et al. 
2011; Dunfield et al. 2010). The facultative lifestyle in methanotrophs indicates that 
broader substrate utilization might be more common in methanotrophs as previ-
ously thought.

The capacity to produce or consume CH4 is distributed among relatively few 
microbial taxa that are phylogenetically distinct (Martiny et al. 2013), and this imply 
that CH4 production and consumption rates may be more closely tied to microbial 
community composition and abundance than other biogeochemical processes 
(Schimel 1995). Genes involved in methane cycling are found in deep-branching 
microbial clades, similar to other complex microbial traits such as oxygenic photo-
synthesis and sulfate reduction (Martiny et al. 2013). By contrast, genes involved in 
the heterotrophic processing of other carbon compounds are not highly conserved, 
and nearly all microbial taxa contribute to CO2 production in upland soils.

10.4.2  �Cultivation-Independent Approaches in Study of Soil 
Methanotrophs

Upland and forest soils are regarded as major sinks for atmospheric methane, and 
high-affinity methanotrophs are proposed to be responsible for this process. But up 
to now, putative methanotrophs have only been defined by the environmental clones 
grouped as the upland soil cluster (USC), e.g., USC-γ and USC-α (Knief et al. 2003; 
Knief and Dunfield 2005).
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Due to the difficulties in cultivating methanotrophs, various efforts have been 
undertaken to explore the methanotrophic diversity by cultivation-independent 
approaches. Cultivation recovers only a small fraction of the cells present in the 
environmental sample and does not allow the so-called uncultured forms to be ana-
lyzed A variety of methods exist to characterize the microbial community at differ-
ent resolution levels, and each of them has benefits and constraints. For example, 
widely used PCR-based DNA fingerprinting and quantification methods are able to 
provide high-resolution taxonomic information, are reproducible and suitable for 
high-throughput analysis. However, DNA-based techniques have methodological 
bias during nucleic acid extraction from soil and amplification and are unable to 
differentiate active, dormant, or dead sources of DNA.

Different methods are currently applied to study methanotrophs diversity in soils, 
including immunofluorescence analysis (IFA), fluorescent in situ hybridization 
(FISH), phospholipids fatty acids (PLFA) analysis, and PCR amplification of using 
specific primers coupled to denaturating gradient gel electrophoresis (DGGE) or clon-
ing. Stable isotope probing (SIP), an attractive method to link bacteria to their func-
tions, has been also used extensively, in relation to aerobic methane oxidation. Holmes 
et al. (1999) revealed an unknown group of methanotrophic bacteria, exhibiting simi-
larities to type II methanotrophs, using 14C-phospholipid ester-linked fatty acid pro-
files. Type I and II, high affinity, uncultured methanotrophs were observed in upland 
soils using fatty acid methyl ester analysis (FAME) (Seghers et al. 2003) and PCR-
DGGE analysis (Fjellbirkeland et al. 2001). Direct microscopic techniques are widely 
applied for in situ identification of methanotrophs. However, FISH is targeting active 
growing bacterial cells and fails to reveal resting microorganisms. IFA permits detec-
tion of both active and resting cells, but this method is time-consuming and restricted 
to a determined suit of microorganisms as compared to molecular techniques.

10.4.3  �Labelled-Antibody Microscopy Assay

Serological methods for the detection of target microorganisms are based on a reac-
tion of antigenic determinants with antibodies. Polyclonal antisera, produced after 
immunization of rabbits with pure cultures of methanotrophs, may be used for spe-
cific detection of target bacteria. For soil, IFA method is the most reliable and sensi-
tive detection of target bacteria in soil. The sensitivity of the method is about 103–104 
cell mL−1 (Galchenko et al. 1988), and it can be applied for detection and quantifica-
tion of target bacteria. The technique for identification and enumeration of selected 
methanotrophic species in environmental samples using the indirect immune fluores-
cent antibodies was developed and applied for the analysis of tundra soils (Vecherskaya 
et al. 1993) and upland soils of Russia (Kravchenko et al. 2005) and Belgium (Bykova 
et al. 2007). It was shown that results of IF analysis of the mixed methanotrophic 
cultures were in good agreement with cultural and molecular data (Slobodova et al. 
2006). The limited number of fluorescent species-specific antibodies is the main 
weakness of IFA in the analysis of the structure of methanotrophic communities.
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10.4.4  �FISH Analysis

The fluorescence in situ hybridization (FISH) method, which combines identifica-
tion and enumeration of MOB, is based on the detection of rRNA fragments and 
depends on the physiological state of microorganisms (Bouvier and del Giorgio 
2003). FISH targeting the 16S rRNA gene has been used to identify (Eller et al. 
2001) and enumerate (Dedysh et al. 2003) methanotrophs in different environments, 
including forest soils (Lau et al. 2007). The disadvantages of using FISH are that it 
can only be used when the population is numerous enough to be counted under the 
microscope and when the 16S rRNA genes of the target organisms are known. Due 
to the many diversity studies of methanotrophs using pmoA phylogeny, many novel 
groups of methanotrophs can only be identified by pmoA sequence; hence, FISH 
cannot be used to enumerate these organisms.

10.4.5  �PLFA Analysis

The investigation of specific phospholipid acids provides reliable estimates of the 
biomass and cell numbers of MOB but does not reveal the taxonomic structure of the 
community (Sundh et al. 1995a, b). Type I methanotrophs produce C16 fatty acids as 
their most abundant PLFAs, whereas type II methanotrophs produce a higher concen-
tration of C18 fatty acids (Hanson and Hanson 1996). However, a recent study showed 
that Methylocystis heyeri strains (type II methanotrophs) contained large amounts of 
16:1ω8c, a phospholipid fatty acids (PLFA) that was previously thought to be associ-
ated with type I methanotrophs only (Dedysh et al. 2007). The major disadvantage of 
PLFA analysis is that it is not precise enough to identify bacteria to the species level. 
The specificity of PLFA profiling of bacterial populations can be significantly 
enhanced by applying isotopically labelled substrates to soils or sediments.

10.4.6  �Stable Isotope Probing

Stable isotope probing (SIP) is a method to identify the active microorganisms 
responsible for selected environmental functions in situ. In SIP, growth substrates 
labelled with stable isotopes such as 13C, 15N are added to environmental samples, 
resulting in these elements being used as carbon or nitrogen source and incorpo-
rated into DNA (Radajewski et  al. 2000), RNA (Manefield et  al. 2002), PLFA 
(Boschker and Middelburg 2002), or proteins (Jehmlich et al. 2010).

DNA, RNA, and PFLA-SIP have been applied in methanotroph diversity studies. 
DNA/RNA or PFLA-SIP have been extensively used by Murrell and his coworkers 
to discover the methanotrophic bacteria in different habitats, e.g., the Movile Cave 
(Hutchens et al. 2004), Transbaikal soda lake sediments (Lin et al. 2004), landfill 
cover soil (Cébron et al. 2007), acidic peatlands (Chen et al. 2008), alkaline soil 
(Han 2009), and pine forest soil (Bengtson et al. 2009).
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One of the key limitations of DNA-SIP are the long incubation times and “cross-
feeding” problems. Recently, this method has been improved by shorter incubation 
times and lower substrate concentrations (Chen et al. 2008).

10.4.7  �Diagnostic Microarray Analysis

Microarrays consist of an orderly arrangement of probes (oligonucleotides, DNA 
fragments, proteins, sugars) attached to a solid surface. To date, microbial diagnos-
tic microarrays (MDM) have been developed and widely applied to the microbial 
ecology study as well. They contain oligonucleotide probes, which are specific for 
a given strain, subspecies, species, genus, or higher taxon (Bodrossy et al. 2003). 
The main advantages of MDM are parallelism, short time, high reproducibility, and 
resolution. In methanotroph studies, pmoA-based functional MDMs have been suc-
cessfully employed. This pmoA-based microarray (Bodrossy et al. 2003) employs 
short oligonucleotides (18–27 nucleotides) as probes against the pmoA genes of 
MOB, including environmental clones. Fluorescently labelled nucleic acids of 
unknown samples (targets) are hybridized to the probes and analysis can be per-
formed with DNA and mRNA. The pmoA-array has been widely applied to study 
methanotroph diversity (Abel et al. 2009; Bodelier et al. 2009; Gebert et al. 2009).

10.4.8  �PCR-Based Analysis of Methanotrophs Diversity

Yet uncultured methanotrophs can be detected with nucleic acid probes or by 
sequencing genes amplified by PCR directly from environmental samples. These 
methods are useful for identification of taxa and for determination of the phyloge-
netic positions of microbes. Recently, the application of molecular methods for soil 
microbiology were comprehensively reviewed (Kirka et  al. 2004; Leckie 2005; 
Malik et al. 2008; Sharma et al. 2007; Smith and Osborn 2009; Haruta 2013; Lynch 
and Neufeld 2015).

Large numbers of 16S rRNA gene probes have been designed to amplify metha-
notrophs and to date, quite a few of these sets of methanotroph-specific 16S rRNA 
probes have been used in environmental studies. Study of functional genes is valu-
able because it leads to a better understanding of the activity of bacteria in different 
environments and their role in the methane cycling. An advantage of using functional 
genes instead of 16S rRNA to study bacterial diversity is that they enable the poten-
tial functional diversity within an environment to be investigated. The methods 
involving the analysis of pmoA and mmoX, the functional marker genes of methanot-
rophy, make it possible to detect both known and novel methanotrophs, but are not 
universal because Methylocella and Methyloferula lack the pmoA gene and only a 
few methanotrophs have the mmoX gene. Sequence analysis of nifH, the marker gene 
of nitrogen fixation, was recently demonstrated to be applicable for the successful 
identification of methanotrophic bacteria (Boulygina et al. 2002; Dedysh et al. 2004).
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The first oligonucleotide primers designed to amplify internal fragments of the 
genes encoding pMMO and AMO (ammonia monooxygenase) enzyme complexes 
were the A189f/A682r (Holmes et al. 1999) The phylogeny of pmoA/amoA is rea-
sonably congruent with the 16SrRNA gene phylogeny of the organisms from which 
the gene sequences were retrieved (Holmes et al. 1999; Kolb et al. 2003); therefore, 
pmoA and amoA sequences provide information on the phylogenetic position of 
these organisms. Different pmoA primer combinations target different groups of 
MOB (Holmes et al. 1995; Costello and Lindstrom 1999; Bourne et al. 2001). The 
A189f/A682r primers have been used extensively in environmental studies to pro-
vide a molecular profile and the diversity of the methanotrophs and the related 
amoA gene in various environments (Bourne et al. 2001; Holmes et al. 1999; Horz 
et  al. 2002, 2001; Kolb et  al. 2003) and have proved useful in detecting novel 
sequences (Holmes et al. 1999; Knief et al. 2003). A new reverse pmoA-specific 
primer mb661r was designed and demonstrated specificity in amplifying pmoA, but 
not amoA, but does not address the high-affinity methanotrophs, which can be 
detected by other primer systems (Bourne et al. 2001; Shrestha et al. 2008). Another 
potentially useful marker is the mxaF gene which was used for the study of metha-
notrophs diversity in marine, soil, and wetland samples (Holmes et  al. 1995; 
McDonald et al. 2008). However, this gene is not specific for methanotrophs and 
also occurs in methylotrophs unable to use CH4.

PCR primer sequence development and protocol selection also affect the accu-
racy of amplification-based community analysis techniques. Primers for functional 
genes are unlikely to capture the full diversity of the target genes for which they are 
designed, due to the high divergence of nucleotide sequences at current primer sites 
(Green et  al. 2010). Another limitation is the absence of a complete database of 
functional gene sequences. Targeted functional gene studies and metagenomic sur-
veys can be used to extend gene sequence and metagenomic datasets for functional 
genes, which can identify novel sequences of known functional genes (Myrold et al. 
2013). Design and application of the new more comprehensive primers for func-
tional gene analysis may provide an accurate estimation of the linkages between 
functional genes and environmental processes.

