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Fig. S1. Mass spectra depicting the analysis of 1-nitropyrene metabolites via GC-MS 

throughout the plant-bacterial co-inoculum and biostimulant treatment (a) baseline conditions 

(0 days), (b-g) following 30 days of incubation, and (h-s) following 60 days of incubation. The 

mass spectra demonstrate the progressive alterations in metabolite profiles throughout the 

degradation process. 
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Fig. S2. The mass spectra of the metabolites via GC-MS throughout the plant-bacterial co-

inoculum and biostimulant treatment: (a) baseline conditions (0 days), (b) following 30 days 

of incubation, and (c-l) following 60 days of incubation. The mass spectra demonstrate the 

progressive alterations in metabolite profiles throughout the degradation process. 
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A  B  S  T  R  A  C  T  
 

Nitrated polycyclic aromatic hydrocarbons (nitro-PAHs) are hazardous, persistent organic pollutants widely 

distributed globally. They significantly threaten environmental health by degrading soil, water, and air quality. 

Prolonged exposure to nitro-PAHs increases risks for both humans and wildlife, leading to cancer, genetic mu- 

tations, endocrine disruption, neurodegenerative disorders, and oxidative stress. This study explored the 

degradation of nitro-PAHs using two plant growth-promoting rhizobacterial (PGPR) strains, Bacillus cereus 

BG034 and Bacillus altitudinis BG05, isolated from the rhizosphere of native plants (Cyperus rotundus, Cyperus 

esculentus, Imperata cylindrica, and Axonopus compressus). A co-inoculum (BGC01) formed from these bacterial 

strains of Bacillus cereus BG034 and Bacillus altitudinis BG05, demonstrated significant capabilities for degrading 

nitro-PAHs. After a 72-hour incubation period, BGC01 effectively removed 76.0 % of 1-nitropyrene and 87.2 % of 

2-nitrofluorene. Individually, Bacillus cereus BG034 removed 47.8 % of 1-nitropyrene and 59.9 % of 2-nitrofluor- 

ene, while Bacillus altitudinis BG05 achieved the removal abilities of 49.0 % and 59.8 %. In addition to their 

degradation capacity, these bacteria exhibited traits that promote plant growth. These results emphasize the 

potential of these bacterial strains, particularly in co-inoculum form, as effective agents for nitro-PAH degra- 

dation. This study offers an environmentally friendly and cost-effective solution for environmental remediation 

and highlights the potential use of these bacteria as biofertilizers for sustainable agriculture.  
 

 

 

1. Introduction 

 

In recent decades, anthropogenic activities have led to the deterio- 

ration of the natural environment, posing many problems for ecosystems 

and human health. One of the most pressing environmental issues is the 

widespread discharge of nitrated polycyclic aromatic hydrocarbons 

(nitro-PAHs) a class of PAHs produced by incomplete combustion of 

organic compounds or interactions with nitrogen oxides (NOx) in 

polluted settings. These compounds are far more harmful than their PAH 

precursor, with carcinogenic and mutagenic effects up to 12 and 10 

times stronger, respectively (Lee et al., 2022; Yang et al., 2024). Vehicle 

emissions and oil spills are major factors, resulting from the processes of 

petroleum production, transportation, and refining (Sarma et al., 2024; 

Vasiljevic et al., 2021). According to Zhao et al. (2015), an explosion in 

an oil pipeline released several hazardous nitro-PAHs, including 1-nitro- 

pyrene, 2-nitrofluorene, 1,6-dinitropyrene, 1,8-dinitropyrene, 1,3-dini- 

tropyrene, 6-nitrochrysene, 2-nitrofluoranthene, 6-nitrobenzene(a) 

pyrene, 3-nitrophenanthrene, 9-nitrophenanthrene, 9-nitroanthracene, 

7-nitrobenzene(a)anthracene, and 1-nitronaphthalene (Zhao et al., 

2015). Nitro-PAHs were found to occur widely in air, water, and soil. 

Their concentrations in the atmosphere vary significantly, with reported 

levels ranging from 0.078 to 11.7 ng m⁻³ in Birmingham, United 

Kingdom, and between 2 and 7.8 ng m⁻³ in Longyearbyen, Svalbard 

(Alam et al., 2015; Drotikova et al., 2020). In soils, nitro-PAHs are 

predominantly found along urban roadsides and within industrial zones, 

with concentration levels ranging from 29 to 158 ng g⁻¹ in Xi’an, central 

China, to a notable high of 396–2530 ng g⁻¹ in urban regions of Nepal 

(Wei et al., 2015; Yadav and Devi, 2021). Nitro-PAHs were also found to 

occur in water bodies, with a concentration of 19.7 ng L⁻¹ in the Luchuan 

River, China, and higher concentrations also found in the Asano River, 

Japan (604 ng L⁻¹) (Chondo et al., 2013; Hung et al., 2012). 

Once introduced into the ecosystem, nitro-PAHs become highly 

persistent and accumulate in the atmosphere, hydrosphere, and litho- 

sphere over extended periods and pose serious risks to the environment 

and human health. Human exposure to nitro-PAHs occurs through 

inhalation, ingestion, and direct contact with the skin (Gao et al., 2022; 
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Krzyszczak and Czech, 2021). In addition to their mutagenic and 

carcinogenic properties, they are also well-known for 

endocrine-disrupting, neurotoxic, and teratogenic properties (Zhang 

et al., 2021). Furthermore, these pollutants infiltrate water bodies, 

jeopardize aquatic organisms’ health by disrupting reproduction and 

development, and bioaccumulate in food webs, ultimately affecting 

human consumers (Kong et al., 2023; Manzetti, 2012). Due to their 

resistance to degradation, nitro-PAHs remain in soil and water for 

extended periods. Moreover, nitro-PAHs significantly affect plant health 

through phytotoxicity, genotoxicity, oxidative stress, and metabolic 

disruption (Yang et al., 2024; Yun et al., 2019). Some plants, however, 

may respond to these obstacles through the production of detoxifying 

enzymes such as cytochrome P450, laccases, peroxidases, and gluta- 

thione S-transferase (Kathi, 2011; Molina and Segura, 2021). These 

enzymes aid in the breakdown of complicated nitro-PAHs by processes 

such as polymerization, hydroxylation, and epoxidation. They also 

immobilize contaminants by incorporating them into the soil’s humic 

acids. 

Therefore, various physical and chemical techniques have been 

devised to alleviate the environmental and health hazards associated 

with nitro-PAHs. Primarily physicochemical degradation involves 

photolysis and oxidative reactions with reactive species including hy- 

droxyl radicals (•OH) and superoxide anions (O₂⁻) facilitating the pro- 

cess. Nitro-PAHs’ electron-deficient properties make them susceptible to 

attack by these radicals, resulting in the oxidation of nitro-PAHs 

(Fukuhara and Miyata, 1995). Chemical oxidants also play an impor- 

tant part in this process by promoting oxidation processes. Despite the 

promises of these methods, they face limitations. Consequently, there is 

a pressing need for sustainable and economically viable alternatives. 

Biological remediation, which employs plants and microorganisms to 

decompose intricate organic pollutants, presents a highly promising 

avenue. Among these microorganisms mediated remediation, plant 

growth-promoting rhizobacteria (PGPR) have garnered significant 

attention due to their dual functionality in pollutant degradation and 

enhancement of plant growth (Gogoi et al., 2024; Gupta et al., 2024). 

These bacteria, residing in the rhizosphere, possess specialized enzymes 

like monooxygenases, dioxygenases, nitroreductases, etc that effectively 

degrade contaminants by hydroxylation, nitro group reduction, and ring 

cleavage of nitro-PAHs, which ultimately convert nitro-PAHs into less 

toxic intermediates. These intermediates finally enter the Krebs cycle, 

where they are further broken down into carbon dioxide, water, and 

ATP, completing the mineralization process. This positions PGPR as an 

attractive, sustainable strategy for tackling both environmental pollu- 

tion and agricultural productivity challenges. Their capacity to decom- 

pose hazardous substances while promoting plant growth provides a 

holistic approach to the management of nitro-PAHs and other enduring 

pollutants. 

Research on the bacterial degradation of nitro-PAHs, particularly 1- 

nitropyrene and 2-nitrofluorene, has been limited. Therefore, the cur- 

rent study focused on isolating and identifying indigenous nitro-PAHs 

tolerant bacterial species from the rhizospheres of prevalent plant spe- 

cies in the Borhulla oil field, to effectively degrade these hazardous 

pollutants. Additionally, this study aims to test the collective efficacy of 

the isolated strains in enhancing degradation. This study also provides a 

roadmap for scaling up to field applications, emphasizing its practical 

significance. By emphasizing the dual capabilities of these strains, both 

in degrading nitro-PAH and enhancing plant growth, they are positioned 

as promising candidates for sustainable remediation. 

 

 
 

Fig. 1. Localization of sample site. 
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2. Materials and methods 

 

2.1. Sampling site and chemicals 

 
Samples were collected from the Borhulla oil fields in Upper Assam, 

situated at the coordinates 21◦ 45′ N and 94◦ 37′ E, to isolate PGPR 

(Fig. 1). Since 1976, the Oil and Natural Gas Corporation Limited 

(ONGC) has used this location for crude oil extraction and trans- 

portation, with occasional oil leaks reported. Nestled in northeastern 

India within the Indo-Burma biodiversity hotspot, the area features rich 

ecosystems. It receives 700–1500 mm of rain each year, with summers 

distinguished by high humidity and temperatures of up to 38◦C and 

winters as low as 6◦C (Deka et al., 2023). In this biodegradation 

experiment, 1-nitropyrene and 2-nitrofluorene were chosen as model 

nitro-PAHs because they are widespread occurrence and ecological 

significance (Wang et al., 2023; Zhou et al., 2022). These chemicals are 

typically detected in air, water, and soil; and recognized as hazardous 

pollutants. Their recurring emission during petroleum industry activ- 

ities, along with their durability and possible toxicity, make them 

important subjects for this biodegradation study. 

All of the media used in this study were purchased from Himedia. 

The Peptone, Beef Extract, and Yeast Extract (PBYS) medium was pre- 

pared with the following components (in g/L): 1 g yeast extract, 5 g 

peptone, 2.5 g beef extract, 0.01 g FeCl2, 0.5 g MgSO4⋅7 H2O, 50 g NaCl, 

1 g K2HPO4, 0.5 g KH2PO4, 0.2 g CaCl2⋅2 H2O, 1 g NH4NO3, and 0.3 g 

KCl. The pH was adjusted to 7.0 ± 0.2 (Sarma et al., 2019). 1-nitropyr- 
ene and 2-nitrofluorene, both possessing 99 % purity, were procured 

from Sigma Aldrich, USA. Stock solutions of these chemicals were pre- 

pared with a concentration of 1000 mg/L in acetone and kept at 4◦C for 

further use. All other chemicals and solvents utilized were of analytical 

grade. 

 

2.2. Isolation and identification of indigenous nitro-PAHs tolerant PGPR 

strains from the rhizosphere of selected plant species 

 
The rhizosphere soil was collected under sterile conditions from 

readily available plants in this sample site. The soil contained 0.9 % 

organic carbon, 265 kg/ha nitrogen, 22.4 kg/ha phosphorus, 97.08 kg/ 

ha potassium, and had an electrical conductivity of 0.10 dS/m with a pH 

of 5.09. The collected soil samples were promptly transported to the 

laboratory in an ice box to maintain their quality and subsequently air- 

dried in a shaded area. The dried soil was sifted through a 2 mm sieve to 

remove debris and kept at 4◦C for future experiments. 

PGPR isolation was accomplished by utilizing the serial dilution 

plate method. The soil sample was diluted (10—8) and plated onto 

nutrient agar plates supplemented with nitro-PAHs, which acted as the 

carbon source. The plates were prepared in triplicate, with nitro-PAHs, 

specifically 1-nitropyrene and 2-nitrofluorene, and applied individually 

to the media as a 2 % stock solution after soil inoculation. After incu- 

bation at 37◦C for 48 hours, the number of bacterial colony-forming 
units per gram (CFU/g) of soil for the selected plant species was deter- 

mined. The two colonies that formed the largest clear zones, indicating 

efficient nitro-PAH degradation, were isolated for further studies (Sarma 

et al., 2019). 

Two approaches were used to thoroughly identify isolated PGPR 

strains. Gram staining was used to determine the morphological prop- 

erties of the PGPR. DNA was extracted from each isolated bacterial 

strain for molecular identification using Qiagen’s DNeasy PowerSoil Pro 

Kits. The 16S rDNA region, a widely recognized marker for bacterial 

identification, was amplified via polymerase chain reaction (PCR) with 

Taq DNA polymerase and universal bacterial primers 27 F and 1492 R, 

which are designed to target conserved areas of the bacterial 16S rDNA 

gene. The amplified DNA fragments were ligated into a vector and 

sequenced on an ABI 3730xl Genetic Analyzer with vector primers and 

the BDT v3.1 Cycle Sequencing Kit. The retrieved sequences underwent 

BLAST analysis and were compared with sequences available in the 

GenBank database through the NCBI BLAST server (https://blast.ncbi.nl 

m.nih.gov/Blast.cgi). The 16S rDNA sequences of these two PGPR 

strains were later submitted to GenBank under accession number 

PQ394621 for Bacillus cereus BG034 and PQ390296 for Bacillus altitu- 

dinis BG05. 

Phylogenetic trees and evolutionary relationships derived from the 

16S rDNA sequences were built employing neighbor-joining and 

maximum likelihood approaches in MEGA11 (Molecular Evolutionary 

Genetics Analysis). The resulting phylogenetic tree was subsequently 

exported to iTOL (https://itol.embl.de/) for visualization. 

 

2.3. In vitro screening of plant growth-promoting traits 

 

Various qualitative assays were conducted to evaluate the plant 

growth-promoting characteristics of the isolated strains. Phosphate 

solubilization was assessed by using tricalcium phosphate as an insol- 

uble phosphate source on Pikovskaya’s agar medium augmented with 

bromophenol blue (0.024 mg/mL), and the emergence of a yellow halo 

surrounding bacterial colonies after 72 hours of incubation at 37◦C 

indicated positive phosphate solubilization (Pande et al., 2017). The 

production of indole acetic acid (IAA) was determined using Mu’minah 

et al. (2015) methodology, which involved incubating bacteria cultures 

in L-tryptophan-supplemented nutrient broth (NB) medium at 28◦C at 

72 hours and then reacting with orthophosphoric acid and Salkowski’s 

reagent (50 mL, 35 % H2SO4, 1 mL of 0.5 M solution of FeCl3) to produce 

a pink coloration, confirming IAA synthesis (Mu’minah et al., 2015). 

Hydrogen cyanide (HCN) production was assessed using 

glycine-supplemented nutrient agar slants, with filter paper saturated 

with 2 % sodium carbonate and 0.5 % picric acid; after incubation of 

bacteria inoculated slants at 30◦C for 96 hours a color change in the filter 

paper from orange to red indicated positive HCN production (Sani et al., 

2024). Ammonia production was assessed by incubating bacterial cul- 

tures in peptone water at 37◦C for 72 hours, then adding Nessler’s re- 

agent, which resulted in a change from brown to yellow, indicating 

confirmed ammonia synthesis (Cappuccino and Sherman, 1992). The 

Triple Sugar Iron (TSI) test assessed the fermentability of bacterial 

strains using three different sugars: glucose, sucrose, and lactose. The 

isolated bacteria strains were inoculated into the TSI agar tubes and 

incubated at 30◦C for 48 hours. A yellow color in the medium indicated 

sucrose and lactose fermentation, but a yellow butt showed glucose 

fermentation. A broken agar surface also stated the production of CO2 

gas, while the formation of a black precipitate represented the synthesis 

of ferrous ammonium sulfate (Lehman, 2005). The oxidase test, per- 

formed using the Filter Paper Spot Method, involves treating bacterial 

colonies  with  1  %  Kova´cs  oxidase  reagent  (1  % 

tetra-methyl-p-phenylenediamine dihydrochloride, in water) until a 

dark purple color appeared within 5–10 seconds, indicating a positive 

result (Shields and Cathcart, 2013). The catalase test involved adding 

H₂O₂ to an 18-hour-old isolated bacterial culture, resulting in the 

instantaneous appearance of bubbles, indicating catalase activity 

(Reiner, 2013). Gelatinase activity was assessed by incubating bacterial 

cultures in nutrient agar tubes containing gelatin at 28◦C for 48 hours. 

The liquefaction of the tubes after cooling revealed positive gelatinase 

activity (dela Cruz and Torres, 2012). 

 

2.4. Greenhouse evaluation for PGPR 

 

An in vivo greenhouse experiment using a randomized block design 

to evaluate the plant growth-promoting properties of the isolated PGPR 

strains. The isolated PGPR strains were initially grown in NB medium at 

37◦C for 12 hours at 200 rpm. A co-inoculum (BGC01) was then pre- 
pared using bacterial strains BG034 and BG05. Prior to preparing the co- 

inoculum, bacterial strains were tested for their compatibility following 

the methodology outlined by Irabor and Mmbaga (2017). In brief, each 

bacterial strains were cultured individually in a NB medium overnight at 

28◦C and 200 rpm. Following that, 100 μL of the test bacterial strains 
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BG034 and BG05 were dispersed individually on the surface of nutrient 

agar plates with a population of around 108-109 colony-forming units 

per mL (CFU/mL). Filter paper discs with a diameter of 1 cm (Whatman 

number 1) were put on the spread plate. Each disc was inoculated with 

an overnight NB culture of the strains being evaluated for compatibility. 

The plates were subsequently incubated at 28◦C for 4 days and moni- 
tored their growth pattern at 24-hour intervals (Irabor and Mmbaga, 

2017). Equal volumes of each bacterial suspension were combined to 

prepare the co-inoculum for further experimentation. 10 mL of each 

bacterial culture and BGC01 were again inoculated in NB medium and 

incubated at 37◦C until the exponential growth phase was reached. The 

cells of each culture were separated through centrifugation at 1000 ×g 

for 5 minutes and rinsed three times with sterile water. The absorbance 

of the cell suspensions was adjusted to a range of 0.3–0.4 at 600 nm 

using a UV-Vis spectrophotometer. This ensured uniform cell density for 

subsequent experiments. Concurrently, the most prevalent plant species 

Cyperus rotundus L., Cyperus esculentus L., Imperata cylindrica (L.) Beauv., 

and Axonopus compressus (Sw.) P. Beauv. which were screened out from 

the study site, previously maintained in the institute experimental gar- 

den, were transplanted into pots containing sterilized soil. The prepared 

culture, at a final density of 4.7 × 10 ¹³ CFU/mL, was applied to the soil 

around the seedlings at 100 mL per plant. Control plants received an 

identical sterile NB medium free of PGPR strains. The plants were 

nurtured within a greenhouse under regulated conditions, including a 

25–28◦C temperature range, a photoperiod of 16 hours of light and 

8 hours of darkness, and systematic watering to maintain soil moisture. 

The plant growth parameters, such as shoot length and root length, were 

measured at 7, 14, and 21-day intervals. The effectiveness of the PGPR 

strains and their co-inoculant was assessed by comparing the growth 

metrics of treated and control plants. To minimize standard error, 

consisting of the same nitro-PAHs-PBYS medium but no bacterial in- 

oculations. Following inoculation, the flask was kept at 37◦C and shaken 

at 200 rpm. At 0, 24, 48, and 72-hour intervals, 15 mL samples were 

collected from the individual shaker flask. These samples underwent 

centrifugation at 8000 ×g for 15 minutes at 4◦C. The resulting super- 

natant was collected and thoroughly filtered to remove any remaining 

bacteria. The resulting filtrate underwent liquid-liquid extraction, mix- 

ing it with an equal volume of acetone and hexane in a 20:80 (v/v) ratio. 

Anhydrous sodium sulfate was added to the mixture to remove any 

leftover water from the organic phase, which was then filtered again. 

The resultant samples were analyzed using high-performance liquid 

chromatography (HPLC) with a 4288 C 1220 Infinity II Gradient L.C. 

System V.L. equipped with column (C18 (2), 4.6 × 250 mm,5 μm) to 

quantify residual nitro-PAHs. Before analysis, a mobile phase of aceto- 

nitrile and water in an 85:15 ratio was prepared and degassed for 

15 minutes with an ultrasonic bath sonicator. Simultaneously, 1 mg of 

1-nitropyrene and 2-nitrofluorene was dissolved in 1 mL of acetonitrile 

to prepare standard stock solution. Working standard solutions were 

prepared by diluting stock solutions with acetonitrile to achieve con- 

centrations of 5, 10, and 20 µg/mL, and their standard chromatograms 

are presented in Figure S9. To get the concentrations necessary for the 

standard calibration curve (Figures S7 and S8), serial dilutions were 

used. Additionally, 100 μL aliquot of each sample (2 mL total volume) 

was diluted in microcentrifuge tubes with 900 μL of acetonitrile. After 

sonicating for 10 minutes, the samples were filtered through 0.2 μm, 

13 mm nylon membrane filters before being introduced into the HPLC 

for analysis. The nitro-PAHs concentration (mg/L) was determined from 

the HPLC spectra and their biodegradation percentage was determined 

using the following formula: 

Initial concentration — Final concentration 

measurements were taken from three replicates for each treatment 

group. 
Degradation% = 

× 100% 

Initial concentation 

2.5. Assessment of nitro-PAHs degrading potential of isolated PGPR 

strains in shaker flask 

 
The isolated PGPR strains (BG034 and BG05) were initially inocu- 

lated into NB medium and incubated at 200 rpm at 37◦C for 12 hours. 

Following the incubation period, the bacterial cultures were centrifuged 

at 8000 ×g for 10 minutes at 4◦C, and the resultant pellets were washed 

three times with sterile distilled water to remove any residual media. 

