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Abstract  Basically, nitro functional group-containing chemicals have been 
used to synthesize various useful products like dyes, pesticides and solvents, 
and also military products and so on. Hence, many nitroaromatics (including 
nitrophenols) have been continuously released into the environment and appear 
in the soil and water. Some are known to be toxic due to their great impact on 
living systems (especially on health). Most such chemicals (nitroaromatic com-
pounds) are listed as priority chemicals by the Environmental Protection Agency 
(EPA). The vast use of such chemicals and their toxic effects had led to the 
study of the degradation of nitro group-containing chemicals by microbes (an 
easily available and cost-effective treatment). In view of this, we discuss the 
degradation of a few nitro group-containing compounds and herbicide(s) by 
microorganisms from published literature, and we consider the future 
perspective.

Keywords  3,5-dinitro-ortho-cresol · 4-nitrophenol · Picric acid · Microorganisms 
· Degradation

16.1  �Introduction

Over the last several decades, natural and manmade chemicals, including antimicro-
bial agents, antibiotics, personal care products, pesticides, herbicides, chlorinated 
aromatics and nitroaromatics, among others, have been used for various purposes in 
day-to-day life (Hoskeri et al. 2011, 2014; Megadi et al. 2010; Mulla et al. 2011a, b, 
2016a, b; Tallur et al. 2015; Talwar et al. 2014). The long-term use of consumer 
products has released these chemicals to the environment, where they continually 
show up at levels from less than 1 nanogram to more than 1 microgram per litre 
(Mulla et al. 2012, 2014, 2016c, d, 2018). In recent years, several (including chloro 
and nitro group-containing aromatics) were found to be toxic to living beings—
from humans to aquaculture organisms (Kovacic and Somanathan 2014; Edalli 
et al. 2018; Mulla et al. 2014, 2016c, d, 2017; Tallur et al. 2015). Various researchers 
from many countries have thus been prompted to investigate decontamination meth-
ods that would be effective on such chemicals (Arora et al. 2014, 2017; Burkul et al. 
2015; Li and Yang 2018; Osin et al. 2018). Among the avenues considered, of the 
use of non-harmful biological mediators to detoxify toxic chemicals in wastewater 
treatment plants gained significantly more importance. In this chapter, we discuss 
some nitro group-containing compounds as used for degradation of toxic substances 
in microbes.
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16.2  �Uses of and Environmental Pollution by Nitro Group-
Containing Compounds

In general, nitro group-containing chemicals go into the synthesis of certain useful 
products, for example, explosives, dyestuffs, insecticides, herbicides and rubbers 
(Arora et al. 2014; Douglas et al. 2011; Haizhen et al. 2009; Khalid et al. 2009; 
Spain 1995; Wan et al. 2007; Ye et al. 2004). In addition, they are also found in the 
preparation of products like medicines, fuels for vehicles, wall paints, solvents for 
polish, electronic batteries, coloured glass, etc. (Beard and Noe 1981; Dunlap 1982; 
Hirai 1999; Plunkett 1966; Windholz et al. 1976; Ware 1994).

On the other hand, most of nitro group-containing chemicals (including nitro-
phenols), are stable, but, some possess toxic properties (especially carcinogenicity) 
(Ju and Parales 2010; Kovacic and Somanathan 2014; Nishino et al. 2000; Padda 
et al. 2003; Purohit and Basu 2000). Hence, several (including nitrophenols) are 
included in the U.S. EPA list (Ju and Parales 2010). Some of these nitro group-
containing chemicals have also been detected in food products. Likewise, muta-
genic property-containing nitroaromatic compounds have been found in the 
atmosphere, especially by way of cigarette smoke and vehicle fuels (Kinouchi and 
Ohnishi 1983). Most of these have similar functional properties that make them 
beneficial for industrial use, on the one hand, while causing them to be harmful to 
the health of living systems. In general, the widespread use of nitroaromatics 
impacts the environment by contaminating soil and water (including groundwater) 
(Rieger and Knackmuss 1995; Ju and Parales 2010). Likewise, nitro functional 
group-containing insecticides are purposely applied to crops, leaving surrounding 
fields open to possible contamination. Additionally, inadequate management and/or 
loading practices by both manufacturers and customers results in their unintended 
injection into the environment (Mulla et al. 2014). For example, a Toxics Release 
Inventory report 2002 reported that  nearly  11500  kg of  2,4-Dichloro-1-(4-
nitrophenoxy)-benzene, 5100 kg of nitrobenzene and 1100 kg of 2,4-dinitrotoluene 
have been discharged into territory of United States (White and Claxton 2004). 
Ecological contamination from explosives manufacturers also occurs in Germany 
(Spain et al. 2000). The toxicological effects of nitro group-containing chemicals 
are well discussed in the literature (Kovacic and Somanathan 2014).