The presence of functional genes does not always indicate an active community. 
An alternative method of linking functional communities in the soil to process rates 
is qPCR of mRNA transcripts of functional genes, which provide an estimate of 
gene expression from metabolically active microbial cells. Studies examining func-
tional gene transcript abundance and attempting to link this measure to process rates 
have largely taken place in laboratory incubations or microcosms (Nicolaisen et al. 
2008; Freitag and Prosser 2009; Liu et al. 2010). In situ field estimates of functional 
gene activity are less common, but have provided important links between func-
tional gene activity and process rates. For example, pmoA gene: transcript ratio was 
negatively correlated with CH4 flux rates at a different peat bog site (Freitag et al. 
2010). However, researchers have struggled to detect functional gene transcriptional 
activity under field conditions, including denitrification genes (Liu et al. 2010).

The 16S rRNA gene is the most frequently used phylogenetic marker to  
determine microbial evolutionary relationships and for microbial diversity studies. 
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Due to the large database and its conservative nature, the 16S rRNA gene is also 
widely used in the analysis of methanotrophs. However, it is rather difficult to 
design specific 16S rRNA primers. Recently, Chen et al. (2008) designed 16S rRNA 
gene primer sets targeting type I and type II methanotrophs, however, specificity is 
not warranted.

10.4.8.1  �Denaturing Gradient Gel Electrophoresis (DGGE)

Both 16S rRNA genes and pmoA were applied as targets in DGGE for analyzing 
methanotroph communities. This method is based on the electrophoretic separation 
of DNA fragments, which have the same length but different sequences. The PCR-
DGGE fingerprinting was successfully applied in ecology studies of soil methano-
trophs (Kravchenko et al. 2010). However, the use of degenerate primers, which are 
sometimes needed to cover methanotroph diversity, often generates multiple bands 
for a single organism. Recently, new 16S rDNA primer sets were designed (Chen 
et  al. 2008) which could cover almost all known methanotrophs excluding 
Verrucomicrobia and applied to study MOB diversity in landfill soils. New pmoA-
based nondegenerate primers (mb661_nd) were designed in order to avoid multiple 
band production and were successfully used for the detection MOB in an alkaline 
Mono lake (Lin et al. 2005).

10.4.8.2  �Terminal Restriction Fragment Length Polymorphism (T-RFLP)

T-RFLP is an alternative method to fingerprint methanotroph communities and is 
often regarded to be rapid, sensitive, semiquantitative, and highly reproducible. 
Since Horz et  al. (2001) first applied pmoA-based T-RFLP analysis to study the 
diversity of methanotrophs on rice roots; there have been a number of studies based 
on this method (Gebert et al. 2009; Lüke et al. 2010).

10.4.8.3  �Sequence Analysis

Cloning and Sanger sequencing technology are widely used in microbial ecology 
studies. Methanotroph community diversity and single methanotroph genome anal-
ysis were largely investigated by Sanger sequencing. Next-generation high-
throughput sequencing (HTS) such as 454 pyrosequencing and Illumina sequencing 
technologies have recently revolutionized microbial community analysis. HTS 
allows generating massive sequence data in order to get sufficient depth to resolve 
biological patterns. This technology has been successfully applied for studying 
microbial 16S rRNA gene diversity in a number of environments (Roesch et  al. 
2007; Degnan and Ochman 2012; Liu et al. 2015), as well as for methanotroph com-
munities composition analysis. The 16S rRNA gene as pyrosequencing tag has been 
used for studying anaerobic methane oxidizers (ANME) communities in cold seep 
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sediments (Roalkvam et  al. 2011). The pmoA gene has been usually chosen as 
amplicon pyrosequencing tag for aerobic methanotroph communities studies 
(Kip et al. 2011; Lüke and Frenzel 2011).

10.4.9  �Quantification of Methanotrophs

The most probable number (MPN) technique has been widely used in the past for 
quantifying methanotrophs in the environment. The method is limited by the fact 
that only a fraction of microorganisms can be cultivated. Quantitative, real-time 
PCR is widely used to quantify microbes from environmental samples. Quantitative 
PCR (qPCR) uses fluorescent dyes (e.g., SYBR green) or oligonucleotide probes 
(e.g., Taq man probes). A quantitative real-time PCR assay for different types of 
methanotrophs using SYBR green and pmoA-specific primers were developed 
(Kolb et al. 2003). This assay has been subsequently used to quantify the methano-
trophs; however, it has been suggested that this assay might underestimate metha-
notroph populations. Real-time PCR targeting 16S rRNA genes has been applied 
for methanotroph quantification as well (Halet et al. 2006); however, the primers 
used in this study were not specific for methanotrophs and thus likely overestimated 
MOB populations. The quantitative real-time PCR assay for methanotrophs was 
developed from a method using SYBR green and pmoA-specific primers designed 
to target five different groups of methanotrophs in real-time PCR (Kolb et al. 2003). 
This assay was successfully used to quantify the methanotroph community in a 
number of environments, including forest soils (Kolb et al. 2005).

Through the use of barcoded PCR primers targeting the V3 region of microbial 
16S rRNA gene, the Illumina platform has high depth coverage of microbial diver-
sity and allows the assessment of microbiota both qualitatively (to determine diver-
sity) and quantitatively. To the best of our knowledge, HTS technique has not been 
used to compare the diversity and abundances between groups of methanotrophic 
bacterial communities (e.g., members of the Methylococcaceae versus members of 
the Methylocystaceae) within one habitat and between neighboring habitats within 
forest soil ecosystems. Knowledge from comparisons of methanotroph community 
structures based on 16S rRNA diversity patterns may identify habitat-specific adap-
tations in methanotroph physiology and evolution.

10.4.10  �Methanotrophic Communities of Native 
and Agricultural Soils of European Russia

Soils consuming atmospheric CH4 are significant global sinks of methane, where 
CH4 is consumed by aerobic methanotrophic bacteria. However, to the best of our 
knowledge, no study has compared methanotroph diversity and abundances between 
these different environments with high methane oxidation rates, which are in close 
proximity to each other.
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The IFA analysis of native forest and agrocenosis gray forest soil revealed prin-
cipal differences in aerobic methanotrophs communities (Kravchenko et al. 2005). 
The dominance of Methylocystis (about 94 % of identified methanotrophs number) 
was found in native soil, but in the arable soil it was a minor component of the 
community (less than 6 %). By contrast, the number of Methylobacter in the forest 
soil was under the detection threshold, whereas, in the arable soil, this species 
dominated and accounted for 57.1 % of the net population of methanotrophs. The 
total number of IFA identified methanotrophs in samples of forest soil was roughly 
ten times higher than that in arable soil, but the community structure was homoge-
neous, being represented only Methylocystis. Conversely, the methanotrophic 
community of agricultural soil consisted of Methylocystis, Methylomonas, and 
Methylobacter (Kravchenko et al. 2005). These data are consistent with results of 
pmoA cloning and FISH analysis in forest soil, which show the Methylococcaceae 
to be the minor component of the methanotrophic populations (Lau et al. 2007, 
2015). Alternately, in agricultural Belgian soils with high atmospheric methane 
oxidation Methylocystis and Methylosinus outnumbered type I methanotrophs 
(Bykova et al. 2007).

The oxidation of atmospheric methane in the forest, arable, and other aerobic 
soils was earlier proven convincingly to be connected with the activity of methano-
trophic bacteria, but it is not known which methanotrophs carry out this process. 
Based on studies of methane oxidation kinetics, as far as studies of microbial com-
munities of aerobic soils carried out with the use of pmoA gene analysis (Dunfield 
et al. 1999) and radioactive fingerprinting (Roslev Iversen 1999), it was suggested 
the existence of high-affinity methanotrophs (nanomolar values of Km) responsible 
for atmospheric methane oxidation. An enrichment soil methanotrophic culture was 
experimentally adapted to nanomolar values of Km close to those found in aerobic 
soils (Dunfield et al. 1999). Methylocystis and Methylosinus containing enrichments 
from the forest and agricultural soils were shown to oxidize methane at atmospheric 
concentrations (km 54.2–176.8 nM CH4), probably due to the presence of the pmoA2 
gene (Kravchenko et al. 2010).

Study of aerobic methanotrophs diversity in eight most typical soil types (both 
unmanaged and agricultural) distributed across the European part of Russia are in 
good agreement with data for gray forest soil (Kizilova et al. 2013). The analysis of 
pmoA clone libraries demonstrated less diversity of the methanotrophic populations 
in unmanaged soils than in agricultural areas. These clone sequences formed three 
groups of uncultured methanotrophs: USC-gamma, cluster I, and pmoA/amoA clus-
ter, which are believed to be responsible for atmospheric methane oxidation in 
upland soils. Agricultural soils harbored methanotrophs related to Methylosinus, 
Methylocystis, Methylomicrobium, Methylobacter, and Methylocaldum. Despite 
higher numbers of detected molecular operational taxonomic units (MOTUs), man-
aged soils showed decreased methane oxidation rates as observed in both in situ and 
laboratory experiments.

Our study demonstrated that uncultured NSUC (natural soil uncultivated  
cluster) methanotrophs with pmoA/amoA monooxygenase dominated in methane-
oxidizing communities in unmanaged soils of forest and steppe zone of Russia 
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(Kravchenko et al. 2014). Further studies were addressed to the studying of this 
novel group in sod-podzolic soil (Haplic Albeluvisol in FAO classification) of 
Moscow Region. PCR-DGEE analysis of pmoA revealed the predominance of 
uncultured methanotrophs in forest soil and high diversity of type I and type II 
methanotrophs in agrosoil. Analysis of pmoA clone libraries has demonstrated that 
methanotrophs of the forest side are the part of the compact pmoA/amoA cluster of 
formed by environmental clones from different unmanaged soils. A new pmoA-
specific primer set was designed, and the number uncultured methanotrophs was 
(9.2 ± 0.87) × 104 copies g−1, and transcripts number (1.33 ± 0.31) × 106 g−1.

10.4.11  �The Link to Methanotrophs Functional Rates 
and Diversity

Some studies have revealed close relationships between methane oxidation rates 
and community structure, often in the context of environmental change. In a tem-
perate agricultural soil, long-term N-fertilization resulted in simultaneously reduced 
methanotroph abundance decline in methane oxidation rates (Seghers et al. 2003; 
Maxfield et  al. 2008). Different groups of methanotrophs may show different 
responses to fertilization as observed in forest soils where type II methanotrophs 
were more strongly inhibited by mineral N fertilization than type I methanotrophs 
(Mohanty et al. 2006). In contrast, organic fertilizer addition can increase methano-
troph abundance and associated rates of methane oxidation in agricultural soils 
(Seghers et al. 2006; Bykova et al. 2007; Ho et al. 2015). In pine forest soil, methane 
oxidation rates across soil horizons are correlated with the abundance of methano-
trophs PLFA marker (Bengtson et al. 2009). The link was found between methane 
consumption and type I methanotrophs abundance at a riparian floodplain (Bodelier 
et al. 2013) and Mediterranean woodlands (Shvaleva et al. 2015) but in studies of 
afforestation and reforestation the link of type II methanotrophs abundance and 
higher CH4 uptake was recorded (Singh et al. 2007; Nazaries et al. 2011). The pro-
nounced shift in methanotroph diversity, as far as abundance were found to be 
directly linked with high-affinity methane oxidation in Russian agricultural soils 
(Kravchenko et al. 2005; Kizilova et al. 2013).