The pellets were then resuspended in a minimal salt medium. McFar- 

land’s turbidity standard was calibrated. The bacterial cultures were 

adjusted to a concentration of 50,000 cells per mL. For the determina- 

tion of in vitro cell growth, bacterial suspensions (10 mL of individual 

strains and a mixture of 5 mL BG034 and 5 mL BG05 as a co-inoculum, 

BGC01), were inoculated to a 1-nitropyrene-PBYS medium and 2-nitro- 

fluorene-PBYS medium prepared at varying nitro-PAH concentrations 

(12.5 mg/L, 25 mg/L, 37.5 mg/L, and 50 mg/L). Before inoculation, the 

medium was left uncovered in a laminar flow cabinet for 12 hours to let 

the acetone evaporate. An abiotic control was maintained throughout 

the experiment, consisting of the same nitro-PAHs-PBYS medium but no 

bacterial inoculations. Following inoculation, the flask was kept at 37◦C 

and shaken at 200 rpm. At 7-day incubation periods, the bacterial 

biomass in the flasks was measured turbidimetrically at 600 nm using a 

UV-Vis spectrophotometer. The bacterial biomass (grams of dry cell 

weight per liter) was calculated by using the formula: Biomass (g/L) 

= 0.5413 × absorbance (Moscoso et al., 2012). The complete experi- 
ment was carried out three times to ensure reliability and accuracy. 

Based on the results of the growth experiment, the threshold concen- 

tration for the growth of bacteria was established, leading to the prep- 

aration of 1-nitropyrene-PBYS medium and 2-nitrofluorene-PBYS 

medium at a final concentration of 25 mg/L for subsequent degradation 

experiment. Adhering to the aforementioned inoculation protocol, 

bacterial strains, and the co-inoculum were introduced into the medium. 

An abiotic control was maintained throughout the experiment, 

Simultaneously, samples were collected at 0, 15, and 30-day in- 

tervals from BGC01 treated nitro-PAHs PBYS medium to assess potential 

metabolites produced by the selected bacterial co-inoculum. Samples 

were prepared using a liquid-liquid extraction method with acetone and 

hexane in a 20:80 (v/v) ratio. The extracted samples were further 

concentrated and GC-MS analysis was carried out using an Agilent 

7890B Gas Chromatography system and an Agilent 5977 A Mass Se- 
lective Detector equipped with an HP-5MS capillary column (30 m × 
0.25 mm × 0.25 μm). Helium was used as the carrier gas at a flow rate of 

1 mL/min, and sample injections (1 µL) were done in split mode with a 

split ratio of 10:1. The temperature program for the oven commenced at 

50◦C with a stabilization period of 2 minutes, subsequently rising at a 

rate of 10◦C per minute until reaching 150◦C, where it was held for an 

additional 2 minutes. The temperature was then elevated at a rate of 5◦C 

per minute to 250◦C, followed by a 5 minutes stabilization, and ulti- 

mately, it was increased at 10◦C per minute to 280◦C, maintaining a hold 

for 5 minutes. The injector and transfer line temperatures were estab- 
lished at 250◦C and 100◦C, respectively. In mass spectrometry, the 

temperature of the ion source was set at 230◦C, while the temperature of 

the quadrupole was kept at 150◦C. The mass range was set from 35 to 

500 m/z, with a solvent delay of 3 minutes and a scanning rate of 1.562 

scans per second. Compounds were identified by comparing retention 

durations and mass spectra to known compounds in the NIST 20.1 

(2020) database, using the NIST library search (C:\Database\NIST20.1). 

 

 

2.6. Statistical analysis 

 

The dataset was thoroughly statistically evaluated to determine each 

treatment’s mean and standard deviation (S.D.). The statistical analysis 

was performed using PAST 4.3 to investigate significant differences in 

treatment effects over time. For normally distributed data, one-way 

ANOVA was performed, while the Kruskal-Wallis test was used for 



B. Gogoi et al. The Microbe 6 (2025) 100263 

 

- 223 - 

 

 

skewed data to determine significant differences (p < 0.05) between the 

treatment cohorts. 

 

3. Results and discussion 

 

3.1. Isolation and characterization of nitro-PAHs tolerance PGPR strains 

 

In this study, four prominent plant species belong to the Poaceae 

family, i.e., Cyperus rotundus L., Cyperus esculentus L., Imperata cylindrica 

(L.) Beauv., and Axonopus compressus (Sw.) P. Beauv. (Figure S1) were 

screened out due to their widespread availability, ease of cultivation, 

and notable presence in this polluted environment. Furthermore, the 

hyperaccumulating properties of these plants were confirmed using the 

PHYTOREM database, but their specific capacity to remediate nitro- 

PAHs had not been determined. The survival and occurrence of these 

species in this contaminated region demonstrate their flexibility and 

significant interactions with some nitro-PAHs-tolerant PGPR, which 

most likely contribute to their resilience in polluted soils. Significant 

variations in PGPR colonization, assessed as CFU/g, were found among 

the species when their rhizosphere soil was inoculated in 1-nitropyrene 

nutrient agar and 2-nitrofluorene nutrient agar. Axonopus compressus 

had the maximum bacterial colonies, with CFU/g values of 117.30 on 1- 

nitropyrene and 108.35 on 2-nitrofluorene agar. In contrast, Imperata 

cylindrica and Cyperus rotundus had lower CFU/g values, with Imperata 

cylindrica at 57.33 and Cyperus rotundus at 45.66 on the respective me- 

dium. The results highlighted the richness of PGPR colonies among the 

selected species. It is hypothesized that the selected grass species have 

significant potential for facilitating nitro-PAH’s microbial breakdown in 

polluted soils. This establishes them as viable candidates for future 

bioremediation research. 

Bacteria were isolated from the rhizosphere soils of the selected plant 

species using the serial dilution plate technique. The gathered rhizo- 

sphere soil samples were mixed, and a dilution of 10—8 was dispersed 

over nitro-PAHs-nutrient agar, leading to a diverse population of bac- 

teria. Two pure colonies were successfully isolated from this population 

based on their ability to form clear zones on nitro-PAHs-PBYS agar 

plates, where 1-nitropyrene and 2-nitrofluorene acted as the sole carbon 

sources in the absence of supplemental nutrients, with the clear zones 

indicating the bacteria’s ability to breakdown these compounds. The 

BLAST analysis revealed that one of the isolates shared 99.66 % simi- 

larity with the 16S rDNA gene sequence of Bacillus cereus reported in 

GenBank, while another shared 99.15 % identity with Bacillus altitudinis. 

The phylogenetic tree is depicted in Figure S2, showcasing the evolu- 

tionary lineage of these strains. 

 

3.2. In vitro plant growth-promoting traits of the isolates 

 

The in vitro results of this experiment are presented in Figure S3 

which demonstrated the presence of PGPR features in the isolated 

rhizosphere bacteria i.e., Bacillus cereus BG034 and Bacillus altitudinis 

BG05. Both strains demonstrated to solubilizing phosphate, an essential 

nutrient for plants. The formation of yellow (i.e. phosphate solubiliza- 

tion) zones around the colonies indicated that strains of Bacillus cereus 

and Bacillus altitudinis can solubilize insoluble inorganic phosphate 

(Bharti et al., 2024; Ganesan et al., 2024). Though phosphorus is 

abundant in soil, it frequently exists in forms inaccessible to plants, 

particularly in polluted areas where phosphate fixation and precipita- 

tion reduce its solubility. PGPRs improve phosphate availability by 

mineralizing organic phosphate and solubilizing inorganic phosphate 

complexes (Bakki et al., 2024; Gurav et al., 2024). Both isolated strains 

showed favorable outcomes in the IAA assay, demonstrating their ca- 

pacity to produce this crucial phytohormone. IAA is well regarded for its 

ability to stimulate root growth, cellular proliferation, and overall plant 

development (Jin et al., 2023). The ability of these bacterial strains to 

produce IAA indicates that they have the potential to directly promote 

plant development via improving root structure. HCN formation,

another notable characteristic that promotes plant growth and devel- 

opment, was detected in both isolates. HCN synthesis is usually associ- 

ated with biological plant pathogen management because it can inhibit 

the development of harmful bacteria in the rhizosphere (Sehrawat et al., 

2022). This trait suggests that these strains may help reduce plant dis- 

eases and significantly increase the percentage of germination, nutrient 

uptake capacity, and biomass. Furthermore, both bacterial strains pro- 

duced ammonia, highlighting their possible role in nitrogen cycling in 

the soil. Ammonia production is critical for supplying nitrogen to host 

plants, hence increasing their overall growth and development (Dietz 

et al., 2024). Ammonia rapidly reacts with soil water to form ammonium 

ions, providing an immediately accessible nitrogen source for plant 

uptake (Follett, 2001). This enhanced nitrogen availability promotes 

root and shoot elongation, resulting in to promotion of root and shoot 

elongation and their biomass (Bhattacharyya et al., 2020). Moreover, 

the TSI test yielded good results for both strains, as seen by the yellow 

color of the medium, indicating that they can ferment sucrose. This 

fermentative aptitude reflects the strains’ metabolic versatility, allowing 

them to thrive in various soil conditions and contribute to the carbon 

cycle through organic matter breakdown. Furthermore, both isolates 

tested positive for oxidase and catalase, showing well-oxidative meta- 

bolic pathways (Chavan et al., 2022). These properties suggest that the 

isolates are well-suited to live in oxygen-rich settings, boosting their 

potential as plant growth promoters (Saeed et al., 2023). The gelatinase 

test revealed good activity in both strains, showing their ability to hy- 

drolyze gelatin and potentially break down other protein-based com- 

pounds in the soil. This proteolytic activity may significantly impact 

nutrient cycling, increasing the availability of amino acids and other 

organic molecules for plant absorption (Costa et al., 2023). 

 
3.3. Greenhouse evaluation for PGPR 

 

The isolated bacterial strains and their co-inoculum ability to stim- 

ulate plant development were examined using in vitro screening and 

greenhouse trials. These experiments aimed to assess their impact on 

crucial growth variables such as shoot length and root length. The 

greenhouse results supported the favorable effects in vitro, demon- 

strating that these strains can promote plant growth. During the 21-day 

treatment intervals, significant statistical differences (p < 0.05) were 

observed between the co-inoculum and the individual strains treatments 

(From 7 days to 21 days, as detailed in Table 1) when they were 

administered to four selected plant species (Cyperus rotundus, Cyperus 

esculentus, Imperata cylindrica, and Axonopus compressus) compared to 

the control group (Fig. 2). Nonetheless, no significant differences were 

found between the strains’ (BG034 and BG05) treatments. The findings 

of this study unequivocally corroborate previous research that has 

highlighted the plant growth-promoting properties of Bacillus altitudinis 

and Bacillus cereus. Yue et al. (2022) revealed that Bacillus altitudinis 

significantly increased both root and shoot lengths in wheat plants, 

demonstrating its ability to positively alter important growth metrics 

(Yue et al., 2022). Similarly, Kaushal and Pati (2024) reported signifi- 

cant increases in the root and shoot lengths of rice seedlings after 

inoculation with Bacillus altitudinis, supporting its plant 

growth-promoting properties effect across a wide range of crops 

(Kaushal and Pati, 2024). The plant growth-promoting properties at- 

tributes of Bacillus cereus have also been extensively documented in 

previous studies (Naseem et al., 2024; Sahile et al., 2021). Notably, Zhao 

et al. (2024) revealed the effectiveness of Bacillus cereus isolated from 

cyanobacterial crusts by significantly enhancing growth parameters in 

maize seedlings, notably shoot and root lengths (Zhao et al., 2024). The 

findings of the current study, when considered alongside these earlier 

observations, affirm the two isolated strains’ potential as efficient PGPR. 

Moreover, combining both strains, i.e., co-inoculum (BGC01), showed 

the most spectacular outcomes. Plants treated with the co-inoculum 

showed significantly higher shoot and root length increases than those 

treated with individual strains. The combined inoculum’s improved 
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Table 1 

Results comparing differences in shoot and root lengths among plant species over the 7–21 days experimental period. 

Plant’s growth parameter Plant species Distribution pattern Degrees of freedom (df) Chi-square (χ2) / F-value Significance value (p) 

Shoot length Cyperus rotundus Skewed distribution 3, 32 9.35 0.025 

 Cyperus esculentus Skewed distribution 3, 32 8 0.046 

 Axonopus compressus Skewed distribution 3, 32 15.68 0.001 

 Imperata cylindrica Normally distributed 3, 32 4.14 0.014 

Root length Cyperus rotundus Normally distributed 3,32 3.08 0.041 

 Cyperus esculentus Skewed distribution 3, 32 8.67 0.033 

 Axonopus compressus Normally distributed 3, 32 5.68 0.003 

 Imperata cylindrica Normally distributed 3, 32 5.24 0.005 

 

growth was most likely due to the two strains’ synergistic interaction, 

which was facilitated by complementary metabolic functions such as 

nutrient solubilization, growth-promoting hormone production, gela- 

tine hydrolyzation, and soil pathogen inhibition via mechanisms such as 

hydrogen cyanide production. The previous report revealed that using a 

co-inoculum of PGPR bacterial strains not only enhances plant devel- 

opment but also uses the benefits of numerous microorganisms, result- 

ing in a more robust support system for plants (Boonmahome et al., 

2023; Devi et al., 2024). The bacterial co-inoculum’s ability to promote 

plant development, particularly in polluted soils. These findings suggest 

that it may be used in agricultural techniques to increase crop yields 

while decreasing reliance on chemical fertilizers. 

 

3.4. Degradation dynamics of nitro-PAHs by multi-trait PGPR strains 

 

This study investigates the ability of multi-trait PGPR strains to 

degrade two model persistent nitro-PAHs, 1-nitropyrene, and 2-nitro- 

fluorene, which are commonly found in contaminated environments. 

The strains, which were isolated from contaminated rhizosphere soils, 

were chosen for their resilience and potential to degrade these nitro- 

PAHs. The strains were grown in nitro-PAHs-PBYS medium, where 

nitro-PAHs serve as the sole carbon source. The concentrations of 1- 

nitropyrene and 2-nitrofluorene in the PBYS medium were standard- 

ized to a predetermined value at the onset of the experiment. The 

standardized concentrations (25 mg/L) provided a benchmark against 

which the effectiveness of the PGPR strains could be assessed. Nitro-PAH 

concentrations (mg/L) were monitored throughout time and Fig. 3 dis- 

plays degradation patterns for both individual strains and the co- 

inoculum (BGC01). The degradation kinetics of 1-nitropyrene and 2- 

nitrofluorene demonstrated distinct patterns in our study underscoring 

the variations in their kinetics pathways. A second-order kinetic decay 

model better suited for 1-nitropyrene degradation, with R² values: 0.986 

for BG034, 0.986 for BG05, and 0.997 for the co-inoculum BGC01. 2- 

nitrofluorene degradation followed a first-order kinetic decay model, 

with R² values of 0.986 for BG034, 0.994 for BG05, and 0.997 for 

BGC01, showing different microbial degradation dynamics between the 

two chemicals. In the degradation kinetic of 1-nitropyrene, the co- 

inoculum BGC01 had the highest rate constant (k = 0.0034 L mol—1 

h—1) and the shortest half-life (T₁/₂ = 11.76 hours) compared to the 

individual strains BG034 and BG05, which both presented lower rate 

constants (k = 0.0011 L mol—1 h—1) and longer half-lives (T₁/₂ = 
36.36 hours). The higher R² values (0.997 for BGC01) suggest that the 

second-order kinetic model is more effective and have higher degrada- 

tion efficiency compared to the individual strain’s treatment. Similarly, 

in the case of 2-nitrofluorene, the co-inoculum BGC01 also had the 

higher degradation efficiency with a rate constant of 0.0284 L mol—1 

h—1 and a half-life of 33.90 hours. In contrast, individual strains BG034 

and BG05 had lower rate constants (0.0122 L mol—1 h—1 and 

0.0124 L mol—1 h—1 respectively) and longer half-lives (56.80 and 

55.88 hours). However, these results differ from previous studies. Li 

et al. (2020) reported that the degradation of 1-nitropyrene follows a 

first-order kinetic decay model (Li et al., 2020). Similarly, degradation 

of 2-nitrofluorene might follow zero-order or second-order kinetic 

models (Stewart et al., 2010). These variations highlight the influence of 

experimental factors, microbial consortia, and ambient circumstances 

on degradation kinetics. Table 2 summarizes the rate constants (k) and 

half-lives (T₁/₂) of 1-nitropyrene and 2-nitrofluorene in the presence of 

isolated bacterial strains and their co-inoculum. 

The degradation percentage of 1-nitropyrene and 2-nitrofluorene 

were summarized in the Table S1. The results of the degradation ex- 

periments demonstrate that using a co-inoculum BGC01, which contains 

two bacterial strains: Bacillus cereus BG034 and Bacillus altitudinis BG05, 

improves the degradation of nitro-PAHs significantly (p < 0.05) 

throughout the experiment. BGC01 consistently outperformed each of 

the individual strains in the breakdown of both 1-nitropyrene and 2- 

nitrofluorene, indicating a synergistic effect when both strains are 

used together. Specifically, for 1-nitropyrene, BGC01 achieved over 

46.0 % degradation within the initial 24 hours, simultaneously, strain 

BG034 accomplished 19.0 %, and strain BG05 attained 26.4 %. These 

percentages significantly rose by 48 hours, with BGC01 at 66.0 %, strain 

BG05 at 36.0 %, and strain BG034 at 40.0 %. The degradation per- 

centage peaked after 72 hours, with the BGC01 scoring 76.0 %, strain 

BG05 49.0 %, and strain BG034 scoring 47.8 %. 

In the degradation of 2-nitrofluorene strain BG034 achieved a 

degradation of 31.1 %, followed closely by strain BG05 at 26.1 %. 

However, the co-inoculum outperformed both, achieving an impressive 

degradation of 54.0 % at 24 hours. The BGC01’s degradation level 

increased to 87.2 % at the 72-hour mark, significantly higher than 

strains BG034 (59.9 %) and BG05 (59.8 %). A control group was set up 

to provide a baseline for comparison with the bacterial treatments. This 

control comprised a PBYS medium containing 25 mg/L of nitro-PAHs 

devoid of bacterial inoculation. These control samples were incubated 

under the same conditions (37◦C at 150 rpm) as the treatment groups to 

duplicate the experimental setting. This setting ensured that degrada- 

tion observed in the treated groups could be distinctly attributed to 

bacterial activity instead of abiotic influences. The control group 

showed little degradation, with ~ 6 % for both of the nitro-PAHs (i.e. 2- 

nitrofluorene and 1-nitropyrene) after 72 hours, highlighting the critical 

role of bacterial strains in the effective degradation of nitro-PAHs. The 

abiotic control further demonstrated that considerable degradation 

occurred only in the presence of active PGPR strains. These findings 

substantiate that the bacterial strains and their co-inoculum possess 

higher capabilities in the degradation of nitro-PAHs, emphasizing their 

potential as efficacious bioremediation agents. Table 3 summarizes the 

nitro-PAHs (1-nitropyrene and 2-nitrofluorene) degradation rates of the 

two PGPR strains and the BGC01. Similar to the degradation percentage, 

the most rapid degradation rates were noted within 24 hours of incu- 

bation for 1-nitropyrene and 2-nitrofluorene. During this period, the 

BGC01 achieved the highest degradation rate of 1.91 mg L⁻¹ h⁻¹ for 1- 

nitropyrene and 2.25 mg L⁻¹ h⁻¹ for 2-nitrofluorene. Over a 72-hour 

duration, the BGC01 maintained the lead in degradation rates 

(1.05 mg L⁻¹ h⁻¹ for 1-nitropyrene and 1.21 mg L⁻¹ h⁻¹ for 2-nitrofluor- 

ene) followed closely by strains BG034 and BG05 for both compounds. 

The rapid degradation of 1-nitropyrene and 2-nitrofluorene observed 

within the initial 24 hours of incubation is attributed to the bacteria 

beginning the logarithmic growth phase, during which their metabolic 

activity increases, resulting in the rapid use of nitro-PAHs as a carbon 

source. Over 76.0 % of 1-nitropyrene and 87.2 % of 2-nitrofluorene 
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Fig. 2. Effects of bacterial inoculation on the shoot length (a) and root length (b) of Cyperus rotundus L. (a), Cyperus esculentus L. (b), Imperata cylindrica (L.) Beauv. 

(c), and Axonopus compressus (Sw.) P. Beauv. (d),— throughout 21 days. The study assessed the plant growth-promoting properties of isolated bacterial strains and 

their co-inoculum. Both individual bacterial treatments and the co-inoculum significantly increased shoot length compared to the control (p < 0.05), with the co- 

inoculum showing a notably higher enhancement than the single strains. Data are expressed as means ± S.D. (n = 3). 
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Fig. 3. Degradation of 1-nitropyrene (a) and 2-nitrofluorene (b) by formulated bacterial co-inoculum (BGC01) and individual strains (BG034 and BG05) in a shaker 

flask over a 72-hour incubation period. The initial concentration of each nitro-PAH was 25 mg/L, which gradually decreased with increasing incubation time. Data 

are presented as mean ± S.D. (n = 3) with significant differences observed at p < 0.05. 

 

 

Table 2 

Kinetic degradation model of the nitro-PAHs. 

 
Parameter 

 
1-nitropyrene 

   
2-nitrofluorene 

 

  BG034 BG05 BGC01  BG034 BG05 BGC01  

 Regression equation  y = 0.0011x y = 0.0011x y = 0.0034x  y = —0.0122x y = —0.0124x y = —0.0284x  

   + 0.3095 + 0.3123 + 0.3063  + 3.1961 + 3.2255 + 3.1772  

 Coefficients of determination 

(R2) 

 0.986 0.986 0.997  0.986 0.994 0.997  

 Rate constant (k) (L 

mol—1h—1) 

 0.0011 0.0011 0.0034  0.0122 0.0124 0.0284  

Half-life (T1/2) (Hours) 36.36  36.36 11.76 56.80 55.88 33.90 

kinetic question 1 = kt 
1 +   Ln[A]= - kt+ln [A]0   

  

[A] [A]o 

 

 
Table 3 

Degradation rate (mg L—1 h—1) of 1-nitropyrene and 2-nitrofluorene. 