16.3  �Biodegradation of Nitro Group-Containing Chemicals

Among multipurpose industrial organic compounds, nitro group-containing chemi-
cals are among those most used in pesticides, pharmaceuticals, pigments, dyes, etc. 
(Haghighi-Podeh and Bhattacharya 1996). These chemicals may stay in the soil as 
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the by-products of insecticides like parathion, methyl-parathion and other more 
complex nitroaromatics (including herbicides) through hydrolysis. Hence, many 
researchers with the aim of detoxification of such chemicals have demonstrated that 
various organisms are able to utilize different types of nitrophenols as a growth 
substrate. Generally, the nitro group-containing chemical degradation process 
involved oxidation (monooxygenase and/or dioxygenase) and/or reduction (reduc-
tase) or Meisenheimer complex generation.

16.3.1  �Microbial Degradation of Mononitrophenols

The bacterial culture Pseudomonas putida B2 utilizes both ortho- and meta-
nitrophenol as a growth substrate and degrades both substrates by producing differ-
ent pathways (Zeyer and Kearney 1984). In Alcaligenes sp. NyZ215 (Xiao et al. 
2007) and Pseudomonas putida B2, enzyme monooxygenase initiates oxidative 
mechanism of 2-nitrophenol and is transformed to catechol with the elimination of 
nitrite ions. Catechol is further degraded by catechol 1,2-dioxygenase and finally 
enters into TCA cycle (Zeyer and Kearney 1984; Zeyer et al. 1986) (Fig. 16.1).

On the other hand, there are two different degradative pathways for 3-nitrophenol. 
However, both initiate with reduction of 3-nitrophenol to form 
3-hydroxylaminophenol (Fig. 16.2).

During the degradation of 3-nitrophenol in Pseudomonas putida B2, the com-
pound is initially transformed to 3-hydroxylaminophenol by reductase enzyme and 
subsequently transformed to 1,2,4-trihydroxybenzene with the release of ammonia 
(Meulenberg et al. 1996) (Fig. 16.2). In contrast, in Ralstonia eutropha JMP134, 
3-nitrophenol is transformed to 3-hydroxylaminophenol through aminohydroqui-
none molecule (Fig. 16.2), and ammonia is released in the ring-cleavage pathway 
(Schenzle et al. 1997). Moreover, the enzymes involved during the degradation of 
3-nitrophenol in strain JMP134 also help the bacterium to utilize 2-chloro-5-
nitrophenol as the growth substrate (Schenzle et al. 1999).

On the other hand, various microbial strains are isolated and identified on the 
basis of their capacity to utilize 4-nitrophenol as a growth substrate. In most of cases 
it has been observed that 4-nitrophenol is degraded into either only 4-nitrocatechol 
by oxidative mechanism and/or further altered to 1,2,4-trihydroxybenzne with the 
release of nitrite (Fig. 16.3) in different genus bacteria like Achromobacter xylosoxi-

Fig. 16.1  Bacterial degradation of 2-nitrophenol
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dans Ns, Arthrobacter chlorophenolicus A6, Arthrobacter sp. CN2, Arthrobacter 
sp. strain JS443, Arthrobacter sp. Y1, Arthrobacter protophormiae RKJ100, 
Bacillus sphaericus JS905, Burkholderia cepacia RKJ200, Ralstonia sp. SJ98, 
Rhodococcus opacus AS2, Rhodococcus erythropolis AS3, Rhodococcus imtechen-
sis strain RKJ300, Rhodococcus opacus SAO101 and Serratia sp. strain DS001 
(Arora et al. 2014; Gosh et al. 2010; Jain et al. 1994; Ju and Parales 2010; Kadiyala 
and Spain 1998; Kitagawa et al. 2004; Li et al. 2008; Pakala et al. 2007; Unell et al. 
2008; Wang et al. 2016). 