Sometimes no relationship between methanotrophs abundance or diversity and 
methane uptake was found. PmoA genes associated with high-affinity methano-
trophs were found in glacial field in Greenland, but CH4 oxidation was not detected 
(Bárcena et al. 2011). Differences in methanotroph community composition but not 
in methane oxidation were found in response to chronic herbicide treatment 
(Seghers et al. 2003).

It may be suggested that environment can select for or influence methanotroph 
community structure and may affect methanotroph biogeography as previously sug-
gested for paddy soil methanotrophs (Lüke et al. 2010).
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10.5  �Conclusions

Methane-oxidizing soil microorganisms have the great potential to impact the atmo-
spheric composition of the Earth. Russia is extremely rich in soil types due to its 
vast territories, and most of these soils have never been investigated from the aspect 
of methanotrophy. We hypothesized that net CH4 flux would be correlated with the 
activity, abundance, and/or composition of methane-cycling microbes. In fact, we 
have found satisfactory evidence that the impacts of environmental drivers, as far as 
anthropogenic disturbance on net CH4 flux are the result of changes in the methane-
cycling microbial community. The environmental factors are the controllers of the 
methanotrophic activity, while anthropogenic transformation resulted in significant 
changes in methanotrophic diversity and abundance. Methanotrophic population of 
unmanaged soils turned out to be much low diverse and dominated by uncultivated 
methanotrophs. Pronounced shift to larger diversity with high similarity with the 
cultured methanotrophs was evaluated in the same soils after agricultural loading, 
but they failed to make a significant contribution to elimination of methane. The 
studies reviewed here provide a framework for the use of microbial functional gene 
analysis I to fill gaps in our knowledge of non-wetland terrestrial ecosystems and 
farming systems functions such as methane-cycling processes.
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Chapter 11
Microbial-Mediated Lindane Bioremediation

Siddharth Boudh, Shashank Tiwari, and Jay Shankar Singh

Abstract  Hexachlorocyclohexane (HCH), commonly known as lindane, is the 
term which collectively identifies the eight isomers of the HCH. The lindane has 
only insecticidal properties and also considered as most toxic isomer of the 
HCH. The lindane has been listed as a persistent organic pollutant (POPs) under 
Stockholm Convention on June 29, 2005. More than 52 countries not only globally 
banned for its formulation but also use of lindane in any form. After knowing facts 
regarding its toxicity, persistence nature, and bioaccumulation, some countries are 
still producing and exporting the lindane on large scale. The countries involved in 
lindane formulation are creating dumping sites which are the major source of lin-
dane contamination to the adjoining area. The lindane deposited in the cultivated 
soils is also affecting to the non-target organisms. Apart from this, scientists start 
working on its degradation and find out that bioremediation is the easiest, cheapest, 
and safest way to remove the lindane from contaminated sites. Bioremediation by 
the microalgae could help in decontaminating polluted aquatic ecosystems and in 
cleaning the effluents before they are discharged into aquatic systems. Many micro-
organisms show tremendous potential in lindane degradation. The present review 
article describes about all known possible lindane-degrading microorganisms used 
for its bioremediation and also concise advanced techniques used for this purpose.

Keywords  Bioremediation • Lindane • Microbes • Nanoparticles • Persistent 
organic pollutant
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11.1  �Introduction

Pesticides are major agro-input in our modern agriculture and are used to reduce the 
pest attack and increase crop yield with uncontrolled measures because of illiteracy, 
cheap cost, and not but the least for producing high yield of crops at any cost. 
The most prominent pesticides in use are organochlorines (DDT, Lindane, Aldrin, 
Dieldrin, etc.). Residues of organochlorine pesticides are integral part of our envi-
ronment. Because of their strong lipophilic and persistent nature, they tend to accu-
mulate in different trophic level in various natural and man-made ecosystems and 
causing adverse/lethal affects on livings.

The remediation of contaminated sites is carried out by conventional methods 
such as excavation, landfills, incineration, stabilization, and vitrification (Fuentes 
et al. 2010a, b). However, microbial diversity may offers an eco-friendly option for 
the mineralization of pesticides into less toxic metabolites (Singh et al. 2011a, b, c; 
Pandey et al. 2014; Singh et al. 2016). Bioremediation, which includes the gainful 
utilization of microorganisms for the biodegradation of target pollutants, is a poten-
tial technique for the biological treatment of industrial wastes and contaminated 
soils (Crawford and Crawford 1996; Alexander 1999). Bio-augmentation is the 
intensification of pollutant dissipation by the addition of appropriate microbes by 
inoculation and is widely recognized as a promising technique for the enhanced bio-
remediation of persistent chemicals and pesticides. In this review, an effort is made 
to summarize the current status of microbial-mediated lindane bioremediation.

11.2  �Lindane

Lindane or Hexachlorocyclohexane (HCH) is a cyclic, saturated hydrocarbon that 
exists primarily in four isomeric forms: α-, β-, γ-, and δ-HCH. The γ-isomer of 
HCH (commonly known as lindane) and technical HCH (which includes α-, β-, γ-, 
and δ-isomers) have been used extensively against agricultural pests and in malaria 
health programs, worldwide. Initially, lindane was registered for uses in the differ-
ent sector as preplant treatment of seeds for certain grain and vegetable crops, pro-
tection against insect pests, veterinary sector to treat livestock and their bedding, 
public health sector as a treatment for external parasites such as head lice and sca-
bies, forestry sector to protect trees and seedlings from various insect pests, and 
garden use for the treatment of pets.

For production of each tone of lindane, about 8–12 tonnes of wastes are gener-
ated (generally enriched in the α- and β-isomers). Thus these production residues 
were deposited in an uncontrolled manner around the various production sites 
(Vijgen et  al. 2006; Acat and Panna 2008). Because of their toxicity, lipophilic 
nature, long-range transport capability through wind, persistence behavior and eas-
ily bio-accumulative in food chain, α-, β- and γ- isomers are considered as most 
hazardous organic chemicals. Table 11.1 shows preliminary estimated data about 
quantities of stored/deposited HCH waste isomers gathering information from HCH 
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& pesticide forums and from literature survey (Vijgen et al. 2011). Health problems 
related to HCH isomers are summarized in Table 11.2.

In October 2008 during Stockholm Convention (Annex-A) the lindane has been 
listed as persistent organic pollutants (Vijgen et al. 2011). Now lindane can only be 
used in human health pharmaceutical for the control of head lice and scabies as a 
second-line treatment (UNEP 2009). India has a total installed capacity of lindane 
(technical) production of 1300 tonnes per annum, with two companies producing: 
Kanoria Chemicals and Industries Limited (Sonebhadra district) with a capacity of 
300 tonnes per annum and India Pesticides Limited (Lucknow) with a 300 tonnes 
per annum (Abhilash and Singh 2009a, b). Now India Pesticides Limited, Lucknow 
is the only operating plant worldwide. The recent lindane production technology with 
processing the lindane isomers into TCB and HCl, which less toxic in nature (Crop 
Life 2006). India Pesticides Limited also offers products from the recycling of HCH-
commercial grade trichlorobenzene,1,2,4-TriCBz and onward reaction products like 
2,4,5-trichloroaniline,1,2,4-trichloro-5-nitrobenzene, and even hexachlorobenzene.

There is an urgent need for the on-site remediation of contaminated soil or stock-
piles of lindane in order to prevent the migration of these HCH isomers to other 

Table 11.1  HCH isomers 
present in contaminated soils 
of different countries

S.no. Country HCH (tonnes)

1. Turkey 23,500
2. Macedonia 35,500
3. Romania 310,000
5. Slovakia 26,000
6. Poland 35,000
7. Germany 373,000
9. France 330,000
10. Spain 200,000
15. USA 65,000
16. Brazil 50,000
17. South Africa 70,000
18. India 56,000
19. Soviet Union 250,000
20. China 91,200
22. Japan 76,000

The data has been modified from Vijgen et al. (2011)

Table 11.2  Health problems due to HCH contaminations

HCH isomers Health effects

Α Hepatic nodules and hepatocellular carcinomas
Β Environmental estrogen
γ Stimulates and damages central nervous system at high doses
Δ Inadequate data from animal assay
Technical grade Carcinogenicity observed in mice

The data has been modified from Willett et al. (1998)
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environmental compartment and food chain. It is now well accepted that microbes 
have enormous catabolic potential and wide range of survival in harsh environment. 
Therefore, microbes can be exploited as efficient tool for removal of persistent pol-
lutants like lindane from the contaminated sites (Singh et al. 2011a).

11.3  �Microorganisms Involved in Bioremediation of Lindane

Lindane residues from “muck” due to rain water, wind and because of illegal discharge 
in water bodies can enter the environment and cause toxicity (Willett et  al. 1998; 
ATSDR 1999). Lindane residues have been reported to found in bovine milk (Nag and 
Raikwar 2008), milk products (Pandit and Sahu 2002), meat (Aulakh et al. 2006), river 
water (Kaushik et al. 2007), groundwater (Shukla et al. 2006), soil (Abhilash et al. 
2008), packed water bottles (CSE Report 2003), fish (Amaraneni and Pillala 2001), 
human blood (Dhananjayan et al. 2012), butter and ghee (Battu et al. 2004), honey 
sample (Choudhary and Sharma 2008), vegetables (Bhanti and Taneja 2004), breast 
milk (Kalra et al. 2003), and maternal and cord blood (Pathak et al. 2008).

For this reason, scientists have isolated and characterized the microorganisms 
having capability for the degradation of lindane and other HCH isomers under 
anaerobic (MacRae et  al. 1969; Jagnow et al. 1977; Van Eekert et  al. 1998; Van 
Doesburg et al. 2005) and aerobic conditions (Senoo and Wada 1989; Sahu et al. 
1990; Thomas et al. 1996; Gupta et al. 2000; Manonmani et al. 2000; Okeke et al. 
2002; Boltner et al. 2005; Kumar et al. 2005). A brief description of microorganism 
that degrades lindane has been listed in Tables 11.3.

11.3.1  �Actinomycetes

Actinomycetes are very successful in lindane bioremediation as these microorgan-
isms are well adapted to the various lindane-contaminated sites (Shelton et al. 1996; 
Ravel et  al. 1998). Pesticide-degrading actinomycetes genera are Arthrobacter, 
Brevibacterium, Clavibacter, Corynebacterium, Micromonospora, Mycobacterium, 
Nocardia, Nocardioides, Rhodococcus, and Streptomyces (De Schrijver and De Mot 
1999). Benimeli et al. (2003, 2006, 2007) and Benimeli (2004) isolated wild-type 
Streptomyces strains able to tolerate and remove lindane from river sediments and 
other local contaminated sites from Tucuman, Argentina. Streptomyces sp. M7 was 
found able to grow in sterile soil with different initial pesticide concentrations (100, 
150, 200, and 300 μg/kg) (Benimeli et  al. 2008). Cuozzo et  al. (2009) detected 
dechlorinase activity and lindane catabolism by Streptomyces sp. M7. He also dem-
onstrated that synthesis of dechlorinase in Streptomyces sp. M7 was induced when 
the microorganism was grown in the presence of lindane as only carbon source. He 
also reported the release of c-2,3,4,5,6-pentachlorocyclohexene and 1,3,4,6-tetrach
loro-1,4-cyclohexadiene, the first and second products in lindane degradation by 
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Streptomyces sp. M7 according to the catabolic pathway proposed by Nagata et al. 
(2007). Fuentes et  al. (2010a, b, 2011) isolated actinomycetes, belonging to the 
Streptomyces and Micromonospora genera from sites contaminated with organo-
chlorine pesticides. These strains release chloride ions as a result of lindane degra-
dation. These results favor application of actinomycetes as potential agents for 
bioremediation of polluted environments with different organochlorine pesticides.