Time (hours) 1-nitropyrene     2-nitrofluorene  

 Abiotic Control Strain BG034 Strain BG05 Co-inoculum BGC01  Abiotic Control Strain BG034 Strain BG05 Co-inoculum BGC01  

0–24 0 0.79 ± 0.06 1.1 ± 0.08 1.91 ± 0.05  0 1.29 ± 0.13 1.09 ± 0.12 2.25 ± 0.13  

24–48 0.16 ± 0.03 0.87 ± 0.02 0.40 ± 0.03 0.83 ± 0.03  0.16 ± 0.1 0.50 ± 0.02 0.66 ± 0.01 0.91 ± 0.14  

48–72 0.08 ± 0.01 0.32 ± 0.04 0.54 ± 0.02 0.41 ± 0.02  0.07 ± 0.02 0.70 ± 0.01 0.73 ± 0.02 0.47 ± 0.07  

0–48 0.08 ± 0.02 0.83 ± 0.09 0.75 ± 0.03 1.37 ± 0.08  0.08 ± 0.05 0.89 ± 0.05 0.87 ± 0.06 1.58 ± 0.13  

24–72 0.12 ± 0.03 0.60 ± 0.05 0.47 ± 0.01 0.62 ± 0.02  0.11 ± 0.05 0.60 ± 0.07 0.70 ± 0.01 0.69 ± 0.02  

0–72 0.08 ± 0.03 0.66 ± 0.04 0.68 ± 0.06 1.05 ± 0.07  0.07 ± 0.03 0.83 ± 0.04 0.83 ± 0.05 1.21 ± 0.03  

The data are expressed as mean ± S.D. (n = 3) 

 

were degraded within 72 hours across all experimental conditions, 

demonstrating the significant capability of the PGPR strains for nitro- 

PAH degradation. The previous research highlighted the improved 

degrading efficiency of microbial consortia compared to single-strain. 

Zhong et al. (2011) reported that a consortium of Mycobacterium sp. 

APYR and Sphingomonas sp. PheB4 was able to degrade 50 % of 10 mg/L 

pyrene within a week, significantly exceeding the performance 

demonstrated by the individual strains (Zhong et al., 2011). Similarly, 

Shen et al. (2015) reported that a consortium consisting of Pseudomonas 

sp. PH1, Bacillus sp. PH2, Ochrobactrum sp. PH3, and Pseudomonas sp. 

PH4 obtained a 38 % degradation of 100 mg/L pyrene after six days 

(Shen et al., 2015). These studies underscore the critical role that mi- 

crobial interactions play in pollution breakdown. The synergistic dy- 

namics observed in microbial consortia can be attributed to their 

complementary metabolic capacities, which include one strain produc- 

ing intermediates or co-factors that are then metabolized by another 

strain. This metabolic synergy speeds up the breakdown of complex 

contaminants like PAHs. The study corroborates with the findings of 

Wanapaisan et al. (2018), in which microbial consortia break down 

pyrene faster than individual strains, which was due to the division of 

metabolic labour and enhanced substrate utilization (Wanapaisan et al., 

2018). Future investigations would endeavor to conduct comprehensive 
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analyses to determine the significance of these differences and explore 

specific conditions, such as variations in substrate complexity, envi- 

ronmental factors, or prolonged incubation periods, which may 

augment the prospective synergistic advantages of co-inoculation. The 

previous report by Sarma et al. (2024) also highlighted that substrate 

availability substantially impacts the bacterial breakdown of organic 

contaminants such as nitro-PAHs (Sarma et al., 2024). The study un- 

derlines that the bioavailability of nitro-PAHs in the PBYS medium is 

critical for degradation, with bacterial breakdown efficiency propor- 

tional to substrate concentration. Bacteria require threshold concen- 

trations of nitro-PAHs to increase and perform metabolic operations 

(Koner et al., 2021; Zhou et al., 2023). The substrate concentration has 

been proven to influence bacterial activity, which is consistent with 

Michaelis-Menten kinetics significantly. At minimal substrate concen- 

trations, increased levels generally result in a corresponding enhance- 

ment of bacterial activity. Nonetheless, once the substrate concentration 

approaches a specific threshold, the reaction rate reaches a maximum 

(Vmax), indicating that the bacterial enzymes have reached saturation. 

Beyond this threshold, continued substrate concentration increases and 

decreases bacterial activity. An overabundance of a substrate may result 

in metabolic inhibition when hazardous byproducts accumulate, or 

metabolic pathways become overloaded, limiting bacterial activity. Our 

experimental findings revealed that 25 mg/L is the threshold concen- 

tration for bacterial activity; after which bacterial activity decreases 

owing to metabolic inhibition (shown in Fig. 4). These findings 

emphasize the need to adjust substrate concentrations for successful 

bioremediation, with other parameters such as contaminant complexity, 

medium type, and environmental conditions influencing degradation 

rates (Bandowe and Meusel, 2017; Vinayagam et al., 2024). 

The GC-MS analysis of the BGCO1 co-inoculum-treated medium was 

selected because it had higher plant growth-promoting activity than the 

individual bacterial strains, and also had a substantial potential to 

remove nitro-PAHs. GC-MS analysis validated the breakdown of nitro- 

PAHs spiked into PBYS medium, with initial degradation into simpler 

hydrocarbons observed at 15 days, complete transformation into linear 

aliphatic hydrocarbons at 30 days with no detectable remnants of the 

original nitro-PAHs in the PBYS medium. This complete degradation 

process implies a very efficient mechanism that is assisted by the 

treatments. The degradation routes for nitro-PAHs observed in this study 

revealed a systematic conversion process involving different hydrocar- 

bons, eventually breaking down these complex molecules into simpler 

linear aliphatic hydrocarbons such as decane following the application 

of co-inoculum, highlighting the critical function that these treatments 

play in the conversion of complex hydrocarbons into simpler forms 

(Fig. 5). For 1-nitropyrene at initial (0 days) GC-MS analysis confirmed 

the presence of 1-nitropyrene in the tested shaker flask. By day 15, 

degradation products such as naphthalene, a two-ring PAH, along with 

the intermediated metabolites such as 2,3,5,8-tetramethyldecane and 1- 

iodo-2-methylundecane, had been reported, showing that the complex 

structure of 1-nitropyrene has started to break down. Additional inter- 

mediate metabolites, such as methoxyacetic acid, 2-tridecyl ester, sul- 

furous acid, hexyl pentadecyl ester, and 6-methyloctadecane, revealed 

paths for methylation, esterification, and oxidative or reductive con- 

version processes. By day 30, advanced degradation processes had 

produced linear aliphatic hydrocarbons such as decane and 2,4,6-trime- 

thyldecane, as well as substances like isoshyobunone and aromaden- 

drene oxide-1. Similarly, for 2-nitrofluorene, the parent compound was 

detected at the beginning of the experiment. At 15 days, naphthalene 

was reported, confirming the first transformation observed in 1-nitro- 

pyrene. This finding shows that degradation processes are similar, 

including ring breakage and reductive de-nitration mechanisms. By day 

30, the intermediate metabolites such 1H-indene, 1-methyl- 

enedodecane, and 5,8-diethyldodecane had undergone further de- 

aromatization and conversion into aliphatic hydrocarbon. Additional 

intermediates, such as 2,3,5,8-tetramethyldecane, 2,6,10,15-tetrame- 

thylheptadecane, and 2,6,10-trimethyltetradecane, etc were reported 

which suggested the presence of methylation, iodination, and diverse 

microbial metabolic processes. In both instances, the emergence of 

linear aliphatic compounds and methylated derivatives by day 30 un- 

derscores the considerable degradation of 1-nitropyrene and 2-nitro- 

fluorene. This finding also supports our hypothesis that specific 

enzymes aid in breaking nitro-PAHs in a liquid medium. These enzymes 

most likely help to break down complex hydrocarbons, making them 

more accessible for subsequent degradation into simpler compounds. 

Previous studies also reported that the breakdown of 1-nitropyrene and 

2-nitrofluorene by bacteria proceeded through well-defined enzymatic 

pathways that included nitro group reduction, ring cleavage, and 

mineralization and assimilation (Grifoll et al., 1992; Rafil et al., 1991). 

Several bacterial extracellular and intracellular enzymes, including 

nitroreductases, dioxygenases, and cytochrome P450 monooxygenases, 

have been reported on nitro-PAHs breakdown processes (Li et al., 2023). 

Key enzymes encompass nitroreductases, which catalyze the conversion 

of nitro groups to amino groups, facilitating the structural modifications 

necessary for subsequent degradation (Claus, 2014; Penning et al., 

 

 
 
Fig. 4. Bacteria biomass (g/L) at different concentrations of 1-nitropyrene (a) and 2-nitrofluorene (b) after 7 days of incubation. The highest biomass for all in- 

dividual strains and their co-inoculum was observed at 25 mg/L concentrations of 1-nitropyrene and 2-nitrofluorene. Data are expressed as means ± S.D. (n = 3). 
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Fig. 5. Proposed nitro-PAH degradation pathways by bacterial co-inoculum in shaker flask culture. 

 

2022). Dioxygenases, including Rieske non-heme ring-hydroxylating 

oxygenase (RHO) and cytochrome P450 monooxygenases (CYP450s), 

hydroxylate the aromatic rings, thereby improving their solubility (Sun 

et al., 2023). Subsequently, intradiol and extradiol dioxygenases cleave 

the aromatic structures, yielding intermediates such as catechol, which 

are then further metabolized into fatty acids, ultimately culminating in 

complete mineralization through the tricarboxylic acid (TCA) cycle (Das 

et al., 2023; Lipscomb, 2008). However, this study did not identify the 

specific enzymes involved in the degradation processes, highlighting the 

need for future investigation. 

To effectively transition from laboratory findings to practical field 

applications, a systematic approach is essential for scaling up this 

technology. First, soil microcosm experiments will be conducted in a 

controlled greenhouse setting to evaluate the adaptability and efficiency 

of specific strains and their co-inoculants using contaminated soil. These 

experiments will help optimize the application rates of the co-inoculants 

and various environmental parameters to enhance both plant growth 

promotion and the degradation efficiency of pollutants. After successful 
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greenhouse trials, field tests will be carried out in polluted areas. This 

phase will assess factors such as soil heterogeneity, microbial competi- 

tion, environmental stressors, and pollutant bioavailability. Finally, to 

facilitate practical implementation, it is crucial to establish collabora- 

tions with environmental agencies, legislators, and the agricultural 

sector to integrate PGPR-based bioremediation into sustainable land 

management strategies. Ongoing monitoring, economic viability as- 

sessments, and environmental impact evaluations will be critical for 

ensuring long-term success and widespread acceptance. 

 

4. Conclusion 

 

This study was successful in isolating two promising nitro-PAHs 

tolerance PGPR strains, Bacillus cereus BG034 and Bacillus altitudinis 

BG05, from the rhizosphere of Cyperus rotundus L., Cyperus esculentus L., 

Imperata cylindrica (L.) Beauv., and Axonopus compressus (Sw.) P. Beauv., 

both of which exhibited plant growth-promoting properties. In green- 

house trials, the formulated co-inoculum was found to augment these 

effects, indicating a synergistic relationship that significantly enhanced 

plant shoot and root length. Furthermore, both strains, individually and 

in combination, successfully degraded 1-nitropyrene and 2-nitrofluor- 

ene. Notably, the co-inoculum demonstrated higher degradation effi- 

ciency than the individual strains, with 76.0 % degradation of 1- 

nitropyrene and 87.2 % degradation of 2-nitrofluorene after 72 hours 

of incubation. Future investigations should concentrate on extensive 

field trials and further scrutiny of the enzymatic pathways implicated in 

pollutant degradation, and soil heterogeneity, physicochemical differ- 

ences, and microbial dynamics, all of which can influence bioavailability 

and degradation rates to fully capitalize on these PGPR strains’ capa- 

bilities in bioremediation and sustainable agriculture. Future research 

should also incorporate aging protocols that simulate the long-term in- 

teractions between nitro-PAHs and soil components. Also, it should 

investigate approaches such as developing stress-tolerance bacterial 

consortia or employing biostimulants, biosurfactants, and biochar to 

sustain enhanced bacterial functionality in field scenarios. Furthermore, 

field trials should assess bioremediation technologies’ long-term sus- 

tainability and environmental implications to establish the technology’s 

scalability. Addressing these issues will allow laboratory findings to be 

applied and viable environmental cleanup solutions develop. 
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• Nitro-PAHs, arising from human and 

natural sources, pose environmental 

challenges due to their persistence and 

long-range transport. 

• Exposure through inhalation, ingestion, 
and skin contact raises concerns for 

health, including mutagenicity and car- 

cinogenicity risks. 

• Nitro-PAHs disrupt the endocrine sys- 

tem, leading to reproductive and devel- 

opmental problems. 

• Incorporating microorganisms and bio- 

stimulants enhances phytoremediation 

for nitro-PAHs. 

 
 
 
 

 
 

A R T I C L E I N F O  
 

 

Handling editor: Derek Muir 

 
 

Keywords: 

Nitrated polycyclic aromatic hydrocarbons 

(nitro-PAHs) 

Emerging pollutants 

Phytoremediation 

Microbes 

Biostimulants 

A B S T R A C T  
 

Nitrated polycyclic aromatic hydrocarbons (nitro-PAHs) are persistent pollutants that have been introduced into 

the environment as a result of human activities. They are produced when PAHs undergo oxidation and are highly 

resistant to degradation, resulting in prolonged exposure and significant health risks for wildlife and humans.  

Nitro-PAHs’ potential to induce cancer and mutations has raised concerns about their harmful effects. 

Furthermore, their ability to accumulate in the food chain seriously threatens the ecosystem and human health.  

Moreover, nitro-PAHs can disrupt the normal functioning of the endocrine system, leading to reproductive and 

developmental problems in humans and other organisms. Reducing nitro-PAHs in the environment through 

source management, physical removal, and chemical treatment is essential to mitigate the associated environ- 

mental and human health risks. Recent studies have focused on improving nitro-PAHs’ phytoremediation by 

incorporating microorganisms and biostimulants. Microbes can break down nitro-PAHs into less harmful sub- 

stances, while biostimulants can enhance plant growth and metabolic activity. By combining these elements, the 
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effectiveness of phytoremediation for nitro-PAHs can be increased. This study aimed to investigate the impact of 

introducing microbial and biostimulant agents on the phytoremediation process for nitro-PAHs and identify 

potential solutions for addressing the environmental risks associated with these pollutants.  
 

 

1. Introduction 

 

Nitrated polycyclic aromatic hydrocarbons (nitro-PAHs) are 

emerging pollutants that have gained attention due to their widespread 

presence in the environment and potential impact on human health and 

the ecosystem (Ma et al., 2023; Nowakowski et al., 2022). These com- 

pounds, characterized by nitrogen-containing functional groups, are 

introduced through reactions with nitrating agents (Ma et al., 2023; 

Nowakowski et al., 2022) Fig. 1). 

Nitro-PAHs are found in air, water, soil, and even the food chain, 

originating from human activities and natural processes (Balmer et al., 

2019). However, human sources contribute the most to their presence in 

the environment. These compounds can travel long distances and persist 

for extended periods, transported through air currents, water, and soil 

(Liu et al., 2017; Bandowe and Meusel, 2017). While nitro-PAHs have 

low water solubility and firmly attach to solid soil layers, they can be 

transferred to deeper soil layers through colloid-assisted transport. Their 

highest concentrations are typically in topsoil, gradually decreasing 

with increasing soil depth (Bandowe and Meusel, 2017). Consequently, 

nitro-PAHs pose risks to various environmental matrices, including air, 

water, soil, and the food chain. 

Exposure to nitro-PAHs can occur through inhalation, ingestion, and 

skin contact. Minimizing exposure is crucial to mitigate potential health 

effects, which can vary based on proximity to sources, the prevalence of 

food and water, and indoor exposure (Gao et al., 2022; Gbeddy et al., 

2022). The toxicity of nitro-PAHs remains a concern, with conflicting 

research findings regarding their mutagenic and carcinogenic properties 

(S¸ ahin et al., 2022; Drotikova et al., 2020). Nitro-PAHs also pose a threat 

to aquatic life and ecosystems. They can contaminate water bodies, 

negatively affecting the health of aquatic organisms and potentially 

impacting human health (Huang and Batterman, 2014). Specific 

nitro-PAHs have been detected in various aquatic environments and can 

disrupt reproductive and developmental processes and alter the growth 

and survival of aquatic plants and microorganisms (Onduka et al., 2012; 

Lee et al., 2022). 
Researchers are exploring physical, chemical, and biological reme- 

diation techniques to address the potential health and environmental 

impacts of nitro-PAHs. Physical methods require significant labor, while 

chemical approaches demand costly reagents and equipment. Biological 

remediation, although environmentally friendly, can be time- 

consuming. Among these options, using microorganisms and bio- 

stimulants shows promise for nitro-PAHs remediation. Integrating this 

approach with phytoremediation could enhance its effectiveness and 

overcome certain limitations (Wu et al., 2023). 

A critical evaluation of existing literature on the role of microor- 

ganisms and biostimulants in nitro-PAHs remediation is likely the focus 

of ongoing research. This review would encompass previous studies 

investigating the use of microorganisms and biostimulants to enhance 

phytoremediation and assess the current understanding of the under- 

lying mechanisms. It would also evaluate the efficacy of different mi- 

croorganisms and biostimulants and any constraints or challenges 

associated with their utilization, ultimately providing recommendations 

for future research initiatives. 

 
2. Origin and occurrences of nitro-PAHs 

 

Nitro-PAHs originate from both natural and human sources. Natural 

sources include lightning strikes, volcanic eruptions, and meteor im- 

pacts, where nitro-PAHs are synthesized from PAH precursors (Bandowe 

and Meusel, 2017; Li et al., 2015). Biological processes, such as 

nitrification in soil and water, can also lead to nitro-PAHs formation 

from PAH precursors (Strandberg et al., 2023; Zimmermann et al., 

2013). However, the majority of nitro-PAHs present in the environment 

today are a result of human activities. 

Anthropogenic sources of nitro-PAHs include the combustion of 

fossil fuels, such as coal, oil, and natural gas, and nitrogen oxide (NOx) 

emissions from vehicles and industrial processes (Ozaki et al., 2010). 

Nitro-PAHs are formed during combustion by interacting with PAH 

precursors and nitrogen oxides (NOx). Nitrogen oxides, often generated 

while burning fossil fuels, facilitate the functionalization of PAHs to 

form nitro-PAHs (Ma et al., 2023; Mo¨ller et al., 1993). Various factors, 

including the type of fuel, combustion conditions, and the presence of 

other contaminants, influence this process, which occurs at high 

temperatures. 

Emissions from automobiles and industrial activities are significant 

sources of environmental nitro-PAHs. Nitro-PAHs formation occurs 

through the emission of nitrogen oxides from the exhaust of gasoline- 

powered vehicles and diesel engines (Idowu et al., 2019). Industrial 

processes, such as those in boilers, power plants, and other facilities, also 

contribute to the emission of nitrogen oxides and the subsequent for- 

mation of nitro-PAHs. Additionally, the use of nitrogen-based fertilizers 

can result in the formation of nitro-PAHs. Applying these fertilizers to 

crops and soil leads to nitrification, where microorganisms decompose 

the fertilizers and produce nitrite and nitrate ions. These ions can react 

with PAH precursors, forming nitro-PAHs in the soil (Mackiewicz-Walec 

and Krzebietke, 2020). The occurrence of nitro-PAHs within the envi- 

ronmental matrix is summarized in Table 1. 

 
3. Characteristics of nitro-PAHs 

 

The properties of nitro-PAHs are related to their molecular structure, 

including a nitro functional group (NO2) and the aromatic ring charac- 

teristic of PAHs. The nitro group confers distinct chemical properties to 

nitro-PAHs compared to PAHs, significantly affecting their environ- 

mental behavior and toxicity. The following are the physicochemical 

characteristics of nitro-PAHs: 

The solubility of nitro-PAHs is affected by several factors, including 

the individual nitro-PAH’s chemical structure and physical character- 

istics and the solvent’s qualities. Nitro-PAHs are more soluble in organic 

solvents like benzene and toluene than in water (Stewart et al., 2010). 

For example, 1-nitronaphthalene is soluble in benzene, chloroform, and 

carbon disulfide. 1-nitropyrene, on the other hand, is soluble in benzene, 

ethanol, diethyl ether, toluene, and tetrahydrofluorenone (Chan, 1993). 