Kadiyala and Spain (1998) demonstrated that enzymes like oxygenase and flavo-
protein reductase are involved in the first two oxidation steps of 4-nitrophenol to 
2-hydroxyl-1,4-quinone by the release of nitrite in Bacillus sphericus JS905 
(Fig.  16.3). However, bacterial strains like Arthrobacter aurescens TW17, 
Arthrobacter sp. YUP-3, Pseudomonas putida JS444, Pseudomonas sp. strain 
WBC-3, Methylobacterium sp. C1, Moraxella sp., Rodococcus opacus SAO101 and 
Rodococcus sp. PN1 (Hanne et al. 1993; Kitagawa et al. 2004; Nishino and Spain 
1993; Spain and Gibson 1991; Takeo et al. 2008; Tian et al. 2018; Yue et al. 2018; 
Zhang et  al. 2009) transformed 4-nitrophenol to benzoquinone with the help of 
enzyme monooxygenase. The by-product further converted to hydroquinone mole-
cule (Spain and Gibson 1991) (Fig. 16.3). Furthermore, the pathways are similar at 
the ring cleavage, where hydroquinone and 1,2,4-trihydroxybenzene molecules 
individually transform into maleylacetate and finally enter into TCA cycle 
(Fig. 16.3). Hanne et al. (1993) studied the degradation of 4-nitrophenol by Nocardia 
sp. strain TW2 in the presence of different chemical inducers, and their results sug-
gest that 1,2,4-trihydroxybenzene and hydroquinone pathways are expressed differ-

Fig. 16.2  Bacterial degradation of 3-nitrophenol
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ently. Likewise, a similar process was also observed in both Rhodococcus strain 
PN1 and QAO101. Hence, an in-depth study of these bacterial strains is essential in 
order to know the exact mechanism of regulation of 4-nitrophenol catabolism. Yue 
et  al. (2018) studied the bioaugmentation of Methylobacterium sp. C1 towards 
4-nitrophenol removal, and their results suggest that Methylobacterium sp. C1 with 
other two bacterial cultures (Bacillus megaterium T1 and Bacillus cereus G5) bio-
film were shown to be highly resistant as well as more efficient for the removal of 
4-nitrophenol (up to 0.6 g/L). On the other hand, Min et al. (2017a) demonstrated 
by applying Burkholderia sp. strain SJ98 to artificially contaminated soil 
(4-nitrophenol, 3-methyl-4-nitrophenol and 2-chloro-4-nitrophenol), and their 
results suggest that the bacterial culture efficiently degrades all three compounds, 
thereby decreasing the concetration of nitrophenol, leading significantly to enhance-
ment of several genera of rich microorganisms like Nonomuraea, Kribbella and 
Saccharopolyspora. Recently, Subashchandrabose et  al. (2018) demonstrated 
4-nitrophenol degradation by Rhodococcus wratislaviensis strain 9, and their results 

Fig. 16.3  Bacterial degradation of 4-nitrophenol and 4-nitroanisole
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showed the organism is able to degrade 900  μM of 4-nitrophenol within 14  h. 
Likewise, 4-nitroanisole degradation in two individual bacterial strains (AS2 and 
AS3) was studied, showing that 4-nitrophenol as a key intermediate occurs during 
degradation (Schäfer et al. 1996) (Fig. 16.3).

Teramoto et al. (2004) studied how the fungal culture Phanerochaete chrysospo-
rium can utilize 4-nitrophenol as a sole source of carbon and energy. However, basi-
cally under ligninolytic conditions, 4-nitrophenol transforms to 
1,2-dimethoxy-4-nitrobenzene (DMNB) through by-product formation of 
4-nitroanisole by the fungus (Fig. 16.4).

16.3.2  �Microbial Degradation of Di- and Trinitrophenol

Very few known microbes are able to utilize both dinitrophenols such as 
2,4-dinitrophenol and 2,6-dinitrophenol and trinitrophenols like picric acid 
(2,4,6-trinitrophenol) as growth substrate. Ecker et al. (1992) demonstrated a bacte-
rium is able to utilize 2,6-dinitrophenol as a growth substrate. Interestingly, in 
Cupriavidus necator JMP134, the degradative pathway of 2,6-dinitrophenol is dif-
ferent than the 3-nitrophenol degradation pathway.