De Paolis et al. (2013) isolated Arthrobacter fluorescens and A. giacomelloi hav-
ing ability to grow in a mineral salt medium containing α-, β-, or γ-HCH (100 mg/L) 
as sole source of C. Although both bacteria were able to metabolize the HCHs, but 
A. giacomelloi was found most effective when incubated with pentachlorocyclohex-
enes and tetrachlorocyclohexenes for 72 hrs.

11.3.2  �Algae

Microalgae-mediated bioremediation could help in decontaminating polluted lakes 
and contaminated effluents before they are discharged into aquatic systems and has 
been considered as a low cost and naturally renewable technology. Kobayashi and 
Rittmann (1982) observed the capacity of some algae (Chlorella vulgaris and 
Chlamydomonas reinhardtii) not only to bioaccumulate but also to transform lindane 
to PCCH under aerobic conditions. Anabaena sp. and Nostoc ellipsosporum trans-
formed lindane first to γ-pentachlorocyclohexene (γ-PCCH) and then to a mixture of 
chlorobenzenes. This process was co-metabolic and depended on the presence of 
nitrate (Kuritz and Wolk 1995). Kuritz et al. (1997) screened 15 strains of wild-type 
cyanobacteria (Anabaena sp. PCC7120, Anabaena sp. P30, Calothrix sp. ATCC29112, 
Fischerella sp. CALU926, F. musciola UT1829, Nostoc ellipsosporum, N. muscorum 
UT387, N. parmeioides UT162, Nostoc sp. GSV39, Nostoc sp. GSV40, Nostoc sp. 
GSV236, Phormidium uncinatum, Plectonema sp., P. boryanum, Synechococcus 
PCC7942) able to degrade lindane with different efficiencies. The cyanobacterium 
Anabaena PCC7119 can tolerate lindane conc. up to 5  ppm, without significant 
changes in the photosynthetic vitality index of the cells (Bueno et al. 2004).

El-Bestawy et al. (2007) isolated lindane-degrading cyanobacterial species from 
the two Egyptian Lakes (Qaroun and Mariut). Growth inhibition or stimulation per-
centage of lindane removal efficiency (RE) was also calculated. The order of lindane 
tolerence among Qaroun lake members was Oscillatoria sp.  >  Synechococcus 
sp. > Nodularia sp. > Nostoc sp. > Cyanothece sp. > Synechococcus sp, while among 
Mariut lake members the order of lindane tolerance was Microcystis aeruginosa 
MA1 > Anabaena cylindrica > M. aeruginosa MA15 > A. spiroides > A. flosaquae. 
Evidences suggest that mutation at one locus in the chromosome of bacteria can 
change and make adaptation to the diverse hostile contaminated sites (Flores-Moya 
et al. 2005; Costas et al. 2007, 2008; Lopez-Rodas et al. 2008a) as well pathogenic 
potentials (Costas et al. 2001; Lopez-Rodas et al. 2001, 2007; Garcia-Villada et al. 
2004). Lindane-resistant cells of microalgae Scenedesmus intermedius (Clorophyta) 
were able to eliminate lindane (5–40 mg/L) efficiently (González et al. 2012).
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11.3.3  �Bacteria

It was initially believed that lindane biodegradation is largely an anaerobic process, 
and variable levels of anaerobic degradation of α-, β-, γ-, and δ-HCH. During early 
stage of lindane degrading investigations it was assumed that anaerobic microorgan-
isms use lindane as a sole carbon and energy source. But later studies demonstrated 
that lindane is used as an electron acceptor under anaerobic conditions rather than 
as a carbon source. MacRae et al. (1969) reported degradation of lindane by anaero-
bic Clostridium sp. (Ohisa and Yamaguchi 1978). Other isolates capable of degrad-
ing HCH isomers under anaerobic conditions are C. sphenoides (Heritage and 
MacRae 1977), C. butyricum, and C. pasteurianum (Jagnow et al. 1977).

Francis et al. (1975) reported lindane degradation by Escherichia coli isolated 
from rat feces. About 10 % of the added lindane was metabolized by the bacterium 
in trypticase soy broth where the lindane was used as pesticide. Members of the 
family Sphingomonadaceae appear to have an important role in aerobic lindane 
degradation. The lindane-degrading species of Sphingobium japonicum UT26 (Imai 
et al. 1989), S. francense (Dogra et al. 2004), and S. indicum B90A (Sahu et al. 
1990) were isolated respectively from Japan, France, and Indian soils. The pathway 
for the degradation of lindane has been comprehensively worked out in the bacte-
rium S. paucimobilis UT26 and the genes for its different enzymes have been char-
acterized (Nagata et al. 1999).

The catabolic lin genes associated with the degradation of lindane were initially 
discovered in S. japonicum UT26 (Nagata et al. 1999). Six structural lin genes (linA–
linF) (Imai et al. 1991; Nagata et al. 1993, 1994; Miyauchi et al. 1998, 1999; Endo 
et al. 2005) and one regulatory gene (linR) (Miyauchi et al. 2002) of S. japonicum 
UT26 are reported in complete mineralization of lindane. In addition, a linX gene, 
encoding a protein that has activity similar to that of linC, is also characterized 
(Nagata et al. 1994). The linA-encoded HCH dehydrochlorinase mediates the first 
two steps of dehydrochlorination of lindane. In addition to mediating the second step 
in the degradation of lindane in S. japonicum UT26, linB transforms β-HCH to 
2,3,4,5,6-pentachlorocyclohexanol (PCHL) (Nagata et  al. 2005). PCHL has lower 
hydrophobicity and lower chemical stability than β-HCH and the bacteria that degrade 
β-HCH completely by a combination of biological pathways (Ceremonie et al. 2006).

Flavobacterium sp., Pseudomonas sp., and Acromobacter sp. isolated from the 
gut of earthworms treated with lindane were capable of degrading α-, β-, and 
γ-isomers of HCH (Ramteke and Hans 1992). Other lindane-degrading bacteria 
such as Citrobacter freundii (Jagnow et al. 1977), Desulfovibrio gigas, D. africanus, 
Desulfococcus multivorans (Boyle et  al. 1999), and a Dehalobacter sp. (van 
Doesburg et al. 2005) have been also isolated. Nalin et al. (1999) isolated a new 
strain of Rhodanobacter lindaniclasticus which degraded technical grade HCH 
under aerobic condition. Datta et al. (2000) reported the growth characteristics and 
degradation of the aerobic bacterial strain A. citreus BI-100 in mineral salts medium 
with lindane (100 mg/L) as the sole source of carbon. Gupta et al. (2001) reported 
the degradation of lindane by Alcaligenes faecalis isolated from agricultural fields.
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Bacillus circulans and B. brevis, isolated from soil contaminated with lindane 
and acclimatized to different concentrations of lindane, degraded 80 % of γ-HCH 
(5  μg/mL) within 8  days (Gupta et  al. 2000). The reductions of lindane by 
Lactobacillus plantarum were 27.9 and 40.0  %, respectively, in TSB and MSM 
without nitrite addition, or 38.4 and 48.4 % in the same media with nitrite addition 
(Abou-Arab 2002). Gram-negative Pandoraea sp. substantially degraded lindane 
under aerobic conditions at concentrations of 10–200 mg/L lindane in liquid cul-
tures. After 8 weeks of incubation at pH 9.0 in liquid culture, 89.9 % of the lindane 
declined at an initial concentration of 150 mg/L (Okeke et al. 2002). The aerobic 
biodegradation of lindane by B. thiooxidans bacteria has been reported from sedi-
ment at a polluted site on the Suquia River, Cordoba, Argentina (Pesce and 
Wunderlin 2004). B. thiooxidans were able to degrade lindane after 3  days of 
growth. About 12 novel lindane-degrading bacterial strains have been isolated from 
lindane-contaminated sites at Chemnitz in Germany (Boltner et al. 2005) and Bilbao 
in northern Spain (Mohn et  al. 2005). P. paucimobilis isolated from paddy field 
rhizosphere soil had ability to degrade lindane (Sahu et al. 1990). About 98 % of 
lindane was aerobically degraded by S. paucimobilis after 12 days of incubation 
(Johri et al. 1998). S. ummariense sp. nov. was isolated from an lindane dump site 
located in the northern part of India (Singh and Lal 2009). P. aeruginosa ITRC-5 
can degrade α-, β-, γ-, and δ-HCH, in both liquid culture and contaminated soils 
(Kumar et al. 2005). Incubation of “muck” with P. aeruginosa ITRC-5 under opti-
mized conditions favors the substantial degradation of HCH isomers (Chaudhary 
et al. 2006). Bioconversion and biological growth kinetics of P. aeruginosa degrad-
ing technical HCH in batch process has been seen under aerobic condition by Lodha 
et al. (2007). Microbacterium sp. ITRC1 has the capacity to degrade all four major 
isomers of HCH present in both liquid cultures and aged contaminated soil 
(Manickam et al. 2006). For the first time a Xanthomonas sp. was isolated from a 
contaminated soil, utilized lindane as sole carbon and energy source by successive 
dechlorination (Manickam et al. 2007).

A yellow-pigmented, lindane-degrading bacterium S. quisquiliarum P25 (T) was 
isolated from a lindane dumping site located in the northern part of India (Bala et al. 
2009). Dadwal et  al. (2009) reported lindane degradation capability of S. chin-
hatense IP26, S. UM2, S. HDU05 and S. UM1, S. F2, S. HDIP04. Maximum degra-
dation of lindane by Azotobacter chroococcum JL 102 was recorded at 10  ppm 
lindane concentration in Jensen’s medium. A pot culture experiment showed that 
the lindane degradation potential of Azotobacter sp. significantly increased when 
incubated for 8 weeks (Anupama and Paul 2010). During experiments from marine 
sediments, Boyle et al. (1999) demonstrated lindane biodegradation under sulfate 
reducing conditions with short chain fatty acids serving as the carbon and energy 
source with the release of chlorobenzene as by-products. Pure cultures of 
Desulfovibrio gigas, D. africanus, and D. multivorans were also able to dehaloge-
nate lindane to benzene and chlorobenzene (Boyle et al. 2010). Zheng et al. (2011) 
reported degradation of lindane by Sphingobium strains (S. indicum B90A, S. 
japonicum UT26, S. francense Sp+) at low temperature (4 °C). Further, S. lacto-
sutens sp. (Kumari et  al. 2009), Novosphingobium lindaniclasticum sp. (Saxena 
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et  al. 2012) and S. baderi LL03(T) sp. isolated from India, also showed lindane 
degradation potential (Kaur et al. 2012). While S. czechense sp. nov. and N. bar-
chaimii sp. nov. were isolated from lindane-contaminated soil at Spolana Neratovice, 
Czech Republic (Niharika et al. 2012a, b). Also Pseudoxanthomonas indica sp. nov. 
(Kumari et  al. 2010), Flavobacterium ummariense sp. nov. (Lata et  al. 2011), 
Pontibacter lucknowensis sp. nov. (Dwivedi et al. 2012), Pontibacter ramchanderi, 
and P. indicus sp. nov. (Singh et al. 2013a, b) were isolated from a lindane dump site 
in Lucknow, India. After the above discussion it may be deduced that bacteria are 
one of the potential microbial agents that may be exploited for removal and decon-
tamination of lindane-contaminated sites. Though a number of experiments have 
been conducted on white rot fungi mediated lindane remediation. However, there is 
need to isolate and identify the more efficient indigenous fungal strains having the 
potential capability to degrade lindane at lindane dumping sites.