2-nitrofluorene is soluble in benzene and acetone, and 6-nitrochrysene is 

soluble in ethanol, nitrobenzene, carbon disulfide, diethyl ether, ben- 

zene, and acetic acid (Nascimento et al., 2019; Sun et al., 2020). How- 

ever, the solubility of these compounds in water is generally low. At a 
temperature of 25 ◦C, the solubility of 1-nitronaphthalene in water is 

9.18 mg/L, while the solubility of 1-nitropyrene in water is 1.18 × 10—2 

mg/L (Gang and Xiaobai, 1992; Nascimento et al., 2019). These solu- 

bility values indicate that these compounds are relatively 

water-insoluble and more likely to dissolve in organic solvents. The 

solubility of nitro-PAHs can also be altered by pH, temperature, and the 

presence of other compounds in the environment. The solubility of 

nitro-PAHs in water diminishes with increasing molecular size, which 

might lead to the development of more persistent and hazardous species 

in the environment. Indeed, the solubility characteristic of nitro-PAHs 

has a substantial influence on their transportation and distribution in 

the environment, their accessibility to organisms, and their potential for 

damage in the environment. 
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Fig. 1. Chemical structure of some specific nitro-PAHs. 
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Nitro-PAHs have a wide range of vapor pressures, which is highly 

determined by their molecular structure, especially the number of 

benzene rings and the presence of nitro groups. The number of benzene 

rings has an inverse relationship with vapor pressure, which is defined as 

the equilibrium pressure exerted by a gaseous substance in equilibrium 

with its condensed phases (solid or liquid) at a given temperature 

(Speight, 2017, 2020). For example, 1-nitronaphthalene, which has two 

rings, has a vapor pressure of 0.0154, whereas 1-nitrofluorene, which 
has three rings, has a vapor pressure of 9.7 × 10—5, and 2-nitrofluoran- 

thene, which has four benzene rings, has a vapor pressure of 9.9 × 10—7 

(Kielhorn et al., 2003). The addition of a nitro group to PAHs reduces 

their vapor pressure in contrast to nitro-free counterparts due to 
increased molecular polarity, making the molecule less volatile (Barrado 

et al., 2013). For example, the vapor pressure of pyrene is 6.0 × 10—4, 

but with the addition of one nitro group (1-nitropyrene), it decreases to 

4.4 × 10—6. Similarly, Naphthalene has a vapor pressure of 10.4, but 

2-nitronaphthalene, with one extra nitro group, has a vapor pressure of 

3.2 × 10—2 (Kielhorn et al., 2003). This lowered volatility has a major 

impact on nitro-PAHs atmospheric behavior, influencing parameters 
such as transit, dispersion, and environmental persistence (Hayakawa, 

2022; Hussain et al., 2019). The role of temperature and pressure in 

determining nitro-PAHs vapor pressure is critical, as these factors in- 

fluence the equilibrium between gaseous and condensed phases, with 

vapor pressure generally increasing with temperature for most sub- 

stances, albeit with variations depending on the specific molecular 

structure of nitro-PAHs (Abdel-Shafy and Mansour, 2016). 

Nitro-PAHs have higher boiling points than PAHs, owing to inter- 

molecular forces that regulate molecular interactions (Idowu et al., 

2019). Van der Waals forces, which include dispersion forces, 

dipole-dipole interactions, and hydrogen bonding, have a significant 

impact on the boiling points (Chakarova and Schro¨der, 2005). 

Temporary changes in electron density inside molecules provide 

dispersion  forces,  which  attract  surrounding  molecules 

(Corte´s-Arriagada, 2021; Ikawa et al., 2021). Larger nitro-PAHs have 

higher boiling points due to larger dispersion forces. Dipole-dipole in- 

teractions, which are present in nitro-PAHs with polar bonds (for 

example, in the nitro group), contribute to total molecule polarity, 

influencing intermolecular attractions and boiling temperatures (Eiroa 

et al., 2010). Because of greater dipole-dipole interactions, nitro-PAHs 

with more polar functional groups may have higher boiling points. 

While hydrogen bonding is less prevalent in nitro-PAHs than in com- 

pounds containing hydroxyl or amino groups, its presence can affect 

boiling points. Due to the formation of weak hydrogen bonds between 

molecules, nitro-PAHs with hydrogen bond donor or acceptor sites may 

have somewhat higher boiling points. The boiling points of nitro-PAHs 

are also influenced by their molecular weight and mass (S¸ ahin et al., 

2022). Increased size and mass provide stronger van der Waals forces 

and total molecular attraction, resulting in higher boiling points. Spe- 

cific nitro-PAHs such as 1-nitropyrene, 1,3-dinitropyrene, and 1,2,4-tri- 

nitrofluoranthene are examples of this since extra nitro groups lead to 

greater boiling points (Kielhorn et al., 2003). For example, 1-nitropyr- 

ene has a boiling point of 390.29 ◦C, but 1,3-dinitropyrene has a 

higher boiling point of 434.19 ◦C due to an additional nitro group. The 
addition of extra nitro groups to 1,2,4-trinitrofluoranthene raises its 

boiling point to 615.240 ◦C, suggesting a stronger intermolecular force 
(Kielhorn et al., 2003). Similarly, comparing 2-nitroanthracene to 
1-nitropyrene reveals that the former, with an extra nitro group, has a 

higher boiling point of 423.9 ◦C, suggesting stronger intermolecular 

forces (IARC, 2014). 

Furthermore, nitro-PAHs can undergo several reactions in soil set- 

tings, including oxidation, protonation, reduction, and complexation 

(Cao et al., 2022; Chu et al., 2023). These transformations could lead to 
 
 
Table 1 

The concentrations of nitro-PAHs in various environmental matrices. 

Environmental 

matrix 

The concentration of 

nitro-PAHs (Σ nitro- 

PAHs) 

Number of 

nitro-PAHs 

Analysis technique Location Reference 

Soil 0.4–4.6 ng g—1 4 GC-MS, Surface soil samples of Cai et al. (2017) 

  
396–2530 ng g—1 

 
15 

 
GC-MS 

Yangtze River Delta, China 

Kathmandu, Pokhara, 
 

Yadav and Devi 
    Birgunj, and Biratnagar of (2021) 

  
29–158 ng g—1 

 
11 

 
HPLC 

Nepal 

Pham Van Dong, Hanoi, 
 

Pham et al. 

  
29–158 ng g—1 

 
11 

 
GC-MS 

Vietnam 

Surface soils of Xi’an, 

(2015) 

Wei et al. 

  
4–5.2 ng g—1 

 
9 

 
HPLC 

central China 

Road side soil of Catania, 

(2015) 

(Gudi et al., 

  
3.61–5.12 ng m—3 

 
10 

 
HPLC 

Italy 

Haidian, China 

2012) 

Zhang et al. 

  
0.31 ± 0.23 ng g—1 

 
18 

 
GC-MS 

 
Kosetice, Europe 

(2020) 

Wietzoreck 

 
Water 

 
604 ng L—1 

 
5 

 
HPLC 

 
Asano River, Japan 

et al. (2022) 

Chondo et al. 

  
14.7–235 ng L—1 

 
15 

 
GC/TSQ quantum triple quadrupole tandem mass 

 
Taige Canal, Changzhou 

(2013) 

Kong et al. 

  
19.7 ng L—1 

 
6 

spectrometry 

Purge-assisted headspace solid-phase microextraction 

City, China 

Luchuan River, China 

(2023) 

Hung et al. 
   combined with gas chromatography/negative ion chemical  (2012) 

 
Air 

 
26.1 ± 25.9 ng m—3 

 ionization mass spectrometry 

GC-MS 
 

Bhagwan Talkies crossing, 
 

Verma et al. 

  
0.078–11.7 ng m—3 

 
5 

 
GC-MS 

Agra, India 

Birmingham, United 

(2022) 

Alam et al. 

  
0–0.001 ng m—3 

 
5 

 
GC-MS 

Kingdom 

Oregon, USA 

(2015) 

Lafontaine et al. 

  
0.025–0.72 ng m—3 

 
13 

 
HPLC with chemiluminescence 

 
Chiang Mai, Thailand 

(2015) 

Chuesaard et al. 

  
0.5–7 ng m—3 

 
12 

 
GC-MS 

 
Xi’an, China 

(2014) 

Bandowe et al. 

  
2.26–5.86 ng m—3 

 
6 

 
GC-ECD 

 
Athens, Greece 

(2014) 

Tsakas et al. 

     (2010) 
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Table 2 

Physicochemical properties of nitro-PAHs (Adopted from (Kielhorn et al., 2003)). 

Sl. 

No 

Nitrated polycyclic 

aromatic hydrocarbons 

Molecular 

formula 

Molecular 

weight (g/mol) 

Color Boling 

Point (◦C) 

Malting 

Point (◦C) 

Vapor Pressure 

[mmHg] 

Density 

(20 ◦C) 

1 1-nitronaphthalene C10H7NO2 173.17 Pale yellow solid 304–305 ◦C 61 ◦C 0.00048 1.33 

2 1-nitropyrene C16H9NO2 247.25 Yellow solid or gold solid 390.29 ◦C 155 ◦C 0.00000006 1.16 

3 1,5-dinitronaphthalene C10H6N2O4 218.17 Yellowish-white or light- 

yellow solid or light-yellow 

358.84 ◦C 138–141 ◦C 0.00000428 1.58 

    crystalline powder     

4 1,3-dinitropyrene C16H8N2O4 292.24 Yellow-orange crystalline 

solid 

434.19 ◦C 274–276 ◦C  1.28 

5 2-nitrofluorene C13H9NO2 211.22 Cream-colored solid 350.9 ◦C 158 ◦C 0.00000954 1.18 

6 1,6-dinitropyrene C16H8N2O4 292.24 Yellow-colored solid 434.19 ◦C 300 ◦C 0.0000000091 1.28 

7 1,8-dinitropyrene C16H8N2O4 292.24 Yellow to orange-colored 

solid 

434.19 ◦C >300 ◦C 0.0000000091 1.28 

8 6-nitrochrysene C18H11NO2 273.36 Yellow, orange-yellow, or 

chrome-red crystalline solid 

416.31 ◦C 215 ◦C 0.00000001 1.21 

9 3-nitrofluoranthene C16H9NO2 247.25 Pale yellow to light brown 

crystalline solid. 

390.29 ◦C 157–159 ◦C 0.000000104 1.16 

10 2,7-dinitrofluorene C13H8N2O4 256.21 Yellow crystalline solid 399.45 ◦C 330–334 ◦C 0.00000019 1.32 

11 2,3,5-trinitronaphthalene C10H5N3O6 263.16 Yellow crystalline solid 286.00–287.00 
◦C 

160–162 ◦C 0.004000 1.72 

12 2-nitroanthracene C14H9NO2 223.23 Yellow-colored solid 423.9 ◦C 232.76  1.31 

13 2,6-dinitrophenanthrene C14H8N2O4 268.22 Yellow to orange crystalline 

solid 

489.03 207.48  1.61 

14 1,2-dinitrofluoranthene C16H8N2O4 292.246 Yellow crystalline solid. 548.3 ± 23 279.12 0.00000000091 1.61 

15 1,2,4-trinitrofluoranthene C16H7N3O6 337.24 Light brown crystalline solid 615.2 ± 40.0 ◦C 305.13 ◦C  1.71 

16 3-nitrobenzo[e] 

fluoranthene 

C20H11NO2 297.3 Orange crystals solid 533.5 ± 19.0 ◦C 211–212 ◦C 0.00000000031 1.41 

17 1-nitrobenzo[e]pyrene C20H11NO2 297.3 Orange crystals solid 533.5 ± 19.0 ◦C 250–250.5 
◦C 

0.0000000011 1.30 

 

the generation of secondary reactive derivatives of nitro-PAHs, which 

might exhibit altered properties compared to the parent compounds. 

These derivatives might possess different chemical reactivities, solubil- 

ities, or environmental fates, impacting their persistence and potential 

environmental risks. When evaluating the possible influence of 

nitro-PAHs on human health and the environment, it is critical to 

consider their reactivity. Their toxicity, persistence, and environmental 

movement can be affected by their capacity to perform chemical re- 

actions. Furthermore, their reactivity influences their ability to produce 

secondary products, such as nitroso and nitro derivatives, which may 

have different characteristics and effects than the parent compounds. 

Below Table 2 presents an exhaustive list of nitro-PAHs’ physicochem- 

ical properties clearly and concisely. 

 
4. Analytical techniques used to monitor the nitro-PAHs in air, 

soil, and water 

 

Nitro-PAH monitoring in air, soil, and water demands a complex 

strategy that combines extraction, detection, and quantification ap- 

proaches (Bandowe and Meusel, 2017). Due to their typically lower 

concentrations across environmental compartments and their lower 

sensitivity to electron impact (EI) ionization, more than 90% of 

nitro-PAHs analytical methods depend on gas chromatography (GC) in 

conjunction with mass spectrometry (MS) and high-performance liquid 

chromatography (HPLC) in conjunction with either fluorescence detec- 

tion or mass spectrometry (Sun et al., 2020). The three phases of 

nitro-PAHs in air samples are analyzed: vapor, total suspended particles, 

and particular size fractions such as PM1, PM2.5, and PM10. Poly- 

urethane Foams (PUFs) and quartz filters are commonly used for col- 

lecting nitro-PAHs in the vapor phase and particulate matter, 

respectively. Following the collection, the PUF and quartz filter are 

carefully wrapped in aluminum foil to prevent sample photolysis, then 

stored at —20 ◦C (Mulder et al., 2019; Wang et al., 2022). During water 

sample collection, dissolved and particle phases are separated through 

filtration. A stainless-steel grab sampler is used for sediment recovery, 

with depths ranging from 0 to 5 cm being targeted. After collection, 

sediment samples are well mixed before being put in stainless steel glass 

vials and preserved at —20 ◦C. Concurrently, water samples from 0.5 m 

deep are preserved at 4 ◦C in 2 L amber glass jars (Kong et al., 2023). 

Surface soils (0–20 cm, A-horizon) and deeper soil layers have been 

sampled systematically. The soil samples are packed into pre-cleaned 

aluminum foil bags throughout the collection procedure. Following 

that, the soil samples are air-dried before being ground and sieved (2 

mm mesh size). These soil samples are then kept at —20 ◦C to ensure 
sample integrity until they are analyzed further (Ma et al., 2023; Sun 

et al., 2017). Following sample collection, nitro-PAHs present in solid 

materials like soils, sediments, and plant matter, and those concentrated 

on solid phases are commonly extracted using Soxhlet extraction, 

QuEChERS, automated shaking, pressured liquid extraction, microwave 

extraction, supercritical fluid extraction, and ultrasonication (Eiroa 

et al., 2010; Jing et al., 2023). Solvents such as dichloromethane (DCM), 

methanol, acetone, and their combinations, such as acetone/dichloro- 

methane and methanol/acetone, are used (Bandowe and Meusel, 2017). 

The selection of technique and solvent is influenced by parameters such 

as sample matrix, targeted chemicals, and subsequent analytical needs. 

The qualitative and quantitative analysis of nitro-PAHs requires a vari- 

ety of mass spectrometry techniques, including GC–NCI–MS, GC-ECD, 

GC-MS with electron ionization (EI), HPLC-MS with particle beam 

interface, HPLC-GC with atomic emission detector, ion trap mass spec- 

trometry, TOF-MS, and HPLC-MS with electrochemical cell (Kawanaka 

et al., 2007; Lee et al., 2022). As mass analyzers, QMS, ToF, and Orbitrap 

are also used (Lee et al., 2022). Due to the weak fluorescence signals of 

nitro-PAHs, electrochemical and fluorescence detectors are limited. 

Advances in analytical instrumentation have resulted in the develop- 

ment of alternative techniques such as gas chromatography with at- 

mospheric pressure chemical ionization (GC-APCI) and comprehensive 

two-dimensional gas chromatography (GCGC), which have increased 

the capabilities of nitro-PAHs analysis in complex environmental 

matrices (Galmiche et al., 2021). 

5. Ecological consequences of nitro-PAHs 

 

One of the most severe ecological consequences of nitro-PAHs is their 

toxicity to organisms. These compounds have been demonstrated to 
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pose risks to various species, including aquatic organisms, terrestrial 

invertebrates, and mammals (Onduka et al., 2012). Nitro-PAHs can 

potentially induce genetic mutations and DNA damage, oxidative stress, 

endocrine disruption, neurotoxicity, and other health leading to reduced 

fitness and population declines (Bandowe and Meusel, 2017; Huang 

et al., 2014). Some nitro-PAHs have also been recognized as likely 

human carcinogens, emphasizing their potential threats to animal and 

human health. Table 3 provides a summary of the health impact asso- 

ciated with nitro-PAH exposure. The toxicological consequences of 

nitro-PAHs, including their possible influence on human health and the 

environment, are described below. 

 
5.1. Carcinogenic effects of nitro-PAHs 

 

According to research studies conducted by Wo´jcik et al. (2022), 

nitro-PAHs have been identified as a potential threat to human health 

due to their carcinogenic properties. These compounds have been clas- 

sified as carcinogenic to humans based on evidence from laboratory 

animal studies and epidemiological studies. Nitro-PAHs’ capacity to 

generate genetic alterations and DNA damage is thought to be respon- 

sible for their carcinogenic effects (Claxton, 2015). Furthermore, certain 

nitro-PAHs are metabolized to other chemicals that are much more 

genotoxic, increasing the potential for carcinogenic consequences 

(Wo´jcik et al., 2022). The International Agency for Research on Cancer 

(IARC) has categorized a variety of nitro-PAHs based on their propensity 

to cause cancer in experimental animals and humans. The most 

worrying are 3-nitrobenzanthrone and dinitropyrenes, which have been 

recognized as Group 1 carcinogens by the IARC. This implies that there 

is adequate evidence to show that these substances can cause cancer in 

humans (Arlt, 2005; Linhart et al., 2012). Other nitro-PAHs have been 

classed as Group 2A, 2B, or 3 carcinogens based on their ability to induce 

cancer in humans. For example, 1-nitropyrene and 6-nitrochrysene are 

categorized as Group 2A carcinogens, likely to cause human cancer (Su 

et al., 2022; Sun et al., 2009). 2-nitofluorene, 1,6-dinitropyrene, and 1, 

3-dinitropyrene are classified as Group 2B carcinogens, suggesting they 

may cause human cancer. Finally, 1-nitronaphthalene is classed as a 

Group 3 carcinogen, which means there is inadequate evidence to 

classify it as a human carcinogen (WHO, 2023). 

Among the nitro-PAHs, 3-nitrobenzanthrene extensively studied 

compounds of this group for its carcinogenic properties. Landvik et al. 

(2010) studied the molecular mechanism behind nitro-PAH’s carcino- 

genic effects. They concentrated on the chemical 3-nitrobenzanthrene 

and its metabolites, looking at how they affect DNA damage and cell 

signaling pathways in mouse hepatoma Hepa1c1c7 cells. They discov- 

ered that 3-nitrobenzanthrene induced cell death and severe DNA 

damage, including the production of DNA adducts, single-strand breaks, 

and oxidative DNA lesions. The chemical also phosphorylated p53, 

chk1, chk2, H2AX, ATM, and MAPKs. Furthermore, 3-nitrobenzan- 

threne induced apoptosis by translocating Bax to mitochondria and 

activating p53, whereas 3-aminobenzanthrene largely influenced the 

immune system by boosting IL-6 production. These findings shed light 

on the molecular processes behind the mutagenic and carcinogenic ef- 

fects of 3-nitrobenzanthrene and its metabolites (Landvik et al., 2010). 

Hansen et al. (2007) study also sheds light on the carcinogenic po- 

tential of 3-nitrobenzanthrene emphasizing the relevance of elevated 

intracellular ROS levels in fostering an environment susceptible to DNA 

damage and cancer progression. Their findings emphasize the critical 

function of elevated ROS inside cells in promoting DNA damage and 

contributing to cancer development (Hansen et al., 2007; Lamy, 2004). 

Chen et al. (2000) and Iwanari et al. (2002) conducted in vitro 

studies on the metabolism of 6-nitrochrysene, a carcinogenic nitro-PAH, 

which included particular cytochrome P450 enzymes. CYP1A2 was 

discovered as the enzyme responsible for the oxidation of 1,2-dihydrox- 

y-6-nitrochrysene in the human liver, whereas CYP1A1 had a role in the 

same oxidation process in the human lung (Chen et al., 2000; Iwanari 

et al., 2002). Furthermore, CYP3A4 was discovered to enhance the T
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reduction of 6-nitrochrysene to 6-aminochrysene. The activation of 

CYP1A1 protein and mRNA expression by 6-nitrochrysene in human 

hepatoma HepG2 cells highlighted the relevance of assessing the liver’s 

metabolic capability. Furthermore, 6-nitrochrysene stimulated CYP1A1 

mRNA production in human lung carcinoma NCI–H322 cells, and in- 

duction of multiple CYP genes, including CYP1A1, CYP1A2, and 

CYP1B1, was observed in various cell lines derived from different 

human tissues (Chen et al., 2000). 

 
5.2. Genotoxicity of nitro-PAHs 

 

Nitro-PAHs have been proven to produce genotoxicity, including 

mutations, chromosomal abnormalities, and DNA damage, which raises 

the possibility of contributing to cellular dysfunction, altered signaling 

pathways, disturbed homeostasis, and, ultimately, the manifestation of 

numerous toxic consequences (Landvik et al., 2007; Rosenkranz and 

Mermelstein, 1985). Nitro-PAHs are metabolically activated and pro- 

duce reactive intermediates that can covalently bind to DNA, creating 

DNA adducts that prevent DNA replication and transcription, which play 

a crucial role in induced cancer (Fu et al., 1994; Penning et al., 2022). 

Additionally, nitro-PAHs can induce oxidative stress by generating 

reactive oxygen species, causing lipid peroxidation, and DNA damage, 

including DNA strand breakage, oxidation to 8-oxo-2′-deoxyguanosine, 

and DNA-adducts (Fu et al., 2012). Cells engage DNA repair mechanisms 

to reverse the damage caused by nitro-PAHs (Arlt, 2005). However, 

mutations may occur if these mechanisms become overloaded (Landvik 

et al., 2007). Previous studies have demonstrated that nitro-PAHs can 

induce mutations in bacteria and in vitro studies conducted with 

mammalian cells. For example, Shane et al. (1991) reported that 3-nitro- 

fluoranthene, 1,2-dinitrofluoranthene, and 1,3-dinitrofluoranthene 

were potent mutagens in Salmonella typhimurium TA100 and TA1535 

strains (Shane et al., 1991). Furthermore, Abdullahi and 

Karami-Mohajeri (2014) found that 1-nitropyrene caused gene muta- 

tions in various cell lines, including human diploid fibroblasts, a human 

hepatoma-derived cell line, mouse lymphoma cells, and Chinese ham- 

ster ovary cells (Abdollahi and Karami-Mohajeri, 2014). The genotoxic 

effects of nitro-PAHs are believed to result from their ability to generate 
ROS and cause oxidative stress, leading to DNA damage and other 

cellular components. Moreover, Claxton (2014) and Krejˇcova´-Š irlová  

et al. (2023)highlighted that nitro-PAHs can bind to DNA and form 

adducts, resulting in direct damage to genetic material and an increased 

risk of mutations. 