In bacterial strain JMP134, degradation initiates with the oxidation step to trans-
form 2,6-dinitrophenol to 4-nitro pyrogallol with the help of a dioxygenase enzyme 
that releases the first nitrite ion from the benzene ring. In the next step, the by-

Fig. 16.4  Fungal degradation of 4-nitrophenol
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product is further converted to 2-hydroxy-5-nitro muconate in a ring-cleavage and 
subsequently transforms to 2-hydroxy-5-nitropenta-2,4-dienoic acid by 
decarboxylation (Fig. 16.5). However, it was predicted that the other nitro radical 
present on the broken benzene ring might be released during subsequent steps. On 
the other hand, various genera of bacterial cultures like Anabaena variabilis, 
Anabaena cylindrica, Burkhorderia KU-46, Haloanaerobiumpraevalens DSM 
2228, Janthinobacterium sp., Nocardioides sp. strain CB22–2, Methanococcus sp. 
B, Nocardioides simplex FJ2-1A, Rhodococcus erythropolis strain HL24–1, 
Rhodococcus erythropolis strain Hl24–2, Rhodococcus imtechensis strain RKJ300, 
Rodococcus sp. strain RB1, Rhodococcus sp. strain NJUST16 and Sporohalobacter 
marismortui ATCC 35420 (Behrend and Heesche-Wagner 1999; Blasco et al. 1999; 
Boopathy 1994; Gosh et al. 2010; Hess et al. 1993; Hirooka et al. 2006; Iwaki et al. 
2007; Lenke and Knackmuss 1992; Oren et al. 1991; Rajan et al. 1996; Shen et al. 
2009; Zin et al. 2018) utilize either 2,4-dinitrophenol and/or picric acid as a growth 
substrate. Initially, Knackmuss and research group studied the catabolic pathway of 
2,4-dinitrophenol and picric acid in microorganism(s) (Ju and Parales 2010) 
(Fig. 16.6).

During the degradation process, a hydride-Meisenheimer complex is formed by 
the reduction of picric acid and produces 2,4-dinitrophenol with the release of a 
nitrite radical. Again, by hydride-Meisenheimer complex and reduction, hydrolytic 
cleavage of 2,4-dinitrophenol occurs, producing 4,6-dinitrohexanoate and finally 
entering into TCA cycle through various by-product formations. Yet, few of the 
responsible genes and enzymes of the degradative pathway have been determined 
with respect to their functional characterization and regulation mechanism (Arora 
et al. 2014; Ju and Parales 2010). Still, it is necessary to know the exact mechanism 
involved in catabolic regulation of 2,6-dinitrophenol, 2,4-dintrophenol and picric 
acid in different bacterial strains.

Fig. 16.5  Bacterial degradation of 2,6-dinitrophenol

S. I. Mulla et al.
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16.3.3  �Microbial Degradation of Chloro and Nitro Group-
Containing Chemicals

Very few microbes (Arthrobacter nitrophenolicus SJCon, Burkholderia sp. RKJ800, 
Burkholderia sp. strain SJ98, Cupriavidus sp. strain CNP-8 and Rhodococcus 
imtechensis RKJ300, etc.) are known to utilize 2-chloro-4-nitrophenol as a growth 
substrate (Arora et al. 2014, 2017; Min et al. 2018). A Rhodococcus imtechensis 
strain RKJ300 was isolated from pesticide-contaminated soil by enrichment with 
4-nitrophenol as a growth substrate (Gosh et al. 2010). The organism also utilizes 
2-chloro-4-nitrophenol as a growth substrate. In Cupriavidus sp. strain CNP-8 and 
Rhodococcus imtechensis strain RKJ300, the degradation of 2-chloro-4-nitrophenol 
initiates with oxidation to form chlorohydroquinone with the release of nitrite. In 
the next step, the metabolic by-product is dechlorinated and forms hydroquinone 
and subsequently converts to gamma-hydroxymuconic semialdyhyde and finally 
enters into TCA cycle (Fig. 16.7).

In Arthrobacter nitrophenolicus SJCon, 2-chloro-4-nitrophenol degraded to 
chlorohydroquinone and was further converted to maleylacetate by oxidation, which 
finally entered into TCA cycle. On the other hand, in Burkholderia sp. SJ98, 
2-chloro-4-nitrophenol degraded into 4-nitrophenol with the release of chloride 
radicals, which was further sequentially converted into maleylacetate via 
4-nitrocatechol and 1, 2, 4-benzenetriol and finally entered the TCA pathway 
(Fig. 16.7).