11.3.4  �Fungi

Most of the lindane-degrading fungi (used lindane as source of carbon and energy) 
known to date are the members of the family of white rot fungi but few nonwhite rot fungi 
has also been reported to degrade the lindane. The lindane biodegradation is accom-
plished with the action of extracellular oxidative enzymes such as laccase, manganese 
peroxidase, and lignin peroxidase produced by the fungus to decompose woody sub-
strates (Rigas et al. 2005; McErlean et al. 2006). Bumpus et al. (1985) published the first 
report on the biodegradation of lindane by white rot fungi Phanerochaete chrysosporium. 
Mougin et al. (1997) reported the enhanced mineralization in soils supplemented with 
lindane by Phanerochaete sp. and the fungus seemed to modify lindane degradation 
pathway by increasing the conversion of volatile intermediates to CO2. Biodegradation of 
lindane up to 85–95 % by white rot fungi such as Pleurotus ostreatus, P. sajor-caju, and 
Trametes hirsutus has been reported (Arisoy and Kolankaya 1997; Singh and Kuhad 
1999; Papadopoulou et al. 2006). Singh and Kuhad (1999) investigated that lindane deg-
radation ability of the white rot fungus Trametes hirsutus in liquid culture was less than 
T. hirsutus. Further, the lindane degradation capability of white rot fungi, Cyathus bulleri 
and P. sordid was found more than P. sordida (Singh and Kuhad 2000).

About 82 % degradation of lindane has been reported in batch cultures and about 
81  % degradation was noted in packed bed reactor (Tekere et  al. 2001). 
Bioremediation process was evaluated in polypore fungus, Ganoderma australe, in 
mixtures of a sandy soil and wheat straw doped with lindane (Rigas et al. 2007). 
Maximal lindane degradations of 94.5 % were attained after 30 days for lindane by 
the white rot fungus Bjerkandera adusta in a slurry batch bioreactor (Quintero et al. 
2007). The lindane was degraded between 15.1 and 70.8 % by six of the nine fungal 
species, B. adusta, P. ciliatus, L. tigrinus, S. hirsutum, P. eryngii, and I. lacteus 
(Quintero et  al. 2008). Biodegradation of lindane by Phycomyceteous and 
Conidiobolus, a nonwhite rot fungus, was reported by Nagpal et  al. (2008).  
The fungus completely degraded lindane on the fifth day in the culture medium. The 
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bracket-like polypore fungus, Ganoderma australe, was selected for its potential to 
degrade lindane in liquid-agitated sterile cultures. The maximum lindane biodegrada-
tion (3.11 mg/g biomass) was obtained with addition of nitrogen supplements during 
5 days of cultivation time (Dritsa et al. 2009). Two Fusarium species (F. poae and F. 
solani) isolated from the pesticide-contaminated soil showed better degradability of 
lindane (Sagar and Singh 2011). The fungal strain F. verticillioides AT-100 isolated 
from Agave tequilana leaves can degrade lindane (50 mg/L) after 7 days of incubation 
and utilize lindane as sole source of carbon and energy (Guillen-Jimeneza et al. 2012).

Salam and Das (2013) isolated four yeast strains on the basis of their lindane 
degradation ability. Among them, Candida sp. VITJzN04 showed the maximum 
potential for lindane degradation in solid as well as liquid media followed by 
Rhodotorula sp. VITJzN03, Pseudozyma sp. VITJzN01, and Cintractia sorghi 
VITJzN02. Degradation of lindane when grown at higher concentration (600 mg/L) 
by yeasts Candida VITJzN04 has been found within 6 days. Chemo-stimulation due 
to H2O2 addition in the mineral medium showed 32 % enhancement of lindane deg-
radation within 3 days. In addition, involvement of the enzymes viz. dechlorinase, 
dehalogenase, dichlorohydroquinone reductive dechlorinase, lignin peroxidase, and 
manganese peroxidase was noted during lindane degradation (Salam and Das 2013).

Bio-augmentation (addition of some other microbes in the lindane-contaminated 
sites) may be a better option to enhance the in situ degradation of lindane by the 
naturally growing indigenous microflora (bacteria, fungi, etc.) of the soils. Mertens 
et al. (2006) encapsulated single HCH-degrading isolate, Sphingomonas sp. γ1–7, 
into open-ended silicone tubes and around half of the γ-HCH degradation was 
achieved in the experiment. Raina et  al. (2008) conducted a bio-augmentation 
experiment by immobilizing Sphingobium indicum B90A on corncob powder and 
inoculating it to remove mixture of HCH isomers from pits of transplanted contami-
nated soil and agricultural site and after incubation about 80 % of the α- and γ-HCH 
were removed. Though a number of experiments have been conducted on white rot 
fungi mediated lindane remediation. However, there is need to isolate and identify 
the more efficient indigenous fungal strains having the potential capability to 
degrade lindane at lindane dumping sites.

11.4  �Plant-Microbe Association in Lindane Remediation

Rhizoremediation (degradation of toxicants by microorganisms in the rhizosphere) 
holds great potential in the remediation of contaminated soil (Kuiper et al. 2004) In 
the “rhizosphere effect” plants provide nutrients in the form of root exudates, oxy-
gen, and favorable redox conditions to soil microorganisms, and this in turn results 
in increased bacterial diversity, population density, and activity compared with bulk 
soil (Molina et  al. 2000; Vilchez et  al. 2000; Espinosa-Urgel and Ramos 2001). 
Root exudates secreted by the roots of Chilli, Corn, and Coriander can increase 
lindane degradation efficiency of Klebshiella sp., Pseudomonas sp., and Pseudo-
arthrobacter sp. up to ~10–15 % (Nagpal and Paknikar 2006). Boltner et al. (2007) 
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used a two-step enrichment approach to isolate five (DS-204B, OF-178A, GOF-
203, Ans-PL0, and Ans-PL2) root-colonizing HCH-degrading Sphingomonas 
strains. Out of them two HCH-degrading Sphingomonas strains (GOF-203 and 
Ans-PL0) exhibited high colonization rate and enhance the rhizoremediation rate.

The GM-microbes with modified genetic composition are found to be efficient 
tools in enhanced agriculture productivity and bioremediation purpose (Singh et al. 
2011a, b, c). A bacterial consortium developed from Flavobacterium, Vibrio, and 
Burkholderia was reported with the ability to degrade nearly 90 % of the lindane 
within 72 h of incubation (Afsar et al. 2005). Paknikar et al. (2005) developed an 
integrated nano-biotechnological process for producing drinking water free from 
pesticide residues. FeS-nanoparticles were synthesized by the wet chemical method 
and were stabilized using a polymer from the fungus Itajahia sp. belonging to 
basidiomycetes. The stabilized FeS-nanoparticles could degrade lindane (5 mg/L) 
with an efficiency of 94 % in 8 h. Nagpal and Paknikar (2006) isolated 3 bacteria 
from lindane-contaminated site by enrichment culture technique, i.e., Klebsiella sp., 
Pseudomonas sp., Pseudo-arthrobacter sp. Klebsiella and Pseudoarthrobacter hav-
ing the ability to degrade lindane about 90–92 % in 4 days in association with pro-
tozoa by producing 1,2,4-trichlorobenzene as by-product. So, based on this report, 
it may be deduced that protozoan could be very potential bioagents that may be used 
in bio-agumentation tool for lindane degradation.

Mertens et al. (2007) use nano-materials in association with Shewanella oneiden-
sis as biocatalytic dechlorination of lindane. Abhilash and Singh (2008) employed 
sugarcane bagasse for bio-treatment of soil containing 50 mg of lindane kg−1 soil. 
They reported that sugarcane bagasse can accelerate lindane degradation by 
enhanced microbial activity and prevent pesticide mobility through soil column by 
adsorption. Based on this report it seems that the sugarcane bagasse could be useful 
as cheaper, easy available alternative for the biostimulation of lindane-impacted soil.

Zhang et  al. (2010) developed an autofluorescent Pseudomonas nitroreducens 
with dehydrochlorinase activity for efficient mineralization of lindane. They 
reported that recombinant strain could rapidly degrade 10 μg/mL lindane in 28 h. 
Saez et  al. (2012) used immobilization technique for lindane removal with four 
Streptomyces strains i.e., A2, A5, A11, and M7. Lindane removal by these immobi-
lized cells was significantly higher than the free cells. Specifically, immobilized 
cells in cloth sachets showed an improvement of around 25 % in lindane removal 
compared to the control. Yang et al. (2013) construct an autofluorescent whole-cell 
biocatalyst degraded lindane completely within 15 days when inoculated with the 
engineered S. japonicum UT26 and the strain could be easily monitored by fluores-
cence during bioremediation. Singh et  al. (2013a, b, c) studied the effect of an 
integrated nano-biotechnique involving the use of stabilized Pd/Fe bimetallic 
nanoparticles with Sphingomonas sp. strain NM05 in the degradation of lindane. 
They reported that lindane degradation efficiency is ~1.7–2.1 times greater in inte-
grated system as compared to system containing either NM05 or CMC-Pd/Fe alone. 
Chaurasia et al. (2013) designed a phototrophic Anabaena for bioremediation of 
traces of lindane prevalent in paddy fields. Salam and Das (2013) reported lindane 
degradation by bio-micro-emulsions. An embedded bio-nano hybrid system using 
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nanoscale zinc oxide (n-ZnO) and lindane-degrading yeast Candida VITJzN04 has 
been reported for dechlorination of lindane (Salam et al. 2014).

Lan et  al. (2014) constructed a genetically modified microorganism (GMM) 
named UT26XEGM by introducing a parathion hydrolase gene into an initially 
lindane-degrading bacterium S. paucimobilis UT26. The recombinant bacteria were 
successfully applied to the bioremediation of lindane. Aresta et al. (2014) isolate 
bacteria from sponge Hymeniacidon perlevis and in  vitro investigated ability of 
both sponge and isolated bacteria to decontaminate lindane-polluted seawater. 
Sponges showed low mortality in experimental conditions (lindane concentration 
1 μg/L) and were able to remove about 50 % of the lindane content from seawater 
in 48 h. Bacteria removed up to 97 % of lindane after 8 h. 1,3,4,5,6-pentachlorocyc
lohexene was produced as metabolite.

A comparative study on lindane remediation potential of four rhizospheric bacte-
rial species, viz. Kocuria rhizophila, Microbacterium resistens, Staphylococcus 
equorum, and S. cohnii, was reported by Abhilash et  al. (2011). Abhilash et  al. 
(2009b) tested the combined rhizoremediation potential of Staphylococcus cohnii 
subsp. urealyticus in association with Withania somnifera grown at lindane-spiked 
soil and concluded that integrated use of rhizospheric-microbial interactions 
enhanced the dissipation of lindane. Alvarez et al. (2012) studied the dissipation of 
lindane by native Streptomyces strains in the presence of root exudates of Zea mays 
and observed an enhanced dissipation of lindane by the microbes when grown on 
the root exudates. Becerra-Castro et al. (2013) improved the performance of legu-
minous shrub Cytisus striatus on substrates contaminated with HCH isomers using 
microbial inoculants. The endophytes Rhodococcus erythropolis ET54b and 
Sphingomonas sp. D4 when inoculated to C. striatus singly or in combination 
showed better lindane degradation potential. Kurashvili et al. (2014) demonstrated 
that chickling vetch (Lathyrus sativum), soybean (Glycine max), maize (Zea mays), 
alfalfa (Medicago sativa), chickpea (Cicer arietinum), and lettuce (Lactuca sativa) 
degrade lindane in association with Pseudomonas strains. Thus, plant-microbe 
associations could be a better option for removal of lindane from the contaminated 
soils and need further study with reference to find out more efficient such associa-
tion to get rid off from lindane pollution.

11.5  �Can Methanotrophs Help in Lindane Degradation?