 
5.3. Oxidative stress and inflammation 

 

Nitro-PAHs have been shown to cause oxidative stress, a condition 

characterized by an imbalance between ROS production and the cells’ 

antioxidant defense mechanisms (Lahiri, 2022). Oxidative stress may 

harm cellular components, including lipids, proteins, and DNA, and is 

thought to play a part in several diseases like cancer, cardiovascular 

disease, and neurological disease (Pizzino et al., 2017; Uttara et al., 

2009). The oxidative stress generated by nitro-PAHs might be caused by 

the chemicals directly or by the chemicals’ conversion to more reactive 

molecules. Furthermore, nitro-PAHs have been demonstrated to pro- 

mote inflammation, which is the immune system’s reaction to damage 

or infection. Inflammation can damage tissue and lead to chronic and 

acute infections. Shang et al. (2017) evaluated the capacity of 1-nitro- 

pyrene and 3-nitrofluoranthene to activate the Nrf2/ARE antioxidant 

defense system, as well as the role of the PI3K/Akt pathway in regulating 

pro-inflammatory responses in A549 cells. They propose that 1-nitropyr- 

ene and 3-nitrofluoranthene can activate the Nrf2/ARE system and that 

the PI3K/Akt pathway may control pro-inflammatory responses (Shang 

et al., 2017). Øvrevik et al. (2010) reported that three particular 

nitro-PAHs 1-nitropyrene, 3-nitrofluoranthene, and 3-nitrobenzan- 

throne, have a substantial role in inducing inflammation in human. 

These substances have been proven to cause oxidative stress and activate 

pro-inflammatory pathways, increasing inflammation and potentially 

harmful health consequences (Øvrevik et al., 2010). Considerable 

research has been conducted to investigate the cytotoxic and genotoxic 

effects of nitro-PAHs on living organisms. However, comparatively less 

emphasis has been placed on studying the inflammatory properties of 

these substances. This indicates the need for further research to 

comprehensively understand the pro-inflammatory potential of 

nitro-PAHs and their potential implications for human health. 

 
5.4. Endocrine disruption 

 

Nitro-PAHs have been demonstrated to have endocrine-disruptive 

properties. Exposure to nitro-PAHs can affect hormone levels and 

disrupt normal hormone signaling, resulting in various impacts such as 

alterations in growth and development, fertility, and metabolism 

(Kameda et al., 2011). Some nitro-PAHs can also bind to and activate the 

estrogen receptor, resulting in estrogenic effects and the development of 

hormone-sensitive malignancies like breast cancer. Endocrine disruptive 

action is well documented for 2-nitrofluorene, 3-nitrofluoranthene, 1, 

3-dinitropyrene, 6-nitrochrysene, 8-nitrofluoranthene, 1,6-dinitropyr- 

ene, and 1,8-dinitropyrene (Misaki et al., 2022; Zhou et al., 2022). 

It is crucial to highlight that nitro-PAHs’ toxicity can be impacted by 

various factors, including the structure of nitro-PAHs, the route and 

length of exposure, and the sensitivity of the target cells or tissues. Also, 

coexisting with polychlorinated biphenyls (PCBs), dioxins, and other 

toxic chemicals increase the toxicities of the individual compounds. This 

combination is more dangerous to ecosystems and has the potential to 

harm human health by accumulating in the food chain. The endocrine- 

disrupting effects of nitro-PAHs underline the necessity of decreasing 

exposure to these compounds and ensuring that they are effectively 

controlled to minimize the danger to human health and the 

environment. 

 
5.5. Persistence of nitro-PAHs 

 

The persistence of nitro-PAHs in the environment is another signif- 

icant ecological concern. Because of their above mention physico- 

chemical nature, these compounds display exceptional resistance to 

natural degradation processes once introduced, potentially extending 

their shelf life for years to decades. Nitro-PAHs have been found in 

distant places such as the Antarctic, highlighting their pervasive and 

enduring character beyond discrete emission sources (Minero et al., 

2010). The diverse effects of nitro-PAHs persistence have significant 

implications for the delicate ecological balance within impacted areas 

(Vasiljevic et al., 2021). Moreover, the persistent nature of nitro-PAHs 

exacerbates the aforementioned ecological impacts. The key problem 

is the prolonged exposure these substances impose on organisms, which 

might result in chronic toxicity. This prolonged presence raises concerns 

about the long-term health and sustainability of the species that live in 

these environments, which extends beyond the immediate ecological 

implications (Li et al., 2023). Due to the persistent nature of these pol- 

lutants, areas with previous contamination or continuing nitro-PAH 

sources face increased hazards. 

 
5.6. Bioaccumulation 

 

In terms of environmental effects, the bioaccumulation of nitro-PAHs 

appears as a crucial concern, exacerbating their ecological implications 

(Huang et al., 2014). This phenomenon involves a notable increase in 

these substances can grow several-fold from one trophic level to the next 

as they ascend the food chain (Tarazona, 2024; Zong et al., 2023). These 

chemicals can be absorbed by primary producers, such as plants or 

algae, from polluted soils or water. The nitro-PAHs are subsequently 

passed on to higher trophic levels by herbivores who consume the 

contaminated plants (Patel et al., 2020). Predatory animals at the top of 

the food chain, such as colossal fish or birds of prey, can accumulate 
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substantial nitro-PAHs in their tissues. The consequences of bio- 

accumulation extend beyond individuals and affect entire ecosystems. 

This process has the potential to alter community structure, reduce 

biodiversity, and negatively impact overall ecosystem performance. 

Bioaccumulated nitro-PAHs can have negative results such as decreased 

productivity, nitrogen cycle disruption, and habitat destruction in 

aquatic environments, where the impacts are most evident. 

 
5.7. Nitro-PAHs metabolism in organisms 

 

Nitro-PAHs were rapidly metabolized via a variety of delivery routes, 

notably ring oxidation, and nitroreduction, followed by conjugation and 

excretion, mostly via feces and urine (Huang et al., 2023; Toriba et al., 

2007). Their varied metabolic processes are controlled by administra- 

tion routes and include gut microbiota, which aids nitroreduction and 

deconjugation and may potentially improve enterohepatic circulation 

(Claus et al., 2016; Sousa et al., 2008). These mechanisms include 

nitroreduction, nitroreduction with esterification (similar to acetyla- 

tion), ring oxidation, and combinations of these, with bacteria preferring 

nitroreduction and fungi preferring ring oxidation (Mou et al., 2023). 

Cytochrome P450 enzymes play a critical role, with isomers and species 

differences impacting kinetics and routes. Nitroreduction of nitro-PAHs 

includes several enzymatic processes, including one and/or two-electron 

transfers, with bacterial activity playing a significant role in in-vivo 

nitroreduction in the intestinal tract (Ask et al., 2004). In nitro- 

reduction, mammalian cells use a variety of enzymes (DT-diaphorase, 

xanthine oxidase, and cytosolic aldehyde oxidase), whereas oxidative 

metabolism, especially in Phase I, relies on Cytochrome P450 enzymes 

(Zhou et al., 2022). Recent research suggested that oxidative meta- 

bolism, such as 2-nitronaphthalene in human lymphoblastoid cells, has a 

role in genotoxicity (Clerg´e et al., 2019). Phase I, Phase II, and Phase III 

are the three major stages of the oxidative metabolism process. Cyto- 

chrome P450 enzymes, a subfamily of heme-containing mono- 

oxygenases, play a critical role in phase I. The insertion of a hydroxyl 

group into the nitro-PAHs molecule is catalyzed by these enzymes, 

resulting in the synthesis of hydroxylated nitro-PAHs (Li et al., 2023; 

Mokkawes et al., 2023). The nitro group is frequently reduced to an 

amino group during this hydroxylation event. Depending on the precise 

chemical structure of the nitro-PAHs, the ensuing hydroxylated or 

aminated metabolites may undergo further Phase I processes such as 

oxidation, reduction, or epoxidation. These processes try to make the 

metabolites more water soluble, allowing for easier removal. Phase II 

metabolism comprises conjugation processes that increase the water 

solubility of the metabolites, making them more excretable (Pegram and 

Chou, 1989; Zhang et al., 2023). Conjugation reactions usually include 

the addition of a polar group to Phase I metabolites. Glucuronidation, 

sulfation, and glutathione conjugation are all typical Phase II processes 

(Peng et al., 2023). Glucuronic acid is linked to the hydroxyl group of 

Phase I metabolites by glucuronosyltransferase enzymes in glucur- 

onidation. Sulfation is the addition of a sulfate group to a metabolite 

catalyzed by sulfotransferase enzymes (Kaci et al., 2023). The attach- 

ment of a glutathione molecule to the metabolite is the consequence of 

glutathione conjugation, which is performed by glutathione S-trans- 

ferases. These conjugated versions are more water-soluble and less 

poisonous, making them easier to excrete. The transport and excretion of 

conjugated metabolites from cells is part of Phase III metabolism 

(Phang-Lyn and Llerena, 2023). Efflux transporters, such as ATP-binding 

cassette (ABC) transporters, are essential in removing conjugated me- 

tabolites from cells, notably in the liver and kidneys (Kroll et al., 2021). 

Once in circulation, these metabolites are delivered to the kidneys for 

urine elimination or to the bile for feces excretion. The role of oxidative 

metabolism in mammalian systems may be more important. Nitro-PAHs 

have different mutagenic activation mechanisms. Some are activated by 

deacetylation or O-acetylation, resulting in electrophilic molecules that 

bind to DNA, but others, such as 6-nitrobenzo[a]pyrene, need oxidation 

to produce mutagenesis, similar to benzo[a]-pyrene (Arlt, 2004; Yun 

et al., 2020). This variety highlights the many and complicated pro- 

cesses by which nitro-PAHs produce mutagenesis effects. 

 
6. Microbial remediation of nitro-PAHs 

 

Microorganisms, including fungi and bacteria, can break down nitro- 

PAHs using a sequence of complex enzymatic processes. These processes 

take place in a variety of environmental circumstances, including both 

oxygen-rich (aerobic) and oxygen-depleted (anaerobic) environments 

(Chen et al., 2023; Salari et al., 2022). The aforementioned processes 

provide an all-encompassing microbial remediation mechanism, prin- 

cipally based on discrete stages: enzymatic reduction of nitro groups, 

ring cleavage, formation of central intermediates, and mineralization 

and assimilation (Li et al., 2023; Pandolfo et al., 2023). The microbial 

enzymatic reduction of the nitro groups is the first step in the aerobic 

biodegradation of nitro-PAHs (Claus, 2014). This enzymatic process 

transfers the electrons to the nitro group causing a chemical trans- 

formation, breaking the nitrogen-oxygen bond and converting the nitro 

group into an amino group (NH2) (Penning et al., 2022). This reduction 

alters the chemical structure of the nitro-PAHs, lowering its overall 

complexity and making it more susceptible to future microbial enzyme 

breakdown processes. Nitroreductases are essential enzymes in this 

reduction process. Nitroreductases are frequently selective to 

nitro-PAHs and have variable substrate specificities. After this process, 

the aromatic ring of nitro-PAHs is hydroxylated which improves the 

water solubility of amino-containing nitro-PAHs, allowing them to 

dissolve in water (Baboshin and Golovleva, 2012). This enzymatic 

mechanism integrates hydroxyl groups onto the aromatic ring structure, 

which is aided by dioxygenases [Rieske non-heme ring-hydroxylating 

oxygenase (RHO)] or cytochrome P450 monooxygenases (CYP450s) 

(Peng et al., 2008). These intermediates are subsequently rearomatized 

by dehydrogenases, restoring the ring’s aromaticity. In the following 

stage, the dihydroxy aromatic intermediates serve as substrates for 

intradiol or extradiol dioxygenases. Extradiol dioxygenases break the 

aromatic ring between two hydroxyl groups in an ortho position, 

whereas intradiol dioxygenases cleave the ring in a meta position (Seo 

et al., 2009). This cleavage is mediated by oxygen, resulting in the 

generation of intermediates such as catechol. Following dioxygenase 

cleavage, catechol is converted into a primary alcohol, which is then 

oxidized to generate the equivalent aldehyde (Das et al., 2023). This 

aldehyde is subsequently converted into fatty acids, triggering a series of 

biochemical events including beta-oxidation that results in acetyl-CoA, 

which enters the tricarboxylic acid (TCA) cycle, creating CO2, H2O, 

ATP, and NADH (Das et al., 2023; Peixoto et al., 2011) (Fig. 2). 
Anaerobic biodegradation, in contrast to aerobic biodegradation, 

often takes place when nitrate (NO3—), sulfate (SO2—), manganese (IV), 

iron (Fe3+), carbon dioxide (CO2), or methanogens are present. The 

reductive process is an effective mechanism in anaerobic nitro-PAHs 

degradation, in which nitro groups are enzymatically reduced to 

amino groups (Chen et al., 2023; Dhar et al., 2019). Nitroreductases, 

enzymes synthesized by particular anaerobic bacteria, often catalyze 

this reduction (Wang and Tam, 2019). Nitroreductases transport elec- 

trons from electron donors to the nitro group, causing it to be reduced 

and leading to the generation of amino-PAHs or hydroxylamine in- 

termediates. Following the reduction stage, anaerobic microbes break- 

down the amino-PAHs via several metabolic pathways. One standard 

process is the aromatic ring reduction route, which produces cyclo- 

hexadiene and cyclohexenes by sequentially reducing the aromatic rings 

of nitro-PAHs (Zhang et al., 2022). Various enzymes, such as reductive 

dehalogenases, catalyze this reduction, which removes halogen sub- 

stituents from the aromatic rings. The resultant cyclohexadiene and 

cyclohexenes can be metabolized through different enzymatic processes 

to create more specific aromatic or aliphatic molecules (Ang et al., 

2018). In addition to the aromatic ring reduction process, anaerobic 

microbes may use alternative mechanisms to degrade nitro-PAHs. Hy- 

droxylation introduces hydroxyl groups into aromatic rings, whereas the 
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Fig. 2. The enzymatic pathway for Catechol degradation. 

 

 
Fig. 3. Microremediation pathways of nitro-PAHs. 
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methyl group oxidation pathway oxidizes and removes methyl groups 

from the nitro-PAH structure (Rayaroth et al., 2023). These routes 

involve various enzymes, including hydroxylases and oxidoreductases, 

promoting the processes necessary for the breakdown of nitro-PAHs. The 

overall microremediation pathways are illustrated in Fig. 3. 

 
6.1. Bacterial remediation of nitro-PAHs 

 

With their extraordinary flexibility and metabolic plasticity, bacteria 

have evolved over billions of years to acquire energy from a diverse 

spectrum of chemicals effectively. They have evolved into nature’s most 

excellent scavengers, capable of surviving on a wide range of chemicals. 

Bacteria’s capacity has made them essential in environmental remedi- 

ation, where they are utilized to decompose and eliminate numerous 

hazardous compounds (Ghosal et al., 2016). Microbes belonging to the 

genera Pseudomonas, Sphingomonas, Micrococcus, Bacillus, Mycobacte- 

rium, Acinetobacter, and Xanthomonas have been widely examined and 

recorded for their ability to degrade aromatic hydrocarbons. Bacteria 

prefer oxygen-rich environments for nitro-PAH metabolism, and con- 

verting these molecules into more straightforward and less dangerous 

chemicals requires a series of enzyme processes. One important group of 

bacteria involved in nitro-PAHs degradation is the genus Mycobacterium. 

These bacteria are well-known for their ability to use a variety of organic 

molecules as carbon sources. Nitroreductases are enzymes found in 

Mycobacterium species that may reduce the nitro group present in 

nitro-PAHs, hence commencing the breakdown process (Manina et al., 

2010). Bandowe and Meusel (2017) emphasized the metabolic flexi- 

bility of Mycobacterium sp., a bacterial species capable of metabolizing 

nitro-PAHs via both oxidative and reductive routes. When subjected to 

aerobic conditions and oxygen, 1-nitropyrene oxidizes, yielding 1-nitro- 

pyrene-9,10-dihydrodiol and 1-nitropyrene-4,5-dihydrodiol. Without 

oxygen, 1-nitropyrene is reduced, forming 1-aminopyrene (Bandowe 

and Meusel, 2017). Furthermore, Li et al.’s findings from 2023 showed 

that the Sphingobium sp. strain JS3065 transformed 1-nitronaphthalene 

into 1,2-dihydroxynaphthalene, a precursor in the route for naphtha- 

lene degradation (Li et al., 2023). This finding demonstrated the 

tremendous potential of using microbes to increase the number of sub- 

strates suitable for efficient remediation, particularly for persistent 

nitroaromatic compounds. Some common microorganisms are effective 

at reducing nitro-PAHs. It includes Pseudomonas aeruginosa, Acineto- 

bacter baumannii, Sphingomonas paucimobilis, Burkholderia cepacian, 

Ralstonia pickettii, Klebsiella pneumoniae, Stenotrophomonas maltophilia 

(Pothuluri, 1996; Yan and Wu, 2017). 

 
6.2. Fungal remediation of nitro-PAHs 

 

Fungal species degrade organic pollutants well due to various 

favorable properties (Panigrahy et al., 2022). For starters, fungi are 

well-known for their resistance to high concentrations of refractory 

chemicals (Harms et al., 2011). Their systems allow them to resist and 

metabolize these complex and long-lasting contaminants. Fungi may 

also flourish in harsh environments like high temperatures and low pH 

levels. This versatility allows them to colonize and break down 

nitro-PAHs when other species struggle (Deshmukh et al., 2016). 

Although most fungi are unable to use nitro-PAHs as primary carbon and 

energy sources, they may co-metabolize nitro-PAHs, resulting in the 

generation of a variety of oxidized by-products including, on occasion- 

ally, carbon dioxide (CO2). 
Extracellular enzymes produced by fungi include ligninolytic en- 

zymes (including lignin peroxidases, manganese peroxidases, and lac- 

cases), cytochrome P450 monooxygenases, and dioxygenases, which are 

involved in the breakdown of nitro-PAHs (Baker et al., 2019). These 

enzymes allow fungi to commence the breakdown of complicated aro- 

matic structures and enhance subsequent metabolic activities (Kumar 

and Chandra, 2020). The white-rot fungi, which include species from the 

genera Phanerochaete, Trametes, and Pleurotus are one well-studied 

group of fungi with sophisticated aromatic degrading abilities. These 

fungi have ligninolytic enzymes that aid in the breakdown of a range of 

organic contaminants, including nitro-PAHs. They can effectively break 

down the aromatic rings of nitro-PAHs, forming smaller, more easily 

degradable molecules (Arora, 2019). The black-rot fungus, particularly 

from the genus Aspergillus is another group of fungi recognized for their 

capacity to breakdown aromatic hydrocarbons. Extracellular enzymes, 

such as cytochrome P450 monooxygenases are produced by these fungi 

allowing them to breakdown and metabolize aromatic hydrocarbons 

(Alegbeleye et al., 2017). In addition to white-rot and black-rot fungi, 

several additional fungal species, including representatives of the genera 

Penicillium, Fusarium, and Bjerkandera have been found as effective ar- 

omatic hydrocarbon degraders (Ghosal et al., 2016). These fungi have 

unique enzyme systems that break aromatic hydrocarbon and utilize the 

resultant metabolites as carbon and energy sources. 

 
6.3. Genes responsible for degradation 

 

Several investigations have discovered numerous clusters of highly 

conserved nitro-PAH-catabolic genes in several bacterial species 

engaged in nitro-PAHs degradation (Huang et al., 2023; Seo et al., 

2009)). The nitroreductase gene family is a well-known collection of 

genes involved in nitro-PAH degradation (Caballero et al., 2005). These 

genes code for nitroreductase enzymes, which catalyze the first reduc- 

tion of the nitro groups found in nitro-PAH. Nitroreductases are essential 

in the enzymatic conversion of nitro-PAHs into amino-PAHs or hy- 

droxylamine intermediates, which serve as critical intermediates for 

subsequent degradation stages. Specific catabolic genes, such as nar, 

phd, nid, and pdo, are widely present in gram-positive bacterial species 

such as Rhodococcus, Mycobacterium, and Nocardioides, which are 

recognized for their capacity to digest aromatic hydrocarbons (Bengts- 

son et al., 2013). Catabolic genes such as nah, nag, ndo, pah, and phn, on 

the other hand, are widely found in Gram-negative bacterial species 

such as Pseudomonas, Ralstonia, Burkholderia, Sphingomonas, and Polar- 

omonas, which also have aromatic hydrocarbons degradation capabil- 

ities (Yagi and Madsen, 2009; Zhou et al., 2001). One of the most widely 

conserved nitro-PAH-catabolic genes is nag, present in Sphingobium sp. 

and Ralstonia sp (Jones et al., 2003; Li et al., 2023). This gene contrib- 

utes to the degradation of 1-nitronaphthalene to 1,2-dihydroxynaphtha- 

lene. nahAc, present in various gram-negative bacterial species, is 

another highly conserved nitro-PAH-catabolic gene (Ma et al., 2006). 

The existence of this gene in a variety of microbial species can be linked 

to environmental horizontal gene transfer, a process in which genetic 

material is shared between various organisms in the environment 

(Goyal, 2022). Horizontal gene transfer has played an essential role in 

spreading nitro-PAHs degradation capabilities throughout bacterial 

populations, allowing numerous bacterial species to acquire 

nitro-PAHs-catabolic genes. The distinct clusters of highly conserved 

nitro-PAH-catabolic genes in different bacteria demonstrate microor- 

ganisms’ genetic variety and flexibility in PAH degradation. These genes 

are critical in the metabolism of nitro-PAH molecules. Understanding 

the genetics of nitro-PAHs degradation gives vital insights into the mi- 

crobial remediation potential and opens up chances for designing suc- 

cessful bioremediation solutions. 