Schenzle et  al. (1999) demonstrated that Ralstonia eutropha JMP134 (also 
known more recently as Cupriavidus necator) utilizes 2-chloro-5-nitrophenol as a 
growth substrate. Initially, 2-chloro-5-nitrophenol is reduced to 2-chloro-5-
hydroxylaminophenol, then follows an enzymatic Bamberger rearrangement 

Fig. 16.6  Bacterial degradation of 2,4-dinitrophenol and picric acid
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forming 2-amino-5-chlorohydroquinone, which is further converted to aminohydro-
quinone with the release of chlorine (Fig. 16.8). Similarly, in Cupriavidus sp. strain 
CNP-8, 2-chloro-5-nitrophenol degradation is initiated by reduction and finally 
enters into TCA cycle via sequential transformation to different by-products (Min 
et al. 2017b).

Fig. 16.7  Bacterial degradation of 2-chloro-4-nitrophenol

Fig. 16.8  Bacterial degradation of 2-chloro-5-nitrophenol

S. I. Mulla et al.
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16.3.4  �Microbial Degradation of Nitro Group-Containing 
Herbicides

Different genera of bacterial cultures like Arthrobacter-like organisms, 
Corynebacterium simplex, a Pseudomonas-like strain and two unidentified bacterial 
strains isolated from soil showed the ability to degrade a well-known herbicide 
3,5-dinitro-ortho-cresol (Gundersen and Jensen 1956; Jensen and Gundesen 1955; 
Jesnen and Lautrup-Larsen 1967; Tabak et al. 1964). Interestingly, in all of these 
studies the only intermediate by-product detected was a nitrite radical. Tewfik and 
Evans (1966) reported concisely on a Pseudomonas sp. that metabolized 
3,5-dinitro-ortho-cresol by a reduction process. During degradation, both nitro 
functional groups were reduced to amino groups, which were further oxidatively 
deaminated to form 2,3,5-trihydroxytoluene before entering into the ring-cleavage 
pathway (Fig. 16.9). On the other hand, in Arthrobacter simplex, 3,5-dinitro-ortho-
cresol initially was converted to 3-methyl-5-nitrocatechol and subsequently trans-
formed to 2,3,5- trihydroxytoluene and finally entered into TCA cycle via ring 
fission (Tewfik and Evans 1966) (Fig. 16.9).

Fig. 16.9  Bacterial degradation of 3,5-dinitro-ortho-cresol
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Meanwhile, the same research group also found that in the Corynebacterium sim-
plex strain (reported earlier by Gundersen and Jensen 1956), 3,5-dinitro-ortho-cresol 
is degraded by essentially the same metabolic route; however, apart from that, 
reduced by-products probably were not formed as no nitroreductase activity could be 
confirmed in this organism (Fig. 16.9). Likewise, degradation of the other herbicide, 
2-sec-butyl-4,6-dinitrophenol (dinoseb) by bacterial isolates was studied and reported 
(Stevens et al. 1991). However, the isolates in this case were unable to degrade the 
herbicide without a co-substrate. But, when the medium contained glucose/ammo-
nium chloride with dinoseb under unshaken conditions, the medium turned a bright 
red colour, indicating formation of by-product(s). Various transformed products were 
detected and identified by GC-MS (Stevens et  al. 1991). Similarly, Kaake et  al. 
(1995) demonstrated a dinoseb degradation mechanism by bacterial cultures under 
reducing conditions, and they proposed a degradative pathway for dinoseb on the 
basis of reduction of nitro groups (attached on the benzene ring of dinoseb) with the 
formation of amino groups, which subsequently were replaced with hydroxyl groups.

16.4  �Conclusions and Perspectives

The information reviewed in the present chapter represents the immense effort under-
taken in the investigation to carry out the detoxification of nitro group-containing 
chemicals and herbicides. In recent times, the topic of biodegradation of such chemi-
cals in biological living systems has emerged in the scientific community. The appli-
cations of microbes (individual pure and mixed cultures) towards catabolism of nitro 
group-containing chemicals and herbicides are being used now, especially in waste-
water treatment plants, because, the method is freely available and cost-effective. 
Degradation mechanisms (especially genomic profile and enzymatic characteriza-
tion) of several nitro group-containing chemicals have been comprehensively inves-
tigated in microbes (especially in bacteria). However, a few key questions still need 
to be clarified, among others: What is the behaviour of microbes towards a shock 
load of such chemicals? Can these microbes remediate such chemicals under various 
environmental conditions? Can a pure culture co-operate with other organism(s) 
(especially in a bioaugmentation process) during the degradation of such chemicals? 
The present substantial information for understanding the mechanisms of microbial 
degradation of nitro group-containing chemicals will help future studies.
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