Methanotrophs, unique group of bacteria, are cosmopolitan and playing major role 
not in the global carbon and methane (CH4) cycle but also useful for the biodegrada-
tion of hazardous chemicals (Singh et al. 2011a, b, c; Pandey et al. 2014). All aero-
bic methanotrophs employ the broad substrate enzyme CH4 monooxygenase 
(MMO) consuming CH4. Both forms of MMOs, i.e., particulate CH4-monooxygenase 
(pMMO) and soluble CH4-monooxygenase (sMMO), have been shown to oxidize a 
range of pollutants, particularly halogenated hydrocarbons (Semrau et  al. 2010). 
Given the ubiquity of aerobic methanotrophs, these microorganisms have been 
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extensively used for diverse pollutant degradation and methane oxidation (Singh 
and Singh 2012; Singh and Singh 2013; Singh 2016; Singh and Strong 2016). Many 
compounds including halogenated alkanes, alkenes, and aromatic compounds have 
been shown to be degraded by aerobic methanotrophs (Semrau 2011; Tiwari et al. 
2015; Singh and Gupta 2016). Methanotrophs species having sMMO degrade 
greater type contaminants than the pMMO-expressing cells (Burrows et al. 1984). 
The Methylocystis community, an important agent of the methanotrophic popula-
tion, can degrade halogenated hydrocarbons such as trichloroethylene (TCE) in a 
tropical soil (Oldenhuis et al. 1989). If MMOs of methanotrophs have broad sub-
strate enzymatic activity and these microbes are ubiquitous in distribution, they can 
also degrade the various forms of lindane residues in the soils. Though, there are 
reports that many microbes can degrade diverse pollutants but reports on lindane 
degradation by methanotrophic bacteria from soils are almost lacking to date. 
Therefore, there is need to isolate and identify the methanotrophs from lindane-
contaminated sites and their role in lindane degradation. Further, research on metha-
notrophs from lindane-contaminated soils with different concentration of lindane 
and other chlorinated hydrocarbons will clarify the actual diversity of methano-
trophs using the functional genes involved in the degradation of such complex and 
persistent pollutants. It is also not known that how many types (type-I or type-II) of 
methanotrophs are present in lindane-contaminated sites. Therefore, our future 
research work will be focused on the diversity of methanotrophs from lindane-
contaminated sites and potential role of these bioagents in lindane remediation.

11.6  �Conclusions

Several soil microorganisms capable of degrading and utilizing lindane as carbon 
and energy source have been reported. In selected bacterial strains, the genes encod-
ing the enzymes involved in the initial degradation of lindane have been cloned, 
sequenced, and expressed, and the gene products are characterized. More research 
is needed to understand the basic mechanism of interactions of lindane-degrading 
microorganisms with the soil environment which regulate the lindane remediation.

In many cases, although the added microorganisms have the ability to degrade 
the target pollutants, bioremediation does not work successfully in the field condi-
tions. This has been attributed to wide variations in the temperature, pH and 
moisture-content and other environmental conditions. Limited availability of nutri-
ents, amount of pollutant and its age presence of inhibitory substances and competi-
tion with indigenous microflora are the determinants in the lindane degradation. 
Also the compounds which were biodegraded in the laboratory were present in rela-
tively high concentrations in situ. Thus, the degradation potential observed under 
laboratory conditions should be studied further under in situ conditions to assess the 
success of a bioremediation. There is a need of large-scale, more in-depth evalua-
tion of bioremediation protocols using soil with high lindane concentrations.  
In contrast to using nano-biotechnology, bioremediation is definitely effective and 
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efficient but the use of nanoparticles may cause an unknown health risk. Therefore, 
the removal of nanoparticles after the process may be necessary.

After the above discussion it may be deduced that microbes including bacteria, 
fungi, and methanotrophs are the potential microbial agents that may be exploited 
for removal and decontamination of lindane-polluted sites. There is need to isolate 
and identify novel bacterial strains from lindane-contaminated sites having the abil-
ity to degrade the lindane at higher rate and their use in decontamination of lindane 
dump sites. The plant-microbe interactions could be also a better option for removal 
of lindane resides from the contaminated soils and need further study with reference 
to find out more efficient plant-microbes interactions to remove the lindane from 
soil and other polluted natural and agroecosystems.
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Chapter 12
Wastewater Impact on Human Health 
and Microorganism-Mediated Remediation 
and Treatment Through Technologies

Sumit Kaushal and Jay Shankar Singh

Abstract  Wastewater treatment is an essential process of any region, without 
which waterborne pathogens can spread resulting in diseases and degradation of 
receiving water bodies. The wastewater discharge effluents are involved in the deg-
radation process from different receiving sources. The two main processes required 
for the removal of impurities from wastewater are through chemical and biological 
means, but due to some drawbacks, these treatments are not initialized; therefore, 
untreated or inadequately treated wastewater can cause eutrophication in receiving 
sources of water bodies and also create adverse environmental conditions favoring 
proliferation of waterborne toxin-producing pathogenic cyanobacteria. Microorga
nisms such as microalgae and cyanobacteria are effective in wastewater treatment 
process and are considered to be critical factors in overcoming numerous water-
borne diseases. All biological-treatment processes take advantage of microorgan-
isms to use wastewater effluents to provide the energy for microbial metabolism and 
multiplication. The role of the different microbial groups present in the wastewater 
treatment systems with importance of microorganism are involved in the removal 
process of nitrogen and phosphorus indicating that biological treatment system is 
useful in wastewater treatment systems. The adaptation of nanotechnology is a tra-
ditional process of engineering that offers new opportunities in technological waste-
water treatment processes. Microalgae biomass cultivation offers an interesting step 
for wastewater treatments, because tertiary biotreatment, coupled with the produc-
tion of potentially valuable biomass used for biofuel and bioactive compound pro-
ductions, helps to minimize the risks to public health and environment. The chapter 
objective is to review health impacts of wastewater effluents and current advances 
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in wastewater treatment due to application of microbes and biotechnological 
advances. The engineered environmental system with the microbial diversity and 
their interaction has increased the efficiency of wastewater treatment process.

Keywords  Wastewater treatment • Environment • Health impact • Microbes • 
Microalgae

12.1  �Introduction

Wastewater has been adversely affected by anthropogenic influences and combina-
tions of domestic, industrial, commercial, or agriculture activities; surface runoff or 
storm water and sewer inflow are the possible sources of wastewater (Tilley  
and Zurbrügg 2014). Wastewater drastically reduces the quality of natural water 
resources. Cities worldwide generate huge amounts of wastewaters that require 
recycling treatment and disposal. The recent treatment methods concern over treat-
ment costs, its environmental impact, and the loss of a potentially valuable natural 
resources. Wastewater reclamation and its utility are viewed as an economically and 
socially viable enterprise. It is observed that 38,354 million liters per day (MLD) 
sewage is generated in major cities of India, but the sewage treatment capacity is 
around 11,786 MLD. The wastewater is deteriorating water quality which is result-
ing to health problems in the form of waterborne diseases. It is estimated that the 
projected wastewater from urban areas might cross 120,000 MLD by 2051 and rural 
areas will generate 50,000 MLD. Currently 884 million and an additional 2.5 billion 
people lack water sources and sanitation facilities (WHO 2012) despite the remark-
able global progress to improve access to drinking water facilities. According to 
Millennium Development Goals, the access to potable water is increasing but along-
side depletion of existing water resources continues as a major concern with projec-
tions that approximately 605 million people lack access to safe drinking water by 
2015 (UNICEF and World Health Organization 2012). The major increased use of 
wastewater is for various recreational, agricultural, and aquaculture activities (WHO 
2011). The latest estimate resulted that around 22,900 MLD of wastewater gener-
ated in the country and only about 5900 MLD (26 %) is treated, while around 17,000 
MLD is untreated.

The various microbial populations are found in wastewater treatment, and the 
presence of such organisms causes waterborne diseases (Akpor and Muchie 2010). 
The wide variety of viruses, bacteria, and protozoa are present into drinking water 
supplies or receiving water bodies (Kris 2007). The quantity and diversity of 
microbes differentiates depending on the intensity and prevalence of infection in the 
sewered regions. The detection, isolation, and identification of the diversified haz-
ardous microbes in wastewater are always difficult, expensive, and time consuming. 
Therefore, an indicator organism determines risk of the possible pathogen in waste-
water (Paillard and Quentine 2005). Bacteria and algae are considered as common 
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microbial pollutants in wastewater and lead to various infections and diseases such 
as diarrhea, dysentery, skin and tissue infections, etc. The two chemical pollutants 
found in wastewater are nitrogen and phosphorus, acting as limiting nutrients in 
eutrophication, while there are other chemical pollutants as well such as heavy 
metals, detergents, and pesticides (Decicco 1979; Larsdotter 2006). Physical, chem-
ical, and biological processes are involved to remove these contaminants and pro-
duce safe drinking water sources. The processes for the removal of contaminants in 
wastewater can be two means such as chemical and biological. Chemical removal is 
a method of wastewater treatment in which chemicals are added to form particles 
which settle and remove contaminants. The most common techniques in chemical 
treatment are coagulation/flocculation, chlorination, chloramination, ozonation, and 
ultraviolet light (UV) (Joseph and Edwards 1995; Gray 2002). All biological pro-
cesses have the ability to use microorganisms for wastewater treatment to provide 
the energy for microbial metabolism and for cell synthesis (Singh et al. 2011a, b, c).

Waste materials are passed through sewage treatment systems on a regular basis 
and nutrient removal technique process required for the preservation of natural 
water resources. Identification of microorganisms requires the isolation of pure 
cultures and investigation of physiological, biochemical traits. DGGE provides 
characteristic band patterns for different samples, sample profiling, and retaining 
the possibility of genetic analysis by sequencing of particular bands. FISH tech-
nique identifies microorganisms at desired taxonomical level on the basis of speci-
ficity of probe used. Confocal laser-scanning microscope allows visualization of 
three-dimensional microbial structures (granules, biofilms) for understanding bio-
logical wastewater treatment. PCR-based methods (cloning and DGGE) are found 
to be suitable for identifying the microorganisms from wastewater sources. However, 
appropriate conventional treatment methods are selected along with innovative 
technologies for treatment of wastewater. This highlights the importance of ade-
quate wastewater management for protection, supply of safe drinking water, and 
maintenance of public health. The health risks can arise in public from wastewater 
microbial pathogens, toxic chemicals, and heavy metals. This review focuses on the 
health risks derived from the presence of microbial pathogens in wastewater; exam-
ines the detection, identification, and enumeration of different microbial pathogens 
in wastewaters, the health risks associated with microbial pathogens in wastewaters, 
the treatment methods like biological microbial indicators and molecular methods 
which are used for the removal of microbial pathogens from wastewater; and finally 
discusses the mechanism of the various microorganisms useful in wastewater treat-
ment systems.

Global concern is related to the wastewater management due to industrialization, 
increasing population density, and increasing urbanized societies (EPA 1993; 
McCasland et al. 2008). The effluents from domestic and industrial constitute sources 
of water contamination which increases treatment cost considerably and also increase 
the level of chemical and microbial contaminants to water sources (EPA 1996; 
Eikelboom and Draaijer 1999; Amir et  al. 2004). The prevention of wastewater 
contamination and protection of public health by safeguarding water sources  
against the spread of waterborne diseases are the reasons for wastewater treatment. 
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This is accomplished through the metabolic reactions of microorganisms, acceptable 
quality of wastewater effluents, recycling of microorganisms, or removal of excess 
microorganisms (Abraham et al. 1997). In municipal wastewater treatment, water 
quality concerns biological oxygen demand (BOD), chemical oxygen demand 
(COD), dissolved oxygen (DO), suspended solids, nitrate, nitrite and ammonia nitro-
gen, phosphate, salinity, and range of other nutrients and trace metals (Decicco 1979; 
Brooks 1996).