 
6.4. Regulatory factors 

 

The efficacy of nitro-PAHs microbial remediation can be regulated 

by various variables that affect enzyme activity and gene expression 

within the microbial population. These characteristics can impact the 

rate and efficiency of degradation as well as the persistence of nitro- 

PAHs in the environment. Temperature, pH, and food availability all 

influence the microbial breakdown of nitro-PAHs (Bhattacharjee et al., 

2022; Duran and Cravo-Laureau, 2016). Microbes responsible for 

nitro-PAHs degradation are generally acclimated to certain environ- 

mental circumstances, and changes in these settings can significantly 
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influence their capacity to break down the compounds (Mohapatra and 

Phale, 2021). For example, high temperatures can hasten deterioration, 

whereas low temperatures can slow it down. On the other hand, the pH 

of the environment might alter degradation since many microbial strains 

are acclimated to specific pH ranges and cannot operate well outside of 

these ranges (Muskus et al., 2022). The makeup of the microbial pop- 

ulation in the environment can also impact the degradation of 

nitro-PAHs (Fern´andez-Luquen˜o et al., 2011). The consortium’s many 

microbes can breakdown various pollutants. Furthermore, the employ- 

ment of microbial consortia might boost the robustness of the degra- 

dation process since the presence of several microorganisms can offer 

redundancy and raise the possibility of effective degradation even in the 

face of unfavorable circumstances (Zhang and Zhang, 2022). The ge- 

netics of the microbial strains participating in nitro-PAHs degradation 

can also impact degradation rate and efficiency. Different microbial 

strains degrade different kinds of nitro-PAHs in different ways, and their 

effectiveness can be modified by variables such as their metabolic 

pathways and the presence of certain enzymes (Rafeeq et al., 2023). The 

presence of strains with improved metabolic pathways or enhanced 

enzymes can increase the rate and efficiency of degradation (Yaashikaa 

et al., 2022). Other environmental compounds can hinder nitro-PAHs 

microbial breakdown (Pandolfo et al., 2023). These inhibitors can 

disrupt microbial metabolic processes or the enzymes responsible for 

chemical breakdown. Heavy metals, surfactants, and other contami- 

nants are frequent inhibitors. The presence of these inhibitors can limit 

the pace and efficiency of degradation and, in extreme situations, even 

render nitro-PAHs degradation impossible. Substrate availability is 

critical in determining nitro-PAHs microbial degradation since it 

directly influences the capacity of microbial communities to utilize and 

degrade these chemicals. Substrate availability is the term used to 

describe the accessibility and concentration of substrates, such as 

nitro-PAHs, in the environment. It depends on several elements, 

including concentration, dispersion, interactions with microbial com- 

munities, and persistence (Shi et al., 2021; Wang et al., 2022). Micro- 

organisms require a sufficient concentration of substrates, such as 

nitro-PAHs, to maintain their development and metabolic activity 

(Okpokwasili and Nweke, 2006). Higher substrate concentrations give a 

higher carbon supply for microbial populations, enabling increasing 

microbial development and boosting their capability for destruction 

(Wang et al., 2022). However, extremely high substrate availability 

might inhibit microbial activity, exceeding the microbial community’s 

tolerance threshold. Strategies to improve microbial remediation of 

nitro-PAH-contaminated settings may be designed with the aid of 

manipulating substrate availability. By optimizing substrate accessi- 

bility, innovative methods can be developed to treat nitro-PAHs 

contamination and boost environmental cleaning effectively. 

 
7. Phytoremediation of nitro-PAHs 

 

Phytoremediation is an eco-friendly, efficient biological strategy for 

tackling lower levels of pollutants present in soil or water (Sarma et al., 

2019; Zulkernain et al., 2023). The mechanism behind phytor- 

emediation incorporates several activities that take advantage of plants’ 

and related microbes’ particular capacities to degrade, stabilize, or 

remove these pollutants from the environment (Mocek-Pło´ciniak et al., 

2023; Tang, 2023). Plant absorption and metabolism are one of the 

primary processes involved in nitro-PAHs phytoremediation. 

Nitro-PAHs can be taken up by some plant species via their roots from 

the soil or water; later, they can be metabolized and converted into less 

harmful or more readily degradable chemicals once within the plant. 

Enzymatic reactions in the plant, such as oxidation, reduction, and 

conjugation, can alter the chemical structure of nitro-PAHs (Hern´an- 

dez-Vega et al., 2017). Enzymes found in plant tissues, such as cyto- 

chrome P450 monooxygenases and glutathione S-transferases, are 

frequently responsible for these metabolic processes (Cheng et al., 

2022). 

Rhizodegradation is another significant pathway in nitro-PAHs’ 

phytoremediation (Hussain et al., 2018). The rhizosphere, or the soil 

zone around plant roots, is critical to this process. Plants release root 

exudates (a variety of organic chemicals into the rhizosphere, referred to 

as root exudates) that can provide nutrients and energy to soil microbes 

(Gogoi and Sarma, 2023; Singha and Pandey, 2021). Some of these 

microbes include Pseudomonas aeruginosa, Acinetobacter baumannii, 

Sphingomonas paucimobilis, Ralstonia pickettii, Stenotrophomonas malto- 

philia, Cunninghamella elegans, and Aspergillus niger can break down 

nitro-PAHs via enzymatic processes (P´erez-Pantoja et al., 2019). The 

interaction between plants and these rhizosphere bacteria can improve 

nitro-PAHs breakdown and boost their biodegradation, possessing the 

capability to degrade nitro-PAHs through enzymatic reactions. 

A versatile and environmentally friendly strategy for cleaning up 

nitro-PAH-contaminated areas might be achieved via rhizodegradation, 

phytovolatilization, and phytostabilization processes acting in concert 

(Barroso et al., 2023). While several grasses, legumes, aquatic weeds, 

and genetically engineered plants have been shown to break down pri- 

mary PAHs, their capacity to reduce nitro-PAHs has not been widely 

examined (Xie et al., 2012). Further research and development are 

required to optimize and implement phytoremediation procedures 

properly, considering site-specific circumstances and selecting appro- 

priate plant species for optimal remediation outcomes. 

 
8. Biostimulants assisted remediation of nitro-PAHs 

 

Biostimulants-assisted nitro-PAH remediation is emerging as a 

promising and sustainable alternative to conventional physical and 

chemical remediation approaches. Biostimulants are biologically 

derived compounds that can provide the nutrients and conditions 

needed to enhance the development and activity of microorganisms and 

plants involved in environmental remediation (Mandal et al., 2023). 

These substances can include vitamins, minerals, and organic com- 

pounds, and it has been proposed that the usage of these organic com- 

pounds increases the rate of breakdown and biotransformation of 

hydrocarbon contaminants in polluted environments (Etesami et al., 

2023; Prasad et al., 2019). Biostimulants can also improve the plant’s 

ability to detoxify the contaminants by activating its metabolic processes 

(Bartucca et al., 2022). Additionally, biostimulants can stimulate the 

production of enzymes that degrade nitro-PAHs into less toxic com- 

pounds, which can help to reduce nitro-PAHs toxicity and improve the 

plant’s overall health and performance (Yakhin et al., 2017). In addition 

to direct benefits, biostimulants can indirectly affect nitro-PAHs 

cleanup. For example, they can encourage plant development, which 

can assist in limiting human and wildlife exposure to nitro-PAHs by 

minimizing soil erosion and boosting the growth of vegetation, which 

can function as a physical barrier to contamination. Several sorts of 

biostimulants have been proposed for their ability to remediate 

nitro-PAHs, which are listed below. 

 
8.1. Plant growth promoting rhizobacteria (PGPR) 

 

PGPR has gained much interest among biostimulants because of its 

ability to remediate nitro-PAHs (Hoang et al., 2021). PGPR are 

soil-dwelling bacteria that create symbiotic connections with plant 

roots. They have been discovered to have various favorable benefits on 

plant growth, including enhanced nutrient absorption, greater resilience 

to stress, and higher growth and yield (Maleki et al., 2023). Some rhi- 

zobacterial strains have also been reported to be capable of bio- 

remediating nitro-PAHs, making them attractive candidates for 

environmental bioremediation (Tiwari et al., 2017). One of the primary 

ways PGPR can remediate nitro-PAHs is the synthesis of enzymes such as 

laccases and peroxidases, which are involved in the breakdown of these 

compounds. For example, Pseudomonas mendocina (Wang et al., 2021), 

Pseudomonas stutzeri (Singh and Tiwary, 2017), Pseudomonas aeruginosa 

(Yanhua et al., 2023), Pseudomonas putida (García-Franco et al., 2023), 



H. Sarma et al. Chemosphere 356 (2024) 141795 

 

- 243 -  

 

Rhizobium leguminosarum (Hemati et al., 2023), Rhizobium etli (Gul et al., 

2023), Rhizobium meliloti (Liu et al., 2022), Bacillus cereus (Valizadeh 

et al., 2023), Bacillus subtilis, Bacillus pumilus, Bacillus licheniformis, Ba- 

cillus megaterium (Kirthi et al., 2023), Ochrobactrum anthropic, Ochro- 

bactrum intermedium, Ochrobactrum tritici, Ochrobactrum 

pseudogrignonense (Navarro-Torre et al., 2023), Streptomyces albus, 

Streptomyces viridosporus, Streptomyces avermitilis, and Streptomyces gri- 

seus (Salwan et al., 2022), are some PGPR strains have been found to 

produce laccases and peroxidases, which are involved in the degradation 

of nitro-PAHs. Moreover, PGPR has been shown to boost the population 

of other microorganisms engaged in nitro-PAHs bioremediation, such as 

fungi and other bacteria (Brown et al., 2022). 

 
8.2. Mycorrhizal fungi 

 

Mycorrhizal fungi are another popular biostimulants. This diverse 

collection of fungi forms mutualistic interactions with plant roots and has 

sparked interest in recent decades for their potential use as biostimulants 

in the regeneration of contaminated soils (Bartucca et al., 2022; Hijri, 

2023). These fungi are well-known for their capacity to improve plant 

development and health by offering access to nutrients and water in the 

soil (Wang et al., 2023). They have been discovered to have an essential 

role in the bioremediation of hydrocarbons via numerous methods, 

including promoting microbial populations engaged in the biodegrada- 

tion of pollutants (Ingrid et al., 2016). Furthermore, mycorrhizal fungi 

have been shown to produce enzymes such as laccases and peroxidases, 

which have been implicated in nitro-PAHs’ biodegradation. The mycor- 

rhizal fungus has been demonstrated to boost the pace of biodegradation 

and the total amount of hydrocarbon breakdown. These findings show 

that mycorrhizal fungi might be a helpful tool in the bioremediation of 

polluted soils in the future, particularly those contaminated with 

nitro-PAHs. Several species of mycorrhizal fungi are effective at reducing 

hydrocarbons, including Glomus mosseae, Glomus intraradices, Glomus 

aggregatum, Gigaspora margarita, Rhizophagus irregularis, Funneliformis 

mosseae, Laccaria bicolor, Paxillus involutus, Suillus bovinus, Scleroderma 

citrinum, and Hebeloma cylindrosporum (Arora, 2019). 

 
8.3. Seaweed extracts 

 

Seaweed extracts are another potential biostimulants that have 

attracted attention as a possible bioremediation due to the presence of 

chemicals such as enzymes, amino acids, and polysaccharides that might 

boost the development and activity of microorganisms involved in the 

biodegradation of nitro-PAHs (Top et al., 2023; Znad et al., 2022). 

Numerous studies have shown promising results in utilizing seaweed 

extracts for hydrocarbon cleanup. One such study investigated the effi- 

cacy of using the brown seaweed Ascophyllum nodosum extract in 

degrading PAHs in contaminated soil, significantly reducing the con- 

centration of these pollutants (Boudh et al., 2019). Similarly, another 

study highlighted the potential of the green seaweed Ulva lactuca extract 

to break down PAHs in polluted water, thereby reducing their toxicity 

(Areco et al., 2021). These findings underscore the potential of seaweed 

extracts as a valuable tool for mitigating hydrocarbon pollution. 

 
8.4. Compost 

 

Compost is another biostimulants widely used to treat contaminated 

soil (Sayara and Sa´nchez, 2020; Visconti et al., 2023). Compost is 

formed from decomposing organic materials, such as plant waste, food 

scraps, and manure (Qian et al., 2023). Compost is rich in organic 

matter, and nutrients, when it is added to polluted soil it helps the 

growth and development of microorganisms and plants. Due to this 

characteristic of compost they indirectly helps the nitro-PAHs’ degrad- 

ing process (Visconti et al., 2022). 

Using biostimulants to help with nitro-PAHs cleanup has various 

advantages, including environmental friendliness, cost-effectiveness, 

 

 
 

Fig. 4. Synergistic approach for microbes and biostimulants assisted phytoremediation of nitro-PAHs. 
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and increased microbial activity and plant health (Kumari et al., 2022). 

However, it has certain drawbacks, including fluctuating efficacy, 

limited understanding, a lack of standardization, complexity, and 

limited durability. Despite these restrictions, biostimulants may help 

remove nitro-PAHs from polluted environments. 

 
9. Biostimulants and microbes assisted phytoremediation 

 

There are considerable downsides to phytoremediation. Compared 

to typical treatments, it is a slow process that needs long-term moni- 

toring and supervision (Kristanti and Hadibarata, 2023). Phytor- 

emediation efficacy may be limited by factors such as the availability of 

suitable plant species, the accessibility of toxins, and environmental 

conditions. Furthermore, it may not be suitable for highly contaminated 

areas or time-sensitive remediation requirements (Aghili and Golzary, 

2023; Kafle et al., 2022). Considering these disadvantages, combining 

biostimulants and microorganisms can become feasible for nitro-PAHs 

phytoremediation. The biostimulants and microbes-assisted phytor- 

emediation of nitro-PAHs comprises a mix of biological and chemical 

processes (Fig. 4). 
The absorption of nitro-PAHs by plant roots is hypothesized to be the 

initial stage in this process. The root surface area is a crucial factor in the 

plant’s ability to absorb contaminants, and biostimulants can be used to 

increase the root surface area and promote plant growth (Szopa et al., 

2023). Increasing the root surface area allows the plant to absorb and 

degrade nitro-PAHs more remarkably. When nitro-PAHs are absorbed 

by the plant, they are transferred to the plant’s leaves and stems, where 

they can be annihilated through the phytoextraction and phytovolatili- 

zation processes (Sitarska et al., 2023). Enzymes are necessary for the 

plant to breakdown the nitro-PAHs. Microorganisms that colonize plant 

roots, such as rhizosphere microorganisms and mycorrhiza, can offer 

these enzymes (Begum et al., 2023; Singh et al., 2023). These microbes 

can produce enzymes that break down nitro-PAHs and boost the plant’s 

ability to absorb and digest pollutants by providing more nutrients and 

enzymes. The plant and its accompanying microbes can degrade 

nitro-PAHs, producing intermediate metabolites, some of which are 

poisonous or persistent. To properly remediate polluted soils and water 

bodies, it is critical to monitor the degradation of nitro-PAHs and the 

creation of intermediate metabolites, as well as to take adequate pre- 

cautions to limit their potential impact on human health and the envi- 

ronment. In addition to degrading nitro-PAHs, biostimulants can 

enhance plant stress tolerance, which is especially important for plants 

living in polluted settings. Biostimulants can assist assure the long-term 

viability of the phytoremediation process by enhancing plant stress 

tolerance. Phytoremediation has the potential to be an effective, sus- 

tainable, and cost-efficient solution to polluted site cleanup by 

combining the use of biostimulants and microbes. 

 
10. Conclusion and future perspective 

 

Nitro-PAHs have a substantial effect on soil fertility, microbial pop- 

ulations, and bio-diversity. And also affects on human health by 

inducing inflammation, mutagenesis, and carcinogenesis. Current 

toxicity data, on the other hand, frequently concentrates on individual 

substances at exaggerated doses, ignoring genuine environmental 

exposure consequences. Although the structural similarities between 

nitro-PAH derivatives and parent chemicals imply comparable effects on 

the human body, research on their health effect is scarce. Understanding 

the existence, bioavailability, and toxicity of nitro-PAH derivatives in 

environmental matrices is critical given their potential for toxicity and 

mutagenicity. The scarcity of studies emphasizes the importance of 

doing rigorous research to appropriately determine their impacts. Mi- 

crobes and biostimulants-assisted remediation technologies hold 

promise for future cleaning up nitro-PAHs contaminated regions. 

However, several challenges need to be overcome for successful imple- 

mentation. The diverse nature of nitro-PAHs requires specialized 

microbial strains with sufficient enzyme capabilities for efficient 

degradation. Identifying and characterizing these strains is complex due 

to the diverse microbial populations and interactions in polluted set- 

tings. Further research is needed to investigate microbial diversity and 

activity to aid in the discovery of new degraders and their functional 

genes. Co-contaminants like heavy metals and organic pollutants hinder 

nitro-PAHs breakdown by interfering with microbial activity, so devel- 

oping methods to reduce their effects and boost microbial resistance is 

essential. Optimizing environmental conditions such as temperature, 

pH, and nutrient availability is crucial for sustaining microbial growth 

and activity levels. Selecting appropriate biostimulants is challenging, 

considering the different nutrients, carbon sources, electron acceptors, 

and donors that stimulate specific metabolic pathways and microbial 

populations. Determining optimal biostimulant application rates is 

crucial to avoid hindering growth or causing unintended environmental 

issues. Monitoring and risk assessment are necessary to understand the 

environmental impact of biostimulant residues. Advanced monitoring 

techniques can evaluate microbial activity and degradation rates in real 

time. Improved biostimulant formulations and delivery technologies, 

such as nanoparticles and biochar, can enhance the effectiveness and 

efficiency of cleanup. Long-term monitoring, compliance with envi- 

ronmental standards, and regulatory procedures are also required for 

successful clean-up. Increased research, government actions, and public 

awareness are required to fully appreciate the impacts of nitro-PAHs. 

Strict international coordination and strict monitoring by regulatory 

bodies are required to control nitro-PAHs manufacturing and argue for a 

ban on these pollutants. Monitoring contaminated areas at the same 

time is critical for reducing their impact on ecosystems and human 

health. 
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Linhart, I., Mr´az, J., Hanzlíkov´a, I., S ǐlha´nkov´a, A., Frantík, E., Himl, M., 2012. 

Carcinogenic 3-nitrobenzanthrone but not 2-nitrobenzanthrone is metabolised to an 

unusual mercapturic acid in rats. Toxicol. Lett. 208 (3), 246–253. https://doi.org/ 

10.1016/j.toxlet.2011.11.017. 

Liu, D., Lin, T., Syed, J.H., Cheng, Z., Xu, Y., Li, K., Zhang, G., Li, J., 2017. Concentration, 

source identification, and exposure risk assessment of PM2.5-bound parent PAHs 

and nitro-PAHs in atmosphere from typical Chinese cities. Sci. Rep. 7 (1), 10398 

https://doi.org/10.1038/s41598-017-10623-4. 

Liu, Y., He, G., He, T., Saleem, M., 2022. Signaling and Detoxification Strategies in plant- 

microbes Symbiosis under heavy metal stress: a Mechanistic understanding. 

Microorganisms 11 (1), 69. https://doi.org/10.3390/microorganisms11010069. 

Ma, T., Kong, J., Li, W., Cheng, X., Zhang, Y., Kong, D., Yang, S., Li, S., Zhang, L., He, H., 

2023. Inventory, source and health risk assessment of nitrated and parent PAHs in 

agricultural soils over a rural river in Southeast China. Chemosphere 329, 138688. 

https://doi.org/10.1016/j.chemosphere.2023.138688. 

Ma, Y., Wang, L., Shao, Z., 2006. Pseudomonas, the dominant polycyclic aromatic 

hydrocarbon-degrading bacteria isolated from Antarctic soils and the role of large 

plasmids in horizontal gene transfer. Environ. Microbiol. 8 (3), 455–465. https://doi. 

org/10.1111/j.1462-2920.2005.00911.x. 

Mackiewicz-Walec, E., Krzebietke, S.J., 2020. Content of polycyclic aromatic 

hydrocarbons in soil in a multi-annual fertilisation regime. Environ. Monit. Assess. 

192 (5), 314. https://doi.org/10.1007/s10661-020-08252-y. 

Malejka-Giganti, D., Parkin, D.R., Decker, R.W., Niehans, G.A., Bliss, R.L., 

Churchwell, M.I., Beland, F.A., 2008. Tumorigenicity and genotoxicity of an 

environmental pollutant 2,7-dinitrofluorene after systemic administration at a low 

dose level to female rats. Int. J. Cancer 122 (9), 1958–1965. https://doi.org/ 

10.1002/ijc.23352. 

Maleki, M., Fatehi, F., Ghorbanpour, M., 2023. PGPR reduces the adverse effects of 

abiotic stresses by modulating morphological and biochemical properties in plants. 

In: Plant Stress Mitigators. Elsevier, pp. 201–208. https://doi.org/10.1016/B978-0- 

323-89871-3.00026-4. 

Mandal, S., Anand, U., Lo´pez-Bucio, J.Radha, Kumar, M., Lal, M.K., Tiwari, R.K., Dey, A., 

2023. Biostimulants and environmental stress mitigation in crops: a novel and 

emerging approach for agricultural sustainability under climate change. Environ. 

Res. 116357 https://doi.org/10.1016/j.envres.2023.116357. 

Manina, G., Bellinzoni, M., Pasca, M.R., Neres, J., Milano, A., De Jesus Lopes Ribeiro, A. 

L., Buroni, S., Sˇkovierov´a, H., Dianiˇskova ,́ P., Mikuˇsova ,́ K., Mar´ak, J., Makarov, V., 

Giganti, D., Haouz, A., Lucarelli, A.P., Degiacomi, G., Piazza, A., Chiarelli, L.R., De 

Rossi, E., et al., 2010. Biological and structural characterization of the 

Mycobacterium smegmatis nitroreductase NfnB, and its role in benzothiazinone 

resistance. Mol. Microbiol. 77 (5), 1172–1185. https://doi.org/10.1111/j.1365- 

2958.2010.07277.x. 

Minero, C., Maurino, V., Borghesi, D., Pelizzetti, E., Vione, D., 2010. An overview of 

possible processes able to account for the occurrence of nitro-PAHs in Antarctic 

particulate matter. Microchem. J. 96 (2), 213–217. https://doi.org/10.1016/j. 

microc.2009.07.013. 

Misaki, K., Tue, N.M., Takamura-Enya, T., Takigami, H., Suzuki, G., Tuyen, L.H., 

Takahashi, S., Tanabe, S., 2022. Antiandrogenic and estrogenic activity evaluation of 

oxygenated and nitrated polycyclic aromatic hydrocarbons using chemically 

activated Luciferase expression Assays. Int. J. Environ. Res. Publ. Health 20 (1), 80. 

https://doi.org/10.3390/ijerph20010080. 

Mocek-Pło´ciniak, A., Mencel, J., Zakrzewski, W., Roszkowski, S., 2023. 

Phytoremediation as an effective Remedy for removing trace elements from 

ecosystems. Plants 12 (8), 1653. https://doi.org/10.3390/plants12081653. 

Mohapatra, B., Phale, P.S., 2021. Microbial degradation of naphthalene and Substituted 

naphthalenes: metabolic diversity and Genomic insight for bioremediation. Front. 

Bioeng. Biotechnol. 9 https://doi.org/10.3389/fbioe.2021.602445. 

Mokkawes, T., De Visser, T., Cao, Y., De Visser, S.P., 2023. Melatonin activation by 

human cytochrome P450 enzymes: a Comparison between different Isozymes. 

Molecules 28 (19), 6961. https://doi.org/10.3390/molecules28196961. 

Mo¨ller, L., Lax, I., Eriksson, L.C., 1993. Nitrated polycyclic aromatic hydrocarbons: a risk 

assessment for the urban citizen. Environmental Health Perspectives 101 (Suppl. 3), 

309–315. https://doi.org/10.1289/ehp.101-1521131. 

Mou, B., Gong, G., Wu, S., 2023. Biodegradation mechanisms of polycyclic aromatic 

hydrocarbons: combination of instrumental analysis and theoretical calculation. 

Chemosphere 341, 140017. https://doi.org/10.1016/j.chemosphere.2023.140017. 

Mulder, M.D., Dumanoglu, Y., Efstathiou, C., Kukuˇcka, P., Matejoviˇcova´, J., Maurer, C., 

Pˇribylova´, P., Prokeˇs, R., Sofuoglu, A., Sofuoglu, S.C., Wilson, J., Zetzsch, C., 

Wotawa, G., Lammel, G., 2019. Fast Formation of Nitro-PAHs in the Marine 

Atmosphere Constrained in a Regional-Scale Lagrangian Field Experiment. 

Environmental Science & Technology 53 (15), 8914–8924. https://doi.org/10.1021 
/acs.est.9b03090. 

Muskus, A.M., Miltner, A., Hamer, U., Nowak, K.M., 2022. Microbial community 

composition and glyphosate degraders of two soils under the influence of 

temperature, total organic carbon and pH. Environmental Pollution 297, 118790. 

https://doi.org/10.1016/j.envpol.2022.118790. 

Nascimento, M.M., Olímpio da Rocha, G., Bittencourt de Andrade, J., 2019. Simple and 

effective dispersive micro-solid phase extraction procedure for simultaneous 

determination of polycyclic aromatic compounds in fresh and marine waters. 

Talanta 204, 776–791. https://doi.org/10.1016/j.talanta.2019.06.061. 

Navarro-Torre, S., Rodríguez-Llorente, I.D., Pajuelo, E., Mateos-Naranjo, E., Redondo- 

Go´mez, S., Mesa-Marín, J., 2023. Role of bacterial endophytes in plant stress 

tolerance: current research and future outlook. In: Microbial Endophytes and Plant 

Growth. Elsevier, pp. 35–49. https://doi.org/10.1016/B978-0-323-90620-3.00001- 

5. 

Nowakowski, M., Rykowska, I., Wolski, R., Andrzejewski, P., 2022. Polycyclic aromatic 

hydrocarbons (PAHs) and their derivatives (O-PAHs, N-PAHs, OH-PAHs): 

determination in suspended particulate matter (SPM) – a review. Environmental 

Processes 9 (1), 2. https://doi.org/10.1007/s40710-021-00555-7. 

Okpokwasili, G.C., Nweke, C.O., 2006. Microbial growth and substrate utilization 

kinetics. Afr. J. Biotechnol. 5 (4), 305–317. 

Onduka, T., Ojima, D., Kakuno, A., Mochida, K., Ito, K., Koyama, J., Fujii, K., 2012. 

Nitrated polycyclic aromatic hydrocarbons in the marine environment: acute 

toxicities for organisms at three trophic levels. Japanese Journal of Environmental 

Toxicology 15 (1), 1–10. https://doi.org/10.11403/JSET.15.1. 

Øvrevik, J., Arlt, V.M., Øya, E., Nagy, E., Mollerup, S., Phillips, D.H., Låg, M., Holme, J. 

A., 2010. Differential effects of nitro-PAHs and amino-PAHs on cytokine and 

chemokine responses in human bronchial epithelial BEAS-2B cells. Toxicol. Appl. 

Pharmacol. 242 (3), 270–280. https://doi.org/10.1016/j.taap.2009.10.017. 

Ozaki, N., Takemoto, N., Kindaichi, T., 2010. Nitro-PAHs and PAHs in Atmospheric 

Particulate Matters and Sea Sediments in Hiroshima Bay Area, Japan. Water, Air, 

and Soil Pollution 207 (1–4), 263–271. https://doi.org/10.1007/s11270-009-0 

134-5. 

Pandolfo, E., Barra Caracciolo, A., Rolando, L., 2023. Recent Advances in bacterial 

degradation of hydrocarbons. Water 15 (2), 375. https://doi.org/10.3390/ 

w15020375. 

Panigrahy, N., Priyadarshini, A., Sahoo, M.M., Verma, A.K., Daverey, A., Sahoo, N.K., 

2022. A comprehensive review on eco-toxicity and biodegradation of phenolics: 

recent progress and future outlook. Environmental Technology & Innovation 27, 

102423. https://doi.org/10.1016/j.eti.2022.102423. 

Patel, A.B., Shaikh, S., Jain, K.R., Desai, C., Madamwar, D., 2020. Polycyclic aromatic 

hydrocarbons: sources, toxicity, and remediation approaches. Front. Microbiol. 11 

https://doi.org/10.3389/fmicb.2020.562813. 

Pegram, R.A., Chou, M.W., 1989. Effect of nitro-Substitution of environmental polycyclic 

aromatic hydrocarbons on activities of hepatic phase Ii enzymes in rats. Drug Chem. 

Toxicol. 12 (3–4), 313–326. https://doi.org/10.3109/01480548908999161. 

Peixoto, R.S., Vermelho, A.B., Rosado, A.S., 2011. Petroleum-degrading enzymes: 

bioremediation and new prospects. Enzym. Res. 2011 (1) https://doi.org/10.4061/ 

2011/475193. 

Peng, B., Dong, Q., Li, F., Wang, T., Qiu, X., Zhu, T., 2023. A Systematic review of 

polycyclic aromatic hydrocarbon derivatives: occurrences, levels, biotransformation, 

exposure biomarkers, and toxicity. Environmental Science & Technology 57 (41), 

15314–15335. https://doi.org/10.1021/acs.est.3c03170. 

Peng, R.H., Xiong, A.S., Xue, Y., Fu, X.Y., Gao, F., Zhao, W., Tian, Y.S., Yao, Q.H., 2008. 

Microbial biodegradation of polyaromatic hydrocarbons. FEMS (Fed. Eur. Microbiol. 

https://doi.org/10.1021/acs.chemrev.0c00659
https://doi.org/10.1016/j.heliyon.2020.e03170
https://doi.org/10.1016/j.heliyon.2020.e03170
https://doi.org/10.1016/j.stress.2022.100111
https://doi.org/10.1016/j.stress.2022.100111
https://doi.org/10.1021/acs.est.5b00800
https://doi.org/10.1021/acs.est.5b00800
https://doi.org/10.1016/B978-0-12-817686-3.00001-3
https://doi.org/10.1016/j.toxlet.2003.07.001
https://doi.org/10.1016/j.toxlet.2003.07.001
https://doi.org/10.1016/j.mrfmmm.2009.11.004
https://doi.org/10.1016/j.tox.2006.12.009
https://doi.org/10.1016/j.tox.2006.12.009
https://doi.org/10.4209/aaqr.220164
https://doi.org/10.4209/aaqr.220164
https://doi.org/10.1128/aem.01728-22
https://doi.org/10.1016/j.envpol.2014.12.019
https://doi.org/10.1016/j.envpol.2014.12.019
https://doi.org/10.1016/j.tox.2009.03.002
https://doi.org/10.1016/j.toxlet.2011.11.017
https://doi.org/10.1016/j.toxlet.2011.11.017
https://doi.org/10.1038/s41598-017-10623-4
https://doi.org/10.3390/microorganisms11010069
https://doi.org/10.1016/j.chemosphere.2023.138688
https://doi.org/10.1111/j.1462-2920.2005.00911.x
https://doi.org/10.1111/j.1462-2920.2005.00911.x
https://doi.org/10.1007/s10661-020-08252-y
https://doi.org/10.1002/ijc.23352
https://doi.org/10.1002/ijc.23352
https://doi.org/10.1016/B978-0-323-89871-3.00026-4
https://doi.org/10.1016/B978-0-323-89871-3.00026-4
https://doi.org/10.1016/j.envres.2023.116357
https://doi.org/10.1111/j.1365-2958.2010.07277.x
https://doi.org/10.1111/j.1365-2958.2010.07277.x
https://doi.org/10.1016/j.microc.2009.07.013
https://doi.org/10.1016/j.microc.2009.07.013
https://doi.org/10.3390/ijerph20010080
https://doi.org/10.3390/plants12081653
https://doi.org/10.3389/fbioe.2021.602445
https://doi.org/10.3390/molecules28196961
https://doi.org/10.1289/ehp.101-1521131
https://doi.org/10.1016/j.chemosphere.2023.140017
https://doi.org/10.1021/acs.est.9b03090
https://doi.org/10.1021/acs.est.9b03090
https://doi.org/10.1016/j.envpol.2022.118790
https://doi.org/10.1016/j.talanta.2019.06.061
https://doi.org/10.1016/B978-0-323-90620-3.00001-5
https://doi.org/10.1016/B978-0-323-90620-3.00001-5
https://doi.org/10.1007/s40710-021-00555-7
http://refhub.elsevier.com/S0045-6535(24)00688-X/sref130
http://refhub.elsevier.com/S0045-6535(24)00688-X/sref130
https://doi.org/10.11403/JSET.15.1
https://doi.org/10.1016/j.taap.2009.10.017
https://doi.org/10.1007/s11270-009-0134-5
https://doi.org/10.1007/s11270-009-0134-5
https://doi.org/10.3390/w15020375
https://doi.org/10.3390/w15020375
https://doi.org/10.1016/j.eti.2022.102423
https://doi.org/10.3389/fmicb.2020.562813
https://doi.org/10.3109/01480548908999161
https://doi.org/10.4061/2011/475193
https://doi.org/10.4061/2011/475193
https://doi.org/10.1021/acs.est.3c03170


H. Sarma et al. Chemosphere 356 (2024) 141795 

 

- 248 -  

 

Soc.) Microbiol. Rev. 32 (6), 927–955. https://doi.org/10.1111/j.1574- 

6976.2008.00127.x. 

Penning, T.M., Su, A.L., El-Bayoumy, K., 2022. Nitroreduction: a critical metabolic 

pathway for drugs, environmental pollutants, and explosives. Chem. Res. Toxicol. 35 

(10), 1747–1765. https://doi.org/10.1021/acs.chemrestox.2c00175. 

P´erez-Pantoja, D., Gonz´alez, B., Pieper, D.H., 2019. Aerobic degradation of aromatic 

hydrocarbons. In: Aerobic Utilization of Hydrocarbons, Oils, and Lipids. Springer 

International Publishing, pp. 157–200. https://doi.org/10.1007/978-3-319-50418- 

6_10. 

Pham, C.T., Tang, N., Toriba, A., Hayakawa, K., 2015. Polycyclic aromatic hydrocarbons 

and nitropolycyclic aromatic hydrocarbons in atmospheric particles and soil at a 

traffic site in hanoi, Vietnam. Polycycl. Aromat. Comp. 35 (5), 355–371. https://doi. 

org/10.1080/10406638.2014.903284. 

Phang-Lyn, S., Llerena, V.A., 2023. Biochemistry, biotransformation. StatPearls. http 

://www.ncbi.nlm.nih.gov/pubmed/27842765. 

Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, F., Arcoraci, V., Squadrito, F.,  

Altavilla, D., Bitto, A., 2017. Oxidative stress: Harms and benefits for human health. 

Oxid. Med. Cell. Longev. 2017, 1–13. https://doi.org/10.1155/2017/8416763. 

Pothuluri, J.V., 1996. Fungal metabolism of 2-NITROFLUORENE. J. Toxicol. Environ. 

Health 47 (6), 587–599. https://doi.org/10.1080/009841096161555. 

Prasad, M., Srinivasan, R., Chaudhary, M., Choudhary, M., Jat, L.K., 2019. Plant growth 

promoting rhizobacteria (PGPR) for sustainable agriculture. In: PGPR Amelioration 

in Sustainable Agriculture. Elsevier, pp. 129–157. https://doi.org/10.1016/B978-0- 

12-815879-1.00007-0. 

Qian, S., Zhou, X., Fu, Y., Song, B., Yan, H., Chen, Z., Sun, Q., Ye, H., Qin, L., Lai, C., 

2023. Biochar-compost as a new option for soil improvement: application in various 

problem soils. Sci. Total Environ. 870, 162024 https://doi.org/10.1016/j. 

scitotenv.2023.162024. 

Rafeeq, H., Afsheen, N., Rafique, S., Arshad, A., Intisar, M., Hussain, A., Bilal, M., 

Iqbal, H.M.N., 2023. Genetically engineered microorganisms for environmental 

remediation. Chemosphere 310, 136751. https://doi.org/10.1016/j. 

chemosphere.2022.136751. 

Rayaroth, M.P., Marchel, M., Boczkaj, G., 2023. Advanced oxidation processes for the 

removal of mono and polycyclic aromatic hydrocarbons – a review. Sci. Total 

Environ. 857, 159043 https://doi.org/10.1016/j.scitotenv.2022.159043. 

Rosenkranz, H.S., Mermelstein, R., 1985. The genotoxicity, metabolism and 

carcinogenicity of nitrated polycyclic aromatic hydrocarbons. J. Environ. Sci. Health 

Part C Environ. Carcinog. Rev. 3 (2), 221–272. https://doi.org/10.1080/ 

10590508509373334. 

S¸ ahin, T., Dalg˘a, S., O¨ lmez, M., 2022. Polycyclic aromatic hydrocarbons (PAHs) and their 

importance in animal nutrition. In: Animal Husbandry. IntechOpen. https://doi.org/ 

10.5772/intechopen.101816. 

Salari, M., Rahmanian, V., Hashemi, S.A., Chiang, W.-H., Lai, C.W., Mousavi, S.M., 

Gholami, A., 2022. Bioremediation treatment of polyaromatic hydrocarbons for 

environmental sustainability. Water 14 (23), 3980. https://doi.org/10.3390/ 

w14233980. 

Salwan, R., Kaur, R., Sharma, V., 2022. Genomic organization of Streptomyces 

flavotricini NGL1 and Streptomyces erythrochromogenes HMS4 reveals differential 

plant beneficial attributes and laccase production capabilities. Mol. Biotechnol. 64 

(4), 447–462. https://doi.org/10.1007/s12033-021-00424-6. 

Sarma, H., Nava, A.R., Prasad, M.N.V., 2019. Mechanistic understanding and future 

prospect of microbe-enhanced phytoremediation of polycyclic aromatic 

hydrocarbons in soil. In: Environmental Technology and Innovation, vol. 13. Elsevier 

B.V, pp. 318–330. https://doi.org/10.1016/j.eti.2018.12.004. 

Sayara, T., S´anchez, A., 2020. Bioremediation of PAH-contaminated soils: process 

enhancement through composting/compost. Appl. Sci. 10 (11), 3684. https://doi. 

org/10.3390/app10113684. 

Seo, J.-S., Keum, Y.-S., Li, Q., 2009. Bacterial Degradation of Aromatic Compounds. 

International Journal of Environmental Research and Public Health 6 (1), 278–309. 

https://doi.org/10.3390/ijerph6010278. 

Shane, B.S., Squadrito, G.L., Church, D.F., Pryor, W.A., MacPhee, D.G., 1991. 

Comparative mutagenicity of nitrofluoranthenes in salmonella typhimurium TA98, 

TA98NR, and TA98/1,8DNP 6. Environ. Mol. Mutagen. 17 (2), 130–138. https://doi. 

org/10.1002/em.2850170210. 

Shang, Y., Zhou, Q., Wang, T., Jiang, Y., Zhong, Y., Qian, G., Zhu, T., Qiu, X., An, J., 

2017. Airborne nitro-PAHs induce Nrf2/ARE defense system against oxidative stress 

and promote inflammatory process by activating PI3K/Akt pathway in A549 cells. 

Toxicol. Vitro 44, 66–73. https://doi.org/10.1016/j.tiv.2017.06.017. 

Shi, A., Chakrawal, A., Manzoni, S., Fischer, B.M.C., Nunan, N., Herrmann, A.M., 2021. 

Substrate spatial heterogeneity reduces soil microbial activity. Soil Biol. Biochem. 

152, 108068 https://doi.org/10.1016/j.soilbio.2020.108068. 

Singh, P., Tiwary, B.N., 2017. Optimization of conditions for polycyclic aromatic 

hydrocarbons (PAHs) degradation by Pseudomonas stutzeri P2 isolated from 

Chirimiri coal mines. Biocatal. Agric. Biotechnol. 10, 20–29. https://doi.org/ 

10.1016/j.bcab.2017.02.001. 

Singh, S.K., Srikanth, G.S., Puranik, S., Shukla, L., 2023. Chemical talk within plant 

holobiont: a fascinating conversation. In: Plant-Microbe Interaction - Recent 

Advances in Molecular and Biochemical Approaches. Elsevier, pp. 165–203. https:// 

doi.org/10.1016/B978-0-323-91875-6.00007-4. 

Singha, L.P., Pandey, P., 2021. Rhizosphere Assisted Bioengineering Approaches for the 

Mitigation of Petroleum Hydrocarbons Contamination in Soil, pp. 749–766. https:// 

doi.org/10.1080/07388551.2021.1888066. Https://Doi.Org/10.1080/ 

07388551.2021.1888066, 41(5). 

Sitarska, M., Traczewska, T., Filarowska, W., Hołtra, A., Zamorska-Wojdyła, D., Hanus- 

Lorenz, B., 2023. Phytoremediation of mercury from water by monocultures and 

mixed cultures pleustophytes. Journal of Water Process Engineering 52, 103529. 

https://doi.org/10.1016/j.jwpe.2023.103529. 

Sousa, T., Paterson, R., Moore, V., Carlsson, A., Abrahamsson, B., Basit, A.W., 2008. The 

gastrointestinal microbiota as a site for the biotransformation of drugs. Int. J. Pharm. 

363 (1–2), 1–25. https://doi.org/10.1016/j.ijpharm.2008.07.009. 

Speight, J.G., 2017. Properties of organic compounds. In: Environmental Organic 

Chemistry for Engineers. Elsevier, pp. 203–261. https://doi.org/10.1016/B978-0- 

12-804492-6.00005-8. 

Speight, J.G., 2020. The properties of water. In: Natural Water Remediation. Elsevier, 

pp.  53–89.  https://doi.org/10.1016/B978-0-12-803810-9.00002-4. 

Stewart, G., Smith, K., Chornes, A., Harris, T., Honeysucker, T., Yu, H., 2010. 

Photochemical reaction of nitro-polycyclic aromatic hydrocarbons: effect by solvent 

and structure. Environ. Chem. Lett. 8 (4), 301–306. https://doi.org/10.1007/ 

s10311-009-0221-2. 

Strandberg, B., Omelekhina, Y., Klein, M., Krais, A.M., Wierzbicka, A., 2023. Particulate- 

Bound polycyclic aromatic hydrocarbons (PAHs) and their nitro- and oxy-derivative 

compounds collected inside and outside occupied homes in southern Sweden. 

Polycycl. Aromat. Comp. 1–17. https://doi.org/10.1080/10406638.2022.2136218. 

Su, A.L., Mesaros, C.A., Krzeminski, J., El-Bayoumy, K., Penning, T.M., 2022. Role of 

human aldo–keto reductases in the nitroreduction of 1-nitropyrene and 1,8- 

dinitropyrene. Chem. Res. Toxicol. 35 (12), 2296–2309. https://doi.org/10.1021/ 

acs.chemrestox.2c00271. 

Sun, C., Qu, L., Wu, L., Wu, X., Sun, R., Li, Y., 2020. Advances in analysis of nitrated 

polycyclic aromatic hydrocarbons in various matrices. TrAC, Trends Anal. Chem. 

127, 115878 https://doi.org/10.1016/j.trac.2020.115878. 