The presence of high concentrations of wastewater contaminants above the nor-
mal level is considered hazardous for receiving water sources because it leads to 
eutrophication and health risks in humans and animals (EPA 2000; CDC 2002; 
Runion 2008). Recently, municipal wastewater treatment plants are adapted as a 
reliable water resource, and in many countries, wastewater treatment reuse is an 
essential dimension of water resources planning and implementation. Wastewater 
treatment plants applied to improve the quality of a wastewater involve physical, 
chemical, and biological processes in primary, secondary, or tertiary stages. The 
secondary treatment is usually accomplished by biological processes and removes 
soluble organic matter and suspended solids as a residue from primary treatment 
microalgae for wastewater treatment, and several researchers have developed tech-
niques for exploiting the algae’s fast growth and nutrient removal capacity. The 
most important common feature of microalgae is that they have oxygen-evolving 
photosynthesis and use inorganic nutrients and carbon. Microalgal biomass can be 
used for hydrogen gas production, bioenergy conversion, and production of phar-
maceutical substances. Energy recovery from wastewater is achieved in three viable 
configurations as shown in Fig. 12.1 which includes anaerobic digestion from 

Fig. 12.1  Possible pathways for wastewater treatment and extraction of valuable products
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Fig. 12.2  Microalgae biomass in production of useful compounds

primary and secondary treatment to meet treatment energy expenses. Wastewater 
treatment through bacteria and algae enhances carbon utilization, nutrient removal, 
and biomass and bioactive production.

Microalgae have great potential in generating energy from biotechnological 
processes using renewable sources and without compromising food security and 
agriculture. Depending on the species and growth conditions, microalgae can be 
selected to produce a wide variety and abundance of lipids, proteins, carbohydrates, 
and feedstocks important for biofuel and production of nutraceuticals as shown in 
Fig. 12.2. Consequently, a successful and economically viable microalgae industry 
producing bioproducts mainly depends on the selection of appropriate microalgae 
strains.

12.2  �Sources of Domestic and Industrial Wastewater

Basically four main types of wastewater are identified as domestic, industrial, agri-
cultural, and urban. Urban wastewater is a combination of domestic, industrial 
wastewater, surrounding sewage infiltration and rain water, while rural agricultural 
wastewater consists of farms, agricultural activities, and sometimes contaminated 
groundwater (Hamdy et al. 2005). Domestic and industrial sewage is a source of 
contamination. Moreover, agricultural runoff with rich amount inorganic nutrients 
(P and N) and toxic chemicals may be responsible for surface water eutrophica-
tion. Domestic wastewater is sewage which composed of fecal matter (human and 
animal wastes) together with various wastewater constituents. Such components 
originate from household activities (washing and bathing) resulting to approxi-
mately 32.5 and 67.5 % of domestic sewage (EPA 2013). Initially water used for 
drinking, food preparation, hot water systems, bathing, personal hygiene, washing, 
and gardening ultimately form domestic wastewater excreted into the environment 
(DWAF 1996). Household domestic wastewater contributes to different overall 
nutrients and comprises the discharged effluent. Industrial wastewater as sewage 
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consists of pulp, paper, petrochemical runoff, as well as various chemicals, salts, 
and acids. The composition of industrial wastewater varies based on contaminant 
and pollutant composition with classification into inorganic and organic industrial 
wastewater (Rosenwinkel et al. 2005). Therefore, sources differentiate widely in 
composition and require basic tertiary treatments in order to comply with dis-
charge regulations.

12.3  �Composition of Typical Wastewater

Natural water sources receive pollution from different sources, and wastewater 
composition is a reflection of the technologies practiced in various producing areas 
(Gray 1989). It is a complex mixture of natural organic, inorganic materials, and man- 
made compounds. Three quarters of organic carbon in sewage are carbohydrates, 
fats, proteins, amino acids, and volatile substances. The inorganic constituents 
include high quantities of sodium, calcium, potassium, magnesium, chlorine, sulfur, 
phosphate, bicarbonate, ammonium salts, and heavy metals (Tebbutt 1983; Horan 
1990; Lim et al. 2010). Different sources of pollutants include discharged raw or 
treated sewage from towns and villages and from manufacturing or industrial plants, 
run-off from agricultural land, and leachates from solid waste disposal sites  
(Horan 1990).

12.4  �Microbiological Composition of Wastewater

Wastewater environment is a medium for a wide range of microorganisms, espe-
cially harmless bacteria, viruses, and protozoa that are used in biological sewage 
treatment and pathogenic microorganisms in sewage. Microorganisms cause chol-
era, typhoid, and tuberculosis; viruses cause infectious hepatitis; protozoa cause 
dysentery; and the eggs of parasitic worms exist in sewage (Glynn Henery 1989; 
Shaaban et al. 2004). The efficiency of disinfecting sewage is generally estimated 
by the extent of removal of total coliform organisms (Sebastian and Nair 1984).

12.5  �Characteristics of Wastewater Effluents

12.5.1  �Physicochemical Characteristics

The physicochemical characteristics of wastewater include pH; dissolved oxygen 
(DO) chemical or biological oxygen demand; solids in suspended or dissolved 
form; nitrogen occurring as nitrite, nitrate, and ammonia; phosphate; and metals 
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(Decicco 1979; Larsdotter 2006). The hydrogen ion concentration is quality 
parameter of natural and wastewaters and describes the acid or base properties of 
wastewater. Wastewater influent in septic conditions has pH <7, while values <5 and 
pH >10 indicate industrial wastes and noncompatibility with biological operations. 
The existence of biological life is quite narrow when pH concentration ranges typi-
cally from 6 to 9, and indication of extreme pH damages biological processes in 
biological treatment units (EPA 1996; Gray 2002). Some another parameter shows 
significant effect on the characteristics of water such as dissolved oxygen as it is 
required for the respiration of aerobic microorganisms and other life forms. The 
actual quantity of oxygen present in solution is governed by the solubility, tempera-
ture, partial pressure of the atmosphere, and the concentration of impurities such as 
salinity and suspended solids in the water (EPA 1996; Metcalf and Eddy 2003). 
Oxygen demand in the form of BOD or COD is used by microorganisms as they 
feed upon organic solids in wastewater (Gray 2002) and dissolved oxygen used by 
microorganisms in the biochemical oxidation of organic matter. BOD test widely 
includes the requirement of a high concentration of active acclimated microorgan-
isms and treatment while dealing with toxic wastes and reduces the effects of nitri-
fying organisms. Similarly, the COD which measures the oxygen equivalent of the 
organic material in wastewater is oxidized chemically, and COD is always higher 
than the BOD because COD measures substances which are both chemically and 
biologically oxidized.

Heavy metals are referred as persistent pollutants in wastewater and cannot be 
degraded, but accumulate with the food chain, producing human health risks and 
causing ecological disturbances. Heavy metals in wastewater are from residential 
dwellings, groundwater infiltration, and industrial discharges. The accumulation of 
metals in wastewater depends on many local factors like type of industries in the 
region, way of life, and awareness of the impact on the environment through the 
careless hazardous disposal of wastes (Hussein et al. 2005; Silvia et al. 2006). An 
excess amount of phosphorus in natural waters sources usually leads to eutrophica-
tion. Therefore, controlling phosphorus discharge from municipal and industrial 
wastewater treatment are preventing eutrophication of surface waters (Department 
of Natural Science 2006).

12.5.2  �Microbiological Characteristics

The microorganisms found in wastewater are like viruses, bacteria, fungi, protozoa, 
and helminthes and various microorganisms contributing to numerous waterborne 
outbreaks (Kris 2007). Microorganisms are involved in secondary treatment of 
wastewater for removal of organic matter and while undergoing different treatment 
processes cause degradation of solids resulting in lesser sludge production (Ward-
Paige et al. 2005). Wastewater microbes involved in the process of nutrient recy-
cling like phosphate, nitrogen, and heavy metals and microbial pollutants act as an 
indicator of water quality. Similarly, detection, isolation, and identification of 
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different microbial pollutants in wastewater are always expensive and time 
consuming, and indicator organisms are used to determine relative risk of the avail-
ability of certain pathogen in wastewater (Paillard and Quentine 2005). Enteric bac-
teria, such as coliforms, Escherichia coli, and fecal streptococci, are indicators of 
fecal contamination in water sources (DWAF 1996; Momba and Mfenyana 2005).

12.6  �Microbial Pathogens in Wastewater

Microbial pathogens present in wastewater are divided into three separate groups, 
and these groups are viruses, bacteria, and pathogenic protozoan/helminthes. The 
pathogens are enteric in origin, excreted in fecal matter that contaminate environ-
ment and gain access to new hosts through ingestion. Microbial pathogens are 
detected in wastewaters, and many microbial pathogens in wastewaters are enteric 
in origin because of non-enteric illnesses (e.g., Legionella spp., Mycobacterium 
spp., and Leptospira) (Fliermans 1996; Neumann and Behringer 1997; Wilson and 
Fujioka 1995). Gastrointestinal infections are among the most common diseases 
caused by bacterial pathogens in wastewater including diarrhea, cholera, salmonel-
losis, and dysentery. The contamination of food by water containing toxin-producing 
organisms such as Staphylococcus aureus, Salmonella spp., E. coli, or Clostridium 
perfringens results in outbreaks of food poisoning. Mycobacterium ulcerans which 
causes subcutaneous ulcerous lesions on body extremities has been implicated 
through epidemiological evidence in wastewater and results in infections through 
contact with the wastewater (Johnson et al. 1996). Many opportunistic pathogens of 
the natural microbial population have the ability to increase in number on the pres-
ence of sufficient nutrients. The wastewaters often have high nutrient loads; high 
numbers of these opportunistic pathogens can be present, increasing the risk of 
infections occurring from them.

12.7  �Impacts of Wastewater Effluents

The qualities of wastewater effluents are responsible for the degradation of the 
receiving water bodies, such as lakes, rivers, streams, etc. The deleterious effects of 
polluted wastewater effluents on the quality of natural water body sources are 
manifold and depend on discharge, chemical, and microbiological concentration/
composition of the effluents. It also depends on the discharge of suspended solids or 
organic matter or hazardous pollutants like heavy metals and organochlorines and 
characteristics of the receiving waters (Owuli 2003). Eutrophication of water sources 
creates environmental conditions that initialize the growth of toxin-producing cyano-
bacteria, and chronic exposure to such toxins causes gastroenteritis, liver damage, 
nervous system impairment, skin irritation, and liver cancer in animals (EPA 2000; 
Eynard et al. 2000; WHO 2006); similarly, recreational water users in contact with 
the infected water are at health risk (Resource Quality Services 2004).
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12.8  �Health Impacts

Diseases caused by bacteria, viruses, and protozoa are the health hazards associated 
with untreated drinking and recreational waters, and main sources of these micro-
bial contaminants in wastewater are human and animal wastes (WHO 1997, 2006; 
EPA 2000). Microbial pathogens contribute to numerous waterborne outbreaks, and 
many microbial pathogens in wastewater cause chronic diseases. Microorganisms 
cause infections, such as diarrhea, dysentery, skin and tissue infections, etc. Simi
larly, disease-causing bacteria found in water include several types of bacteria, such 
as E. coli O157:H7, Listeria, Salmonella, Leptospirosis, Vibrio, Campylobacter, 
etc. (CDC 1997). The tests of total coliform and fecal coliform nonpathogenic bac-
teria indicate the presence of pathogenic bacteria (EPA 1996).