Sun, Y.W., Guttenplan, J.B., Khmelnitsky, M., Krzeminski, J., Boyiri, T., Amin, S., El- 

Bayoumy, K., 2009. Stereoselective metabolism of the environmental mammary 

carcinogen 6-nitrochrysene to trans -1,2-Dihydroxy-1,2-dihydro-6-nitrochrysene by 

aroclor 1254-treated rat liver microsomes and their comparative mutation profiles in 

a lacI mammary epithelial cell L. Chem. Res. Toxicol. 22 (12), 1992–1997. https:// 

doi.org/10.1021/tx9002897. 

Sun, Z., Zhu, Y., Zhuo, S., Liu, W., Zeng, E.Y., Wang, X., Xing, B., Tao, S., 2017. 

Occurrence of nitro- and oxy-PAHs in agricultural soils in eastern China and excess 

lifetime cancer risks from human exposure through soil ingestion. Environment 

International 108, 261–270. https://doi.org/10.1016/j.envint.2017.09.001. 

Szopa, D., Skrzypczak, D., Izydorczyk, G., Chojnacka, K., Korczyn´ski, M., Witek- 

Krowiak, A., 2023. Evaluation of Tenebrio molitor protein hydrolysates as 

biostimulants improving plants growth and root architecture. J. Clean. Prod. 401, 

136812 https://doi.org/10.1016/j.jclepro.2023.136812. 

Tang, K.H.D., 2023. Phytoremediation: where do we go from here? Biocatal. Agric. 

Biotechnol. 50, 102721 https://doi.org/10.1016/j.bcab.2023.102721. 

Tarazona, J.V., 2024. Pollution, water. In: In Encyclopedia of Toxicology. Elsevier, 

pp.  809–815.  https://doi.org/10.1016/B978-0-12-824315-2.00188-3. 

Tiwari, S., Tripathi, A., Gaur, R., 2017. Bioremediation of plant refuges and xenobiotics. 

In: Principles and Applications of Environmental Biotechnology for a Sustainable 

Future. Springer, Singapore, pp. 85–142. https://doi.org/10.1007/978-981-10- 

1866-4_4. 

Top, S., Vandoorne, B., Pauwels, E., Perneel, M., Van Labeke, M.-C., Steppe, K., 2023. 

Plant sensors untangle the water-use and growth effects of selected seaweed-derived 

biostimulants on drought-stressed tomato plants (Solanum lycopersicum). J. Plant 

Growth Regul. https://doi.org/10.1007/s00344-023-10941-0. 

Toriba, A., Kitaoka, H., Dills, R.L., Mizukami, S., Tanabe, K., Takeuchi, N., Ueno, M., 

Kameda, T., Tang, N., Hayakawa, K., Simpson, C.D., 2007. Identification and 

quantification of 1-nitropyrene metabolites in human urine as a proposed biomarker 

for exposure to diesel exhaust. Chem. Res. Toxicol. 20 (7), 999–1007. https://doi. 

org/10.1021/tx700015q. 

Tsakas, M.P., Sitaras, I.E., Siskos, P.A., 2010. Nitro polycyclic aromatic hydrocarbons in 

atmospheric particulate matter of Athens, Greece. Chem. Ecol. 26 (4), 251–261. 

https://doi.org/10.1080/02757540.2010.495061. 

Uttara, B., Singh, A., Zamboni, P., Mahajan, R., 2009. Oxidative stress and 

neurodegenerative diseases: a review of upstream and downstream antioxidant 

therapeutic options. Curr. Neuropharmacol. 7 (1), 65–74. https://doi.org/10.2174/ 

157015909787602823. 

Valizadeh, S., Enayatizamir, N., Ghomsheh, H.N., Motamedi, H., Moghadam, B.K., 2023. 

Characterization of the biosurfactant production and enzymatic potential of bacteria 

isolated from an oil-contaminated saline soil. Int. Microbiol. https://doi.org/ 

10.1007/s10123-022-00318-w. 

Vasiljevic, T., Jariyasopit, N., Schuster, J.K., Harner, T., 2021. Insights into sources and 

occurrence of oxy- and nitro-PAHs in the alberta oil sands region using a network of 

passive air samplers. Environmental Pollution 286, 117513. https://doi.org/ 

10.1016/j.envpol.2021.117513. 

Verma, P.K., Sah, D., Satish, R., Rastogi, N., Kumari, K.M., Lakhani, A., 2022. 

Atmospheric chemistry and cancer risk assessment of Polycyclic Aromatic 

Hydrocarbons (PAHs) and Nitro-PAHs over a semi-arid site in the Indo-Gangetic 

plain. J. Environ. Manag. 317, 115456 https://doi.org/10.1016/j. 

jenvman.2022.115456. 

Verschoyle, R.D., Carthew, P., Wolf, C.R., Dinsdale, D., 1993. 1-Nitronaphthalene 

toxicity in rat lung and liver: effects of inhibiting and inducing cytochrome P450 

activity. Toxicol. Appl. Pharmacol. 122 (2), 208–213. https://doi.org/10.1006/ 

taap.1993.1189. 

Visconti, D., Ventorino, V., Fagnano, M., Woo, S.L., Pepe, O., Adamo, P., Caporale, A.G., 

Carrino, L., Fiorentino, N., 2022. Compost and microbial biostimulant applications 

improve plant growth and soil biological fertility of a grass-based phytostabilization 

system. Environ. Geochem. Health. https://doi.org/10.1007/s10653-022-01235-7. 

Visconti, D., Ventorino, V., Fagnano, M., Woo, S.L., Pepe, O., Adamo, P., Caporale, A.G., 

Carrino, L., Fiorentino, N., 2023. Compost and microbial biostimulant applications 

https://doi.org/10.1111/j.1574-6976.2008.00127.x
https://doi.org/10.1111/j.1574-6976.2008.00127.x
https://doi.org/10.1021/acs.chemrestox.2c00175
https://doi.org/10.1007/978-3-319-50418-6_10
https://doi.org/10.1007/978-3-319-50418-6_10
https://doi.org/10.1080/10406638.2014.903284
https://doi.org/10.1080/10406638.2014.903284
http://www.ncbi.nlm.nih.gov/pubmed/27842765
http://www.ncbi.nlm.nih.gov/pubmed/27842765
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1080/009841096161555
https://doi.org/10.1016/B978-0-12-815879-1.00007-0
https://doi.org/10.1016/B978-0-12-815879-1.00007-0
https://doi.org/10.1016/j.scitotenv.2023.162024
https://doi.org/10.1016/j.scitotenv.2023.162024
https://doi.org/10.1016/j.chemosphere.2022.136751
https://doi.org/10.1016/j.chemosphere.2022.136751
https://doi.org/10.1016/j.scitotenv.2022.159043
https://doi.org/10.1080/10590508509373334
https://doi.org/10.1080/10590508509373334
https://doi.org/10.5772/intechopen.101816
https://doi.org/10.5772/intechopen.101816
https://doi.org/10.3390/w14233980
https://doi.org/10.3390/w14233980
https://doi.org/10.1007/s12033-021-00424-6
https://doi.org/10.1016/j.eti.2018.12.004
https://doi.org/10.3390/app10113684
https://doi.org/10.3390/app10113684
https://doi.org/10.3390/ijerph6010278
https://doi.org/10.1002/em.2850170210
https://doi.org/10.1002/em.2850170210
https://doi.org/10.1016/j.tiv.2017.06.017
https://doi.org/10.1016/j.soilbio.2020.108068
https://doi.org/10.1016/j.bcab.2017.02.001
https://doi.org/10.1016/j.bcab.2017.02.001
https://doi.org/10.1016/B978-0-323-91875-6.00007-4
https://doi.org/10.1016/B978-0-323-91875-6.00007-4
https://doi.org/10.1080/07388551.2021.1888066
https://doi.org/10.1080/07388551.2021.1888066
https://doi.org/10.1016/j.jwpe.2023.103529
https://doi.org/10.1016/j.ijpharm.2008.07.009
https://doi.org/10.1016/B978-0-12-804492-6.00005-8
https://doi.org/10.1016/B978-0-12-804492-6.00005-8
https://doi.org/10.1016/B978-0-12-803810-9.00002-4
https://doi.org/10.1007/s10311-009-0221-2
https://doi.org/10.1007/s10311-009-0221-2
https://doi.org/10.1080/10406638.2022.2136218
https://doi.org/10.1021/acs.chemrestox.2c00271
https://doi.org/10.1021/acs.chemrestox.2c00271
https://doi.org/10.1016/j.trac.2020.115878
https://doi.org/10.1021/tx9002897
https://doi.org/10.1021/tx9002897
https://doi.org/10.1016/j.envint.2017.09.001
https://doi.org/10.1016/j.jclepro.2023.136812
https://doi.org/10.1016/j.bcab.2023.102721
https://doi.org/10.1016/B978-0-12-824315-2.00188-3
https://doi.org/10.1007/978-981-10-1866-4_4
https://doi.org/10.1007/978-981-10-1866-4_4
https://doi.org/10.1007/s00344-023-10941-0
https://doi.org/10.1021/tx700015q
https://doi.org/10.1021/tx700015q
https://doi.org/10.1080/02757540.2010.495061
https://doi.org/10.2174/157015909787602823
https://doi.org/10.2174/157015909787602823
https://doi.org/10.1007/s10123-022-00318-w
https://doi.org/10.1007/s10123-022-00318-w
https://doi.org/10.1016/j.envpol.2021.117513
https://doi.org/10.1016/j.envpol.2021.117513
https://doi.org/10.1016/j.jenvman.2022.115456
https://doi.org/10.1016/j.jenvman.2022.115456
https://doi.org/10.1006/taap.1993.1189
https://doi.org/10.1006/taap.1993.1189
https://doi.org/10.1007/s10653-022-01235-7


H. Sarma et al. Chemosphere 356 (2024) 141795 

 

- 249 -  

 

improve plant growth and soil biological fertility of a grass-based phytostabilization 

system. Environ. Geochem. Health 45 (3), 787–807. https://doi.org/10.1007/ 

s10653-022-01235-7. 

Wang, M., Chen, X., Tang, Y., Nie, Y., Wu, X., 2022. Substrate availability and toxicity 

shape the structure of microbial communities engaged in metabolic division of labor. 

MLife 1 (2), 131–145. https://doi.org/10.1002/mlf2.12025. 

Wang, W., Li, Q., Zhang, L., Cui, J., Yu, H., Wang, X., Ouyang, X., Tao, F., Xu, P., 

Tang, H., 2021. Genetic mapping of highly versatile and solvent-tolerant 

Pseudomonas putida B6 -2 (ATCC BAA -2545) as a ‘superstar’ for mineralization of 

PAHs and dioxin-like compounds. Environ. Microbiol. 23 (8), 4309–4325. https:// 

doi.org/10.1111/1462-2920.15613. 

Wang, Y., Tam, N.F.Y., 2019. Microbial remediation of organic pollutants. In: World 

Seas: an Environmental Evaluation. Elsevier, pp. 283–303. https://doi.org/10.1016/ 

B978-0-12-805052-1.00016-4. 

Wang, Y., Zou, Y.-N., Shu, B., Wu, Q.-S., 2023. Deciphering molecular mechanisms 

regarding enhanced drought tolerance in plants by arbuscular mycorrhizal fungi. Sci. 

Hortic. 308, 111591 https://doi.org/10.1016/j.scienta.2022.111591. 

Wei, C., Bandowe, B.A.M., Han, Y., Cao, J., Zhan, C., Wilcke, W., 2015. Polycyclic 

aromatic hydrocarbons (PAHs) and their derivatives (alkyl-PAHs, oxygenated-PAHs, 

nitrated-PAHs and azaarenes) in urban road dusts from Xi’an, Central China. 

Chemosphere 134, 512–520. https://doi.org/10.1016/j.chemosphere.2014.11.052. 

WHO, 2023. Agents Classified by the IARC Monographs, Volumes 1–133 – IARC 

Monographs on the Identification of Carcinogenic Hazards to Humans. https 

://monographs.iarc.who.int/agents-classified-by-the-iarc/. 

Wietzoreck, M., Bandowe, B.A.M., Hofman, J., Martiník, J., Neˇzikova´, B., Kukuˇcka, P., 

Pˇribylov´a, P., Lammel, G., 2022. Nitro- and oxy-PAHs in grassland soils from decade- 

long sampling in central Europe. Environ. Geochem. Health 44 (8), 2743–2765. 

https://doi.org/10.1007/s10653-021-01066-y. 

Wo´jcik, A., Stephan, M., Ryczek, W., Olechowska, K., Wydro, P., Dimova, R., 

Broniatowski, M., 2022. Interactions of polycyclic aromatic hydrocarbons and their 

nitro derivatives with bilayer and monolayer models of fungal membranes. J. Mol. 

Liq. 360, 119591 https://doi.org/10.1016/j.molliq.2022.119591. 

Wu, Y., Liu, Y., Kamyab, H., Manivasagan, R., Rajamohan, N., Ngo, G.H., Xia, C., 2023. 

Physico-chemical and biological remediation techniques for the elimination of 

endocrine-disrupting hazardous chemicals. Environ. Res. 116363 https://doi.org/ 

10.1016/j.envres.2023.116363. 

Xie, B., Yang, J., Yang, Q., 2012. Biotransformation of nitro-polycyclic aromatic 

compounds by vegetable and fruit cell extracts. J. Zhejiang Univ. - Sci. B 13 (4), 

248–253. https://doi.org/10.1631/jzus.B1100254. 

Yaashikaa, P.R., Devi, M.K., Kumar, P.S., 2022. Engineering microbes for enhancing the 

degradation of environmental pollutants: a detailed review on synthetic biology. 

Environ. Res. 214, 113868 https://doi.org/10.1016/j.envres.2022.113868. 

Yadav, I.C., Devi, N.L., 2021. Nitrated- and oxygenated-polycyclic aromatic hydrocarbon 

in urban soil from Nepal: source assessment, air-soil exchange, and soil-air 

partitioning. Ecotoxicol. Environ. Saf. 211, 111951 https://doi.org/10.1016/j. 

ecoenv.2021.111951. 

Yagi, J.M., Madsen, E.L., 2009. Diversity, abundance, and consistency of microbial 

oxygenase expression and biodegradation in a shallow contaminated aquifer. Appl. 

Environ. Microbiol. 75 (20), 6478–6487. https://doi.org/10.1128/AEM.01091-09. 

Yakhin, O.I., Lubyanov, A.A., Yakhin, I.A., Brown, P.H., 2017. Biostimulants in plant 

science: a global perspective. Front. Plant Sci. 7 https://doi.org/10.3389/ 

fpls.2016.02049. 

Yan, S., Wu, G., 2017. Reorganization of gene network for degradation of polycyclic 

aromatic hydrocarbons (PAHs) in Pseudomonas aeruginosa PAO1 under several 

conditions. J. Appl. Genet. 58 (4), 545–563. https://doi.org/10.1007/s13353-017- 

0402-9. 

Yanhua, X., Haiwei, L., Renyong, Z., 2023. Cloning and expression of the catalase gene 
(<scp> KatA </scp>) from Pseudomonas aeruginosa and the degradation of <scp> 

AFB 1 </scp> by recombinant catalase. J. Sci. Food Agric. 103 (2), 792–798. 

https://doi.org/10.1002/jsfa.12190. 

Yarmohammadi, F., Karimi, G., 2024. 1-Nitropyrene. In: In Encyclopedia of Toxicology. 

Elsevier,  pp.  935–940.  https://doi.org/10.1016/B978-0-12-824315-2.00054-3. 

Yun, B., Guo, J., Bellamri, M., Turesky, R.J., 2020. DNA adducts: formation, biological 

effects, and new biospecimens for mass spectrometric measurements in humans. 

Mass Spectrom. Rev. 39 (1–2), 55–82. https://doi.org/10.1002/mas.21570. 

Zhang, K., Meng, Q., Wu, H., Yan, J., Mei, X., An, P., Zheng, L., Zhang, J., He, M., Han, B., 

2022. Selective hydrodeoxygenation of aromatics to cyclohexanols over Ru single 

atoms supported on CeO 2. J. Am. Chem. Soc. 144 (45), 20834–20846. https://doi. 

org/10.1021/jacs.2c08992. 

Zhang, L., Morisaki, H., Wei, Y., Li, Z., Yang, L., Zhou, Q., Zhang, X., Xing, W., Hu, M., 

Shima, M., Toriba, A., Hayakawa, K., Tang, N., 2020. PM2.5-bound polycyclic 

aromatic hydrocarbons and nitro-polycyclic aromatic hydrocarbons inside and 

outside a primary school classroom in Beijing: Concentration, composition, and 

inhalation cancer risk. Sci. Total Environ. 705, 135840 https://doi.org/10.1016/j. 

scitotenv.2019.135840. 

Zhang, S., Li, H., He, R., Deng, W., Ma, S., Zhang, X., Li, G., An, T., 2023. Spatial 

distribution, source identification, and human health risk assessment of PAHs and 

their derivatives in soils nearby the coke plants. Sci. Total Environ. 861, 160588 

https://doi.org/10.1016/j.scitotenv.2022.160588. 

Zhang, T., Zhang, H., 2022. Microbial consortia are needed to degrade soil pollutants. 

Microorganisms 10 (2), 261. https://doi.org/10.3390/microorganisms10020261. 

Zhou, J., Zhang, X., Li, Y., Feng, S., Zhang, Q., Wang, W., 2022. Endocrine-disrupting 

metabolic activation of 2-nitrofluorene catalyzed by human cytochrome P450 1A1: a 

QM/MM approach. Environ. Int. 166, 107355 https://doi.org/10.1016/J. 

ENVINT.2022.107355. 

Zhou, N.-Y., Fuenmayor, S.L., Williams, P.A., 2001. Nag genes of Ralstonia (formerly 

Pseudomonas) sp. strain U2 encoding enzymes for gentisate catabolism. J. Bacteriol. 

183 (2), 700–708. https://doi.org/10.1128/JB.183.2.700-708.2001. 

Zimmermann, K., Jariyasopit, N., Massey Simonich, S.L., Tao, S., Atkinson, R., Arey, J., 

2013. Formation of nitro-PAHs from the heterogeneous reaction of ambient particle- 

bound PAHs with N 2 O 5/NO 3/NO 2. Environmental Science & Technology, 

130718154506004. https://doi.org/10.1021/es401789x. 

Znad, H., Awual, M.R., Martini, S., 2022. The utilization of algae and seaweed biomass 

for bioremediation of heavy metal-contaminated wastewater. Molecules 27 (4), 

1275. https://doi.org/10.3390/molecules27041275. 

Zong, X.-X., Cao, N., Jing, Q., Chen, X., Shi, T., Zhang, R., Shi, J., Wang, C., Li, L., 2023. 

Toxic effects and bioaccumulation of pinacolyl methylphosphonate acid in zebrafish 

following soman exposure to a water environment. RSC Adv. 13 (17), 11241–11248. 

https://doi.org/10.1039/D3RA00856H. 

Zulkernain, N.H., Uvarajan, T., Ng, C.C., 2023. Roles and significance of chelating agents 

for potentially toxic elements (PTEs) phytoremediation in soil: a review. J. Environ. 

Manag. 341, 117926 https://doi.org/10.1016/j.jenvman.2023.117926. 

https://doi.org/10.1007/s10653-022-01235-7
https://doi.org/10.1007/s10653-022-01235-7
https://doi.org/10.1002/mlf2.12025
https://doi.org/10.1111/1462-2920.15613
https://doi.org/10.1111/1462-2920.15613
https://doi.org/10.1016/B978-0-12-805052-1.00016-4
https://doi.org/10.1016/B978-0-12-805052-1.00016-4
https://doi.org/10.1016/j.scienta.2022.111591
https://doi.org/10.1016/j.chemosphere.2014.11.052
https://monographs.iarc.who.int/agents-classified-by-the-iarc/
https://monographs.iarc.who.int/agents-classified-by-the-iarc/
https://doi.org/10.1007/s10653-021-01066-y
https://doi.org/10.1016/j.molliq.2022.119591
https://doi.org/10.1016/j.envres.2023.116363
https://doi.org/10.1016/j.envres.2023.116363
https://doi.org/10.1631/jzus.B1100254
https://doi.org/10.1016/j.envres.2022.113868
https://doi.org/10.1016/j.ecoenv.2021.111951
https://doi.org/10.1016/j.ecoenv.2021.111951
https://doi.org/10.1128/AEM.01091-09
https://doi.org/10.3389/fpls.2016.02049
https://doi.org/10.3389/fpls.2016.02049
https://doi.org/10.1007/s13353-017-0402-9
https://doi.org/10.1007/s13353-017-0402-9
https://doi.org/10.1002/jsfa.12190
https://doi.org/10.1016/B978-0-12-824315-2.00054-3
https://doi.org/10.1002/mas.21570
https://doi.org/10.1021/jacs.2c08992
https://doi.org/10.1021/jacs.2c08992
https://doi.org/10.1016/j.scitotenv.2019.135840
https://doi.org/10.1016/j.scitotenv.2019.135840
https://doi.org/10.1016/j.scitotenv.2022.160588
https://doi.org/10.3390/microorganisms10020261
https://doi.org/10.1016/J.ENVINT.2022.107355
https://doi.org/10.1016/J.ENVINT.2022.107355
https://doi.org/10.1128/JB.183.2.700-708.2001
https://doi.org/10.1021/es401789x
https://doi.org/10.3390/molecules27041275
https://doi.org/10.1039/D3RA00856H
https://doi.org/10.1016/j.jenvman.2023.117926


 

- 250 - 
 

Appendix III 

SEMINARS/WORKSHOPS ATTENDED  

 

1. International Seminar on Interdisciplinary Approaches For Sustainable World (ISF-25) 

organized by Chandra Nath Bezbaruah College, Bokakhat in collaboration with 

Bodoland University, Kokrajhar, Assam (2025).  

2. ICSSR Sponsored National Seminar on Environmental, Sustainable Development & 

Gender in North East India: Issues and Challenges organized by Kakojan College, 

Jorhat, Assam (2024). 

 

 

 

 

  

 

 

 

 



 

- 251 - 
 

 