Detectable health effects are found at levels of 2300–2400 total coliforms per 
100 ml in recreational waters. Nitrogen and phosphorus stimulate the growth of 
toxic species of phytoplankton in both fresh and marine waters, and consumption of 
toxic algae or organisms causes serious harm to humans and terrestrial animals. The 
toxins produced by microscopic algae can reach undesirable concentrations during 
eutrophication and also lead to the production of algal blooms. Algal blooms are 
responsible for depletion of dissolved oxygen and cause water quality problems 
(EPA 2000) and health risks associated with untreated wastewater. Health risk asso-
ciated with wastewater effluents results from the use of chlorine as a disinfectant in 
treatment. Although chlorination is effective in the elimination of typhoid fever, 
cholera, and other waterborne diseases, the oxidizing power of chlorine reacts with 
naturally occurring organic material in raw wastewater effluent to produce chlori-
nated compounds (Wigle 1998). Ammonia in aquatic environments even at normal 
concentrations may lead to several human health impacts such as pulmonary edema 
(WHO 1997, 2006). Methemoglobinemia is a significant health problem associated 
with nitrate in water, and blood contains an iron-based compound (hemoglobin) that 
carries oxygen; therefore, under the presence of nitrite, hemoglobin is converted to 
methemoglobin as it is unable to carry oxygen.

The environmental impact of untreated wastewater effluent is linked to health 
and phenomenon of bioaccumulation and biomagnifications of contaminants. The 
phenomenon of bioaccumulation of certain substances which are present in low 
concentrations is measurable in water sometimes in high concentrations in tissues 
of plants and animals. Acute impacts from wastewater effluents are generally 
because of high levels of ammonia and chlorine, oxygen-demanding materials, 
toxic concentrations of heavy metals, and organic contaminants. Nutrient-induced 
production of aquatic plants in receiving water bodies leads to detrimental conse-
quences: (1) algal clumps, odors, and decoloration of the water; (2) dead macro-
physics and phytoplankton, stimulating microbial breakdown processes and causing 
oxygen depletion, resulting in death of desirable aquatic life; and (3) algal blooms 
submerging aquatic vegetation, eliminating photosynthesis and productivity 
(Kurosu 2001; McCasland et al. 2008).
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12.9  �Presence of Microbial Pathogens in Wastewater

It is imperative to determine the presence or absence of microbial pathogens in 
wastewater used in reclamation projects. The efficient enumeration of microbial 
pathogens in a wastewater treatment allows an effective risk assessment to be made 
prior to the recycling of the wastewater. There are a number of established methods 
for the detection of most microbial pathogens of these methods showing major limi-
tations. These limitations are associated with time taken to isolate and identify 
pathogen and determine the numbers of pathogens in a sample along with accuracy 
of detection.

12.10  �Physicochemical and Microbiological Indicators

Some microorganisms determine the presence of pathogenic microorganisms and 
function effectively as indicators for such pathogens, being present in equivalent or 
higher numbers and more resistant to environmental factors and treatment processes 
than the pathogenic microorganisms. Microbial pathogens present in waters and 
wastewaters are fecal in origin, and detection of fecal contamination of water is the 
aim of water testing authorities. Bacteroides is bacterium which is examined for 
potential use as an indicator and is an obligate anaerobe like the bifidobacteria. The 
recent development of DNA probes for polymerase chain reaction (PCR) detection 
alleviates requirement for culturing and uses Bacteroides strains as indicators of 
fecal pollution (Kreader 1995). The quality control of wastewater treatments was 
monitored using physicochemical and microbiological indicators, and association 
of treatments with effluents was analyzed. The microbiological indicators moni-
tored heterotrophic plate count (HPC), total coliforms (TC), fecal coliforms (FC), 
fecal streptococci (FS), and sulfite-reducing clostridia (SRC). The wastewater treat-
ment was evaluated through determination of ammonia, biological oxygen demand 
(BOD), chemical oxygen demand (COD), suspended dissolved and total solids, 
total nitrogen, pH, and phosphate levels.

12.11  �Wastewater Treatment

12.11.1  �Biological Wastewater Treatment Systems

The fundamental reason for wastewater treatment is to control the effect of water 
source pollution and to protect public health by safeguarding water sources 
against the spread of diseases through a variety of on-site or off-site treatment 
systems. Therefore, off-site (activated sludge, trickling filters, stabilization ponds, 
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constructed wetlands, membrane bioreactors) wastewater treatment systems 
(USEPA 2005) and biological wastewater treatment are divided into two treatment 
groups, on-site and off-site treatment systems, which require proper maintenance 
and demand for public health and environmental impacts. Biological wastewater 
treatment process achieves maximal reduction of biological oxygen demand of 
wastewater with a minimal reduction of biological solids, and it is accomplished 
by removing substances which have increase demand for oxygen from the system 
through the metabolic reactions of the microorganisms, the separation and settling 
of activated sludge solids to create an acceptable quality of wastewater effluents, 
and recycling of microorganisms or removal of excess microorganisms from the 
system (Abraham et al. 1997).

12.11.2  �Molecular Techniques for Wastewater Treatment

Identification of microorganisms by conventional methods requires the isolation of 
pure cultures followed by characterization experiments. Molecular techniques 
include denaturant gradient gel electrophoresis (DGGE) and fluorescent in situ 
hybridization (FISH) with DNA probes. DGGE is a rapid and simple method which 
provides characteristic band patterns for different samples allowing quick sample 
profiling while retaining thorough genetic analysis by sequencing of particular 
bands. FISH identifies microorganisms at any desired taxonomical level depending 
on the specificity of the probe, and combination along with confocal laser-scanning 
microscope allows visualization of three-dimensional microbial structures (gran-
ules, biofilms). PCR-based methods including cloning and DGGE are suitable for 
identifying the microorganisms forming the sludge. FISH is used for elucidation of 
the composition, quantification, and distribution of different bacterial groups in 
granules and biofilms as well as their structure.

FISH of 16S rRNA sequences provides phylogenetic information and distin-
guishes independently different populations based on activity, and quantitative dot 
blot hybridization was applied to several population analyses of wastewater treat-
ment systems, with inherent limitations associated with established methods used 
for detection of various microbial pathogens in wastewaters. PCR is used as the 
standard method or modified to semi-nested or nested PCR methods (Gajardo et al. 
1995; Mayer and Palmer 1996; Straub and Gerba 1995), and detection limits for 
PCR methods have increased through use of membrane hybridization detection of 
PCR products with specific DNA probes (Hay et al. 1995; Laberge and Griffiths 
1996; Schwab and Sobsey 1995) or by using enzyme-linked immunoassay (ELISA) 
(Ritzler and Altwegg 1996). Highly probable wastewater samples contain several 
types of microbial pathogen and multiplex PCR used to detect more than one target 
in a single PCR reaction (Pepper and Gerba 1997; Picone and Fricker 1997; Rochelle 
and Wolfe 1997; Way et al. 1993). Several methods detailed above have been used 
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for the production of commercial kits for the detection of various microorganisms 
in clinical, food, and environmental samples. The presence of β-galactosidase and 
β-glucuronidase coliforms and enterococci has been used in the development of 
several commercial kits for the rapid detection of these organisms in sewage and 
wastewater samples and examples of kits include ColiPAD® (IDEXX) and ColiTrak 
Plus (Biocontrol).

12.11.3  �Innovative Technologies for Wastewater Treatment

Many technologies facilitate the implementation of systems and improve decentral-
ized and centralized water and resource management. Tools are available for:

	1.	 More efficient capture and local use of storm water to conserve local water 
resources

	2.	 Improved water conservation for reducing water consumption without compro-
mising standards of living

	3.	 The reclamation of wastewater
	4.	 The management and extraction of energy from wastewater stream
	5.	 The recovery of nutrients
	6.	 The separation of specific wastewater sources:

•	 Membrane filtration systems: Membrane systems critical to development of 
advanced water reclamation systems and development of improved systems. 
Immersed ultrafiltration membranes provide excellent pretreatment to remove 
several dissolved constituents, and development of membrane filtration 
systems led to development of both advanced water-treatment technology  
and workhouse of water-reclamation industry. MBRs and biological solids 
residence times (SRTs) increased biological treatment and retention of 
pathogens.

•	 Nanotechnology: Nanotechnology based membranes are used for waste water 
treatments with fewer fouling characteristics (Kim et al. 2008).

•	 Microbial fuel cells: Electrical energy extracted directly from organic matter 
present in waste stream by using electron transfer to capture energy produced 
by microorganisms for metabolic processes (Logan and Rabaey 2006). 
Microorganisms as bio-film have potential to produce electrical energy 
directly from the waste organic matter.

•	 Natural treatment systems: Characterization of processes in natural treatment 
systems (NTSs) enabling advantage of natural processes to improve water 
quality, water reclamation (Kadlec and Knight 1996), and a variety of physi-
cal, chemical, and biological processes functions simultaneously to remove 
contaminants including nutrients, pathogens, and microconstituents.
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12.12  �Conclusion and Future Prospective

The main reason for treating wastewater is to prevent the spread of diseases by safe-
guarding water sources against pollution. Treatment of wastewater is one of the 
strategies for the management of water quality. Our understanding of the microbial 
community structure in wastewater treatment systems continues to advance rapidly 
owing to the ongoing development and application of molecular methods. Conta
minants like hydrocarbon, heavy metals, nitrogen, and phosphorus in distributed 
water and discharged wastewater are a constant area of concern because domestic 
and industrial wastewaters are large sources of effluents discharged into natural 
water bodies. The quality of wastewater effluents is responsible for the degradation 
of the receiving water bodies with the impacts of such degradation resulting in  
the spread of various waterborne diseases, decreased levels of dissolved oxygen, 
decreased water quality, release of toxic substances, bioaccumulation in aquatic 
life, and increased nutrient loads. Algae-based system for wastewater treatment 
relies on efficiency or mechanism of algal cells to effectively assimilate both organic 
and inorganic carbon and other nutrients such as N, P from wastewater for algal 
biomass resulting in biodiesel and bio-compound production. In addition, microal-
gae-based wastewater treatment has advantages such as algal biomass and other 
bio-products of traditional wastewater treatment process being used as energy-rich 
source. Moreover, wastewater treatment screens microalgae strains for highly effi-
cient wastewater remediation and maximal algal biomass production.

With the assurance of an effective water quality management, appropriate waste-
water treatment strategies are vital and can be achieved through appropriate treat-
ment processes to minimize the risks to public health and environment. Unpolluted 
wastewater discharge into receiving water bodies needs to be carefully planned for 
adequate and suitable treatment and regular monitoring enhanced through the utili-
zation of technologies. Adverse effects of pathogenic microorganisms are the major 
risk associated with the recycling of wastewaters. Methods for the detection of 
pathogenic and indicator microorganisms are improving, but further research and 
ratification of new methods is required. Many factors can influence choices of treat-
ment processes including different microbial pathogens present, microbe’s resis-
tance to treatment processes, use for intended recycled wastewater, and potential 
contact with public. The gaps in the knowledge of pathogenic microorganisms in 
wastewater are a thorough survival and persistence of the different microbial types 
at different conditions and environments. The rapid development of efficient detec-
tion methods particularly PCR lead to more efficient processes.

However, such a method requires quantitative knowledge of all of the factors 
mentioned above, along with information on pathogen infection rates and health 
consequences which can efficiently remove risks. Biosensors are based on indica-
tors of microbial water quality technologies and gene recognition in the microarray 
format for detecting microorganisms. There is a need for novel water technologies 
to ensure high-quality drinking water, eliminate micropollutants, and use flexibly 
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adjustable water treatment systems. The adaptation of highly advanced 
nanotechnology to traditional process offers new opportunities for development of 
advanced wastewater technology processes. One of the most important advantages 
of nanotechnology is the ability to integrate various properties resulting in multi-
functional systems such as elimination of contaminants and limitations of health 
risks. The review shows that novel techniques have increased our insight into  
the vast diversity and interaction of microorganisms with wastewater treatment 
systems.
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